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ABSTRACT 

Coordination involves the re-deployment of payload between depot and customer, 

and includes split deliveries, load transfers and load swapping,  facilitated by the 

establishment of coordination sites at strategic locations .  Real-world coordination 

includes mid-air refuel l ing, the use of tem pora ry replenishment sites, trai lers left 

for later u plift by their towing vehicles, bu lk  re-suppliers travelling to field 

operatives, fleet re-supply, and cou riers swapping loads on the side of the road . 

This thesis models the coordination process and investigates the basic types 

of coordination in sing le depot, pure delivery systems in both the Euclidean p lane 

and the rectilinear g rid network. Strategies a re developed for dealing with dynamic 

situations in the rectilinear g rid , which a re based on the pre-processing of scenarios 

in order that dispatchers may select a suitable response from an existing selection 

at the time that dynamic val ues a re revealed . 

In  addition ,  a procedu re is suggested that reduces the number of edges and 

vertices of  a rectilinear g rid to those that may be usefu l within a coordination h u l l .  
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CHAPTER 1 

INTRODUCTION 

The del ivery of goods to customers occurs general ly in  accordance with rout ine : 

Customer places the order, Sales accept the order and  pass instructions to 

D ispatch , who check the i nventory ; if the stock is avai lable,  it is put on  a del ivery 

truck at the depot ;  Driver takes the veh icle from the depot to the Customer; 

Customer accepts the goods ;  Driver proceeds to next task. From a n  inventory 

control perspective, goods are considered to be del ivered when they l eave the 

depot but, s ince d istribution costs often play a s ignificant rol e  in operat ing costs, 

much effort i n  recent years has been d irected towards reducing these by making 

d istribution more efficient. Log istical  capab i l it ies are thus assuming a h igh prOfi l e  in  

corporate strategy, and efficient use of vehicle routing  i n  supply chain management 

can improve corporate p rofit and customer satisfaction. 

In practice, it is not u ncommon for transport operators to create tem porary, 

or  even extemporaneous, "m in i -depots" at convenient locations between d ispatch 

depot and customers .  This technique enables loads or part- loads to be swapped or 

deposited for later col lection, a nd rel ieves operating costs by reducing fleet size and 

total d istance trave l led . In some Situations, such as mid-a ir  refue l l i ng ,  i t  can 

i ncrease the ava i lable a rea of operations. Such re-deployment of materiel between 

depot and customer is to be termed 'coord ination '  and includes the u se of spl it 

de l ivery (as in  [ DT89] ) .  

I t  i s  the i ntent of this thesis to introduce the concept of coordination, to 

show that it is an effective technique, and to investigate the types of coord ination 

found  in s ing le depot, pure delivery, fu l ly  determin istic static systems in both 

E ucl idean and recti l inear gr id network space. In addition ,  the recti l i near gr id 

network is investigated i n  a dynamic environment i n  which some or al l  of the main 

noda l  attri butes ( location, demand, t ime at which al l  attributes becom e  known) of 

some nodes are unknown at the t ime the veh icl es leave the depot. Procedures a re 

developed that enable both total d istance travel led and fleet size to be reduced in  

coordinated systems re lative to those without coord ination . 
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Furthermore, a p rocedu re is presented that red uces a recti l inear g rid to a 

smal ler, yet equal ly effective, g rid ,  thereby reducing the n u m ber of edges that need 

to be considered and improving the efficiency of cal cu lations involving paths with in 

that g rid . Significant computationa l  experiences wi l l  demonstrate that the use of 

coord ination as an improvement procedure requ ires only in itia l  routes and locations 

of depot and customer nodes. 

The fol lowing Table ind icates factors both considered and not dealt with 

herein .  

Considered 

• heuristic solutions;  
• nodes requ i ring delivery on ly ;  
• s ing le u ncapacitated depot; 
• fleets of identica l veh ic les; 
• fleet s izes less than 1 5 ;  
• single period p lann ing ; 
• sing le commod ity ; 
• coord ination at nodes i n  static, 

determ inistic Euc\idean systems;  
• coord ination at nodes and vertices i n  

static, deterministic and  dynamic 

recti l inear systems;  

• coord ination sites requ i re emptying  

before the end of  the work period ; 
• s imultaneous departure of vehicles 

from depot; 

• i nstant communication between 

customers,  vehicles and dispatch 

depot ; 
• paths ( roads) of i nfin ite capacity ;  
• paths are two-way and i ntersections 

are u nrestricted ; 

• objective function i nvolves redu ction 

i n  total d istance and/or fleet size ; 

• u nl im ited spl itting of demand with 

the proviso that an a l ready-spl it 

demand is not further  sp l it ;  

Table 1 . 1 :  Scope of this study. 

Not dealt with 
• optimisation ; 
• meta-heuristics ; 

• delayed departure times; 
• pickup, or m ixed delivery/pickup ;  

• capacitated depots; 

• m ultiple depots ; 
• prioritised del ivery ;  
• m ixed commod ities; 
• time windows ; 
• spherical coord inates; 
• fleets of non-identica l vehicles ; 

• congestion ; 

• restrictions on  the size or number of 

spl its in i ndividua l  demands;  
• i nter-vertex coord ination sites i n  

recti l inear systems.  
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The fol lowing real - l ife problems m ay be used to demonstrate the app lication (or 

otherwise) of coord ination. 

• Problem 1 :  

A roading  com pany suppl ies its road crews with bitumen sourced from a coastal 

site and wishes to extend  its a rea of operations i nland . The d istances i nvolved 

are large and essential ly Eucl idean .  The payload is  identical for each road gang,  

and the vehic les i nvolved a re custom-bui l t  w ith heatin g  devices that prevent the 

bitumen cool ing and sol id ify ing before delivery .  Al l  l ocations are known i n  

advance of the tendering  process a nd do  not change (other than by e l im ination 

at the conclusion of each job ) .  

• Problem 2 :  

A del ivery com pany wants t o  reduce its fleet size without adverse effect on its 

cl ient base. It operates with i n  a reasonably flat city with two-way streets that 

can be represented by a recti l i near gri d .  Indiv idual  packages are much smal ler 

than the vehicles' capacities, and splitting  of demands is not permitted . The 

demands of customers are known at least one day i n  advance of del ivery .  

• Problem 3 :  
A stock transport com pa ny wants to red uce its operat ing costs and provide a 

faster service to customers .  On sales days, many of its customers requ i re 

service at the same t ime i n  order to have their an imals  delivered to the auction 

yards before the sales start . Post-auction transport t imes vary throughout the 

day. Ind iv idua l  stock trucks contai n  interna l  baffles that enable them to carry 

an ima ls from several farms sim ultaneously. Each truck may i nclude a trai ler of 

s im i la r  design .  A l l  col lections from farms prior to the sales a re known wel l  i n  

advance, a n d  most of the post-sales del iveries to the farms are also booked 

tentatively in advance . 

• Problem 4 :  

A bus com pa ny servicing rura l schools wants to expand its service to a n  extra 

school but does not want to extend its total operating t ime by more tha n  20 

m inutes each day because of the effect on d rivers and pupi ls .  Although the 

schools are genera l ly close together, the pupi ls l ive i n  a widely d istributed area . 

Each of the schools starts at about the same t ime i n  the morn ing ,  but the 

secondary school finishes 30 minutes l ater than the pr imary schools.  O nce 
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pupi ls a re col lected from the i r  homes or schools, they m ust be supervised u nti l 

they are del ivered to their destin ations. The number, l ocation and destination of 

passengers is known before the start of the school year and does not vary 

s ign ificantly thereafter .  

• Problem 5 :  

A company producing smal l  runs  of h igh  qua l ity cloth ing for the tourist market 

wishes to improve its service by redu ci ng the time for del ivery of its goods to 

tourist centres at  OPPOSite ends of the country . Because the goods a re fashion 

items, they m ust be on retai l  shelves as soon as poss ible  and e n  route storage 

is i nappropriate. The d istances i nvolved a re l a rge and essentia lly Eucl idean ,  and  

demands a re known s ix  d ays i n  advance of del ivery dates . 
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This chapter d iscusses previous attempts at find ing workab le solutions to the 

vehicle routing problem and identifies earlier work on coordinatio n .  

2.1  The vehi cle routing problem 

I n  1 959, Dantzig and Ramser [ DR59) formu lated the truck d ispatching problem, 

later known as the vehicle routing  problem (VRP) , and presented a heuristic 

solution to make efficient use of payload space on vehicles. In the many static, 

determ in istic VRP solutions which fol lowed , the emphasis has been on m i n i mis ing 

the tota l d i stance travel led, a lthough m uch effort has a lso been expended on 

m in imising waiti n g  times at customer nodes, fleet s izes, and combinations of these . 
Comprehensive surveys are found in  ( B83]  and [GA88] and classification schemes 

can be found  in [B8 1 ]  and [ DLS90] .  

Because the VRP is a n  N P-hard problem (see [GJ79] ) ,  there i s  un l i kely to be 

a procedu re that wi l l  solve it in polynomia l  t ime, and much effort has been app lied 

to using inexact measures to create good approximations to opt imal  solutions. 

N odes are a l located to routes in a routing  phase, and routes are a l located to 

vehicles in a schedu l ing  phase, where the routing phase accommodates spatia l  

characteristics and the schedu l ing  phase accommodates tem pora l  characteristics . 

Heu ristic procedures can be c lassified (see (TE98] )  into the three major classes of 

construction procedures,  improvement procedures and  composite p rocedures. 

The Capacitated Vehicle Routing Problem (CVRP) general ly consists of 

design ing suitable vehicle routes for a system that satisfy a set of constra ints in 

order to m in imise total cost. Typical constraints inc lude 

• the q uantity of goods carried must not exceed the carry ing capacity 

of a veh icle, 
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the tota l d istance travel led by a vehicle must n ot exceed some pre­

set (user-defined) l im itl 

• each customer m ust be visited exactly once by one veh icle, 

• vehicles beg i n  and end their routes at a central depot, 

a lthough each of these can been relaxed u nder some circumstances. Usual ly,  the 

VRP ;s solved by deciding which vehicles wi l l  de l iver to particular  customers and the 

order in wh ich they should do this,  and routes are constructed and i mproved u nti l  a 

satisfactory feasible solution is  foun d .  This stu dy i nvestigates the improvement 

method of coordination, and the d iscussion below indicates some of the route 

construction and i mprovement methods used i n  the investigation ,  as wel l  as some 

of the m ethods that, whi l e  n ot used here, have been influentia l  there in .  

Construction procedu res (see [GB80] and [C76] )  generate feasib le solutions 

start ing from a d istance matrix but, a lthough the methods a re fast, the resul ti ng 

solutions are often poor and requ i re i mprovement. 

S imple  iterative i mprovement procedu res, such as 3-opt (see [ LK73] ) ,  start 

with an i n it ia l  solution and improve it by edge exchange methods .  Where a better 

solution is fou nd,  it replaces the previous solution and the process is repeated u nt i l  

no further improvements a re found .  These i mprovement procedu res have the 

d isadvantage of becoming trapped at loca l optima,  as they a re based u pon a pure 

descent strategy. 

Composite procedures (see [GB80)) com bine construction and improvement 

procedu res by producing good i n it ia l  solutions q u ickly and then a pplying a 

computationa l ly expensive i mprovement method to g ive very g ood resu lts i n  a 

relatively fast time .  

I n  a pplying coord ination i n  this study, i n it ia l  routes are considered to  have 

been constructed and i mproved by a variety of methods, as discussed i n  the 

relevant chapters . 

I n  the early route construction method known as the paral le l  savings 

heuristic of Clarke and W right (see [CW64]) ,  d istance, capacity and fleet s ize 

constra i nts are ignored and  tou rs are formed s imultaneously, with i n it ia l ly each 

node being served from the depot ( node 0) by a d istinct vehicle. I n  a system with 

d istance matrix [cij] , for each combination of two customers, i a nd j, the saving  

resulting  from servicing  both by  the  same vehicle is calcu lated by 

sij = co; + COj - cij. 
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Al l  savings are sorted i n  decreasing order and customers j and j correspond ing to 

the h ighest u nused saving  a re merged if constra ints are not violated . C lusters g row 

s imul taneously but on ly two are merged at each iteratio n .  

Altin kemer and  Gavish (see [AG 9 1 ] )  combine the savings approach with 

matching based procedures, showing  that the average performance of tou r  

partition ing based procedures is  sig ni fi cantly inferior to paral le l  savings based 

heuristics. The ir  para l le l  savings heuristics merge mu lt ip le clusters of nodes at each 

iteration ,  and solutio n  of a matching  problem determines the number  of clusters to 

be merged . 

The Sweep a lgorithm (see [GM74] ) ,  u sed i n  this study and  shown i n  

Procedu re 2 . 1 ,  constructs routes for VRPs with one or several depots, and n odes 

l ocated in the E uc lidean p lane.  N odes are represented by their polar coordinates, 

(ail pa, where ai is the ang le and  Pi is the ray length from the orig i n .  

Step One 

Step Two 

Step Three 

Step Fou r  

Sweep 

The value a* =0 is  assigned to an arbitrary node t and  a l l  

remain ing a ng les are computed. Ran k  the  n odes i n  order of 

i ncreasing value  of ai' 
Choose a n  unused vehicle k. 

Start ing from the u n routed node having the smal lest angle, assig n  

n odes to the veh ic le  a s  long as its capacity is  not exceeded. If 

u n routed nodes remain ,  go to Step One. 

Optim ise each veh icle route separately by solv ing the 

corresponding TSP.  Perform node exchanges between adjacent 

routes if this saves d istance. Re-opt imise and stop .  

Procedure 2 . 1 : Sweep algorithm for route construction . 

Whi le  some instances of the CVRP can be solved exactly, the time requ i red 

is often excessive as the problem is N P-hard .  Many of the best avai lab le exact 

a lgorithms are based on dynamic progra mming and the m ost promising meta­

heuristic methods for the CVRP are based on Tabu Search (see Procedu re 2 . 2  for a 

s impl e  vers ion) . Although Tabu  Search is not used i n  th is study, there is  n oth ing 

i nherent in  the coordination process that prevents its incorporation as an 

i mprovement step i nto a Tabu Search procedu re .  The Tabu Search procedure 

constructs a sequence of solutions before implementing an i mprovement step .  

Because successive vehicle routes may not b e  feasible, their  degree of departure 

from feasib i l ity is measured by means of a penalty funct ion,  and a tabu l ist is  
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generated that p revents the same feasible solution from being re-visited . Basic 

d i fficu lties with this heuristic are the design of a su itable tabu l i st, the efficient 

management of this l ist, and the selectio n  of an appropriate m ove in Step Two .  

Rochat and  Tai l l a rd (see [ RT9 5 ] )  first generate promising solutions to the 

VRP using Tabu Search procedures (see [G89 ] ) ,  then extract s ing le vehicle routes 

from this population of solutions and combine some of these to define a part ia l  

starting solution for another a ppl ication of Tabu Search . Repeating  the process a 

n u m ber of t imes provides some of the routes generated as candidates for the fina l  

VRP solution . 

Step One 

Step Two 

Step Three 

Step Fou r  

Tabu Search 

Create back and forth routes between the depot and customers .  

Let x b e  this solution with cost F(x) . Set the tabu l i st T: = cp .  

Define N(x), the neighbourhood of  x ,  as the set of  a l l  solutions 

that can be generated by a m ove from x. 

If N(x)\T=CP, go to Step Three. 

Otherwise, identify the least cost solution y i n  N(x)\T and set 

x: =y. 

U pd ate the best known solution, if necessary. 

If the maximum n um ber  of iterations since the beg inn ing of the 

process or since the last u pdate has been reached, go to Step 

Fou r. Otherwise u pd ate T and go to Step Two .  

Attem pt to  i mprove each of  the vehicle routes. 

Procedu re 2 . 2 :  E lementary Tabu Search . 

Tai l l a rd et a l  (see [TLG96])  provide a n  a lgorithm based on this to solve the 

VRP variant in  which the same vehicle may be assigned to several routes d u ring a 

g iven plann ing period,  where the tota l duration of a route, inc luding service and 

travel t imes, does n ot exceed a pre-set l im it .  I n itia l ly, a large set of good routes are 

generated, from which a subset is  selected and combined into feasible working days 

using a b in  packing  heuristic.  

Raft (see [R82] )  provides a modu lar  a lgorithm by deco mposing the solution 

of the VRP i nto five ma in  decision areas : route ass ignment, depot assignment, 

vehicle assignment, del ivery period,  and detai led route des ign .  Each part is solved 

separately and  then connected by an iterative procedu re,  a l lowing multiple use of 

vehicles and postponement of delivery .  This accommodates fixed depot and fixed 

vehicle ass ignments for each customer, stochastic demand and stochastic service . 



Rei nelt (see[ R94] )  g ives a summary of heuristic solutions to the TSP, 

inc lud ing S imu lated Anneal ing, evolutionary strategies and Genetic Algori thms, 

Tabu  Search, and Neura l  Networks.  Tsu bakitan i  and Evans ( [TE98] )  use jum p  

search to a pply l ocal search methods t o  d ifferent starting pOints . Algorithms that 

solve the TSP to optima l ity are not stable i n  the sense that simi lar  sized problems 

can take vast ly different times to solve,  and problems with a hundred nodes can 

take hours of CPU time, u nacceptable to p ractitioners i n  the field .  Also, prob lems 

encountered i n  p ractice may be far larger than this.  

U nl ike the TSP, the VRP needs to account for variants (see [ H P97] ) that 

i nc lude :  

• m ultiple use of vehicles, 

• route capacities, 

• time windows, 

• dynamic routing ,  and 

• randomness, 

a l l  of which are suitable for improvement by coordination ,  as demonstrated in this 

study although the use of time windows w i l l  be left for future research and 

randomness is mentioned in  passing i n  the d iscussion on dynamic coord ination in  

Chapter 6 .  For  more information on stochastic vehicle routing see [ B95 ] .  

Solutions for the VRP are often derived from those for the TSP ( [ L92] ) ,  and 

heuristic a pproaches to the VRP a re characterised by the broad range of 

a pproaches, but althoug h  the VRP is a genera lisation of the TSP, the concepts that 

led to the progress in solving large scale  trave l l i ng salesman problems can n ot be 

app l ied to vehicle routing problems because a l l  the improvement heuristics used for 

the TSP can be used for n o  m ore than l ocal improvement with i n  one of the tours .  

Recent efforts to develop solutions t o  the VRP have incorporated a rtificial  

i ntel l igence concepts, and incl ude Simulated Annea l ing ,  evolutionary strateg ies and 

Neura l  Network heuristics. 

S imu lated anneal ing (see [ KGV83] ,  [W98 ] ,  [ F99 ] )  derives its orig ins from 

theoretica l physics where Monte-Carlo methods are employed to s imu late 

phenomena in statistical mechanics. Evolutionary strateg ies attem pt to i mitate 

evo lution in nature ,  and are based on analogues of mutation and selection . Genetic 

Algorithms (see[G89a] )  construct tours from a su itable combination of two or more 

tou rs .  Neura l  Network heuristics (see [ P9 3 ] ,  [S99] )  are modelled on the funct ioning 

of the h uman bra in ;  based o n  the i nputs that a neuron receives, a certain output is  

computed which is propagated to other  neurons.  A variety of  models addresses the 
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activation status of neurons, determination of outputs and propagation of signa ls  i n  

the net with the  basic goal to  real ise some form of learning mechanism, but  Osman 

(see (096] )  suggests that the qua l ity of the solutions might not compare to the 

solutions produced by the best heuristics. 

Because of the i nter-dependence of the tem pora l  and s patia l  characteristics 

of coord ination problems, the i r  solution is described i n  this study u sing s imple  

systems with fleet sizes l im ited by the underlying  software to 15 vehicles ,  and their 

app l ication i n  Tabu Search, evolutionary strategies and neura l  networking is  an 

area for future research .  

Nygard et  a l  ( see (NJK90))  provide empirical evidence that, for systems with 

u nchanged demands, the performance of various heuristics is sensitive to the 

statistica l d istribution s  of the geog raphical  locations of nodes in the Eucl idean p lane 

and that no  heuristic consistently out-performs a l l  others .  

lund et  a l  ( see [ lMR96])  describe the d ifference between dynamic and  

stochastic VRPs by  the responsive nature of  the  VRP solutions :  the  stochastic VRP 

determines the a priori two stage route using stochastic programming techniques 

and maintains the solution a l ready obtained even jf the data changes. Since a l l  

i nformation ,  deterministic as wel l as stochastic, i s  incorporated i n  the  model before 

the determination of the routes, stochastic models are static. In contrast,  dynamic 

models have i n puts (and consequently, solutions) that change over t ime. The 

degree of dynamism determines the style  of heuristic :  weak ly  dynamic systems 

are solvable us ing adaptations of  static procedu res, rerun each time a revision of 

the input occurs .  They term this  "myopic" or " ro l l i ng  horizon"  optimisation,  and  

determine the degree of  dynamism of  a system by  creating a s imu lator that 

generates new ( real-time) req uests and noting  the effect of changing the 

d istribution of advance and real-tim e  req uests. Thei r work is based on  the 

presu m ption (as i n  [Ps95 ] )  that a static u pdating procedu re is only sUitab le  for 

problems with very weak (quasi-static)  degrees of dynamis m .  They show that when 

the numbe r  of dynam ic req uests make up more than about 30% of the total 

number of requests, the solution of dynamic routing problems based on  adaptation 

of static procedu res is no longer effective. 

Psaraftis ( [ Ps95])  h igh l ights the recent advances i n  technology that enable 

deCision-makers to receive dynam ical ly  the i nformation needed to create suitable 

routes and schedules, and cites electronic data i nterchange ( E DI ) ,  geogra ph ic  

i nformation systems (GIS) ,  g loba l  positioning systems ( G PS )  and i ntel l igent 

vehicle-h ig hway systems (IVHS) as technological improvements that have 

e nhanced the possib i l ities for dynamic routing . Such advances have shifted the 

emphasis of more recent researchers from static deterministic VRP solutions to 
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dynamic models .  Although  the TSP can be solved optimal ly for a few thousand 

nodes, the VRP resists opt imal  solutions for problems above 50 customers .  

Advances i n  column generation methods and the creative use of cutt ing planes a n d  

bounding techniques ( a s  i n  [ D99] )  enable some VRPs to b e  solved t o  optimal ity . 

Dror and  Powel l  [ DP93] compare the determin istic environment with 

dynamic and  stochastic e nvironments and note that longer ran ge p lann ing 

problems can be represented more rea l istical ly by a dynamic model than by a static 

one.  They further note that the major d ifference between static problems and  

dynamic and stochastic problems is that, u n l i ke the  standard VRP, stochastic and 

dynamic vehicle routing problems are often characterised by the lack of  a wel l  

defined objective function . I n  addition,  severa l model l ing fram eworks may be 

appl ied to the same problem. 

M inkoff (see [ M93] ) models the dynam ic del ivery d is patching p roblem ( DD P) 

as a Markov deciSion process in  which vehicles are periodica l ly  sent out to replenish 

stock at a set of customers experiencing stochastic demand. When one or  more 

vehicles are ready to be d is patched, the d ispatcher learns the current inventory 

level at each customer, then selects a routing scheme from a pre-assembled l ist of 

feasible schemes. The veh icles then execute their routes, which a re not changed 

once ass igned .  When more veh icles becom e  avail able, the process repeats itself. 

The creation of schemes and the routing  of vehicles is performed in advance ( rather 

than as information becomes avai lab le) ,  with the transportation  costs rep resenting 

an i nput i nto the deciSion . E l ig ib le routes are thus an i nput to the DDP, as in  set 

partition ing-based approaches to vehicle routing (see [CJ R8 1 ]  and [AMS89 ] ) .  

U n l ike the DDP, vehicle routes are created in  the cou rse of solv ing the 

I nventory Routing Problem ( IRP) (see [M93] ) .  The IRP tends to cover a fin ite 

n u m ber  of t ime periods, whereas the DDP is an i nfin ite-horizon prob lem . The DDP 

commits only to immed iate d ispatches, basing future d ispatches on later inventory 

levels,  whereas the IRP decides several t ime periods worth of d ispatches at once 

a n d  executes them over the d ispatch h orizon .  The I RP with sate l l ite fac i l ities 

( IRPS F) permits the creation  of 'sub-depots' for the replenishment of stock but not 

for the storage of vehicles, and (as a form of coord ination) is  d iscussed in § 2 . 2 . 5 .  

Dynamic V R P  h a s  a lso been studied u nder the titles o f  a l location , routing ,  

and d ispatching . Powel l  ( see [ P88])  explores dynamic vehicle a l location , which 

concerns itself with the deployment of a fleet of vehicles over t ime to m aximise 

profit, and decisions inc lude where to di rect each vehicle in  each time period, and 

whether or not to carry loads which may be there . 

Bertsimas and van Ryzin ( [BV9 1 ] )  develop the dynamic trave l l ing repairman 

problem to model wait ing t ime considerations in  the p rovision of service to 
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customers d istributed over a Eucl idean plane, where demand for service is 

stochastic and a s ingle,  uncapacitated veh ic le,  travel l i ng  at constant velocity must 

service demands whose time of a rrival,  l ocation and on-site service a re stochastic .  

The objective i s  t o  find  a pol icy t o  serv ice demands over an i nfin ite horizon that 

m in im ises the expected system time ( wait plus service)  of the demands.  They 

extend ( [BV93) ) this to the case where a fleet of vehicles is u sed and  each veh icle  

can visit at  most a certa in  n u m ber of  customers before it m ust return to a specified 

depot location ,  and find  that solutions depend strongly on  the geometry of the 

p roblem (depot location, size and shape of the service region ) .  

Many real -world problems i nvolve considerab le uncertai nty i n  the problems 

data . For exam ple, l ocations may be known only probabi l istica l ly i n  advance and 

the demands they place on the vehicle capacity may be random.  In addit ion, 

req uests for service often arrive sequential ly in t ime, and these events may be 

stochastic. W here static VRP problems a re often solved from the d ispatcher's 

perspective in which total distance i s  m in im ised, dynamic problems are often more 

concerned with the customer's perspective, and min imis ing the total del ivery time 

may be more appropriate. 

Psaraftis and Tsits ik l is  (see [ PT93] )  investigate a m in imum cost path 

problem designed on an acycli c  network whose costs are known fun ctions of 

envi ronment variab les, and a l low any vehicle to wait at a node u nt i l  the 

environment becomes favourable for travel to the next node . This app lies where 

i nformation about the envi ronment i s  ava i lable at each node that is visited , and has 

appl ications i n  maritime travel .  

Berge and H op perstad (see [ BH 93 ] ) report o n  demand d riven d i spatch ( D3) 

i n  the air l ine industry,  a concept that attem pts to assign aeroplane capacity to fl ight 

schedules to meet fluctuating market needs us ing a fami ly of a ircraft rather  than 

i nd ividua l  planes. This  enables a ircraft ass ignments to be swapped at  short notice 

when a i rcraft share the same a irport. The variab i l i ty of demand is h igh  but the 

demand forecast improves as fl ight departure approaches. Ai rcraft are assigned 

dynamica l ly to fl ights to m atch the p red icted fina l  demands. Using a fam i ly of 

a ircraft with enough operat ing flex ib i l ity to permit dynamic reassign me nt of the 

fleet means that the u pdated forecasts can be matched more easi ly .  Before th is 

a pproach, i ndividua l  a ircraft were schedu led, result ing i n  system loads of about 

65% capacity . Th is i s  not a pure d ispatch scheme since the sched u le must be flown 

no matter what the demand . Ai rcraft positions a re constrai ned at the beg inn ing  of 

the index week but u nrestricted at the end of the week .  

5avelsberg h  and 501 ( see [ 5598 ] )  report on a n  indust ry-specific pickup a n d  

del ivery p lanning module,  DRIVE : Dynamic Routing  for I ndependent Vehicles, that 
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works iteratively with a base plan founded on current routes and demands and uses 

estimates of future workload .  The base p lan has a t ime horizon of about one hour .  

As soon as the base p lan is accepted, the short term decisions are made 

permanent, dividing the routes i nto a head ,  the part that wi l l  be executed as 

p lanned , and a tai l ,  which may change in the future. 

In the stochastic VRP (SVRP) (see [DLT89] ) ,  customers require del ivery 

a mounts which a re uncertain  u nti l  a vehicle arrives . Th is opens u p  the possibi l ity of 

route fai l u re ,  where a vehicle runs out of the stock it is del ivering before a l l  

customers on  its route h ave been replenished . I n  the case o f  route fai lu re ,  the 

vehicle may have to return to the depot, reload and go back to the customer where 

fa i l u re occurred, or  a new routing sequence may have to be p lanned for the 

remain ing customers. The incidence of modification caused by route fa i l u re can by 

reduced by a l lowing breaks to occur, in  wh ich case the vehicle returns to the depot 

for replenishment before it resumes its del iveries whether or not fai l u re has 

occurred . 

Two solution frameworks for SVRPs are stochastic programming (see [ 697] 

for a recent survey) and Markov decision processes.  Stochastic programming can 

be further d ivided i nto chance constrained programming ( [SG83 ] )  and stochastic 

progra m mi ng with recourse. 

Althou g h  deterministic approx imations are widely used to solve stochastic 

and dynamic problems, 6ertsimas et al [6CP9 5 ]  show that a priori approaches are 

beneficia l  in c i rcumstances where solving repeated determin istic instances is 

i m practical or otherwise u ndes irab le .  In a priori solutions, the route is constructed 

prior to the real isation of the demands. They developed such solutions to the 

stochastic VRP, known as PVRP (Probabal istic Vehicle Routing Problem) ,  in a 

E ucl idean framework based on variants of 6ertsimas's probabi l istic cycl ic  heuristic 

(see [692 ] ) .  The cycl ic heuristic, which is based on determin istic optima l  tou r  

partition ing (see [ H R85] ) ,  begi ns with a TSP tou r  of n demand pOints, and the 

vehicle visits pOints i n  the order of this tour, returning  to the d epot whenever 

capacity is reached . S ince each of the n pOints is a potentia l  starting  point, the 

cycl ic heuristic considers the n resu ltin g  visitation orders a n d  selects the one with 

the lowest cost. [ 692]  and  [ HR85] i m ply  that if the in it ia l  tour for the cycl ic 

heuristic is  based on the optima l  solution to the TSP, then the heuristic is  itself  

asymptotical ly optima l  u nder g iven conditions of n and vehicle capacity. Using a 

heuristic to find a n  i n itial TSP tour degrades the qua l ity of the solution s l ightly, but 

th is can be offset by local i mprovement and establ ishing threshold return strategies 

via dynamic programming .  Each time the vehicle departs a demand node carrying a 

partial  l oad ,  the d river faces the decision of whether to proceed to the next point o r  
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to retu rn to the depot only partia l ly fu l l .  A threshold is  con structed for each node 

such that if  the load after visiting  the node is at least equal to the threshold for that 

node, it is optima l  to return to the depot before fi l l i ng  further  demands.  By 

com paring the resu lts of a priori PVRP heuristics with two a posteriori heuristics, 

c lustering  ( [C85] )  and savings ( [ CW64]) ,  [ BCP95]  showed that for the data sets 

i nvestigated , the cycl ic  heuristic with dynamic  programming but no local 

improvement gave the best com bination of speed and qua l ity . Add ing local  

i mprovement gave better resu lts but at a s ignificant cost in runn ing t imes. The 

cycl ic heuristic was conSistently superior to c lustering ,  consistent with the idea that 

c luster first, route secon d  heuristics can be asymptotical ly  sub-optima l ,  and  the 

savings heuristic genera l ly gave the best results .  

Gendreau et a l  ( see [GLS95 J )  consider t h e  VRP with stochastic demands a n d  

customers,  a problem that arises i n  LTL col lection routes .  Each customer h a s  a 

known probabi l ity of presence and a random demand . Using a stochastic 

programming framework, the problem is solved in two stages : in a first stage, 

p lanned col lection routes a re designed, and i n  a second  stage, when the set of 

present customers is known,  these routes are fol l owed as plan ned by s ki pping the 

a bsent customers .  W henever the vehicle capacity is attained or exceeded, the 

vehicle retu rns to the depot and resumes its col lections a long the p lanned route, 

i ncurring  a penalty . The problem is  to design a first stage solution in order to 

m in im ise the expected total cost of the second stage solution.  

The concept of creating an i nitia l  base p lan that can be mod ified, when 

circumstances change, by selectin g  a su itable scheme from a set of a priori 

schemes is adopted in this study in the i nvestigation of coordination i n  dynamic 

VRPs. The routing strategy incl udes the construction  of thresholds to determine 

appropriate schemes. This is d iscussed in  more deta i l  i n  Chapter 6 .  

2.2 Coord ination i n  vehicl e  routi ng problems 

The coordi nation process i nvolves routing and schedul ing problems where the load 

for a customer is not transported directly from depot to customer by one vehicle, 

and forms one of many relaxations (see [DLS90])  of the CVRP: 

• customers may be visited more than once, 

• the tota l demand carried by a vehicle may exceed the capacity of that 

vehicle but the payload being carried at any moment must never exceed 

the vehicle's capacity. 



Chapter 2 U�erature Review 1 5  

Although each vehicle  starts and ends the work cycle at the depot, it w i l l  be 

d iscussed i n  later chapters that because vehicles may be used many t imes,  each 

route need not beg in  and end there . Approaches to th i s  issue are d iscussed in more 

detai l  be low and include : 

( a )  Sp l it del iveries 

During sp l it del ivery,  the load for a particu lar  customer is  carried by more 

than one vehicle, or by one veh icle making more tha n  one v is it to that 

customer.  

Cb )  Coordinated publ ic  transport 

Resources a re shared by having two vehicles, each with its own depot, each 

col l ect loads for both routes.  

(c) M id-a ir  refue l l i ng 

The fuel to enable a vehicle to travel must be transferred from another 

a ircraft. 

Cd)  Pre-emptive routing 

Part of the load is  left for l ater up l ift. 

C e )  I nventory rout ing with sate l l ite faci l ities 

Temporary storage depots are created that exist to replenish stock but a re 

not used for the storage of vehicles. 

2.2 .1  S pl it del iveries 

The sp l it del ivery vehicle routing problem (SDVRP) has been shown (see [ DT89] )  to 

produce reductions i n  both tota l d istance travel led and  fleet size, and forms a n  

i mportant part of the d iscussion  on coord ination . A s  a relaxation of the CVRP, the 

SDVRP a l lows del iveries to a node to be carried by more tha n  one vehicle, and wi l l  

be extended i n  later chapters of  th is  study to perm it the sp litt ing and/or 

recombination to take p lace at s ites othe r  than the depot and i ntended nod e .  

Dror  and  Trudeau ( [ DT89 ] )  apply k-sp l it i nterchange and route addition i n  

a n  improve ment procedu re t o  a feasible i n it ia l  solution . The k-split interchange i s  

t h e  technique b y  which demand a t  a particu lar node is  sp l it between k vehicles, 

each on a u n ique route, thus removing that node from the route that orig ina l ly  

serviced it .  No two routes can have more than one spl it demand point i n  common . 

The origina l  k+ 1 route costs are compared with the k sp l it-route costs and with the 

d imin ished route that that o rig ina l ly serviced the node : 
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where bp and ap are the points i mmediately before and after ( respectively) the point 

P under consideration ,  [ cij] i s  the cost matrix for travell i ng  from i to j, and where it 

and jt are two consecutive pOints on  route t. If the spare capacity of the k veh icles 

is  at l east as g reat as the demand of node p on route k+ l and if the term SAVk(p) 

is  positive ,  then node p can be e l im inated from route k+l  and the total routing cost 

reduced . Where the demand de livered to node p is a l ready spl i t  between a numbe r  

o f  routes, t h e  k-spl it i nterchange procedu re examines a l l  spl it configurations for 

node p. The demand that node p was receiving  from vehicle k+l  is d iv ided among 

the k vehicl es by using al l  the spare capacity of the vehic le with the least spare 

capacity first, then the spare capacity of the vehicle with the next l east spare 

capacity, etc, u nt i l  the demand of node p is satisfied . 

I n  some cases, the total routing cost may be reduced by adding a route that 

e l im inates a sp l it del ivery to a node .  The re are 2k2 + 1  different configurations for a 

s ing le  route addition that e l im in ates a sp l it del ivery .  

Before investigating  the  potentia l  of  a pplying  spl it  de l iveries i n  any  particu lar  

prob lem,  Dror and Trudeau i mprove the  i nit ia l  feasib le sol ut ion by i nter-route node 

swapp ing and 2-opt u nt i l  node interchange produces no  further improvement.  Then 

k-spl it  i nterchange, route addit ion, node i nterchange, and 2-opt route i mprovement 

is  a pp l ied u nt i l  there is  no further  improvement by k-spl i t .  Although this method 

does not guara ntee a n  optimal  SDVRP solution ,  it is very effective and  has 

i mpl ications in rea l -world routing problems (see e . g .  [ M97]  and [ST98 ] ) .  The 

SDVRP and VRP produce equivalent solutions when a l l  nodes have an identical 

demand of 1 u nit ,  or when a l l  demands requ i re a fu l l  vehicle load (assum ing a 

homogeneous fleet) ,  but d iffer d rastical ly  when the demand of each of the n nodes 

is  close to ha lf the vehicle capacity of the homogeneous fleet . Then the m in imum 

number of  vehicles i n  the  SDVRP solution i s  �. + 1 ,  which com pa res favoura bly with 

the VRP solution 's n vehicles .  

( DT89]  found,  a s  have other researchers (see [ F93] p .  3 5 ,  a n d  [ F95 ] ) ,  that, 

assuming no bounds on a ll owable sp l its, the advantage of S DVRP over VRP 

improves when the ratio of demand : vehic le capacity rises a bove 0 . 1 , for problems 

in which nodes have identica l demands, and i ncreases with the ratio . The procedure 

constructs routes that consist of nodes from the same geographic a rea,  and the 

nodes with spl it  de l iveries are u sua l ly those with a bove average demand.  I n  

addition ,  sp lits wh ich resu lt i n  h i g h  d istance savi ngs occur relatively further from 

the depot. Although [ DT89 ]  considers on ly homogeneous fleets in a Eucl idean 
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sett ing a n d  does not go  beyond 3-spl it configu rations, the pri ncip les o f  spl it del ivery 

can be appl ied to other  frames of reference, greater spl itting  and vehicle fleets of 

d ifferent capacities. 

[M97]  extends the spl it del ive ry problem in node routing to an a rc routing  

scenario where the i nter-route node excha nge a bove i s  replaced by  inter-route 

edge exchange and may be adapted to i nclude t ime windows. The k-spl it 

generation is extended to i nvestigate whether a del ivery made to an arc can be 

sp l it across k other candidate routes in  order to obta in  the h ighest savin g .  The 

savings obta ined by sp litt ing the demand of a rc ( if}) over routes 1 and 2 is g iven 

by : 

whe re C xv represents the length of the shortest path from node x to node y, and 

C xy represents the length of the a rc (x,y) . For k?3 cand idate routes 

where a rc U,i) is considered for introduction between consecutive nodes it and }t on 

candidate route t. The k-spl it proceeds if SAVk(i,}) is positive, and the i nsertion is 

chosen that produces the highest savings i n  distance . 

The route addition procedure of node routing  is sim i larly extended to k-route 

addition i n  a rc routing ,  where a rcs whose demand is spl it among severa l  routes a re 

investigated for consol idation into one new route that may a lso contain other a rcs. 

Emp i rical results ind icate d istance reductions i n  fou r  out of five cases involving t ime 

w indow constraints with two cases yie ld ing i mprovements of over 10%, but less 

obvious benefits in cases where t ime windows were not employed . 

The SDVRP is N P-hard (see [DT90 ]  and [ LLM 9 1 ] ) ,  and  i nteger formulations 

(see [DLT94] ) ,  heuristiC procedu res (see [ F95 ] )  and colu m n  generation methods 

(see [ST98] ) have been appl ied to the concept. Prob lems of u p  to 50 nodes have 

been solved to optimal ity in  the Eucl idean p lane (see [BOO ] ) .  Wh i le most 

i nvestigations into the SDVRP have been set in the Eucl idean plane, the concept 

has also been appl ied to problems set in  the recti l i near g rid (see [ F93]  and [ F9 5 ] )  

with bounds l imit ing the ways i n  which demands may b e  spl it ,  introducing a penalty 

function for spl itt ing ,  and a l lowing spl itt ing between depots i n  multip le depot 

problems. 
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2.2.2 Coord i nated publ ic transport 

Baker, Franz and Sweigart (see [BFS9 3 ] )  consider a pure pickup vehicle rout ing 

problem i n  the E ucl idean p lane i n  which two cooperat ing agencies, each with its 

own depot, u se the same fleet of two vehicles to transport the i r  c l ients . Each 

agency is assigned one vehicle and n passenger  stops ( nodes) ,  and vehicle routes 

beg i n  and end at thei r own depot, with each vehicle travel l ing  a u nique route 

col l ecting c l ients for both agencies. 

I n  the scheme involving coordination ,  based on a m u lt i-depot location­

a l location problem, vehi cl e  routes a re sched u led so that the vehicles a rrive at a 

coord ination point simultaneously after col lecting a l l  the passengers,  and 

passengers change veh icles, if necessary, to be transported to thei r appropriate 

depot. Su itable sites for this a re cui de sacs, chu rch parking  lots, parks, one of the 

agencies, etc . In  the scheme that prohibits the use of coord ination, each vehicle 

travels from node to node delivering passengers at the end of a route, and  

passengers never have to  change vehicles. I n  each scheme, the function to be 

m in im ised is the total d istance travel led by the entire fleet. 

The 1 6 x  1 6  Eucl idean p lane is d ivided into 4 x 4  cel /s, with no more than 20 

nodes and 5 potential coordi nation sites, where the potential coordination sites a re 

located by considering the contents of each cel l :  if a cel l  selected for a s ite conta ins 

a node, the potential site is that node,  otherwise, the potentia l  site is located at  the 

node closest to the centre of  the cel l .  Consequently, potential coordination s ites a re 

on ly located i n  cel l s  that conta in  nodes. The system i ncluded a m in imum distance 

between stops, and a varying d istance between depots. These l i mitations meant 

that the largest result ing i nteger l i near programming problems did not exceed 250 

decision variables and 250 constrai nts. [BFS93] found  that the use of coordination 

sites genera l ly reduced the total d istance travel led more than the system that d id 

not a l low coordination ,  and that each system was far superior  to the system of 

i ndepe ndently operated transportation progra ms without coordinatio n .  I n  addition, 

they fou nd that the system i nvolving coordination was more efficient as the i nter­

agency d istance increased from a threshold level ,  below which the system that 

proh ibited coord ination was more efficient. 

Russe l l  and M orrel (see [RM86])  i nvestigated a sim i la r  problem of two 

depots and eleven buses, us ing a savings heuristic modified by a 3 -opt 

improvement, and  achieved a reduction in total d istance travel led of 1 1% .  They 

employed a shuttle system where the passengers for both agencies were offloaded 

at the fi rst node visited and those that needed to travel on were loaded onto the 

next avai lab le bus. 
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2.2.3 M id-air  refuel l ing 

The mid-a i r  refue l l ing of a i rcraft i nvolves a specia l  type of coord ination ; rather than 

the payload being  transferred , the fuel  to transpo rt the payload is moved from one 

vehicle  to a nother which m eet en route . The subsequent consum ption of th is fuel is 

i rrelevant to the process of coord in ation . I n  these circumstances, althou g h  the 

coordination site is mobi le,  the relative d istance travel led by the two a i rcraft 

i nvolved during transfer is m inute compared with the total d istan ce involved . The 

process is d iscussed here because it represents a n  i mportant rea l-world appl ication 

of coord ination ; the spherical frame of reference is  not considered elsewhere in th is 

study. 

D u ring mid-air refue l l ing ,  a transport a i rcraft travels from one node to 

a nother, whi le  a tan ker a ircraft originates from and returns to a th ird node .  The 

objective is to m in im ise the total fuel consumed subject to restrictions on the range 

of the transport and  tan ker .  Yaman i  et a l  (see [YHM 90 ] )  approach this problem 

using  a non- l inear objective function in a spherical frame of reference with 

constra ints that depend on the d ecision variables. The practica l constraints a re 

rel axed by making the fol lowing assumptions : 

• the g ross weight of the a i rcraft should not exceed its maximum 

takeoff weight, 
• there a re no load balance or size restrictions aSSOCiated with the 

a ircraft load, 
• the Earth is  a perfect sphere,  

• the a ircraft fol lows the g reat circle route (shortest path)  i n  fly ing 

from one point to another, 

• winds at a ltitude a re assumed to be negl ig ible, 

• a ircraft refue l l i ng takes a negl ig ib le a mount of t ime, 

• the region i n  which fuel transfer occurs is considered to be a pOint, 

• everything takes place at a ltitude - takeoff, land ing and their costs 

a re ignored . 

The objective is to find  (e.ljj), g, and h that wi l l  

subject to 

(2. 1 )  
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where 

() 

r/J 
9 

h 

GMAX(W) 

dRD � RC(GMAX(W), W) 

dBR � RT(HMAX)j2 

FRG(w,doR) � 9 � 9MAX(W) 

FRT( 2 ·dBR) � h � HMAX 

h + 9 V((),r/J) 
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(2.2) 
(2.3) 
(2A) 
(2.5) 
(2.6) 

::: ang le  of refue l l i ng  point from the Prime Meridian 

( longitude) 
:= ang le of refue l l ing point from the equ ator ( latitude) 
::::: i nit ia l  fuel of the transport a ircraft 
::::: i nit ia l  fuel of the tanker 
:= cargo weight of the transport a ircraft 
== maximum fuel the transport a i rcraft can carry i n  order to 

be able to take off with  a cargo weight W 

= maximum fuel the transport a ircraft can carry when it is  

i n  the a i r  given that its cargo weight is  W 

= maximum fuel capacity of the tan ker  

= fuel consumed by the transport a i rcraft when it fl i es a 

d istance d, its i n itia l  fuel is g, and its cargo weight is  w 
= fue l  requ i red by the transport a ircraft to fly a d istance d 

when the cargo weighs w 
::::: fuel consumed by the tanker when i t  fl ies a d istan ce d and 

its in it ia l  fue l  is h 

= fuel requ i red by tan ker  to fly a d istance d 

::: spherica l  d istance between the origin base and the 

refue l l i ng point 

::: spherica l  distance between refue l l ing pOint and 

destination 
= spherical d istance between tan ker  base and refue l l i ng  

point 
== fuel requ i red by the tanker to fly a distance d. 

Constraints ( 2 . 1 )  - ( 2 . 3 )  represent conditions that must be satisfied by the 

refuel l i ng  pOint .  Constraint ( 2 . 1 )  prevents the d istance between the or ig in base 

and the refue l l ing point from exceeding the m ax imum range of the transport 

a i rcraft. Constrai nt ( 2 .2 )  i nd icates that the transport m ust be a ble  to reach its 
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desti nation from the refuel l ing pOi nt. Constraint ( 2 . 3 )  i n d icates that the tanker 

m u st be able to make the rou n d  tri p from its base to the refu e l l i ng pOint. 

Constraints ( 2 .4 )  - ( 2 . 5 )  make S imi lar  restrictions on the amount of fuel req u i red . 

There is only one val ue of h for every choice of g. 

Sol ution i n vol ved using a n  u pper bou nd fu nction that was im proved from 

one iteration to the next. I nvestigations revealed that the search for the optimal  

refuel l ing point cou ld be restricted to the spherica l l y  convex h u l l  of  the three base 

poi nts : the ori g i n ,  the d est ination a n d  the tanker base . Si nce the objective fu nction 

is spherical ly  convex, the solution procedu re w i l l  converge to the globa l opti m u m  

solution but there is no guara ntee that this wi l l  occu r i n  a finite n u m ber of 

iterations.  

--- Transport a i rcraft 

--- Tanker route 

o Refu ell ing point 

• Base 

Figure 2 . 1 :  The opti mal  refuel l ing  point is restricted to the 

spherica l ly convex h u l l  defi ned by the ori g i n ,  desti nation a n d  

ta nker base. 
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2.2.4 P re-em ptive routing 

During pre-emptive routing ,  part of  the load of  a vehicle is left for l ater u pl ift, and 

can be considered as a case of s ing le veh ic le coordinatio n .  Charikar,  Khul l er and 

Raghavachari (see [CKR98])  report on investigations i nvolvin g  TSPs i n  the 

E ucl idean plane where a single commod ity of u n it size is  transported from a set of 

suppl iers to a set of demand pOints using a vehicle of l im ited capacity.  loads, or  

part- loads, can  be  d ropped at  i ntermediate locations and col lected l ater i n  much the 

same way that a truck leaves a t ra i ler  for later  up lift. They found that the ratio of 

the d istances travel led by an optima l  non-pre-emptive tou r  versus a pre-emptive 

tour is bounded by 4. W hen the tou rs a re forced to start at a particu la r  location the 

ratio is 5 .  

A less obvious version of this form of coord ination i s  found i n  the 

manoeuvrings of an a ircraft carrier battle g roup (see [ RW96])  which detours 

s l ightly from its i ntended route in order for the a i rcraft to leave and return on short 

sorties. Reasons for this i nclude maintenance checks on the a ircraft, a l lowing fl i ght 

crews to improve the ir  tra in ing,  and defens ive m issions. The a i rcraft carrier at the 

centre of the battle g roup can be thought of as the veh icle,  which travels from 

source to destination, wh i le  the a ircraft can be considered as mobi le tra i lers, part of 

the vehicle, which become detached temporarily from it at i ntermediate locations 

and a re col lected later at a s l ightly d i fferent location . Norma l ly, the carrier is forced 

to detour from its i ntended route i n  order to best uti l ise favou rable envi ronmental 

conditions which the depa rting and a rriving a i rcraft need . Rosentha l  and Walsh seek 

to maximise the n u m ber of sorties while m in im ising the detours .  

2.2.5 Inventory routing with satel l ite faci l ities ( I RPSF) 

I n  the I RPSF (see [BHJD98] ) ,  tem pora ry storage faci l it ies a re created that enable 

vehicles to replenish stock without having to retu rn to the depot, but a re not 

ava i l able  for the storage of vehicles. The temporary faci l ities a re coordination sites 

that exist on ly for the d u ration of the work cycle (which in real -world problems may 

be of the order of a year in  length) .  The I RPSF is  d iscussed in more deta i l  in 

Chapter 6 .  
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CHAPTER 3 

ASPECTS OF COORDINATION 

I n  practice, the re-distribution of payload between depot and customer node is 

performed by a wide variety of fleet operators seeking to reduce operat ing costs 

( by reducing both total d istance travel led and fleet size) or to i ncrease their a reas 

of operations ( as in mid-a i r  refue l l i ng ,  fleet re-supply and cou rier  work ) .  Typical 

practitioners i nclude stock-truck operators, couriers,  roading manufacturers (see 

Fig u re 3 . 1 ) ,  and the m i l itary .  Factors i nfluencing the a ppl ication of coord ination 

i nclude 

• the predicted operationa l  benefits, 

• types of payload being dealt with, 
• types of sites at which coordination can occur, 

• the method of a pplying  coordinat ion,  e . g .  one-way sequential m u lti ­

vehicle, 

each of which wi l l  be d iscussed in more deta i l  below. This chapter considers these 

factors and g ives an ind ication of how they infl uence the p ractical  app lication of 

coord ination . It also discusses the creation of a model for the study of coordination . 

Theoretica l aspects of coord ination a re dealt with i n  the fol lowing chapters : Chapter 

4 deals with coordination i n  the Eucl idean p lane, Chapter 5 considers coord ination 

in the rect i l inear g rid ,  and Chapter 6 g ives an introduction to the a pplication  of 

coordination in the solution of dynamic vehicle rout ing problems. Wh i le  many of the 

factors influencing rea l -world coordination a re not i nc luded in the model that is 

app l ied later i n  this study, they a re mentioned here to demonstrate the breadth and 

frequency of their occurrence, and to provide an ind ication of the practical 

impl ications of i nvestigating coordi nation . 
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Figure 3 . 1 : These bitumen carriers a re transferring part of the 

load from one vehicle to a second.  The first vehicle has travel led 

from the company's base in the east of the North Island of New 

Zealand to this s id ing at an i ntersection in the Central North 

Island .  Having com pleted the transfer, the two vehicles wi l l  carry 

on to com plete road ma intenance in two d ifferent areas. The s ite 

chosen for the transfer is a layby at an intersection .  

3. 1 Predicted operational benefits 

In addition to being a n  interesting mathematical phenomenon, coord ination sites 

exist in a variety of physica l situations.  They may occur u nder circu mstances wh ich 

i nclude a combination of the fol lowing reasons :  

Ca ) Reduction i n  tota l d istance 

I ncorporating coord ination sites into routing schemes enables the overa l l  

d istance to  be  reduced by reduci ng the  common distances traversed by 

mu ltiple vehicles, and by creating situations i n  which vehicles are not 

requ i red to retu rn to the depot to replen ish stock other than at the end of a 

work cycle .  These situations wi l l  be d iscussed in  more detai l  i n  the fol lowing 

chapters . 

Cb ) Redu ction in  fleet size 

W hen using a coordination site increases the occu pancy rate of a vehicle by 

a l lowing that veh icle to be used on more than one route in a work cycle,  the 
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size of the vehicle fleet is red uced . The capacity uti l isation is  i ncreased by 

having the vehicle more fu l ly laden more of the time, or by re-using the 

vehicle on smal ler  routes. 

(c)  Increasing the a rea of ope rations of the concern employing the fleet 

By removing the requ i rement of m ult iple vehicles to traverse common 

ground ,  the estab l ishment of coordination sites permits vehicles to travel 

further from the depot and,  consequently, a com pany can i ncrease its a rea 

of ope rations to take in a wider cl ient base. In the case of mid-a i r  re­

fuel l ing  of a ircraft, the transferred item is aviation fue l ,  which a l lows the 

recipient p lane to extend  its point of no  return . For the situation shown in 

Figu re 3 . 1 ,  the bitu men suppl ier deploys one vehicle from its base i n  Napier, 

New Zealand,  and is  ab le  to service customers i n  other  parts of the cou ntry 

by transferring  part of the load to other vehicles that cover a wider region 

than the orig ina l  vehicle would  be able to service in the l im ited t ime that hot 

bitumen is active. 

(d )  Repai r  

Repai r  scenarios provide examples of dynamic vehicle routing  because a t  the 

t ime the vehicles are deployed the d ispatcher is u nawa re of various 

attri butes of the customers, such as their demand levels and often their 

locations.  The location that repai r  veh icles and serviced vehicles meet can 

be considered a coordi nation site, and the materiel transferred is  the 

expertise of the repairman and the goods requ i red to perform the repair .  

(e)  Priority 

The establ ishment of coordination sites can assist d ispatchers i n  enabl ing 

h igh priority loads to return to the depot i n  pickup scenarios, or  to be 

de l ivered to customers i n  del ivery scenarios, more rap id ly than other  loads 

by transferring h igher priority loads to vehicles wh ich travel d irectly to the 

dest ination or to vehicles which travel more qu ickly because they visit only 

the h igh priority customers. Express couriers use this  type of coord ination 

s i te extensively.  

(f) Vehicle modification 

W ith the i ntrodu ction of road-user charges, fleet contro l lers are e ncouraged 

to l imit the number of axles and the mass of vehicles, and many find it 

advantageous to detach tra i lers that form part of the del ivery vehicle, so 

that sections of the route a re traversed by smal ler and/or l ighter vehicles . 

Heavy u n laden tra i lers a re expensive to transport and may h inder access i n  

d i fficu lt terra i n .  S imi larly, tra i lers which are laden with goods that wi l l  not be 

n eeded i n  a specific region have no req u i rement to enter that region if they 
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can be transferred to a nother vehicle  or if they can be unhooked and later 

retrieved by the returning vehicle .  Stock vehicle d rivers use this method 

widely to avoid taking large tra i lers into some areas. Also, t ra i lers can be 

u nhooked to a l low access for the ma in  vehicle when i t  wou ld not be able to 

use certa i n  roads because of tight turns, smal l  bridges and other hazards to 

navigation . Charikar [CKR98] has shown that such s ing le-vehic le 

coord ination can reduce the tota l d istance travel led . 

( g )  Reduction i n  operating  costs 

Operating costs, which i nclude runn ing costs of vehicles,  purchase costs, 

renta l costs and special  taxes, can be reduced by reducing the fleet s ize, 

reducing the total d istance travel led, red ucing the total time requ i red for 

vehicles to be used,  and i ncreasing the uti l isation of vehicles and d rivers. 

( h )  Accommodation o f  sp l it de liveries/pickups 

Spl itt ing demands [ DT89] a l lows loads to be carried which can not fit i nto 

one vehicle. This form of coordi nation w i l l  be d iscussed i n  more deta i l  below .  

( i )  Accommodation of demands that become ava i lable  a t  d i fferent t imes 

I ndiv idual  customers sometimes have more tha n  one request d u ring each 

p lann ing period . These requests do not necessari ly occur  at the same t ime; 

some happen after the vehicle has been despatched to deal w ith the first 

one.  Coordination sites a l low the custome r  to be serviced by fewer vehicles 

than the n u m ber of requests when some of those requests can be com bi ned 

en route. Coord ination sites a lso a l low l ater vehicles to deviate from their 

existing routes to service such customers .  The benefits to some customers 

must be weighed against i nconveniencing  others .  

3.2 Payload requ i rements 

Payloads can be classified into broad g roupings ca l led commodity classes by the 

attributes of the i r  constituent goods, and commodity classes can be defined by 

considering e ither  s imi larities or d ifferences. For example,  classes cou ld  be defined 

by 

Definition 3. 1 :  Goods that have the same carriage requirements fall into the same 

commodity class. 

or by 
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Definition 3.2:  Goods that cannot be carried together fall into different commodity 

classes. 

Clearly, defi n it ions 3 . 1  and 3 . 2  lead to different classes for given loads. A more 

r igorous defi n ition of com modity classes m ust consider several attributes! i nclud ing 

• com patib i l ity 

• volume 

• mass 

• d ivis ib i l ity 

• the need to return to the depot 

• the need for specific vehicle type 

• socia l acceptabi l ity 

• legal  acceptabi l ity 
• support vehicles ( pol ice escort, wide load escort) 

• en route processing 

• u rgency .  

Each i s  discussed i n  more deta i l  below with a n  i nd ication of practical situations that 

perta in  to it .  

3.2.1 Com patib i l ity 

Some loads cannot be carried together solely because they a re i ncompatible due to 

physical characteristics of the goods carried, pol itical requ i rements of the customer 

or  personal ities of the l ive payload . 

Some strong ly smel l i ng  materia ls i mpart the i r  odours to n eighbour ing 

matter, wh ich can be u nacceptable to customers .  Raw fish is such a n  exa m ple .  

Occasional ly, customers w i l l  not u se vehicles carrying competitors' produ cts. 

This cou ld  be to prevent the opposition knowing the nature and t iming of special 

p rodu ct launches, or to i nh ib it the marketab i l ity of the competitor's p roduct .  

W hen carrying l ivestock,  an imals are sometimes d isturbed by  the presence 

of a part icu lar  species. Sometimes males of the same species a re p rovoked by c lose 

proxi mity to each other, even when they a re in the foreign envi ronment of a stock 

truck .  This problem can be overcome by modifying the veh icle (see below) butt i n  

practice, the i ncompatib i l ity of goods is a g reater factor i n  the assignment of 

vehicles than the compatibi l ity .  
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3.2.2 Volume 

Loads m ust b e  a ble  to fit onto a veh icle without overhang ing beyond a reasonable  

length for reasons of  safety, legality and manoeuvrabi l ity. In  addition, the choice of 

route may be restricted by the carriage of a l a rge volume .  If the bu lk  of a load is 

too g reat, access may be l i mited by obstacles such as low overhead wires or  

overbridges. As  a specific example,  trai lers carried on the Inter-Island ferries 

between the North and South Islands of New Zealand a re often bui l t  to the 

maximum height permitted by the shipping com pany in order to carry as m uch 

payload as possib le,  even though the veh icles may travel the length of the cou ntry 

without such height restrictions.  

3.2.3 Mass 

When the mass of a load is  excessive, the max imum laden weight of the vehicle on  

which i t  travels  wi l l  restrict the vehicle to a parti cu la r  type and  the route may have 

to be modified to avoid weak road surfaces and smal l  bridges,  thus i ncreasing  

operating  costs. I n  some Situations, such as  supplying  l a rge engineering  operations 

i n  remote locations, the roads themselves may have to be strengthened,  or even 

constructed, to accom modate the heavy loads that m ust be t ransported to the 

sites . 

S ince some road l i censing authorities tax vehicles according to the 

max imum laden weight, it is sometimes advantageous for operators to use larger  

fleets of l ig hter vehicles than smal ler  fleets of  heavier vehicles, i n  order to reduce 

operating  costs. 

3.2.4 Divisib i l ity 

Spl it de l iveries [ DT89] , where they a re permitted, a l low greater flexib i l i ty i n  routing  

but  not a l l  goods a re capable of  being  spl it .  Separa ble  loads may also have l im its 

put on the m in imum s ize of a spl it and on the number of divisions that the 

customer wil l  accept. 

3.2.5 Need to return to the depot 

U nder some circumstan ces, not a l l  l oads actual ly need to return to the depot. Those 

that do not need to return to the depot cou ld  be g rouped together  and treated in a 

s imi lar  fashion, thus creating  d ifferent versions of the routing problem .  



3.2.6 Need for specific veh icle type 

Some types of  load requ i re specific vehicle types. For example,  the carriage of  bu lk  

flour requ i res l a rge reinforced spheroidal  metal containers,  whereas 5 kg bags of 

flour can be carried i n  a van .  Some loads requ i re refrigerated containers ;  special  

ru les, e . g .  [ NZS88] ,  normal ly govern the carriage of hazardous substances by 

determin ing  the type of vehicle which can transport such goods.  Secure money 

tra nsportation from banks and E FTPOS machines is handled by armoured veh ic les .  

Armoured veh icles used i n  the transport o f  prisoners a re sometimes divided i nto 

two prisoner compartments so that i ncom patible passengers can be segregated . 

3.2.7 Social acceptabi l ity 

Some loads cannot be carried w ith others because of a socia l  repugnance. An 

example of this is the carriage of food with coffins,  which is not i l legal  and  is not 

prevented under other  criteria but which is not socia l ly acceptable.  

3.2.8 Legal  acceptabi l ity 

Lega l  acceptabi l ity involves the m ixing of loads, the routes a long which particu lar 

loads a re prevented from trave l l i ng ,  and the times at which some goods m ust 

travel .  

I n  New Zealand,  as  in other countries, several laws (e .g .  [NZEA57] ,  

(NZS88] )  prevent certai n  types of  load being  carried with other types of  load . For 

exam ple,  fi reworks m ust not travel in the same vehicle as paying passengers .  

Load toxicity [USHM90]  prevents some l oads being  carried through 

residential o r  com me rcia l  a reas. This incl udes household garbage, industria l  waste 

and n uclear waste ; local bylaws prevent loads such as uncovered offal from being 

tra nsported on some roads . This  p revents certai n  payloads from being transported 

through some a reas. 

Explos ives [ NZ EA57] a re not a l lowed to be carried at n ight .  In  New Zealand,  

explosives and fireworks fal l  into seven classes, most of which a re further classed 

i nto d ivisions. The classes a re :  gunpowder, nitrates, n itro-compounds, chlorates, 

fu lm inates, ammun ition and fireworks.  The U n ited Nations Com mittee of Experts on 

the Transport of Dangerous Goods c lassifies "dangerous goods" into :  gases when 

compressed, l iquefied or d issolved u nder pressure ; ethane, ethylene, hydrogen,  

methane,  and any other flammable gas;  acetylene, compressed or d issolved, and 
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contained w ith in  a porous substance ;  l iquefied petroleum gas and any other 

l i quefied fla mmable  gas ;  chlorine ;  a nhydrous a m monia ;  and  l iqu id  oxygen . 

Where vehicles cross i nternational or federa l  boundaries, the laws governing 

the carriage of  goods for each state entered must be adhered to. 

3.2.9 Support vehicles 

The types of load that requ i re escort vehicles i nclude wide loads, h igh-security 

goods, naval fleet re-supply and royalty, a nd the routes used by such convoys a re 

l im ited by physical characteristics as wel l  as by d isruption to normal traffic.  They 

are a lso l imited by the speed and manouev ra bi l i ty of the least a ble member of the 

convoy. Coord ination prob lems involv ing convoys must include constraints on the 

number of support vehicles that can be removed from escort d uty at any time. 

3.2. 1 0  En route processi n g  

Some types o f  load requ i re servicing whi le e n  route. For exa m ple,  l ivestock needs 

to be watered, and  long-hau l  passengers often requ i re comfort stops. Such 

servic ing is a n  integra l  part of the carriage of the goods and is  sometimes 

accommodated by modifying the vehicle, such as incl ud ing bathroom fac i l ities on 

p lanes, tra ins and buses. 

3.2. 1 1 U rgency 

Loads m ight not need to be col lected or del ivered in  the current plann ing  period ; 

some may be h igh priority and n eed to be dealt w ith u rgently, whi le others may be 

delayed in  the i r  col lection or delivery .  

3.2. 1 2  Commod ity classes i n  th is study 

I n  a m ulti-commodity coordination problem, a s  i n  sing le  commodity systems, the 

coordination process is  an improvement procedu re .  Where more tha n  one 

com mod ity c lass is i nvolved, coord ination i nvolvi ng incompatible classes is 

proh ibited . Consequently, there is  no  loss of general ity in considering  s ing le 

com modity coord i nation . The i nc lusion of m ulti-commodity routing involves the 

addition of a nother variable in the decision-making process and can be considered 

as two problems with simi lar attributes occupying the same coord ination space . 
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By defi n ing commodity classes by their differences, rather than by the ir  

s im i larities, the question that needs to be answered when decid ing whether vehicles 

can participate in coordination is "Are these pay/oads proscribed?" As this 

d iscussion has shown,  the usual  a nswer is that they a re not, and that it is specia l  

circumstances that create most of  the  classes discussed a bove. 

The models used in this study i nvolve s ingle commodity goods trave l l ing on  

identica l vehicles. The situation i nvolving the  divis ib i l ity of  goods is considered 

later, but even there, a l l  goods a re d ivisible (or not) to the same extent.  

3.3 Coord ination sites 

Definition 3. 3: A coordination site exists in space and time for the transfer of 

materiel and/or personnel and/or information between vehicles. 

The transfer at a coordination s ite may be i n itiated to accom modate payload,  d river 

or  veh icl e  req u i rements,  in contrast to transfer at a node, in which goods a lone a re 

transferred between customer(s) and/or depot(s ) .  

Coordination sites can be  located at  existing nodes, on part of  a route or  

somewhere "close to" other  routes. The suitable proxi mity of nodes and  routes i s  

d iscussed later. Load re-deployment at  coordination s ites is  com monly used by 

couriers swapping loads on the side of the road ; same-vehicle coord ination [CKR98) 

sites a re used by stock vehicles that d rop a tra i ler  somewhere and col lect it later .  

This not on ly reduces the overal l  d istance trave l led by  the com plete vehicle, i t  may 

i mprove access and a l low the veh ic le to use a track that the com plete vehic le and 

tra i ler  cannot.  The advantages have to be weighed against the extra d istance 

i ncurred in retrieving  the tra i ler .  

Coord ination sites a re not l im ited by size, l ocation or movement. They have 

spatia l  and temporal characteristics that play a role in determin ing  the i r  

c lassification , and can  be serend ipitous, p re-determined or, i n  the  case of  dynamic 

coordi nation,  post-determined . 

Coordination sites can be as l a rge as a sub-depot or as smal l  as a s ingle 

letter d rop-point; they can be strips of roads, areas of seas or  deserts, or volumes 

of a i r-space. They can be stationary, as i n  most land-based a ppl ications, or  mobi le 

as in  the mid-a ir  refue l l ing of a ircraft. 
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Figure 3 . 2 :  Mid-a ir  refuel l ing is a form of mobi le coordination . 

Hercu les KC- BOB 720 refue l l ing two f-5 Tigers.  ( Image courtesy US 

Information Office) 

Coordination has tem poral as well as spatial aspects, which wi l l  be shown in 

Chapters 4 and 5 to be inter-dependent. Tempora l  considerations help define the 

type of coordination site as either "drop-off" or s imultaneous ;  in  either case, the 

recipient must not leave the coord ination site before the donor arrives. 

The concept of coordination sites includes a l l  those sites known as transfer 

points, swap sites, exchange pOints, meeting p laces, transient nodes and tem porary 

dump sites (used for short term storage and later retrieval ) .  

Figure 3 . 3  ind icates the breadth of categories which can be used to classify 

coord ination . Individual  instances of coordination can belong to more than one 

branch of the diagram,  such as "one-way pre-determined s imu ltaneous 

coord ination at a node". Th is d iscussion creates a h iera rchy of coordination types 

by considering in itia l ly the type of meeting place at wh ich they occur. This includes 

1 .  satel l ite facil ity, 

2 .  node, 

3. existing route, 

4. not on existing route, 

5. mobi le,  

6 .  d rive�defi ned,  and 



7 .  sing le vehicle. 

Items 1-6 can be classified further by the d irection of transfer. These broad 

g roupings a re d iscussed in more detai l  below. 

s i m u ltan e o u s  m u lt i-vehicle 
seq u e ntial  m u lti-v e h icle 

o n e  way 
sere n d i p itou s  

two � satel l ites 

m a n y  way-----Oirection 

seq uentI a l  m u ltI-vehIcle 

existing rou te 
)----1... post-determi n e d  

s i n g le vehicl e  �p re -d etermined 

� � rep a i r  
s i m ultaneous m ultI-vehIcle node off-route 

s:ost-dete rm i n e d  
smgle veh Icle d nver-defined mobi le  � /� p re - d e  ermined 

smgle vehicle / 
m u ltI-vehIcle 

tem po ra l  spa l a l  

Figure 3 . 3 :  Coord ination can be categorised in  many ways .  

3.3. 1 Satel l ite faci l ity 

In real -world scenarios, it is common practice for veh icles to beg i n  and end their 

routes at a depot (usual ly the same depot from which they were deployed) ,  

a lthough they may visit the depot during the  work cycle to replenish stock. 

Consequently f each rout ing plan contains  at least one depot. Where an operation 

i nvolves the frequent need for replen ishment, some strateg ies establish temporary 

sate l l ite faci l ities as "sub-depots" - short-term storage faci l ities that can be v is ited 

many times by any number of vehicles but that a re not used for between-cycle 

vehicle storage.  Such a sate l l ite faci l ity is a coordination site because it  exists solely 

for the transfe r  or replenishment of goods and need not i nvolve contact with 

customers,  and for rout ing and schedu l i ng purposes can be conSidered as a node 

that has zero demand.  The establ ishment and use of satell ite fac i l ities as 

coordination sites wi l l  be d iscussed in  more detai l  in  Chapters 5 and 6 .  
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3.3.2 Node 

I n  a non-coord inated system ,  a node is  a customer location that i s  associated with 

a ( possib ly zero) demand and that is  v isited by vehicles as they col lect and/or 

de l iver goods for that node. I n  a coordinated system, nodes have the added 

characteristic that they can be used to store goods for other  customers, act ing as 

tem pora ry depots, in which case the node and coord ination site a re said to be co­

located . This study considers a l l  nodes as capable of becoming co-located with 

coord i nation sites, although in practice nodes a re acceptable only if they have 

appropriate attributes such as accessib i l ity, space for the storage of goods, and 

agreement by the occupiers .  I n  th is  study, goods can be left at nodes without the 

provision of support for the node although in real-world situations, the creation of a 

coordination site carries with it the req u i rement for secur ing the location against 

incursion by competitors . A typical exam ple of th is is the protection of temporary 

ammun ition dumps. 

The existence and identity of a node suitable to act as a coordination site is 

d iscussed i n  §3 .8 .  

3 .3 .2 .1  Sequential m u ltiple vehicle 

Sequential mu lt ip le vehicle visits to a node can occur when at least one of the 

vehicles does not com pletely serv ice the demand of a node which occurs l ater in  its 

route and which uses this m u lt iply v isited node as a temporary storage faci l ity. Both 

veh icles servicing the later node a re obl iged to visit the tem pora ry storage fac i l ity -

one to deliver a partia l  demand,  the other to col lect that demand and del ive r  the 

com bined demand for the later node.  This i ncorporates the concept of sp l it del ivery 

i n  which a series of veh icles carry part- loads to and from customers .  The node that 

acts as a tem pora ry storage faci l ity for the goods which a re to be transferred 

becomes a coordination site .  It is assumed that nodes which act as tempora ry 

storage faci l ities have the capacity to accommodate such transient loads. 

Sequential m ult iple vehicle vis its can a lso occur d u ring dynamic vehicle 

routing  when the requ i rements of the customer at a node change with time.  As 

shown in Figu re 3 .4( whi le one vehicle ( red route) is en route to servic ing the 

advance request of a node, the demand is increased (at some time t) , and the 

surplus is delivered by a second  vehicle ( blue route) to another node (fi l led d isc) 

that the first veh icle later encounters,  at which the part- loads for the target node 

a re com bi ned and eventua l ly  de l ivered by the veh ic le orig ina l ly ass igned to the 

task .  The node indicated by the fi l led disc is a coordi nation site and,  because the 
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transfer i s  o n e  way, there i s  no requ irement for the vehicles to visit the 

coord ination site at the same time, on ly that the vehicle col lecting the load leaves 

the site after the delivery vehicle arrives there .  This is discussed in more deta i l  i n  

the fol lowing chapters. 

" '0 . .. ·············· 0 

6 o 
time t time t + Ot 

Figu re 3 . 4 :  Sequential mu lt iple vehicle at node .  

When a prioritised del ivery/picku p system is  used, some items of  payload 

are considered more i mportant than others and are hand led with g reater u rgency. 

U nder these circumstances, the higher priority items are carried on vehicles that 

can travel more quickly between the depot and the appropriate nodes. Because of 

the time differences in vehicle departu res from the depot, and the differing travel 

times to nodes because of d istance, a high priority parcel may be able to be 

transferred from a high priority vehicle to a slower vehicle if that slower veh icle can 

actual ly attend the node more qu ickly . The transfer from the h igher priority vehicle 

to the lower priority vehicle can take p lace at another node, which precedes the 

node with multiple priority demand,  wh ich then becomes a coord ination site . 

W here payload types can be divided i nto com mod ity classes, items fa l l  i nto a 

s ingle commodity class if they are a ble  to be tra nsported on the same vehicle at the 

same time. Consider item a and item b,  each of unit size, belonging to commodity 

classes A and B ,  respectively, which m ust not be carried together but which do not 

requ i re special veh icles to transport them.  Now consider item c, which can be 

carried with items A or B .  Once the vehicle (of maximum capacity 2 u nits) carrying  

a and c has del ivered A ,  i t  can accommodate b .  So item b can be  left at  a node 

wh ich wi l l  later be visited by the vehicle carrying item c .  Such a node then acts as a 

coord ination site . 



36 Chapter 3 Coord ination 

Sequentia l  mu lt ip le vehicle coordination at nodes involving s ing le commod ity 

payloads in a pure del ivery setting is d iscussed i n  more deta i l  in the fol l owing  

chapters. 

3.3 .2 .2  Simu ltaneous m ultiple vehicle 

During s imultaneous m ultiple vehicle v isits to a node, many-way transfer  

can be  made between vehicles . The  node need not act as storage since the 

payloads are transferred d i rectly between veh icles, but it must be able to 

accommodate a l l  veh icles i nvolved in the exchange at the same time.  The 

s imultaneous attendance of m u lt ip le vehicles at a node occurs u nder c i rcumstances 

of spl it  del ivery,  dynamic demand, multiple commod ity del iveries and priority 

payloads. 

During spl it  del ivery, the demand for a particu lar  node may be divided 

among more than one veh icle . If both (or a l l )  veh ic les carrying such loads a rrive at 

the customer at the same time, their remain ing payloads may be re-distributed 

a mong the m .  In that case, the node has not acted as storage but has been a 

coordination site .  

U nder sim i lar  circumstances, the vehicles may be ab le  to re-distribute the i r  

loads earl ier i n  their routes if one  vehicle is  a ble to  accommodate fu l ly the 

previously spl it del ivery by i ncreasing  its carrying capacity more q u ickly. This 

happens when such a vehicle del ivers the equivalent of the remain ing spl it load 

prior to reaching the intended recipient of the previously sp l it l oad . The vehicles 

i nvolved can then meet earl ier in their routes at another node. This  earl ier  node has 

not acted as storage but has been a coordi nation site . 

During dynamic vehic le routing ,  a customer can have more than one 

demand,  occurring  at d i fferent t imes.  If the vehicles that a re a l located each delivery 

meet at the node at the same t ime (or close enough together i n  time that one 

vehicle does not have to wait  too long ) ,  they can use this node as a coordination 

site and re-distribute thei r  payloads. They might also be a ble to meet at a node 

earl ier in the route of one of them, if capacity constra ints permit transfer .  

The coordination s ites that occur under circumstances involving d ifferent 

com modity classes a nd of prioritised del ivery!pickup d iscussed a bove i n  relation to 

sequential mu lt ip le vehicle viSits to a node can a lso occur simu ltaneously. 

S imultaneous mu ltiple vehicle coordination at nodes i nvolving s ing le 

com mod ity payloads i n  pure del ivery static and dynamic scenarios is d iscussed in 

more detai l  in  later chapters. 
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3.3 .2 .3  Single veh icle 

Sing le vehicle mu ltip le visits to a node occur due to capacity constraints of the 

vehicle, time constraints on the customer ( pa rt of the load was not ready for u pl ift)  

or schedu l ing  constrai nts . 

Any demand that exceeds the carrying  capacity of a vehicle m ust be carried 

either on a larger  vehicle or in  smal ler  portions;  the l atter form of del ivery is known 

as s ingle vehicle spl it del ivery. Duri n g  such a del ivery, part of the load that is not 

i ntended for that customer  may be left at the node whi le the vehicle returns to the 

depot for the rema ining load .  Consider the scenario i n  which a vehicle is to carry 

payload for nodes A and B, and in  which the payload for node A far exceeds the 

capacity of the vehicl e .  On the first trip from the depot, the vehicle carries al l the 

demand for B and part of the demand for A.  It deposits both at node A and returns 

to the depot for the remai n ing demand for A .  This demand is  then del ivered to A i n  

one o r  more trips. On the last tri p ,  after the fina l  del ivery to A ,  the payload for B is 

col lected from its tempora ry storage at A and de l ivered to B. Node A has acted as a 

coord ination site i n  a sing le  vehicle mu lt ip le visit. The same node has appeared i n  

both routes o f  a doubly- routed vehicle.  

W hen  customer requ irements arrive at the depot i n  a dynamic fash ion,  an 

extra demand for a particu la r  node might arrive after the vehicle servicing  that 

node has depa rted . If the demand is to be satisfied,  it is possib le that the same 

vehicle wi l l  service the node more than once i n  a p lan ning period . As in the s ing le 

vehicle spl it de l ivery mode above, this sing le  vehicle mu ltip le  de l ivery mode a l lows 

the node to act as a coordi nation site for pay loads belong ing to later nodes . 

Consider the scenario  i n  which a vehicle is  to carry mu ltiple payloads for node A 

and a s ing le payload for node B .  On the fi rst trip from the depot, the vehicle carries 

a l l  the demand for B and the fi rst del ivery for A.  It deposits both at node A and 

returns to the depot for the next demand for A .  This demand is then de l ivered to A 

i n  one or more tri ps. O n  the last trip, after the fi na l  de l ivery to A, the payload for B 

is  col lected from its tem pora ry storage at A and de l ivered to B .  Node A has acted as 

a coord ination site i n  a s ing le vehicle m ultip le visit. 

S im il a rly, when a prioritised del ivery system is employed,  the vehicle may 

be req u i red to return to the depot before de l ivering its complete payload in order to 

col lect h igher priority demand that only becomes avai lable after the vehicle has 

a l ready begun  its jou rney. Lower prio rity payload can be left at an earl ier  node and 

col lected when the h igher priority payload has been dealt with . The node at which 

such payload has been temporari ly deposited acts as a coord i nation site . 
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3.3.3 Existing route 

An existing route is a route that has been accepted into a feasible scheme ; i t  may 

be adjusted or removed by subsequent improvements .  W here a section of such a 

system is traversed by two or more veh icles, coordination may be used to improve 

the scheme by a l lowing the com mon juncture of these routes to be re-designed . 

3 . 3 . 3 . 1  Chance meeting on an existing route (serendipity) 

W hen two or more vehicles happen to traverse the same part of an existing route 

at  the same time, transfer of goods can be made between vehicles. The meeting 

place becomes a coord ination site . 

3.3 .3 .2  Pre-determined meeting on existing routes 

When two or more vehicles traverse routes that share a com mon region (see Figu re 

3 . 5 ) ,  and are able to transfer stock feaSibly, such interchange may be predicted 

and incorporated into the routing scheme . As in § 3 . 3 .2 ,  the transfer may be 

s imultaneous or sequential .  I f  the i ntersection is simu ltaneous, the goods can be 

transferred d i rectly from one vehicle to another; sequentia l intersection means that 

goods must be left u nattended u nti l  the recipient arrives to col lect the m .  In either 

case, the donor vehicle must arrive within a reasonable time of the recipient 

vehicle, otherwise the waiting t ime accrued by the waiting vehicle may d imin ish any 

advantage in travel t ime that such a transfer wou ld confer. 

Figu re 3 . 5 :  Meeting on an existing route .  The dotted area is a ble 

to act as a coordination site . 

In  Figure 3 . 5 ,  two routes intersect at a point that is not co- located with a 

node, and the tem pora l characteristics are such that stock may be transferred 

between them . The intersection pOint, ind icated by a dotted reg ion, becomes the 

coord i nation site and, for planning purposes, is  treated as a node with zero demand 
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that ceases to exist after al l stock is  removed from it .  Coordination at such a site is 

identica l to coordination at a node, and com ments in § 3 . 3 . 2  about coordi nation at a 

node a re a lso applica ble  here .  

The estab lishment a n d  u s e  o f  coordination sites on existing routes is  

d iscussed i n  more deta i l  i n  l ater chapters. 

3 . 3 . 3 . 3  Post-determined meeting on existing routes 

A post-determined meeting  is a m eeting that is scheduled after at least one of the 

participat ing vehicles has left the depot, and coordination u nder such c i rcumstances 

is appl ied in response to the changed nature of the system . The involvement of 

coordination i n  dynamic vehicle routing  is d iscussed in Chapter 6 .  

3.3 .3 .4 Repair  

Repai r  is a special case of a meeting on a n  existing route. It is  related to the post­

determined meeting in that the coord ination must be a rranged after the donor 

veh icle has left the depot but d iffers because such instances a re h igh ly undesira ble,  

rare and hand led in  a standard manner. The coordination s ite may consist of a 

repai r  vehicle provid ing ma intenance to restore the active vehicle to operation jf 

such ma intenance cou ld  be achieved without prejudic ing the schedu l es,  or i t  may 

consist of a replacement vehicle  accepting a l l  the remain ing duties of the broken 

vehicle, in which case, the broken vehicle wou ld no  longer be active. The 

coordination site remains in existence u nti l  the broken vehicle is col lected or  

repai red,  the  payload is reassigned and the  d river leaves the  site . 

3.3.4 Not on existing  route 

Existing (standard )  routes are not the only p laces avai lable for travel ; detours may 

a lso be possib le .  Coordination s ites that occur away from exist ing  routes cannot 

happen by chance since, by defi n it ion , veh icles travel on existing routes u nless 

i nvolved in coordi nation . S ince the on ly manner in wh ich vehicles i nvolved can 

recognise the potentia l  for such a meeting  is by way of on-board commun ications, 

such meetings must be either pre-determined or post-determined . 

3.3 .4. 1 Pre-determ i ned meeting i nvolving detour 

Before the vehicles to be involved in  such a meeting  leave the depot, they a re 

schedu led to deviate from the existi ng  routes. Each vehicle then travels furthe r  
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than the shortest d istance between exist ing customers to faci l itate a transfer which 

resu lts in an overa l l  benefit to the routing scheme. 

Figu re 3 . 6 :  Detour. U pper :  Both veh icles detou r. Lower: The red 

vehicle detou rs .  

In  Figu re 3 .6 ,  coordi nation s ites are establ ished that requ i re at least one 

vehicle to d ivert from its existing route and detour to the site . Becau se nodes 

usual ly take up  only a minute area i n  any region of operations, it is more l i kely that 

the use of coord ination sites wi l l  involve vehicles i n  deviating from thei r non­

coord inated paths .  This a ppl ication of coordination wi l l  be d iscussed in  more deta i l  

i n  later chapters .  

3.3 .4.2 Post-determined meeting involving detou r  

The meeting is schedu led after a t  least o n e  of the veh icles h a s  left the depot. The 

vehicle wh ich has a l ready departed the depot must be in com mu n ication  with the 

depot for such a m eeting to be arranged, either by on-board radio or by messages 

left at customer nodes visited earl ier  in the route . The incorporation of such sites 

i nto routing schemes is d iscussed in deta i l  in  Chapter 6 .  



3.3 .5  Mobi le 

Coord ination sites do not need to be fixed in  space or in  time;  they can be mobi le in  

any d imension .  

3.3 .5 .1  Spatial ly mobile 

Spatia l ly mobi le coordination sites exist when the transfer takes p lace "on the run ", 

and  at least one of the vehicles does not stop.  Such transfers exist i n  mid-a ir  

refue l l ing of a i rcraft, in  which both the donor and recipient veh icles keep moving 

a lthough a re stationary with respect to each other (see (YH M90] ) .  

3 .3 .5.2 Temporal ly mobile 

Tem pora l ly mobi le coord ination sites exist when the transfer can occur at any time.  

Such transfers take place when,  for example,  a col lection vehicle that does not 

necessari ly i nteract with customer nodes meets a potential donor vehicle. The 

col lection veh icle travels between depot(s) and donor vehicles. Meetings need not 

be schedu led at particu l a r  times or even at particu lar  places . The col lection veh icle 

" mops u p" payload from other vehicles and can be thought of as a form of mobi le 

sub-depot. 

3.3.6 Driver-defined 

A d river-defined coord ination site exists because one or more d rivers want to create 

it, rather than because of any requ i rement by the fleet router. Such a coord ination 

site can be s ingle vehicle or  multi ple vehicle, on or  off existing routes, and 

permanent or  temporary. A coordination site is perm anent i f  it is used on a regu la r  

basis ;  otherwise it i s  temporary .  Driver-defined locations can be  i ncorporated i nto a 

routing scheme if they do not adversely affect the scheme by more than a n  

acceptable amount.  

3 . 3 . 6 . 1  Single vehicle d river-defined 

Sing le vehicle d river-defi ned coord in ation sites may be created as comfort stops or 

to com ply with legal requ i rements for maximum d riving hours .  Such sites are more 

l i kely than corresponding m u ltiple vehicle stops to be on or  near exist ing routes. 
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3.3.6. 2 M u ltiple vehicle d river-defined 

Chapter 3 Coord i nation 

M u ltiple vehic le d river-defi ned coord i nation sites i nvolve the synchronous meeting 

of more than one veh icle i n  a place chosen by at least one of the d rivers.  At some 

poi nt in the meeting,  more than one vehicle is present even thoug h not a l l  veh icles 

may reach the meeting point at the same time or leave at the same t ime.  In 

add ition to the uses of s ingle veh icle d river-defi ned coord i nation sites, mu lt iple 

vehicle stops can be used for the d issemi nation of i nformation and for mutual 

support. 

3.3 .7 S ing le veh icle 

A coord i nation site can be created by a veh icle not i nvolved in  a meeti ng with any 

other vehicle ;  the donor and reci pient vehicles are the same. In this case, either 

part of the load is left for later u pl ift or pa rt of the vehicle is left for later up l ift. 

S ing le  veh icle coord i nation sites can be created at nodes (see above) ,  on existing 

routes or at detou rs between routes . Tra i led veh icles and conta inerised loads are 

particu larly suitable for use i n  s ingle vehicle coordi nation sites because of the cost 

d ifferentials i nvolved i n  carrying tra i lers and accessi bi l ity problems associated with 

larger or heavier veh icles. 

-

Figure 3 . 7 :  S ing le  veh icle coord ination .  Th is  logg i ng tra i ler has 

been left at a layby on an exist ing route .  
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Figure 3 . 8 :  Single vehicle coord ination i nvolving detour.  The 

freight operator in charge of this tra i ler has diverted from h is  

existing route to deposit the tra i ler down a qu iet s ide street in  

order to reduce runn ing costs. The tra i ler is col lected on the return 

jou rney . 

3.3.8 D i rection of transfer 

43 

S ince coord ination sites exist to facil itate the transfer of some entity, they can be 

classified further by the direction of transfer.  This can be one-way, two-way or, in 

the case of more than two vehicles meeting,  many-way . 

3 . 3 .8. 1 One-way transfer 

During one-way transfer, one vehicle is the donor and another is the reCipient. The 

donor vehicle must arrive at the coord ination site before the recipient leaves ; the 

recipient must not leave u nti l  after the transfer has occu rred . The carrying capacity 

of the donor is i ncreased , whi le the recipient has reduced carrying capacity as a 

result of the transfer. 

3 .3.8.2 Two-way transfer 

Two-way transfer can be thought of as a series of one-way transfers performed 

either in  a synch ronous or in a consecutive manner.  
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Du ring synchronous two-way transfer, the entity to be transferred from one 

vehicle is passed at the same time as the entity to be transferred to that vehicle .  

Each o f  the two vehicles must be capable of carrying both entities since there is n o  

buffer. 

Consecutive two-way transfer is one one-way transfer fol lowed i mmed iately 

by another one-way transfer  in the opposite d i rection . Thus,  the in itial donor 

becomes the second recipient and the in itial recipient becomes the second donor. 

Each transfer  can be d i rectly into the donor vessel or it can be into a temporary 

storage faci l ity at the coord ination site in wh ich case such a tem pora ry storage 

faci l ity becomes a buffer for the transfer. Donor and recipient vehicles need not 

change the ir  carrying capacity after two-way transfer, since the volume of goods 

received may equa l  the volume donated . 

3.3.8 .3  Many-way tra nsfer 

Many-way transfer  occurs when more than two vehicles meet at a coord ination site . 

It is  a com bination of one-way and two-way transfer. 

Figure 3 . 9 :  Three-way transfer between cou rier vans. The 

coord ination site is the parking lot of an orchard and l ies at the 

intersection of two major provincia l roads.  
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Figure 3 . 1 0 :  Many-way transfer. A heterogeneous fleet of buses 

carries pupi ls from several smal l  schools to a coordination site at 

one of the schools where the chi ldren redeploy themselves to the 

appropriate bus that then takes them from the coord ination site to 

their home area . If coord ination had not been employed here,  each 

bus wou ld have had to travel to every school and then to each 

home area . 

3.4 Classification 

Practicable coordination classifications are :  

• sequential mu ltiple veh icle at node 

• s imu ltaneous mu lt ip le vehicle at node 

• serendipitous meeting on existing route 

• pre-determined meeting on existing route 

• post-determined meeting on existing route 

• pre-determined detour  

• post-determined detour 

• mobi le mop-up 

• satel l i te depots 

• single vehicle off-route 
• single vehicle d rop-off (at node or exist ing route ) .  

45 
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This study does not a pproach the investigation of sate l l ite depots or s ingle 

vehicles. Chapter 4 considers both sequential and simultaneous multip le vehicle 

coord ination at nodes in a E ucl idean setting, and mentions briefly mobi le mop-up .  

Chapter 5 considers the  same in  a rect i l inear setting as we l l  as pre-determined 

meetings on an exist ing route and pre-determined detours .  Chapter 6 considers 

post-determined m eetings on an exist ing route and post-determined detours in a 

dynamic rect i l inear settin g .  

3.5 The coord ination m odel 

I n  order to investigate coordination i n  an  analytica l  manner, a coord ination mode l  is  

developed that a l lows many of  the aspects of coordination mentioned a bove to be 

studied . The remainder of th is study is concerned with i nvestigations based on the 

fol lowing coord ination mode l .  

I n  the static case, the system consists of  a s ingle depot with a known 

number  of nodes, each with known location and del ivery demand and each with an 

infin ite capacity for the storage of goods.  The fleet is made up of identical vehicles, 

each with a fixed payload capacity and maxi m u m  d istance, which beg in  and end 

thei r routes at the depot. Vehicles are in constant communication with the depot 

and a re able to vary their routes when requ i red . The model has been developed for 

a pure del ivery scenario but this can be modified to i ncorporate pure pickup or a 

com bination of del ivery and p ickup .  The payload consists of items of known (s ingle) 

com mod ity class. The objectives are to min imise total d istance travel led and to 

m in im ise the fleet size, although  neither objective shal l  be ach ieved at the expense 

of the other u nl ess specified .  That is, fleet size shou ld  not be reduced if there is a 

concomitant increase in  total d istance travel led ,  and tota l d istance should not be 

reduced if  there is an accompanying i ncrease in the n u m ber of vehicles. 

Performance is measu red by the percentage reduction i n  total d istance and the 

reduction i n  number  of vehicles of the coordinated scheme over the scheme that 

exists without coodination . 

I n  the dynamic case, at least one of the attributes of location,  demand, and 

t ime for at least one node is unknown at the start of the work cycle .  Otherwise, the 

dynamic model has the same assum ptions, objectives and constra ints as the static 

mode l .  

I n  each case, coordination wi l l  be considered t o  b e  between mu ltiple veh icles 

u nless specified otherwise. 



3.6 Perfo rm ance i nd icators 

Throughout th is study, preference is given to non-coord inated solutions, and 

coordination is  a ppl ied only where its use produces a solution with  a stronger 

result .  In  d etermin ing the value of solutions, the fol lowing performance indicators 

a re a ppl ied : 

1 .  fleet s ize 

2 .  tota l d istance travel led b y  the fleet 

3 .  n u m ber of  coord ination pOints requ i red 

4 .  number  of  customers affected by  coord ination 

5. ba l anced routes 

of wh ich ( 1 )  and ( 2 )  are far more i mportant than the rest. A s l ight i ncrease in total 

d istance is  acceptab le  if fleet size is reduced, and zero reduction i n  fleet s ize is 

acceptable if the total d istance is  reduced . Where more than one solution is 

ava i lable ,  that solution i nvolving the smallest number of coordination points is 

accepted .  S im i la rly, solutions a re soug ht that invo lve fewer customers i n  

coord ination . Althoug h  payloads are i nvolved i n  each coordination event, a 

customer is i nvolved only if its demand a rrives sp l it .  Route balancing is not app lied 

at the expense of fleet s ize and d istance .  

A h ig h ly d es i ra bl e  solution is  o n e  where a low tota l d istance is travel led b y  a 

smal l  fleet of vehicles, each travel l ing  approximately the same d istance, with few 

coordination points affecting few customers. 

3.7 Spatia l  and tem poral i nter-dependence 

Since m u ltiple-vehic le coord ination involves the transfer of materiel from one 

vehicle to another, the col lection vehicle m ust not leave the coordi nation site before 

the del ive ry veh ic le a rrives. Several successful scenarios exist : 

Ca )  Drop and go 

The del ivery vehicle arrives at the site before the col lection vehicl e ;  it d rops 

the goods and leaves. The collectio n  vehicle a rrives later a nd col lects the 

goods from the site without physical i nteraction with the del ivery vehicle . 
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( b) Delivery vehicle waits 

The del ivery vehicle arrives before the col lection vehicle and waits for the 

del ivery vehicle to arrive. The goods are transferred d i rectly from the 

de l ivery vehicle to the col lection vehicle . 

(c) Col lection vehicle waits 

The col lect ion vehicle arrives before the del ivery vehicle and waits for the 

del ivery vehicle to arrive . The goods are transferred di rectly from the 

del ivery vehicle to the col lect ion vehicle . 

(d )  S imu ltaneous arriva l  

The del ivery vehicle and the col lection vehicle arrive at  the site at the same 

t ime.  The goods are transferred d i rectly from the del ivery vehicle to the 

col lection vehicle. 

The spatial and tem poral characteristics are thus interdependent. Th is 

interdependence is exhibited by the i mportance of route order and orientation . 

3.8 Route order and orientation 

The order in  which a particu lar  vehicle services nodes is determined by two factors : 

1 .  the route order travel led by the veh ic le;  

2.  the orientation of the route .  

Route order i s  the sequence i n  which a m u lt i -routed vehicle services each 

route .  For exam ple, a vehicle that services routes 1, 2 and 3 can service them in 

any one of the fol lowing orders :  

1 23 2 1 3  3 1 2  

1 32 2 3 1  321  

Table 3 . 1 :  Route order for a three-routed vehicle. 

If the coordination occurs on route 2 (say) ,  the time at which this can occur 

wi l l  vary depending on the route order being used . The other vehicle involved in  the 

coord ination wi l l  not be in  the same place in every option in Table 3 . 1  and there is 

no guara ntee that it wi l l  be in  a position to interact successfu l ly  with the vehicle 

servicing route 2 .  



Orientation refers to the d i rection in  which a n  i nd ividual  route is travel led .  

Al l  mu lti -noded routes have two orientations. For exa m ple,  i f  route 2 consists of the 

depot (node 0)  and nodes 3 ,  7 ,  12,  1 and  27  ( the two orientations a re 0 3 7 1 2  

1 2 7  0 and 0 2 7  1 2  1 7 3 O .  If the coord ination occurs near node 1 2, the t ime 

at which th is can occur wi l l  vary depend ing on the orientation being used .  

For the purposes of  th is  study, orientation is d efined with respect to the 

node identifiers at e ither end of the route and assumes that al l  routes are traversed 

as easily in either d i rection .  In pract ice, this assumption is not a lways val id since it 

ignores one-way roads, d ifficult i ntersections and the effect of h i l ls on run ning 

costs. 

1- 1 orientation =: 0 

+ 1  

( fi na l  n ode - i nitial n ode) > 0 

sing le  - noded route 
(fina l  node - i n it ia l  node) < 0 

The number of possi ble  route ord er/orientation combinations is determined by 

Theorem 3 . 1 .  

Theorem 3 . 1  

The number of possible schedules for a routing scheme with one depot, m vehicles 

of which n are multi-routed, servicing k multi-noded routes is 

2kUl ! ) U2 ! ) . .  ·Un ! ) . 

Proof: 

Consider a vehicle routing  scheme consisting  of one d epot and m vehicles, of which 

n < m are mu lti - routed, servic ing k < m multi-noded routes . Let J; be the number 

of routes serviced by the ith m u lt i-routed vehicle, i= l , , , . ,n .  

Then the number  of orientations, x,  of  the k m u lti-noded routes is  

x == 2k . 

The nu mber of d i fferent route com bi nations, y, serviced by the mu lti - routed 

vehicles is  

- U I ) U  I ) U I ) Y - 1 ·  2 · .. · n ·  • 

The number of poss ible  route order and orientation com binations is  

- 2kU I ) U ' ) U ' ) xy - 1 · 2 ·  . .  · n ·  • 

• 

Any of the resu lting  routing schemes might be suitable for coord ination .  

Consider the routing  scheme shown i n  Figure 3 . 1 1 of a s ingle depot, ten node 

E ucl idean system ,  where each colour represents a d ifferent veh icle. Two vehicles 

(purple and pale  b lue) are mu lti- routed ,  each route being s ing le-noded ; one vehicle 
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(red ) is single-routed, si n g l e-n oded ; two ve hicles ( g reen and dark blue) a re s ing le­

routed, mu lti- noded . 

100 
9 8 

80 
2 

60 

40 

20 
5 

O�----�------�------�------�----� 
o 20 40 60 80 100 

Fig u re 3 . 1 1 :  A single-depot, ten -node system i n  the E ucl idean 

plane . 

A sna pshot of the system i n  Fig u re 3 . 1 1  wil l  show the location of each 

vehicle at a particu l a r  point in time and space as the end of a colou red l i n e .  Two 

possible sna pshots are shown in Figu res 3 . 1 2  and 3 . 1 3 , each re lating to a diffe rent 

co mbination of route order and o rientation . For the sake of cla rity, the nodes have 

been removed and the trave rsed paths to sin g le nodes have been exagge rated . 
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2 

8 

1 

5 

Figu re 3 . 1 2 :  O ne snapshot of the system from Figu re 3 . 1 1 .  

5 1  

The vehicle routes for the scenario i n  Fig u re 3 . 1 2  are shown in Table 3 . 2 .  

The snapshot i s  taken when t h e  purple vehicle is  e n  route t o  node 6 having 

completed the first of its two routes ; the g reen vehicle has serviced nodes 10  and 2 

and is return ing  to the depot ; the red vehicle has completed its route and is back at 

the depot; the black veh icle has completed the first of its two routes and is on the 

second route, en route to node 4; the dark blue vehicle has serviced a l l  the nodes 

on its on ly route and is retu rn ing to the depot. 

Veh icle Route 

purple 0 8 0 6 0 

g reen 0 1 0  2 0 

red 0 7 0 

black 0 9 0 4 0 

dark b lue 0 3 5 1 0 

Table 3 . 2 :  Routing scheme for the system i n  Fig u re 3 . 1 2 .  

I f  the snapshot had been taken a t  the same t ime but with a different route 

order and orientation,  the resu lt might have been that shown in Figure 3 . 1 3 .  
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1 

5 

Fig u re 3 . 1 3 :  Another s n a pshot.  Same t ime, d ifferent route order 

and orientation com bi n ation . 

The veh icle routes have changed in Fig u re 3 . 1 3  to become those in Ta ble 

3 . 3 .  At the i nstant of the sna psh ot, some of the veh icles a re in d ifferent locations. 

In accordance with the t heorem a bove, there a re sixteen possible route ord e r  / 

orie ntation com b i n ations for the system shown i n  F igure 3 . 1 1  of which o n ly two 

have been shown here .  Any, or none, of these might lead to a condition suitable for 

coord i nation to occur.  

Vehicle Route Com pa rison 

pu rple 0 8 0 6 0 No change 

green 0 2 1 0  0 Other o rientation 

red 0 7 0 No change 

black 0 4 0 9 0 Different route order 

d a rk bl ue 0 1 5 3 0 Other orientation 

Ta ble 3 . 3 :  Changes to the routes caused by using a diffe rent 

combination of route order and orientation . 
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3.9 Existence and identity of a su itable node 
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W hether or not coordination can occur at  a node depends on severa l factors . The 

two main approaches (node-based and route-based) take advantage of the 

neighbourhood structure of nodes and routes and depend on a node being close to 

another route. The definition of "close" is determined to be the value of the near 

rad ius,  which is discussed later. 

Having identified candidates for a coordination site, their suitabi l ity is 

determined according to the type of coordination being investigated . This is  covered 

in detai l  in Chapters 4 and 5, but the aspects that are com mon to both E ucl idean 

and recti l inear scenarios are mentioned here .  

3.9. 1 Node-based approach 

I n  the node-based approach , each node is investigated to determine whether any 

routes come close to it .  This approach is based on the assu mption that, because 

the target node lies close to another route, a vehicle on that route wou ld not have 

to detou r very far to meet it. Where nodes are determined to be close to routes, 

they become candidates for coord inat ion sites. 

The approach is i l l ustrated in Figure 3 . 14, in a EUcl idean setting . The near 

rad ius (edged in pin k) of the red target node encompasses part of a (green) l i nk  on 

another route .  The l ink has been identified as interesting because the nodes on the 

other route that are closest to the target a re contiguous and thus the environ ment 

for feasible insertion is favourable .  This is d iscussed in more detai l  in Chapters 4 

and 5 .  

Figu re 3 . 14 :  Node-based approach . 
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Step One 

Step Two 

Step Three 

Step 3 (a )  

Step 3 (b )  

Step 3 (c)  

Step 3(d)  

______________ C_h_a'-pt_e_r_3 Coord ination 

Node-based approach 

Choose a route. 

Consider a node in  that route (target node) ,  that has not a lready 

been a target node. 

For each other route : 

F ind nodes on that other route that a re closest to the 

target. 

Are the close nodes consecutive? 

If so, find path joining the m ;  go to Step 3(d ) .  

Otherwise, g o  t o  Step 3 (a )  for another route .  

Repeat from Step O n e  with a nother route that has not 

a l ready been chosen . 

F ind the distance between the target node and the l ines.  

Is  the d istance acceptable? 

If so, target may be a coordination site . 

Otherwise, go  to Step Two for another node .  

Procedu re 3 . 1 :  Node-based approach for determin ing a 

coord ination site at a node. 

3.9.2 Route-based approach 

In  the route-based approach , each combination of routes is investigated to find the 

node that comes c lose to at least two routes. 

Consider the scenario i n  Figure 3 . 1 5  in which the purple dashed l i ne 

i ndicates the near radius for each route in a rect i l inear setting . Every point inside 

the g reen region, is close to both routes and represents a col lection of pOints of 

close a pproach . O ne node is close to this region and becomes a candidate for 

coord ination site . 
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Fig u re 3 . 1 5 :  Route-based approach . 

Step One 

Step Two 

Step Th ree 

Step Fou r  

Step Five 

Route-based approach 

Find the l ist of close approaches for each orientation option .  

Order these close approaches i n  i ncreasing order.  

Look at each close approach . Is the point of close a pproach near 

a node? 

If not, reject that point; repeat Step Th ree with the next 

on the l ist .  

Otherwise, go to Step Five. 

If no more pOints of close a pproach, repeat from Step One with 

another route order / orientation com bination . If no more 

com binations, STOP. 

The node is a possible coord ination site . 

Proced u re 3 . 2 :  Route-based approach for determin ing a 

coord ination site at a node. 

Occasional ly,  the closest node to a close approach l ies on a route that is not 

i nvolved i n  formi ng the close approach,  as shown in  Fig u re 3 . 1 6 .  By div id ing the 

work cycle into discretised time steps and determin ing the vehicle positions and 

system status at each time, the path traversed by each vehicle is represented in  

the  model by  a series of  d iscrete positions, and ,  because of  this step-wise natu re of 

creating the path from one node to the next, a close a pproach might be 

represented as a different point on each route . 
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Close approach paints 
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Figure 3 . 16 :  The situation prior to exchange. The closest node 

l i es on a th i rd route . 

At the coord ination site, six part-routes exist. They are the part- routes 

representing the routes before- and after-coord ination-site . The outcome depends 

on two factors : 

1 .  the vehicle that carries the demand for the coordination site, and 

2. the way in which the part- routes re-combi ne, 

and the combination of these resu lts i n  several options, shown in  Table 3 .4 .  

Carrier of  demand 
Option Part-route com bination 

for coord ination point 

Cl Vehicle A Orig ina l  (except Vehicle C) . 

C2 Veh icle B Orig ina l  (except Vehicle C ) .  

C3 Vehicle A Part- routes swap vehicles. 

C4 Vehicle B Part- routes swap vehicles. 

CS Vehicle C O rig ina l .  

C6 Vehicle C Part-routes swap vehicles. 

Table 3 . 4 :  Combination options. 

In options Cl - C4, the coordination site is removed from its orig ina l  route 

and the demand is carried by Vehicle A or Vehicle B ;  Veh icle C has a reduced 

payload . 
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Veh icle A 

01-----0 Veh icle C 

Figure 3 . 1 7 :  Options C l  a n d  C2.  
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Options Cl and C2 differ only i n  the carrier of the demand for the 

coord ination site . In  option C l ,  the demand is carried by Vehicle  A; in C2, it is 

carried by Vehicle B .  

Vehicle C 
Or---------IO 

Figu re 3 . 1 8 :  O ptions C 3  and C4 . 

Options C3 and C4 differ only i n  the carrier of the demand for the 

coordination site . In  option C3 , the demand is carried by Veh icle A; in C4, it is 

carried by Vehicle B.  Options Cl and C3 d iffer in the post-coord ination routing .  In  

C l ,  the  orig ina l  route i s  adhered to ; i n  C3,  Vehicle A continues with the latter part 

of Vehicle B's orig ina l  route .  Options C2 and C4 d iffer in a simi lar  fashion . 

I n  options CS and C6, the demand for the coordination site is carried by 

Vehicle C, which would have carried it had coord ination not been appl ied . Vehicles A 

and B sti l l  visit the coord ination site because that is the node closest to each of 
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their routes. Thus, the coord ination site is attended by th ree vehicles, not 

necessarily at the same time. 

Veh icle A 

Figure 3 . 1 9 :  O ption CS .  

Options CS and  C6  differ only in  the post-coord ination parts of their routes. 

In  option CS,  the origi na l  routes are adhered to; in  C6,  the latter parts a re 

swapped . 

Figu re 3 . 2 0 :  Option C6.  
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3.9.3 Intersection-based approach 

I n  the intersection-based a pproach, the a im is to fi nd a node close to an 

intersectio n .  Th is  approach differs from the route-based approach in that the 

orientation and route order are determined a posteriori. The routing scheme such 

as that shown in Figu re 3 . 2 1  is investigated to determine whether i ntersections 

exist without regard to orientation or to route order. If any intersections exist, each 

is considered in tu rn . When a suitable node has been located, the orientation and 

route order combinations that al low that intersection to occu r are found .  The 

resu lting part- routes are the same as those in  the route-based fig ures above . 

Figure 3 . 2 1 :  Intersection-based approach . 

I n  the scheme shown in  Figure 3 . 2 1 ,  the purple dotted l ine ind icates the 

near rad ius  of an intersection.  Two nodes l ie within this l imit and thus, are close to 

the intersection . One of the nodes is on a route that forms the intersection .  The 

other node l ies on a third route .  

3.9.4 Lim itations 

It shou ld not be assumed that a node suitable for acting as a coord ination site 

actual ly exists. In each of the approaches a bove, there is no guarantee that a node 

wil l be capable of hosting a coord ination site . 

This study considers coord ination i n  both the Eucl idean (Chapter 4) and 

recti l inear grid (Chapter 5)  scenarios, each of which presents sl ightly different 

characteristics for the identification of su itable nodes. In the Eucl idean plane, 

coord ination sites are restricted to existi ng only at the locations of existi ng nodes, 

and the paths between nodes are un ique stra ight l ines, thus l im it ing the number of 

i nteractions that can exist between routes to one location per intersection . In 

contrast, the recti l inear g rid a l lows paths between nodes to take the form of a 
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contiguous series of smal l  l i nks in  the grid, thus a l lowing much g reater choice in the 

actual  path taken by a vehicle .  With the increased choice of path there is a 

concomitant increase in the number of potential interactions, each of which is 

considered when i nvestigating the existence of su itable locations for coordination . 

This is i l lustrated in  Figure 3 . 18 which demonstrates the effect of having just two 

possible paths for each of two part- routes. Two of the instances contain no 

intersections; one of the instances has veh icles sharing a common section . 

Figure 3 . 2 2 :  Paths in the rect i l i near g rid . Even with only two 

possib le paths for each of the two routes, the environment for 

coord ination is a ltered . 

Also, because of the nature of the g rid  which a l lows nearby paths to contain 

para l le l  sections, i nteractions may occu r over a region rather than at a point as in  

the Eucl idean plane. 

Consequently, the existence and identity of coord ination sites varies 

depending on whether the scenario occu rs in a E ucl idean plane or recti l inear g rid .  

For this reason, a d iscussion of the types of coordination that can be employed is 

dea lt with in the appropriate chapters below. 
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CHAPTER 4 

COORDINATION I N  THE EUCLlDEAN PLANE 

The a im of this chapter i s  to investigate the effect o f  coord ination as a route 

improvement method i n  the Eucl idean p lane.  This coord inate system has been 

chosen because it presents no l im it on the location of pOints or paths, and  to 

provide a basis for com parison with Eucl idean vehicle routing problem schemes that 

do not use coord ination . By a llowing com plete freedom in the l ocation of nodes and  

paths, coord ination sites can be  created anywhere with in  the plane . On the  other  

hand,  the  lack of restriction on vehicle paths g reatly l imits the  number  of  d i rect 

path interactions s ince paths are less l ike ly  to have coincident sections, reducing 

chances of path overlap .  Consequently, regions a round  paths are i nvestigated 

( once path locations are known) for potentia l  interactions with other paths. The 

next chapter deals with the rect i l inear g rid which forces path loci i nto restricted 

configurations and enables path interactions to be invest igated more fu l ly .  

4. 1 Node location 

Nodes a re located randomly a t  i nteger positions with in  a plane measuring  1 00 by 

1 00 distance u nits with the exception that 

• a l l  coordinates a re integ ra l ,  

• no two nodes occupy the same location,  and 

• no node is co-located with a depot . 

Restrict ing the coord inates to integers permits them to be represented relatively 

s imply by matrices, and a l lows for straightforward i m plementation in the MATLAB 

programming language.  
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4.2 Eucl idean d istances 

The standard Eucl idean metric has been used to calcu late symmetric i nter-nodal 

d istances. The d istance between node A, l ocated at (XA, YA) ,  and node B,  located at 

(XB, YB) i s  g iven by 

4.3 Depot location 

The depot can be located at any point with in  the E ucl idean framework but it has 

been restricted i nit ia l ly  to a constan t  position for consistency. Un less otherwise 

stated , systems being com pared have the same depot location in order to prevent 

such location from posing an obfuscatory influ ence on the outcome of a routing 

i mprovement scheme. 

To investigate the effect of depot location on route structu re ,  twenty 

datasets were examined, each at five depot locations ( resu l ts a re shown in Table 

4 . 1 ) .  When the depot is located at or near the centroid of nodes, routes are even ly 

ba lanced typica l ly  with one or  two single-noded routes, severa l  routes of fou r  to six 

nodes, and with the fleet conta in ing two to fou r  mu lt i-routed vehicles. When the 

depot is  located outside the convex h u l l  defi ned by the nodes, the d istance between 

the depot and the first node on a route increases, result ing in reduced 

manoeuvrabi l ity for coord ination . When the depot is located in  a corner, wel l  away 

from a lmost a l l  nodes, the routes are u n ba lanced with few nodes per route and few 

( i f  any) mu lti - routed veh icles; most of the d istance a l lowance is used just to travel 

between the depot and the first node of a route. 

Depot location Nodes per route Fleet size No.  m u lt i-routed vehicles 

Centroid [ 1 , 6] [5 , 6] [ 2,4 ]  

Near  centro id [ 1 , 6] [5 , 6] [2,4 ]  

Just outside hu l l  [ 1 , 5] [6 ,9 ]  [ 1 , 2 ]  

Near edge  of  p lane [ 1 ,3 ]  [8, 1 7] [ 0, 1 ] 

Near corner of p lane [ 1 ,3 ]  [8, 20] [ 0, 1 ] 

Table 4 . 1 :  Effect of depot location on routes for a s ingle depot 

system of 25 nodes located randomly across the plane . 

S ince some coordination requ i res the existence of m ul ti - routed veh icles, the 

p lacement of a depot at an extreme position (edge or  corner) away from the nodes 
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was not pursued. A defau l t  l ocation was adopted near the centrold to a l low m ult i­

rou ted vehicles to participate i n  coordination .  As a bonus, th is adds an air of 

real ism since, i n  practice, i t  i s  not u ncom mon for depots to be situated s l ightly off­

centre with respect to their c l ientele .  

4.4 C ustomer demand 

Each customer is  assigned an i nteger-valued demand generated from a normal 

random distribution,  which has mean 0 and variance 1, by the equation 

Demand == floor(a bs(Random x 1 00 » . 

Where the demand is g reater than the maxim u m  vehicle  capacity and load spl itting  

is not permitted, the  demand is  reduced to  the  value of  the maximum vehicle 

capacity. This a l lows a feasib le solution to be reached and a l lows s l ightly more 

loads of larger value to be generated . An a lternative scheme of generating  on ly 

demands of value less than or equal  to the vehicle capacity wou ld  a lso have been 

acceptable . A normal d istribution is  chosen,  in preference to a u n iform d istribution,  

to s imul ate m ore closely the actua l  demands received by a courier com pany.  

Demands belong to the same com modity class a nd have equal  priority . 

4.5 Del ivery times 

The time requ i red to del iver a customer's demand is  a l i near function of the 

demand and  the d istance trave l led to reach the customer's node .  To deliver x u nits 

of demand made u p  of y d ifferent items, the del ivery time is 

Delivery Time == A + Bx + Cy 

where A represents the fixed t ime to make a del ivery, and B and C are user-defined 

constants, typical ly of the order 0 . 1  and 0 . 0 5 .  This function acknow ledges both the 

longer u nload ing time of loads that i nvolve more items and the economies of scale 

of u n load ing bu lky items, and the values of B and C have been chosen to reflect 

that. 
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4.6 Coordination opportunities in the Eucl idean plane 

The structure of  a Eucl idea n  p lane d oes not l imit the position ing of coord ination 

sites . They can occu r at existing nodes, on existi ng non-coordinated routes between 

nodes and at pOints away from such routes . Travel can occur a nywhere with i n  the 

plane, a n d  in a non -coordi nated system vehicles travel along edges jo in ing pairs of 

nodes because this results in shortest paths.  In a coord inated system, the smal lest 

total d istance travel l ed may include some edges that do not form the shortest paths 

between a pair of nodes, since veh icles may have to detour. The i ntersection will be 

within a convex h u l l  defined by the depot and node locations as shown in Fig u re 

4. 1 .  

Convex hul l  

Possible 

coord i n ation site 

Figure 4 . 1 :  Eucl idean convex h u l l .  On the left, two pairs of nodes 

with con necti ng edges. On the ri g ht, a possi ble coordi nation site 

within the convex h u l l  created by the fou r  nodes. 

Coordi nation sites at nodes have the advantage that thei r locations are known 

before coordination is atte m pted . An existing node can act as a coord ination site in 

two ways : 

1 .  The demand for that node can be ca rri ed by more than one vehicle.  

This is  known as split delivery. 

2. The node ca n act as a tem porary distribution centre, where loads ca n 

be deposited for later u p l ift to other nodes. 

The two mechanisms are quite different and not mutually excl usive . Beca use 

both tem pora l and spatial  coordi nation between vehicles is i m portant, both the 

routi ng a n d  sched u l ing phases are affected . For the pu rposes of this study, any 

node can fu nction as either (or both ) type(s) of coord ination site . 

The assu m ption is that nodes a l ready have the faci lity to accept goods, 

whether those intended for them or for other nodes. Access a n d  avai labi l ity are not 
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l im ited ; there i s  a fin ite number o f  existing nodes. In  contrast, there i s  a n  i nfin i te 

number  of possible coordination sites on existing  routes. 

Normal ly, the function of a node in a pure pick u p  or del ivery system is to 

provide a vehicle or vehicles with goods or  to accept goods from a vehic le;  such 

goods a re to be del ive red to or  from the d epot. It  is not the standard function of a 

node to store vehicles or to store goods for del ivery to other nodes. In  contrast, the 

node in a coord inated system can act as a temporary depot. The nodal zone of 

influence is the area defined by a m in imum d istance from a node with in  which 

coordination has no  s ign ificant effect . That is, the region in which the act of 

coord ination m ig ht as easi ly occur at the node. The value of a "signi ficant effect" is 

determined as being with in  one u nit in  the smal lest decima l  p lace in  the 

measurement of total  d istance . For example,  a tra nsfer of goods d irectly adjacent 

to a node cou l d  have occurred at that node with no l oss of d istance advantage.  

W ithout zones of infl uence,  nodes would exist merely as infin itely smal l  pOints in a 

p lane and no  path would intersect them other than to service the m .  The use of 

zones of influence confers fin ite areas on nodes and enables cont inuous edges to be 

considered as objects, which can be divided i nto discrete quanta .  

The nodal zone of i nfluence can b e  represented a s  a spatia l  and a temporal 

measure ; each can be fractional  or  abso lute. As a fractional  spatia l  measure,  the 

rad i us of the zone is a fraction  of the length of the edge u nder consideration . As a 

fractional  temporal measure,  the rad ius is  a fraction of the travel time a long a n  

edge. Two i ntersecting edges wi l l  have d ifferent fractiona l  measures but the same 

a bsolute values. The spatia l  zone of influence is referred to as a n  horizo n ;  the 

temporal zone is a threshol d .  During coord ination, both horizon and threshold are 

i mportant .  

1 . 3  u n its 

3 . 9  units 

Fig u re 4 . 2 :  Zones of infl uence. Each node has a spatia l  zone of 

i nfluence of (say) 0 . 3  u nit rad ius .  For the longer edge, the zone of 

i nfluence has fractional  value 0 . 08,  and for the shorter edge 0 . 23 .  

Activities occurring  with i n  the  zone of  i nfluence can be  considered 

as occurring  at the node itself. 
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S imi la rly, i n  m u lt ip le depot systems, there is a depot zone of i nfluence .  

However, inter-depot coordi nation a n d  transfers a re not considered i n  th is study 

s ince i t  deals with s ing le depot systems.  

There is no loss of genera l i ty in  considering  coordination at nodes and 

coordination on exist ing routes together since routes are defi ned by the nodes 

throug h  which they pass. Any posit ion on an edge of an existi ng  route can be 

defined by a va lue combin ing  

• the nodes at either end of that edge, and 

• the d istance from one end of the edge. 

Other coord ination s ites can be found by pre-determin i ng the possib le 

coord ination pOints that are neither at nodes nor on existing  routes. These become, 

i n effect, nodes that have zero demand and with no requ i re ment to be a l located to 

routes . I n  practice, pre-determined off-route sites a re selected for their 

accessibi l ity, size and convenience. 

Coord ination in  the E ucl idean plane can resu lt  i n  

• a l lowing load spl i tt ing to occur, 

• a l lowing load swapping to occu r, 

• obviating  or  deferring the return to the depot for mu lti - routed veh icles, and 

• the construction of a feaSible sol ution that would not have been achieved by 

the route construction method without coord ination, by using coord ination 

as an inter im step,  

each of  wh ich is d iscussed i n  more detai l  below. 

4.7 Model construction 

The model  construction consists of 

• determin ing  the i n it ia l  data values, i .e .  the numbers of nodes and depots, 

thei r locations and service reqU irements, and sett ing constra ints, then 

• constructing routes without the a id of coord ination , fol lowed by 
• ass ign ing routes to vehicles, fol lowed by 

• a pplying coordi nation as an i mprovement procedu re .  



These are d iscussed i n  more detai l  below. 

4.7 . 1  In itia l data 

A n u m ber of customer nodes are created at random sites, each with known del ivery 

demand .  The d istance between nodes is independent of d i rection of travel . 

For i l l ustrative purposes i n  th is study, the fleet consists of identical vehicles, 

each with a maxim u m  vehicle capacity, maxVehCap, (set at an arbitra ry valu e  of 

200) and with a maxim u m  d istance,  m axVe hDist, (set at an a rb itra ry value  of 220) .  

These defa u lt va lues have been chosen empirica l ly so that  they force routes to 

conta in  no more than a bout seven nodes each and a l low vehicles to serv ice u p  to 

three rou tes. This size of p roblem a l lows veh icle and route interactions to occur 

with some consistency and to be identified easi ly .  The effect of vary ing these 

defa u lt va lues is d iscussed in more detai l  later. Maxim u m  d istance refers to the 

total d istance that may be travel led by a vehicle dur ing the work cycle  and m ay 

i nclude more than one route .  

Vehicles begi n  and e n d  the work cycle a t  t h e  s ing le depot . Although  vehicles 

leave the depot at the start of the work cycle, their  time of return depends on the 

routes used . The effect of a staggered departure of vehicles is  d iscussed later. 

S ince a l l  parts of the p lane suffer identical conditions, travel t imes depend only on 

length of routes. 

Load sp l itti ng  is  permitted with no l i mitation on the number of t imes that 

loads may be d ivided or  on the s ize of partit ion . The demand of each customer 

must be fu l ly  satisfied . 

4.7.2 Route construction 

Nodes are a l located feasibly t o  routes i n  a route construction phase. A variety of 

route construction methods has been i nvestigated, the effects of which w i l l  be 

d iscussed later. At the a l location stage, the vehicle capacity is more s ignificant  than 

the d istance constraint s ince most vehicles are fi l led before their d istance a l location 

is satisfied . In practice, th is is common among carriers of bu lky items such as 

bitumen and crates of soft d ri nk  bottles . The effect of varying  the defau l t  values is 

d iscussed later. A l l  nodes with non-zero demand must be serviced . 

Where spl it  del iveries are not permitted in  the in it ia l  routes, once the in itial 

routes a re constructed they a re improved to becom e  reasonable examples of non­

coordinated routes, a l lowing  any subsequent improvement to be caused clearly by 

the incorporation of coord ination and not due to the introduction of some other 
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improvement method . Wh i le  metaheuristic i m plementations of these i mprovement 

strateg ies cou ld  be used, they were not considered here and may provide a fert i le 

a rea for future research . The pre-schedu l i ng  improvement a ppl ied i n  the route 

construction phase might i nvolve one or  more routes : 

• m u lt ip le route i mprovement 

• i nter- route node transfer 

• i nter-route node exchange 

• i nter-route path exchange 

• sp l it del ivery 

•• sing le route i mprovement 

• 3-opt exchange.  

4.7 . 2 . 1  Route i mprovement by intra-route 3-opt exchange 

During 3-opt exchange, three edges are broken and three are made, one edge is 

traversed in  the opposite d i rection, and no  routes a re created or  deleted.  The 3-opt 

exchange mechan ism incorporates 2-opt exchanges and has been found to g ive 

much better resu lts than 2-opt exchange and to be more efficient with respect to 

com putation time than 4-opt exchange. As an intra- route improvement, there is  no 

adjustment to load . 

I n  Figure 4 .3 ,  the three made edges are between node pairs (A,B) ,  (C,D) 

and ( E,F) ,  and the three broken edges are between node pairs (A,D) ,  CB,F)  and 

(C, E ) .  The exchange i s  acceptable i f  

dist(AB) + dist(C, D) + dist(E,F) - dist(A,D) - dist(B,F) - dist(C, E) < 0 

E E 

D 

c C 

B 

A 
(a)  Before 3-opt exchange ( b) After 3-opt exchange 

Figu re 4 . 3 :  3-opt exchange. Arrows i n dicate d irection of travel . 
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4.7.2.2 Route i mprovement by i nter-route node transfer 
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I nter-route node tra nsfer consists of removing a node from the route to which it  

was assigned d u ring route generation,  and e ither i nserting  it into another existin g  

rou te or  creating a route for which i t  is  the on ly node. This i mprovement m ethod , 

therefore, can create and delete routes . 

The method consists of selecting  each node i n  turn and  attempting to i nsert 

it into each other route and i nto its own ind iv idu a l  route. Clearly, vehicle capacity 

constra i nts m ust be taken i nto account;  it may be that demand for a node is  so 

h igh as to precl ude its entry i nto particu lar  routes, s ince the veh icles servicing 

those routes would then be overloaded . 

The a rrangement is  accepted which results i n  the lowest total d istance 

travelled.  

Consider the situation depicted in  Fig u re 4 .4 i n  which node A is examined for 

transfer from Route 1 to Route 2 ' .  

B Route 1 

Route 2 '  
E E 

(a)  Before transfer ( b )  After transfer 

Figu re 4 . 4 :  I nter-route node transfer. Node A is transferred from 

Route 1 to Route 2' .  

I nter-route node transfer is accepted subject to the usua l  constra ints of 

capacity and d istance as wel l as  

Change in total distance == distance of made edges - distance of broken edges 

::: dist(A,D) + dist(A,E) + dist(B,C) - dist(A,B) - dist(A,C) - dist(D1E) 

< 0 for transfer 

and  

Load(Route 2 )  + Oemand(Node A)  s maxVehCap.  
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I nter-route node transfer 

check each node as TargetNode for i nsertion i nto other route 

check each route as DestinationRoute 

I F  the destination vehicle wi l l  ho ld TargetNode 

attem pt to i nsert TargetNode i nto this route 

accept this insertion if favourable 

E N D  I F  

N EXT DestinationRoute 

N E XT TargetNode 

remove e mpty routes 

check each node as TargetNode for creation of a new route 

attem pt to create this new route 

accept this route if favoura ble  

NEXT TargetNode 

recalculate route d istances 

red raw routes 

Procedu re 4 . 1 :  Inter-route node transfer procedu re .  

4.7.2 .3  Route improvement by inter-route node exchange 

I nter-route node exchange consists of exchanging a node on one route with a node 

on another route. The procedu re is performed on ly if the tota l d istance trave l led is 

redu ced . During excha nge, fou r  edges are removed and fou r  are created ; no  routes 

a re created or deleted . Consider the exchange shown in Figure 4 . 5  in which Target 

A on Route 1 and Target B on Route 2 are examined for exchange.  

Route l '  
PrevA Route 1 

PreYS 

Target A 

Target B 
NextB 

Route 2 
Route 2' 

(a) Before exchange (b) After exchange 

Fig u re 4 . 5 :  I nter-route node exchange. Target A and Target B on 

d ifferent routes are exchanged. 
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The fou r  edges broken are : 

• PrevA - Target A 
• NextA- Target A 
• PrevB - Target B 
• NextB - Target B 

and  the fou r  edges made : 

• PrevA - Target B 
• NextA - Target B 
• PrevB - Target A 
• NextB - Target A.  

7 1  

As i n  §4 . 7 . 2 . 1 ,  a n  exchange is favou rable if both d istance a nd capacity 

constra ints a re observed : 

dist(PrevA, Target B) + dist(NextA, Target B) + dist(PrevB, Target A) + 

dist(NextB, Target A) - (dist(PrevA, Target A) + dist(NextA, Target A) 

+ dist(PrevB, Target B) + dist(NextB, Target B)) < 0 

Load(Route 1 )  - Demand(Target A) + Demand(Target B) s maxVehCap 

Load(Route 2) - Demand(Target B) + Demand(Target A) s max Veh Cap. 

The exchange is  accepted that most g reatly reduces the total d istance 

travel led . 
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I nter-route node exchange 

BestDiff : :::: 0 

FOR each Target A node 

FOR Target B :::: Target A + 1  to n u mNodes 

IF Route A < > Route B then 

M ade : :::: total d istance of the fou r  made edges 

B roken : :::: total d istance of the fou r  broken edges 

NewLoad 1 : :::: load( Route 1 )  - demand(Target A) + demand(Target B) 

NewLoad2 : :::: load(Route 2) - demand(TargetB) + demand(Target A) 

Difference : = Made - Broken 

IF ( Difference< O )  AND (NewLoadl  < maxVehCap) AND 

(NewLoad2 < maxVehCap) AND ( Difference< BestDiff) then 

swap nodes Target A and Target B 

BestDiff : :::: Difference 

take another look at a l l  routes since some have changed 

E N D  I F  

N E XT Target B 

N E XT Target A 

recalcu late route d istances 

Procedu re 4 .2 : I nter-route node exchange procedure. 

4.7.2.4 Route improvement by i nter-route path exchange 

I 

I nter- route path exchange i nvolves the removal of a section of path from one route 

and  its subsequent insertion either in a nother route or i n  its own newly created 

route. It differs from inter-route node exchange in both the length and  

i nconsistency of  paths being  exchanged . Where node exchange i nvolved only 

i ndiv idual  nodes, there is no requ i rement for the paths being exchanged to contain 

the same number of nodes. Four edges are removed and fou r  are created . Consider 

the exchange shown in F igure 4 . 6  in which a path FirstA---LastA in Route 1 is 

examined for exchange with the path F irstB---LastB in Route 2. The fou r  edges 

broken are :  

• PrevA - FirstA 

• NextA - LastA 

• PrevB - Fi rstB 

• NextB - LastB 
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and  the fou r  edges made are :  

• PrevA - Fi rstB 

• NextA - LastB 

• PrevB - FirstA 

• NextB - LastA. 

An  exchange is favourab le if both d istance and capacity constra ints a re observed : 

dist(PrevAFirstB) + dist(NextA,LastB) + dist(PrevB,FirstA) + 

dlst(NextB,LastA) - dist(PrevAFirstA) - dist(NextA,LastA) -

dist(PrevB,FirstB) - dist(NextB,LastB) < 0 

or 

dist(PrevALastB) + dist(NextA,FirstB) + dist(PrevB,LastA) + 

dist(NextB,FirstA) - dist(PrevA,LastA) - dist(NextA,FirstA) -

dist(PrevB,LastB) - dist(NextB,FirstB) < 0 

or 

dist(PrevB,FirstA) + dist(NextB,LastA) + dist(PrevA,FirstB) + 

dist(NextA,LastB) - dist(PrevB,FirstB) - dist(NextB,LastB) -

dist(PrevA,FirstA) - dist(NextALastA) < 0 

or 

dist(PrevB,LastA) + dist(NextB,FirstA) + dist(PrevA,LastB) + 

dist(NextA,FirstB) - dist(PrevB,LastB) - dist(NextB,FirstB) -

dist(PrevA,LastA) - dist(NextA,FirstA) < 0 

Load(Route 2) - sum(Demand(FirstB) . . .  Demand(LastB)) + 

sum(Demand(FirstA) . . .  Demand(LastA)) :5: maxVehCap 

Load(Route 1) - sum(Demand(FirstA) . . .  Demand(LastA)) + 

sum(Demand(FirstB) . . .  Demand(LastB)) :5: maxVehCap 
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Since there is no restriction on the number of  nodes i n  the  paths being  

exchanged, FirstA and LastA might be co-located (s imi lar ly, FirstB and LastB) ,  and 

either or both m ight be the depot. I n  order to preserve the presence of  the depot i n  

each resu lting route ,  whenever the depot participates i n  path exchange, i t  m ust be 

i ncluded in each exchanged path . That is,  if the depot is in the interior of 

FirstA . . .  lastA (or F irstB . . .  LastB) ,  it m ust be i nc luded somewhere in FirstB . . .  LastB 

( Fi rstA . . .  LastA) ; if the depot is co-located with FirstA or LastA (F irstB or LastB) ,  it 
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must be included somewhere i n  FirstB . . .  LastB ( Fi rstA . . .  LastA) ,  not necessari ly as 

Fi rstB or LastB ( Fi rstA or  LastA) .  

Both orientations of each path m ust be considered and the orientations 

adopted that m in im ise the sum of the d istances between the endpoints of the paths 

being exchanged and the connecting pOints of the rem nants .  The orientation of 

Route l' is determined by 

min(sum(dist(PrevA,FirstB), dist(NextA,LastB)), sum(dist(PrevA,LastB), 

dist(NextA, FirstB ))) 

and the orientation of Route 2' is determi ned by 

min(sum(dist(PrevB,FirstA), dist(NextB,LastA)), sum(dist(PrevB,LastA), 

dist(NextB,FirstA))). 

These cal cu lations, m ust be performed for a l l  paths, which a/so vary i n  

length from one node t o  ( route length- i ) ,  making the process computationa l ly 

expensive . The resu lting routes are subjected to i ntra-route adj ustment by 3-opt 

exchange.  



Chapter 4 Coordination i n  the Eucl idean plane 

PrevA 
Route 1 

Fi rstA 

Route 2 

Ca)  Before exchange 

NextA 

NextA 

Route 2 '  LastS Route 2' 

Cb) After exchange 

NextA 

LastS 

Figu re 4 .6 : Inter-route path exchange. The path Fi rstA . . .  LastA 

on Route 1 is exchanged with the path FirstB . . .  LastB on Route 2,  

producing fou r  possible arrangements of Routes l '  and 2' .  

75  
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Inter-route path exchange 

FOR TargetRoutel : = 1 to NumRoutes-l  

FOR j :=  1 to length(TargetRoutel )  

TargetNodel : :::: Routes(TargetRoutel , i )  

RouteLength 1 : :::: length ( Routes(TargetRoute 1 ,  * » 

FOR PathLength l : = 1 to RouteLength l - l  

Fi rstA : :::: TargetNodel 

I F  ( i + PathLength l )  < RouteLength l 

LastA : ::: Routes(TargetRoutel , i + PathLength 1 )  

E LSEIF  Path Length 1 :::: = RouteLength l - i  + 1 

LastA : = depot 

E LS E  LastA : =  Routes(TargetRoutel , PathLengthl - l - i )  

E NDIF 

TargetRoute2 : = TargetRoutel to N u m Routes 

FOR j : ::: 1 to length(TargetRoute2) 

TargetNode2 : ::: Routes(TargetRoute2,j )  

RouteLength2 : ::: length(Routes(TargetRoute2, * » 

FOR PathLength2 : ::: 1 to RouteLength2-1  

FirstB : ::: TargetNode2 

IF (j+ PathLength2)  < RouteLength2 

LastB : ::: Routes(TargetRoute2,j + PathLength2) 

E LSEIF Path Length2 = ::: RouteLength 2-i + l  

LastB : ::: depot 

E LS E  LastB : :::: Routes(TargetRoute2, PathLength2- 1 -j )  

E NDIF  

Calcu l ate loads 

IF loads OK 

calcu late the fou r  d istances 

choose smal lest d istance 

I F  d istance O K  

store result  

E NDIF  

E NDIF  

NEXT PathLength2 

choose best resu lt  for this TargetNode2 

NEXT j 

choose best result  for this PathLength l 
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NEXT PathLength l 

choose best resul t  for this node on route l 

N EXT i 

NEXT TargetRoutel 

take best overa l l  result  

IF best overa l l  resu lt exists 

make the exchange 

u pdate Routes 

reset TargetRoute to 1 

re-start 

E NDIF  

Procedu re 4.3 :  I nter-route path excha nge 

4.7.2.5 Route improvement by spl it delivery 

77  

Sp li tt ing the  demand for one  node enabl es the  demand for a second  node to  be 

serviced by a route other than that which would have serviced it in an u n-spl it 

envi ronment, thus enabl ing a possible reduction i n  total d istance travel led and,  

where the second node was on a s ing le-noded route, reducing the number of 

routes. S ince such routes might be serviced by single- routed vehicles, the prospect 

of fleet reduct ion is i nherent in sp l it de livery routing even if th is is not part of the 

acceptance criter ia.  

When spl it del iveries are permitted i n  the in it ia l  routes, a demand is sp l it i n  

such a way that the largest part of the demand that can b e  carried o n  the target 

vehicle is assigned to that  veh ic le .  H ence, the target veh icle is fi l led  by accepting 

part of a sp l it de livery .  The remain ing portion of the demand is avai lab le for 

assignment to another veh icle . 

A sp l it is not performed if it would  result in a spl it  demand being carried on a 

route servicing only one node s ince this would  mean that more than one veh icle 

visited that node when one was compel led a l ready to do so. In such a case, the 

tota l d istance is redu ced not by spl itting  the demand but by ass ign ing a new vehicle 

to carry that demand to the node. 

W here there is  a choice of which demand to sp l it ,  the larger load is accepted 

i ntact and the smal ler load is spl it .  This  inherently l i mits the number  of t imes a load 

wil l  be sp l it .  If there were customer-determi ned l im its on spl itt ing ,  they wou ld be 

accommodated in preference to this stratage m .  
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Several m ethods can  be used for a pplying spl itt ing .  Some researchers 

[ H R8S]  consider the spl ittable demand of size m as m demands of u n it s ize and 

route these as m i nd ividu a l  demands origin ating  at the same node.  Th is  is  

com putational ly expensive and inefficient, s ince most of  these w i l l  be recom bi ned 

on del ivery. 

I n  this study, spl itt ing is performed i n  the route construction phase on ly in  

order to fi l l  a veh icle . The m in ima l  fleet size is  determ i ned i n  advance by 

FleetSize ;:: ceil[sum(Demand}/maxVehCapJ. 

Vehicles a re fi l led sequential ly, each feasibly a l located u nspl it demands and,  

where no  intact demand can fit i nto the rema in ing fee payload capacity,  fi l led by 

spl itt ing the next best feasible deman d .  This ensures that most vehicles a re fu l ly 

lade n .  Thus, no two routes wi l l  have more than one spl it demand point  i n  common . 

The fleet sizes of spl it and non-spl it feasib le solutions coincide [ OT90] when 

al l  nodes have identical demand of either 1 unit or maxVehCap. The g reatest 

d issim i larity in size between sp l it and non-spl it systems occurs when nodes have 

demands s l ightly g reater than 0 . 5  x m axVehCap, in which case the split del ivery 

fleet has a size one g reater than ha lf the non-spl it s ize. 

dj == 1, maxVehCap 
max VehCap 

dj :=  + I:: 
2 

smal l  I:: > 0 
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Spl it  de livery d u ring route construction 

i n itia l ise variables 

assign m in imum fleet s ize, m inFleet 

List : =  { nodes ordered by current method (eg savings, d istance, angle) }  

FOR route r : = [ 1 . . mi n Fleet] 

freeSpace : ::: 0 

route Load : == 0 

unassigned Nodes : = [ Ust( 1 )  . .  List( numNodes) ]  

assigned Nodes : == <l> 
W HI LE routeLoad � maxVehCap 

FOR each node i E unassigned Nodes 

E N D  I F  

I F  demand(node i )  � freeS pace A N D  d istance O K  

assign node i to route r 

append node i to ass ignedNodes 

remove node i from u nass igned Nodes 

freeS pace : =  freeSpace - demand(node i) 

routeLoad : == route Load + demand(node i )  

E LS E  I F  demand(node i )  can b e  spl it AND d istance O K  

demandl (node i )  : :::: freeS pace 

demand{node i) : =  demand(node i )  - demandl ( node i )  

assign node i t o  route r with demand :::: demand l (node i )  

freeS pace : :::: 0 

routeLoad : == routeLoad + demand l (node i )  

E LS E  

start new route 

N EXT node 

END WHILE 

N EXT route 

apply i mprovement ( k-opt, exchange) 

FOR each s ing le-noded route 

I F  node on s ing le- routed node has sp l it demand 

u n-spl it i t  

g ive it i ts own route ( removes mu lt iple  travel to a node) 

E NDIF 

NEXT s ingle-noded route 

Procedu re 4 .4 :  S pl i t  de l ivery during  route construction 
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Consider the system shown i n  Figure 4 .6 i n  which the demand for node C is 

capable of being spl it i nto Demand* ( C) and Demand**(C) . Should the d ivision of 

Demand(C) proceed, the demand for node A wi l l  be carried on a route other  than 

that which would  have serviced it in a n  u n-spl it env i ronment. The i ndication of 

nodes between the depot and nodes A and B does not i mp ly the existence of those 

nodes; that is, nodes A and  B cou ld  have been adjacent  to the depot. S imilarly, 

node C need not be contiguous with the depot. Fou r  edges a re broken and fou r  are 

made ; i f  node A had been on  a s ingle-noded route, the n u m ber of rou tes woul d  

have been reduced by one.  The fou r  broken edges a re :  

• A - PrevA 

• A - NextA 

• B - NextB 

• PrevC - NextC 

and the fou r  made edges are :  

• PrevA - NextA 

• A - N extB 

• C - PrevC 

• C - NextC. 

A comparison of these d istances forms part of the acceptance crite ria : 

dist(PrevA, NextA) + dist(A,NextB) + dist(C,PrevC) + dist(C,NextC) -

dist(A, PrevA) - dist(A,NextA) - dist(B,NextB) - dist(PrevC,NextC) < 

o 
Oemand*(C) + Oemand**(C) = Oemand(C) 

Load(GreenRoute) + Oemand*(C) < maxVehCap 

Load(BlueRoute) + Oemand**(C) < maxVehCap 
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Depot 

NextA PrevC 

Ca)  Without spl itt ing 

Depot 

NextA 

B 

C b) With spl i tt ing 

Fig u re 4 .7 : Sp l it del ivery. 

8 1  

Like the form of spl it del ivery implemented by Dror and Trudeau (see 

[ DT89]) ,  who used it as an improvement method without expl icitly recognising  it as 

a form of coord ination, the pu rpose of spl itt ing del iveries is to reduce the tota l 

d istance without violating capacity or d istance constra ints .  

Th is  i m plementation of  spl it del ivery differs from that used by Frizze l l  and 

G iffi n (see [ F92 ] )  in which u pper and lower bounds were set on  the size of  the 

a l lowed spl it .  Here,  with no restrictions on the size of the d ivision of any demand, 

vehicle carrying capacity can be fu l ly uti l ised . The possible future addition of 

bou nds on the size of demand d ivision shou ld not interfere with the concepts 

establ ished here. 
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In  th is study, the use of spl it del iveries is  a l lowed to occur between the 

depot and any node or between any two nodes, u n l ike other studies in which the 

sp l itting occurs only between depot and node, subject to the constra ints of 

feasibi l ity, capacity and d istance . 

S ince sp l it de l iveries can be used i n  both route construction ( Procedure 4.4) 

and route improvement ( Procedure 4 . 5) phases, a com pa rison of the respective 

efficiencies is in order. The app lication of spl it de l iveries in route construction occurs 

as a two-step process : 

1 .  demands a re sp l it i n it ia l ly w ithout regard to the number of nodes on the route 

to which the node with the sp l it demand is being  a l located, 

2 .  the spl itting  may be reversed if the node with spl it demand is later found  to be 

on a s ing le-noded route . 

I n  between these steps is  a n  improvement phase, which seeks to refine the 

i nit ia l  routes. During this i mprovement- in-construction phase new sing le-noded 

routes might be formed that later w i l l  be considered for removal or acceptance . 

Because of the existence of this improvement- i n-construction phase, there is no 

practicable d ifference in  a pplying coord ination i n  the construction or improvement 

phases. The shift away from pure construction to a hybrid  construction­

improvement destroys any d ifference between a pplying spl i t  de liveries in an i n it ia l  

rou te construction or as the fi rst i mprovement in a forma l  i mprovement phase .  The 

effect of the order of a pp lication of different types of coord in ation is  discussed later. 

In order to test the effect of sp litting  deliveries in the construction and 

improvement phases, fifty problems were compa red, results of  which are shown i n  

Table 4 . 2 .  The construction techniques were : 

• modified savings, Sav 

• modified sweep, Swp 

• nearest i nsertion , N I  
• furthest  insertion,  FI 
• modified savings inc luding spl it  de livery, SavSD 
• modified sweep inc lud ing spl it del ivery, SwpSD 
• nearest insertion i nc lud i ng sp l it de l ivery,  NISD 
• furthest insertion inc luding sp l it de livery, FISD 

each of  which took i nto account the  loading and  d ista nce constra ints. The i nsertion 

Procedu res used a neighbourhood size of three . Each technique was app lied to 
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every problem, fol lowed by the improvement by sp l it del ivery .  Three node dens it ies 

were investigated : sparse ( u p  to 1 5  nodes) ,  med ium ( u p  to 30 nodes) and dense 

( more than 3 0  n odes) . The resu lts are g iven i n  Table 4 . 2  and i n  Figu re 4 . 8 .  Average 

values include those cases where no spl itt ing occurred . 

Spl i t  del ivery d u ring route improvement 

determ i ne sp li ttable demands 

FOR each route 

feasi bly  construct route using u nspl it  demands u nt i l  no more nodes can be . . .  

N E XT route 

apply i mprovement ( eg k-opt, exchange) 

assign m in i mu m fleet size, m inFleet 

I F  fleet size > m inFleet 

apply sp li tt ing 

FOR route r : = [1  " n u m Routes] 

... ful ly accommodated on current route 

freeS pace : == maxVehCa p  - routeLoad ( route r) 

IF rou teLoad ( route r )  < maxVehCa p  

find best node t o  i nsert i nto route r by spl itt ing 

calcu late new tota l d istance 

I F  new total d istance < old total d istance 

accept new arrangement 

u pdate varia bles 

E NDIF  

N EXT route 

E NDIF 

FOR each s ingle-noded route 

I F  node on s ing /e-noded route has sp l it demand 

un-spl it i t  

give it  i ts own route 

ENDIF 

NEXT single-noded route 

apply i mprovement 

Procedu re 4 . 5 :  Sp l it del ivery d u ring  route i mprovement 
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Table 4 . 2 :  

Construction 

technique 

Sav 

Swp 

NI 

FI 

SavSD 

SwpSD 

NISD 

FISD 

Sav 

Swp 

NI  

FI  

SavSD 

SwpSD 

NISD 

FIS D  

Sav 

Swp 

N I  

F I  

SavSD 

SwpSD 

NISD 

FIS D  

Chapter 4 Coord ination i n  the E ucl idean plane 

I nit ia l  d istance Improvement 

( min ,  med, max) (%)  

336,446, 544 1 .4 

3 5 1 , 482, 544 1 . 5  

3 32, 49 1 ,  591  1 . 5  

336,  504, 608 1 .6 

334,440, 529 0 

335 , 474, 536 0 

327, 484, 54 1 0 

330, 496, 543 0 

765 , 1 043, 1 36 1  3 . 1  

791 , 1 226,  1 3 50 3 .4 

767, 1 1 5 1 ,  1385 3 .4 

765, 1 18 1 , 1402 3 . 5  

753, 101 1 , 1250  0 

741 , 1 184, 1 247 0 

759,  1 1 1 2 ,  1252  0 

761 ,  1 140, 1 2 5 6  0 

1 232, 1428 , 1 623 4 . 1  

1 232 ,  1 555 ,  1625 4 .4  

1 232,  1 570,  1 640 4 . 5  

1 232,  1 6 1 2, 1 6 56 4 . 6  

1 12 3 , 1369, 1 6 1 5  0 

1 12 1 ,  1487,  1 6 1 0  0 

1 1 3 1 ,  1499, 1 6 1 7  0 

1 128,  1 538,  1621  0 

Effect of route construction technique on average 

values for fleet size and tota l d istance. A l l  problems had the same 

value of m axVehCap and maxVehDist. 

Genera l ly, construction based on a modified savings approach resu lts in a n  

in it ia l  routing  scheme with lower total d istance than t h e  other  construction 

techn iques (swapping,  nearest i nsertion,  furthest i nsert ion ) .  E ach method found the 

lowest d istance at least once and several methods found  the same result using spl it  

de l ivery .  The fina l  routing schemes i nvolving spl it  del iveries showed far less 

variation across the techniques tha n  d id  the i n it ia l  schemes. 
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Figure 4 .8 : Effect of spl it  del ivery d u ring construction and 

i mprovement us ing e ight  d ifferent construction methods.  The l ines 

ind icate m in imum and maximum values, colou rs denote node 

density : red -sparse; g reen - medi u m ;  blue - dense . 
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The inclusion of  spl it de l iveries i n  the construction phase has no benefit over 

the appl ication of this form of coordination i n  the improvement phase because of 

the improvement that occurs with in  the construction phase as part of the sp l it 

de l ivery process . 

I n it ia l  routes that were d ispersed d id not respond well to the appl ication of 

spl itt ing since the d istance i nvolved i n  trave l l i ng between the establ ished routes 

and the coord ination sites was excessive. For this reason,  schemes i nvolving sparse 

node density had lower improvement rates than the denser schemes and,  when 

improvement was achieved, the percentage reduction in  distance was less. 

The g reatest average reduction in  distance was achieved by systems 

i nvolving many nodes. Th is effect is d iscussed later. 

G reater d istance reduction was achieved when the spl itt ing involved nodes 

geograph ica l ly d istant from the remainder of their route and with nodes d istant 

from the depot. 
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Spli tt ing tended to occur with nodes having high demand. Although this 

trend was not searched for specifica l ly, it was obvious i n  the results. This is  in 

accordance with the resu l ts of other researchers (e .g .  [ DT89] ,  [893] )  who have 

expressly i nvestigated this behaviou r .  

The fol lowing fig u res show the effect of  a pplying  spl it de liveries to systems 

from each of the three node densities ( load plans are given i n  Appendix C) . 

8 

1 0  

8 

1 0  

Figure 4 . 9 :  S parse node density ( 10 nodes) without (upper) and 

with ( lower) sp l i t  de l iveries .  D istance is reduced by 3%.  
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Figure 4 . 10 :  Medi u m  node density ( 30 nodes) without (upper) 

and with ( lower) spl it de l iveries . The spl it de livery solution has a 

9 %  reduction i n  tota l d istance travel led and  a reduction i n  routes 

from 1 3  to 1 1 .  Route d istances are more equ itab le .  
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Fig u re 4 . 1 1 :  Dense node density (7 5 nodes) without (upper) and 

with  ( lower) sp l i t  de l iveries . In  the spl it del ivery solution ,  the total 

d i stance decreases from 835 . 3  to 8 24 .8  ( 1 . 3% ) .  Node identifiers 

have been omitted for clarity. 
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4.7. 3  Route sched ul ing 

89 

Once routes have been constructed, they are assigned to vehicles i n  a route 

schedu l i ng phase in such a manner as to m in im ise the fleet size . The sum of a l l  

route d istances assigned to  a vehicle must not exceed the  maxim u m  d istance that 

any vehicle may travel ,  m axVehDist. There is  no other max imum distance for a n  

ind iv idual  route .  

I n it ia l ly ,  each route that i s  longer than a value equal  t o  half  the maxim u m  

vehicle d istance,  maxVehDist, is  assigned to a new vehicle .  This is  done because 

any route longer than maxVehDist/2 wi l l  not be a ble  to share with a ny other route 

that also is longer than maxVeh Dist/2 without violating the d istance constra int .  

The route schedu l i ng phase is  designed to a l locate routes to vehicles, not to 

fragment those routes into smal le r  routes . 

After the larger routes have been assigned to vehicles,  the smal ler routes 

are assigned to these existing vehicles in such a manner as to maintain equ itable 

vehicle d istances. This phase determ i nes the fleet size . 

During the a l location of nodes to veh icles, where a n  i ndividua l  demand 

exceeds the remain ing vehicle capacity and where spl it  de l iveries are permitted, the 

over- large demand must be sp l it in such a way that the largest part of the demand 

that can be carried on the current vehic le is  assigned to that vehicle .  

If spl it de liveries are not permitted , a node is a l located to a vehicle on ly i f  

the enti re demand can be accom modated by the remain ing free space on that 

vehicle .  If the demand can not be accommodated on a current vehicle, a new 

vehicle is assigned to service the node .  

4.7.4 I ncorporation of coordination 

After the i n it ia l  routing  and schedu l i ng  phases, the resu ltant system is  i nvestigated 

for the potential for coord ination ,  which may involve re- routing  and re-schedu l i ng .  

I ndividua l  types of  coordi nation are d iscussed l ater after which an analytical 

scheme is presented by wh ich systems can be considered for those forms of 

coordi nation . The order in which coordination types are i nvestigated is  d iscussed i n  

§4. 1 1  Problem Des ig n .  
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Route schedu ling  

longRoutes : = {a l l  routes with d istance 2: maxVehCap x O . S }  

unassignedRoutes : = [ 1 . . numRoutesJ 

fleet V : = {vehicles} 

FOR route r E long Routes 

assign route r to its own veh icle Vr 
a ppend r to assignedRoutes 

rem ove r from unassignedRoutes 

veh Dist(vr) : =  d istance(route r) 

N EXT 

WHILE u nassignedRoutes 

choose the route r E unassignedRoutes with the largest distance 

I F :3 routes {r} S .t .  vehDist(v E V) + d istance( route r) < m axVehDist 

r : :::: r with maxim u m  value of (vehDist(v E V) + d istance( route r) ) 

assig n  route r to veh ic le v 

vehDist(v) : = veh Dist(v) + d istance(route r) 

rem ove r from u nassigned Routes 

E LS E  

assign route r t o  its own vehicle Vr 

vehDist(vr) : = d istance ( route r) 

i ncrease fleet size by 1 

rem ove r from unassigned Routes 

E N DI F  

E N D  W HI LE 

Procedu re 4 .6 : Route schedu l i ng .  
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4.8 Size of near radi us 

9 1  

The near radius i s  that d istance with in  which sites are i nvestigated for coord ination . 

It enables i nvestigation i n  the plane to be l im ited to a m uch smal ler area . By 

l im it ing the search for su itable sites to be with in some arbitrary d istance of nodes 

and existing paths, the exploration takes p lace in the most l i kely p laces and ignores 

u n rea listic locations. 

A 

E 

Figure 4 . 1 2 :  The near radius i s  indicated by dotted l ines. 

c 

In  Fig u re 4 . 1 2 ,  with the near rad ius  ind icated by dotted l ines, it is clear that 

node C l ies outside the near rad ius of the i ntersection between AC and BD and that 

on ly node D l ies close to ( i .e .  within the near radius of) a route other  than its own . 

Consequently, when investigating nodes near intersections, a l l  these nodes can be 

ignored ; when i nvestigating nodes near edges, on ly node D need be considered . 

S imi larly, i f  a node is  outside the nea r  radius  of an  i ntersection, then the 

i ntersection is outside the near rad ius of that node .  Thus,  node-based and 

intersection-based investigations return the same results. Increasing the size of the 

near rad ius  in Fig u re 4 . 1 2  eventual ly would a l low nodes to fa l l  with in  the near 

radius  of the intersection . 

A smal l  value of the near rad ius  l im its the number  of coord ination 

opportunities, perhaps unrealistical ly by ignoring the poss ib i l ity of coordi nation 

i nvolving a node that would prove suitable if investigated us ing a larger value .  The 

resu l ts of e mploying too smal l  a near radi us may therefore be i ncom plete . A large 

value g reatly i ncreases the computation time requ i red and may involve the 
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investigation of coord ination at nodes that cou ld not be effective in  reducing vehicle  

d istance or fleet s ize .  

The effect on  problem solutions o f  the size o f  the near rad ius is i nvestigated 

for 10 problems involving 50 nodes in a Eucl idean p lane of d i mensions 1 00 x 1 00 

u nits,  a ltering only the s ize of the near rad ius for each problem . 

Distance Computation 
S ize of No. cand idates 

red uction  t ime 
near radius considered 

(%) ( relative) 

2 0 0 0 .03  

5 0 .4  1 0 . 3 1  

1 0  2 . 3  5 1 .00 

1 5  2 . 3  1 2  2 . 1 9  

20 3 .7  1 8  3 . 54 

25 3 . 7  2 3  3 . 74 

30 3 . 7  3 2  5 .67 

Table 4 . 3 :  Effect o f  varying the size of the near rad ius .  

Increasing the near rad ius a l lows more i nteractions to be i nvestigated ,  thus 

i ncreasing the computation t ime but not necessari ly i ncreasing the value of the 

resu lt. Having a smal l  val ue for the near rad ius  provides a faster result  but risks 

missing an i nteraction that would have proved fru itfu l if the value of the rad ius had 

been larger. Thus, the valu e  of the distance reduction i ncreases with i ncreasing 

rad ius u p  to a point beyond which no more valuabl e  i nteractions wi l l  be u ncovered . 

Consider the 50 node system shown i n  F igure 4 . 13  ( l oad plans a re g iven i n  

Appendix C)  i n  which nodes near i ntersections are i nvestigated for their potential 

coordination site suitab i l ity .  W ith the near rad ius  set to 20, 18 nodes a re 

i nvestigated . As the rad ius is decreased from 1 5  to 1 0, nodes 1 ,  5 ,  29, 32,  46, 49 

and 50 are no  longer investigated ,  without change in the fina l  result  because those 

nodes are not i nvolved in coordination .  Yet when then radius is i ncreased to 20, s ix 

extra nodes are i nvestigated resu lt ing in an improved solution .  S ince no  further 

i mprovement is fou nd ,  there is no benefit i n  i ncreasing the va lue of the near radius  

a bove 20 for th is problem.  
• 
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Origina l  feasib le routes 

Near radius : 5 units 

Cand idates : 1 1  

Near radius : 1 5  u n its 

Candidates : 1 ,  2 ,  5 ,  9 ,  1 1 ,  16 ,  29, 32/  

38, 46, 49, 50 

o 20 

Near rad ius : 2 un its 

Cand idates : <V 

�8 /1' 6 � ,� � � 5 

Near radius : 1 0  u n its 

Candidates : 2 ,  9 ,  1 1 ,  16 ,  38 

Near radius : 20 un its 

Candidates : 1 ,  2, 5, 9, 1 1 , 1 2 ,  16 ,  2 1 ,  

22 , 27 , 29, 30, 32, 34, 38, 46, 49, 5 0  

93  
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Near radius : 25  u n its 

Candidates : 1 ,  2, 3, 5, 9, 10 ,  1 1 , 1 2 ,  

1 6 , 20, 2 1 , 22, 27, 29, 30, 32, 34, 37,  

38, 46, 47, 49, 50 

Near radius : 30 un its 

Candidates : 1 ,  2, 3, 5, 6, 8,  9, 10 ,  1 1 ,  

1 2, i s, 1 6 ,  17 ,  20, 2 1 , 22, 27, 28, 29,  

30, 3 1 , 32 , 34, 35, 37 , 38, 39, 46, 47,  

48, 49, 50  

F igure 4 . 1 3 :  Changing the value o f  the near radius .  

4.9 Orientation and route order 

The interactions between nodes and routes depends not on ly on the spatial 

characteristic of the location of nodes but a lso on the temporal characteristic of 

location of vehicles. This is particu larly important in load swapping where vehicles 

must at some stage be co-located, and in load transfer where the order of 

departu re from a coordination site is critica l .  Each mu lt i-noded route may be 

traversed in two d i rections, denoted + 1 and - 1  depending on the relevant size of 

the in it ia l  and final  node identifiers, and mult i-routed veh icles may serv ice each 

route in any order. Althoug h  the total d istance trave lled is u naffected, potential 

i nteractions, and consequently potential red uctions caused by coord ination,  depend 

on  the m ost favoura ble  com bination of route order and orientation be ing adopted . 

ConSider the system shown in Fig u re 4 . 14 i n  which fou r  vehicles service ten 

nodes on five routes.  Because there are fou r  m u lti-noded routes, there are 24 

combinations of orientation ; the one mu lti-routed vehicle has two possible route 

orders. Thus, there are 32 feasible com binations of orientation and route order, 

each of which m ust be investigated for interactions which may provide a ferti le 

environment for the a ppl ication of coord ination in an attempt to reduce the total 

d istance trave l led . The n u m ber of close (Le .  withi n  the near rad ius) approaches 

between veh icles is i nvestigated by approxi mating the path of each veh icle by a 

d iscrete series of t ime steps . For the (t ime step, near radius) value of ( 0 . 0 1 ,  20)  

any comb ination of orientation and route order yields between 30 and 38 close 

approaches, stored as a Close List of the form (Vehicle A, Vehicle B, t ime step #,  
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d istance apart) . An example of a Close List is given in Table 4 . 5  and a snapshot 

from this combination is g iven in Figu re 4 . 1 5 .  

7 

9 
1 0  

Figure 4 . 14 :  Overa l l  view of feasible routes. Colours ind icate 

vehicles. The p lum-coloured vehicle is mu lti - routed . 

Vehicle A Vehicle B time step # a pproach comment 

1 2 2 5 . 5 6  C b )  

1 3 2 0 . 7 5  C a )  

1 4 2 1 6 . 58 

2 3 2 6 . 27 Cb )  

2 4 2 1 9 . 04 Cc) 

3 4 2 1 6 . 1 5  

1 2 3 1 1 . 1 2  

1 3 3 1 . 50 Ca )  

2 3 3 1 2 . 55 Cb )  

1 2 4 1 6 . 68 

1 3 4 2 . 2 5  Ca )  

2 3 4 18 .82  C b) 

1 3 5 3 . 02 Ca )  

1 3 6 1 1 . 50 Ca)  

2 3 1 2  1 3 . 58 C b) 

3 4 1 2  1 9 . 30 

2 3 1 3  3 . 58 Cb)  

2 4 1 3  1 1 .76 Cc) 

3 4 1 3  9 . 29 
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2 

3 

Table 4 .4 :  
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14  

14 

14 

1 5  

1 5  

1 5  

1 6  

1 7  

1 7  

1 7  

1 7  

1 7  

1 7  

1 8  

1 8  

1 8  

1 8  

1 8  

1 8  

Coord ination i n  the Eucl idean plane 

0 .00 ( b) 

0 .70  Cc) 

0 .70  

0 .00 ( d )  

1 0 . 70 (c) 

1 0 . 70 

0 .00  Cd )  

1 6 . 59 

1 6 . 59 (a)  

1 9 . 09 

0 .00  Cd )  

1 9 .45 (c) 

1 9 .45 

6 . 59 

6 . 59 (a)  

8 .77  

0 . 00 (d)  

9 .45 (c) 

9 .45 

Close list for orientation = ( -1  1 - 1  -1  0 )  and route 

order = (4 5 ) .  ( a ) : Vehicles 1 and 3 have many early c lose 

approaches because they travel in a lmost the same d i rection . ( b) : 

Vehicles 2 and 3 have close a pproaches because they arrive back 

at the depot at s imi lar  t imes .  Cc) : Vehicles 2 and 4 have close 

approaches because veh icle 2 is back at the depot when vehicle 4 

m oves from the depot towards node 5 .  (d ) :  Depot effect. Time 

step 1 has been omitted s ince al l  vehicles are at the depot . 

S ince a l l  vehicles are obl iged to travel through the depot, a large n u m ber of 

i nteractions can be expected to occur there .  The number of close approaches 

i ncreases near intersections where the intersections occur in temporal p roximity .  At 

the t ime of the snapshot i n  Fig u re 4 . 1 5 ,  vehicles 2 and 3 had returned to the depot, 

vehicle  4 had reached node 5 and vehicle 1 was returning to the depot . 
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Veh icles 2 and 3 

8 

9 

Figure 4 . 1 5 :  Snapshot of system i n  Figu re 4 . 14 and Table 4 . 5 .  

4. 1 0  Number of nodes 

97 

Changing the number of nodes in a system alters the envi ronment by affecting the 

node density and d istribution . It can influence the physica l length of routes and the 

popu lation size of routes. The influence on the effectiveness of coord ination of 

i ncreasing the nu m ber of nodes depends in part on the construction method 

employed . As the density of nodes increases, cl ustering methods tend to reduce the 

number  of i ntersections but increase the number of close a pproaches; non­

clustering methods tend to i ncrease the number of intersections. 

When there are more nodes, there are more routes, and most of those wi l l  

not change. Because on ly  a few routes are usual ly involved in  coord ination,  there is  

genera l ly a greater percentage improvement in total d istance travel led when there 

are fewer routes in the load pla n .  As routes become longer, however, the sections 

i nvolved in coord ination assu me a smal ler infl uence over the whole route .  S imi larly, 

the presence of fu l ly laden s ingle-noded veh icles reduces the overa l l  reduction in 

d istance because these vehicles are usual ly resistant to the effects of coord ination . 

The presence of nodes that are geog raphica l ly isolated from others in their routes 

provides a rich environment for load spl itt ing but, as the number of nodes 

increases, such isolated nodes appear less frequently because geogra phical 

isolation tends to decrease in  systems with more nodes . 

Because a l l  routes a re ob l iged to travel through the depot, greater reduction 

in tota l d istance often can be ach ieved when coord i nation occu rs at sites d istant 

from the depot. When the number of nodes increases, more nodes exist at locations 

further from the depot thus increasing the probabi l i ty of having longer edges 
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between depot and in it ia l  (or u ltimate) node.  The longer exposed edge provides 

g reater opportun ity for the interact ions with other nodes and with other routes. 

W hen the form of coord ination being  app lied rel i es on the presence of i ntersect ions, 

those intersections that a re further from the depot often provide a more ferti le 

envi ronment for the appl ication of coord ination .  

Although m ost nodes are not actual ly i nvolved i n  forming coord ination sites, 

many must be i m pl icated in conco mitant considerations. The number  of nodes that 

can be investigated by coord ination is  l i mited by the computation method 

employed . This study has investigated systems of 250 nodes. The use of some 

functions in the MATLAB language has l im ited the number  of vehicles to fifteen, 

which is acceptable,  because the concept of coordination and its appl ication can be 

demonstrated well w ith in  th is l imit .  

The extent to which the environment influences the type of coord ination 

effective in reducing d istance trave l led and/or fleet size is d iscussed below. 

4.1 1 Problem deSign 

As  noted earl ier, there a re fou r  main types of  coordination found in  the Eucl idean 

p lane : load sp l itting,  load swapping (and load transfer) ,  deferral (or obviation)  of 

return to depot, and the creation of metastable states, each of which is d iscussed in 

more deta i l  below. There is a strong environmental i nfluence on the determination 

of the form of coord ination that is m ost successful i n  reducing total d istance 

travel led and/or fleet size. Most problems are designed using random data, but 

some have been constructed with particu lar envi ron ments and attributes to test the 

behaviour  of specific forms of coord ination . 
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Coordination type 

en 

route 

Load swapping 

Required environm ent 

• C lose approach of routes 

• Intersections 

• Concurrent a pproach of 

vehicles 

Obviation of return to • Intersections 

depot 

Formation of 

metastable state 

• M u lt i-routed vehicle 

• Intersections 

Resultant environment 

• Possibly fewer intersections 

• Inte rsections 

• Fewer routes 

• Possi b ly fewer i ntersections 

Table 4 . 5 :  Relationshi p  between environment and coord ination 

type in  the Eucl idean plane . 

I nteractions between the types of coord ination appl ied to a particu lar  

problem can both create and destroy opportunities for further use of  coord inat ion.  

More coordination opportun ities occur where the resul tant  environment caused by 

the a pp li cation of one type is a fert i le environment for a nother type of coordinat ion.  

S imi larly, the appl ication of coordination that reduces the num ber  of intersections 

can prevent another type of coord ination being used which requ i res the existence of 

i ntersections. load swapping is used to red uce the fleet size and to a l low feasib le 

solutions where they might  not otherwise exist, and occurs when the tota l load can 

be shared by fewer vehicles. O bviation of return to depot affects only m u lt i -routed 

vehicles. The use of coordination as an i nterim step between two feasible solutions 

appl ies only when intersections are present  i n  the i nit ia l  solution . Whereas load 

swapping creates i ntersect ions,  both load spl itt ing and formation of the i nterim step 

tend to reduce the numbe r  of inte rsections. The app li cation of load swapping can 

create an environment i n  which load spl itt ing and i nteri m step generation can be 

used effectively to redu ce the total d istance and/or the fleet size .  The effect of 

varying the order of a pplying coord ination type is shown in Table 4 . 6 .  Twenty-five 

problems were created in wh ich any of the fou r  types of coordination cou ld have 

been a ppl ied ; solution techn iques d i ffered only in the order in which coordi nation 

types were appl ied . 

An example of the effectiveness of the order of a ppl i cation of coord ination 

type is shown in  the system of Figure 4. 1 6  in which 25 nodes are serv iced by 6 

vehicles . S ince the fleet is a l ready at  the min imum size, coordination is a ppl ied i n  

o rder  t o  attem pt t o  reduce the total d istance trave l led .  load p lans a re g iven in  

Appendix C .  



1 00 

Order 

ABCD 

AB DC 

ACBD 

ACDB 

ADBC 

ADCB 

BACD 

BADC 

BCAD 

BCDA 

BDAC 

BDCA 

CABD 

CADB 

CBAD 

CBDA 

CDAB 

CDBA 

DABC 

DACB 

DBAC 

DBCA 

DCAB 

DCBA 
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% Reduction  in 

total d istance 

8 . 2  

8 . 2  

7 . 1  

5 . 9  

4 . 8  

4 . 9  

5 . 7  

4 . 7  

5 . 7  

5 . 7  

4 . 7  

4 .7  

5 . 9  

5 . 9  

7 . 0  

7 . 0  

6 . 0  

6 . 0  

5 . 7  

5 . 7  

4 . 5  

4 . 5  

4 . 8  

4 . 8  

Most effective 

sections 

A, B 

A, B 

A, C 

A, C 

A, D 

A, D 

A, B 

B 

A, B 

A, B 

B 

B 

A/ C 

A, C 

B, C 

B, C 

C 

C 

A 

A 

D 

D 

D 

D 

Table 4 . 6 :  Effect of order of application of coord ination type. 

Percentage reduction refers to the average reduction of value 

re lative to non-coord inated p lans for 25 problems. A == load 

spl itt ing, B := load swapping, C = o bviation of  return to depot, D == 

i nterim step generation . 

The most effective reduction is del ivered when load spl itt ing CA) is  a ppl ied 

first fol lowed by load swapping (B) un less e ither would produ ce infeasible resu lts. 

Subsequent a ppl ications of methods C and D did not s ignificantly improve the load 

p lan,  rega rd less of the order of applying C and D. 
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There was no noticeable benefit i n  re-applying a technique once its i nit ial  

app l i cation had been fol lowed by another type. Consequently, i mprovement 

techniques such as ABACBD have not been reported.  

In  some instances, conditions resu lting from the a pplication of methods A 

and B are inappropriate for the a ppl ication of a th ird or  fourth type of coordination .  

An example i s  provided in  Fig u re 4 . 1 6  i n  which load  spl i tt ing removes a l l  

i ntersections, other than one involving a sing le-noded route with demand equa l  to 

maxVehCap, thus depriving the system of a suitable environment in which an  

i nterim step could  be formed. When the  in itia l  feasible solution is  improved by 

means of i nterim step formation, load sp l itting has a reduced influence on  the 

result .  

U nl ess stated otherwise, the fol lowin g  default  va lues apply.  

• There is one depot . 

• Maxim u m  vehicle capacity, m axVehCap, is  200.  

• Max imum vehicle d istance, maxVehDist, is 220 .  

• Demands a re integers i n  the range [0 ,  maxVehCap] . 

• Al l  demands a re known in advance. 

• Fleet size is  determined by the in itia l  schedu ling  phase and is  not 

i ncreased u nless doing so wou ld  result  i n  a large decrease in  the tota l 

d istance travel led.  
• Vehicles a re homogeneous with respect to their operating characteristics .  
• The number of nodes is fixed at the start of an i nvestigation u nless the 

system is stochastic .  

• Near rad ius  is 20.  

• Time step is 0 . 0 1 . 

• Space step is 0 . 0 1 . 

• Load spl itt ing is permitted . 

• Coord ination occurs at existing nodes or  on existing routes. 
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Original feasib le solution .  

Tota l d istance : 1 277 .9  

Apply ing i nterim step to 

orig ina l . 

Total d istance : 1220 .2  

Applying load spl itt ing to 

i nterim step result. 

Tota l d istance : 1 207 . 3  

.. No change. 

Applying load sp l itting to Applying i nterim step to load 

orig ina l . sp l itt ing resu lt .  

Total d istance : 1 177 .8  

Figu re 4 . 1 6 :  Effect of order o f  appl ication of  load splitt ing and 

creation of i nterim step .  
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4. 1 2  Load Swappi ng 

1 03 

Load swapping is employed in  order to reduce the n u m ber of routes, thereby 

reducing the total d istance travel led and/or reducing the fleet size . W hen 

sum(Total Load) $ Max Load x Fleet Size, 

the total load cou ld possibly be shared between a smal ler n u m ber of routes without 

overloading any veh icle, if the actual  demands permit it, without spl i tt ing any load . 

If load spl itting is a l l owed, demands can be spl intered subject to size constra ints 

created by the spl itting  criteria .  The spare capacity on the receiving vehicle and the 

load (or load portion) to be swapped must be compatib le . This form of coord ination 

can be used for both s ing le-routed and multi - routed veh icles . 

A consequence of a pplying this method to mu lt i -routed vehicles is  that the 

inter-route return to the depot may be removed, even thoug h  the motivation for 

the coordination is a red uction in n u m ber of routes and/or n u m ber  of vehicles 

rather than removing the return to depot. The employment of coordination i n  order 

to remove an i nter-route return to depot is d iscussed later.  

The potentia l  for load swapping i ncreases where a node l ies close to another 

route . This a l lows that other route to detour through the node without g reatly 

i ncreasing its d istance .  The coordination site must be a ble to accom modate a l l  

vehicles involved i n  the  swapping procedu re .  

S ince i t  is un l i kely that both vehicles i nvolved i n  load swapping wi l l  a rrive at 

the coord ination site simu ltaneously, one wi l l  be forced to wait for the other. The 

waiting t ime induced must be acceptable to the veh icle forced to wait .  

4.1 2. 1  Reduction i n  total d istance 

Where a node is excluded from a vehicle by load constra ints, demand 

de l ivery at another node creates a reduction in the tota l load that needs to be 

carried and a l lows the previously excluded load to be accommodated by load 

swapping .  

Consider the example shown in  Fig u re 4 . 1 7 .  The system consists of  a s ingle 

depot and ten nodes with demand un its a rbitrar i ly i ntegra l ly  d ivisib le .  That is ,  a 

load of 9 5  can be considered as 95 separate un its . Before coordi nation, the nodes 

are serv iced by three routes and a fleet of two vehicles. The total l oad of 397 un its 

is just within the 2 x 200 l im it ( where maxVehCap has value 200) so there is  a 

poss ibi l i ty that it cou ld  be shared between two vehicles servicing two routes rather 
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than the non-coordinated three routes. The resu lts of schedu l ing are given in Table 

4 .7 .  

Route # Distance Load Route 

1 1 0 3 . 3 50 1 08 0 2 7 6 0 

2 173 .987 1 94 0 4 10 8 1 9 0 

3 88 . 157 9 5  0 5 3 0  

365 .494 397 

Vehicle # Distance Route(s) 

1 1 74 2 

2 1 92 1 3 

Table 4 .7 : W ithout coord ination . maxVehCap = 200 un its. 

4 

1 0  

8 

1 

Figure 4 . 1 7 :  Before a ppl ication of load swa pping . Arrows indicate 

d i rection of travel .  

Using the node-based a pproach of Procedu re 3 . 1 ,  each node i s  investigated 

for its potential as a coord ination site, with nodes that are within the near rad ius of 

routes (other than those that serve them) selected as candidates for coord ination .  

The effects of  coord ination are compared a mong these candidates and the most 

effective is selected as the actual  coord ination site. In the case under conSideration, 

Nodes 7 and 9 are cand idates for coord ination ,  and each must be investigated with 

regard to each route orientation resu lting in n ine possib i l ities : 
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1 .  Coord ination at node 7, orientation - 1 , - 1  

2 .  Coord ination a t  node 7 ,  orientation - 1 , + 1  

3 .  Coordi nation a t  node 7 I orientation + 1 , - 1  

4 .  Coordinat ion a t  node 7 ,  orientation + 1 , + 1  

5 .  Coord ination at  node 9 ,  orientation - 1 , - 1 

6 .  Coord ination a t  node 9 ,  orientation - 1 , + 1  

7 .  Coord ination a t  node 9 ,  orientation + 1 , -1  

8 .  Coordi nation at node 9 ,  orientation + 1 , + 1  

9 .  N o  coord ination . 

The coordination resu lti ng  from the most favourable poss ibi l ity ( 1 -4) is 

adopted if the non-coord inated plan provides a less favou rable result.  Possib i l ity 7 

is d iscussed i n  deta i l : 

The route taken by Veh icle  One is shown i n  red , the route for Vehicle Two is  

b lue .  When node 9 is  considered as a cand idate for coord ination pOint, the route 

chains between depot and coord i nation cand idate are 

• 

• 

Vehicle One ( red ) :  0 9 . . .  , 

Vehicle Two ( blue) : 0 2 7 9 . . ,  , 

so that by the t ime Vehicle Two enters the coo rd ination site,  it has a l ready off­

loaded demand(2)  and demand ( 7 ) .  The remain ing nodes can now be a l located to 

the veh icles by a process of progressive l ad ing . S ince the demands for nodes that 

are encountered before the coord ination site must travel on their orig ina l  vehicles, 

demands for nodes 2 and 7 must be carried by Vehicle Two .  The demand for the 

candidate could be carried by e ither vehicle. The demands for the other n odes can 

now be d istributed between the two veh icles without regard to their orig ina l  

schedules since both vehicles w i l l  trave l  throug h  the candidate node.  A l locate loads 

to veh icles by putting  the largest una llocated demand onto the vehicle with the 

g reatest free space as in Table 4 .8 ,  a l l ocating the route segments to Vehicles One 

and Two, fol l owed by i mprovement by node exchange and k-opt. Thus 

• the route chain for Vehicle One ( red) stays at 0 9 1 8 1 0  4 0 ,  

• t h e  route chain for Vehicle Two ( blue)  becomes 0 2 7 9 6 3 5 O . 
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Vehicle A su b-tota l 

demand(8 ) = 107 1 07 

demand(4 ) = 70 177 

demand ( 1 ) = 13  1 90 

demand ( 1 0) = 1  1 9 1  
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Vehicle B 

demand (6 ) = 1 00 

demand(5 )=75  

demand(3 ) = 20 

su b-tota l 

1 00 

1 7 5  

195  

Table 4 . 8 :  Progressive lading at node 9 .  

Vehicles One and Two are now loaded . From the depot, Vehicle One carries 

the demands for nodes 3, 4, 6, 8 and 9, and Vehicle Two carries demands for nodes 

1, 2, 5, 7 and 1 0 .  At node 9,  the loads are re-distributed with veh icle one g iving u p  

the demands for nodes 3 and 6 and collecting  the demands for nodes 1 and 1 0 .  

Vehicle Two carries a load o f  1 97 u p  to the candidate and 195 away from the 

candidate ; it is  never overloaded . The result ing routes are shown in  Figure 4 . 1 8 .  

Vehicle O n e  travels the same route a s  i t  would  have in  the non-coord inated system 

in Figure 4 . 17 ,  although the payloads on leaving the depot a re different. Because 

Vehicle Two no longer returns to the depot between routes, its distance travelled is 

reduced by 1 3 . 7 % .  

4 
1 0  

8 

Figu re 4 . 1 8 :  Load swapping at node 9 .  

One veh icle has been forced to wait for the other. Assum ing that one t ime 

u nit is equ ivalent to one d istance u nit, the waiti ng t ime is calcu lated as 

Dist(Depot, Node 2) + Dist(Node 2, Node 7) + Dist(Node 7, Node 9) = 47.358 

Dist(Depot, Node 9) = 29. 1 58 

difference in distance = 1 8. 200 units 

=1 8.2 time units 
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which may be acceptable. 

1 07 

• 

The other poss ib i l i ties are i nvestigated i n  the same manner and the resu lts 

com pa red : 

Poss ib i l ity Red uction i n  d istance 

1 0% O rig ina l  routes 

2 7 .9% 0 2 7 9 1 8 1 0  4 0 

0 7 6 3 5 0 

3 5 . 7% 0 6 7 5 0 

0 4 1 0  8 1 9 7 2 0 

0 3 0 

4 0 .7% 0 7 9 1 8 1 0  4 0 

0 6 7 2 5 3 0 

5 9 .4% (Vehicle Two) ,  o 4 1 0  8 1 9 0 

4 .9% (overa l l )  0 2 7 9 6 3 5 0 

6 1 .0% (Veh ic le Two)  0 4 1 0  8 1 9 0 

0 .8% (overa l l )  o 6 9 7 2 3 5 0 

7 1 3 .7% (Vehicle Two) 0 9 1 8 1 0  4 0 

7 .2% (overa l l )  0 2 7 9 6 3 5 0 

8 1 3 .7% (Vehicle Two)  0 4 1 0  8 1 9 0  

7 . 2% ( overa l l )  0 2 7 9 

9 0% Orig ina l  routes 

Tab le  4 .9 : Resu lts of coordinat ion to redu ce d istance travel led .  
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The g reatest reduction is achieved by Possibi l ity 2, which is accepted as the 

fina l  route pla n .  

4 

1 0  

8 

1 

Figure 4 . 1 9 :  The preferred exchange plan .  

2 

Distance reduction is more l i kely where the orig ina l  routing structure a l lows 

at least one of the vehicles involved in coord ination to be near empty when the load 

swapping occu rs . 

Distance reduction is more l i kely where coord ination occurs early i n  the 

route rather than later because a greater part of the route is affected by the 

exchange. Nodes serviced before the swapping occu rs are not i nvolved in 

improvement by swa pping . 

A reduction i n  tota l d istance does not necessarily i m ply a reduction i n  the 

number of routes . 

D istance reduction is i mproved where nodes that are close together are 

serviced by the same vehicle .  

The existence of a mult i-routed veh icle is not a necessary condit ion for 

d istance reduction by load swapping as the fo l lowing example demonstrates . 

Consider the scheme shown in Figure 4 . 20 and Table 4 .of a s ingle depot and 

nodes with demand u nits a rbitrari ly integral ly  d ivisible. Only those nodes affected 

by coord ination a re shown . 
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2 

Figure 4 .20 :  Single-routed fleet before reduction in total d istance 

by load swapping . 

Route Distance Load Route 

1 1 5 2 . 28 1 90 0 2 3 4 5 0 

2 1 95 . 54 1 36 0 1 6 7 0 

347 .82 

Table 4 . 1 0 :  Sing le- routed fleet before reduction in total d istance 

by load swapping . 
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Using the node-based a pproach of Procedure 3 . 1 ,  node 5 is identified as a 

possible coordination site . Using the techniques described a bove, coordination by 

load swapping at node 5 resu lts in the plan shown in Figure 4 . 2 1  and Table 4 . 1 1  

with a d istance saving of 4 .7%.  

2 

3 

6 

Figure 4 . 2 1 :  Reduction in d istance by load swapping at node 5 .  

Arrows ind icate d i rection of t ravel .  
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Route Distance 

1 62 . 3 0  

1 69 . 14  

331 .44 
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Load to 

node 5 

Load away 

from node 5 

Route 

1 90 

1 36 

200 

1 18 

0 4 3 2 1 0 

o 5 6 7 0  

Table 4 . 1 1 :  D istance reduction by load swapping at node 5 .  

At node 5 ,  demand( 5 )  is del ivered by the red vehicle, creating  enough  free 

space to accommodate demand( l )  which is then transferred from the b lue vehic le .  

Both veh icles continue on their adjusted routes. N either vehicle has experienced 

any waiting t ime other than that requ i red to del iver demand(S)  and to transfer  

demand ( l )  from the  b lue  vehicle to  the  red veh ic le .  Node 1 ,  which had  been 

exclu ded from the red vehicle because of capacity constraints, can be carried 

without such violatio n  s ince de livery of demand(S)  i ncreases the avai l able  capacity . 

4.1 2.2 Reduction in fleet size 

• 

A reduction i n  fleet size without a concomitant  i ncrease in  d istance can be achieved 

throug h  load swapping by i mproving the d istribution of loads over the fleet . Even 

routes that are not i nvolved in the excha nge of payloads a re affected by the 

coord ination as the vehicles that have been a l located to them a re re-assigned and  

the  fleet size reduced . Consider the route structure shown i n  Fig u re 4 .22  - nodes 

are l abe l led a to j; individual  demands are shown next to the nodes ; colours 

represent vehicles ; the maxim u m  vehicle capacity is 200 mass u n its and  the 

max imum vehicle distance is 220 d istance u nits . 
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j 
o 

14 

200 
h 0 

i 
0 - - - �

� 6 1  

---------0 1 30 \ \ \ \ 
5 5  

f O  

24 

111 " 
0-
b 

/ 
/ d 

75 
o 
c 

Figure 4 . 2 2 :  Before coord ination . 

1 1 1  

W ithout coord ination, th ree vehicles are requ i red to service the fou r  routes 

since no combination of the fou r  i ndividual  route distances al lows a smal ler fleet to 

service all routes . Table 4 . 1 2  g ives pre-coord i nation schedu l i ng detai ls .  

Route # Distance Load Route 

1 1 7 6 . 2 3  1 16 0 i j a f e 0 

2 1 34 . 2 1  186 0 b c 0 

3 36 .76  200 0 h 0 

4 87 .71  191  0 9 d 0 

434 . 9 1  

Veh icle D istance Route(s) 

1 176 .23  1 

2 1 34 . 2 1  2 

3 1 24 .47 3 4 

Table 4 . 1 2 :  Before coord inatio n .  

Using the node-based Procedu re 3 . 1  a n d  a relatively smal l  near-rad ius, the 

only candidate for coord ination pOint is node e. However, using this node produces 

no improvements in fleet size or in d istance travel led without violating distance and 

capacity constraints, so node e m ust be rejected as a coord ination site . Increasing 

the near-radius a l lows node b to be considered as a coord ination site . In this 
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exam ple,  no other node is rea l istica l ly close to a ny second  route .  S ince the sum of 

the loads carried by the b lue a nd g reen vehicles does n ot exceed the value of 

2xmaxVehCap, both vehicles can participate i n  load swapping subject to distance 

constra ints. 

W hen considering node b as a cand idate for coord ination site ,  both 

orientations of routes 1 and 2 need to be considered,  resulting  in five possib i l it ies . 

Poss ib i l ity Orientation 

1 - 1 ,  - 1  

2 - 1 ,  + 1  

3 + 1 ,  - 1  

4 + 1 ,  + 1  

5 No swapping 

Reduction 

F leet D istance 

1 2 . 1% 

No swapping 

1 2 . 1 %  

N o  swapping 

o 0% 

Table 4 . 1 3 : Possible com bi nations for i nvestigation of load 

swapping at node b .  

Possib i l ities 1 and 3 produce su itable resu lts :  orientation - 1 , - 1  produces a 

result  by load swa pping ; orientation + 1 , - 1  produces the same effect by load 

spl itt ing without swapping . The load plans are shown in  Table 4 . 1 4  and Fig u re 

4 . 2 1 .  
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Load Load 

Vehicle Distance towards away from 

node b node b 

rl 1 1 68 . 8 1  200 9 5  
I ...... , V1 U 

+ 36.76 rl cu 
I ......... ...... 

-Cl C 
C ......... 2 1 32 .43 132  1 26 0 '0 '0 
� C Q) 
cu cu .... + 87 .71  ...... E Q) 
c .� Q) Q) 425 . 7 1  .;: 0 Q) 
0 "0 

rl 0..0 1 1 68 . 8 1  200 0 
I , -� + rl + 36 .76 + ......... U) .Q 0 C ......... 2 1 32 .43 132 95  0 "0 rl 

� C 0 cu cu ...... + 87 . 7 1  ...... E c 
C 
Q) Q) � 425 . 7 1  -;: 0 a. 0 V1 

Route 

0 b f a j o h 0 

0 b e c O g  d 0 

o i j a f b o h 0 

0 b e c O g  d 0 

Table 4 . 14 :  After coordination at node b .  Fleet red uced by one, 

d istance reduced by 2 . 1  % overa l l ,  3 .0% in  affected routes . 

1 13 
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h 0 

I I 

b ----------0 1\ 
� . 

o 
c 

Figure 4 . 2 3 :  Load swapping red ucing the fleet size . Arrows 

indicate d i rection of travel .  

On ly one combination ( possibi l ity 1)  of  route order and orientation a l lows 

two veh icles to pass close to or through  node b at a bout the same t ime, enabl ing 

node b to act as a coordination point without imposing severe waiting t ime on the 

other veh ic le .  In  the resu lting load p lan,  del ivery of demand(b) frees enough 

carry ing capacity to enable demand(e) to be del ivered by the g reen vehicle. The 

demands for a l l  nodes serviced by these two vehicles can be d istributed between 

the veh icles at the depot in any manner su bject to capacity constraints and re­

d istributed at the coord ination site .  Consequently, on leaving the depot the blue 

vehicle carries demands for nodes i, j, a and b, a tota l of 200 u nits ;  the g reen 

vehicle carries demands for nodes c, a and f, tota l l ing 1 32 un its. Demand for node 

b is del ivered and the vehicles swap demands for nodes f and e .  The g reen vehicle 

now has a m ple capacity to carry the demand for node e. S ince removal of this node 

wou ld reduce the blue vehicle's d istance, node e is adopted into a new g reen route .  

The reduction of  3 . 0% i n  distance travel led on routes 1 and  2 is enough to  permit 

two veh icles ( rather than the orig ina l  three) to com bine routes 1 -4 without violating 

d istance constraints .  The new route 1 is shorter than the orig ina l  route 1, the new 

route 2 is s l ightly longer than the orig ina l  route 2 ,  but the reduction in route 1 
outweighs the increase in route 2 and a l lows route 1 to be com bined with route 3 
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so that the blue vehicle can service both routes without exceeding the maxim u m  

d istance .  

I n  possib i l ity 3 ,  the load for the coordination site, node b is spl it  between the 

two vehicles subject to d ivisib i l ity constra ints. Up to 105 u n its can be carried by the 

b lue vehicle, leaving at l east 6 u n its to be carried by the g reen vehicle .  If the load 

does not have to be re-combined before delivery to the customer, the g reen veh icle 

wil l  n ot have to wait for the other vehicle before del ivery .  

I n  each case, the  fleet size is  redu ced by  one  without i ncreasing the  tota l 

d istance trave l led . 
• 

Usually,  load swapping requ i res that the coord ination site not be at the end 

of a route. An exception to this occurs where the vehicle i nvolved is a ble,  v ia 

coordi nation, to reduce the n u m ber  of routes that it  services by combin ing them 

and thus removing the requ irement for a n  i nter- route return to depot. 

A structura l  characteristic com mon to many scenarios that prove receptive 

to i mprovement by load swapping is the s l ig ht overlap of routes in the origina l  non­

coord inated scheme . The creation of a coord ination site and the subsequent 

i mprovement by node exchange and k-opt reduces the overlap .  

4.1 2.3 Transfer 

Transfer of loads can be conSidered as a specia l  case of load swapping i n  that it is a 

one-way exchange of payload from the donor vehicle to the reci pient veh ic le.  I n  

addition t o  t h e  capacity a n d  d istance constraints a ppl ied a bove, there is a t ime 

constra int :  the recipient veh icle cannot leave the coord ination site u nt i l  the donor 

vehic le has transferred the goods. 

A variation on this transfer theme is the concept of a roving vehicle that is 

not constra ined to begi n  and end each work cycle at the depot. Rather, it can move 

freely among the customer nodes and surroundi ng territory, col lectin g  payload from 

vehicles and transferring to other vehicles or to nodes. This can prove part icu larly 

useful where a route contain ing an isolated node d istant from the other route­

members rearranges on coord ination to a smal ler route that does not contai n  that 

node ; the isolated node is i ncorporated i nto another route . This is demonstrated i n  

the example below, where the g reen route consists o f  a cluster o f  nodes a s  wel l  as 

an isolated node ( node 9 ) .  The routing scheme is shown in Table 4 . 1 5  and Fig u re 

4 . 24 .  
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2 6  

Figure 4 . 24 :  Node 9 is d istant from the other nodes serviced by 

the same vehicle. 

The isolated node is u nable to be accommodated into nearby routes because 

of capacity constra ints ( red route) and d istance constraints ( blue  route ) .  

The vehicle servicing the red route i s  ab le t o  travel fu rther  on ly after 

del iveri ng its payload ; the vehicle servicing the blue route is able to carry more but 

u nable to travel further without violating d istance constra ints .  The structu ra l 

characteristic of: 

• isolated node in  an otherwise clustered route 

• vehicle with spare carrying capacity but no spare d istance capacity 

• vehicle with no spare carrying capacity but spare d istance capacity 

• the above occurring within  some "suitable" d istance of each other 

is a ferti le area for successfu l improvement by coord ination .  

Route # Distance Load Route 

1 186 .27  1 72 0 8 7 6 5 4 3 2 1 24 25  22 20 21 0 

2 147 . 7 6  1 98 0 27 1 6  1 5  23 26 14 1 3  9 0 

3 66 .24 1 90 0 28 0 

400 .27  

Table 4 . 1 5 :  Routing scheme prior t o  transfer. 
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U pon the creation  of a coordi nation site at the node closest to both the 

departure point for the recipient vehicle and the recipient node, the veh icle 

servic ing the node co-located at the coord ination site (the donor vehicle) is able to 

deposit at l east part of the demand for the recipient node at the coordi nation site . 

H aving  done th is, the donor vehicle proceeds without further i nvolvement i n  this 

coord ination activity, a lthough it is free to participate in any other coord ination  

p lan .  The on ly  constrai nt on this donor vehicle is  that i t  de liver the goods to  the 

coordination site at such a time that the recipient vehicle is  ab le  to process them 

without violating any timing constrai nt (for example,  the recipient vehicle might 

have to be at another location ,  such as the depot, no l ater than a particula r  t ime ) .  

Having  a rrived a t  the coord i nation site, the recipient veh icle either m ust wait 

for the donor vehicle to transfe r  the goods, or may col lect the goods and depart for 

the recipient node, perhaps as part of another mu lt i -noded route . 

After del ivery of the demand to the recipient node, the vehicle is a ble to 

participate i n  further coord ination . 

W here the requ i rement for the recipient vehicle to begi n  and end its journey 

at the depot is relaxed , the vehicle becomes a rover, able  to roa m  the Eucl idean 

p lane col lect ing payloads from coord ination sites and del ivering them. This  is  a 

reg ion of exploration suitable for further i nvestigation . 

The coordination scheme is shown i n  Tab le  4 . 1 6 .  Estab lishment of a 

coord ination site at node 8 means that node 9 is  no  longer part of the g reen route. 

The red vehicle  services node 28 thus freeing u p  carrying capacity .  It travels to the 

coordination site ,  col lects the remain ing part of demand(9) ,  combines it with the 

portion a lready carried,  and del ivers it to node 9. The sp litting of node 9 was not a 

requ i rement for transfer to occur;  if the total demand of the nodes serviced by the 

b lue vehicle had been lower, demand( 9) cou ld  have been carried i ntact. The total  

d istance redu ction is  2.7% overa l l ,  and  5 .0% in the a ltered routes. 
• 
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26 

Figure 4 . 2 5 :  After servicing node 28,  the red vehicle is a ble to 

continue to a coord ination s ite at node 8, col lect demand(9) and 

de l iver it before retu rn ing to the depot. 

Load 

towards 
Load away 

Vehicle Distance from node 8 Route 
node 8 

1 1 86 . 27 1 97 1 72 0 8 7 6 5 4 3  2 
1 24 25 22 2 1  0 

2 1 13 . 52 0 1 6  1 4  1 3  26 2 3  

1 5  2 7  0 

3 89 .80 1 0  3 5  o 2 8  8 9 0 

389 .59  

Table 4 . 1 6 :  A coord ination site is establ ished at node 8 .  

I n  the exam ple described here, there i s  a d istance reduction created by the 

remova l of the isolated node from an otherwise clustered route. The isolated node 

is serviced by a vehicle that, without coord ination , cou ld not have accommodated 

the demand but had distance capacity that enabled it to reach the node via a 

coord ination site . The demand was del ivered to the coordi nation site by another 

vehicle that had enough carrying capacity to accommodate the demand but had not 

the d istance capabi l ity to reach the node .  



4. 1 3  Obviatin g  return to depot 

As the result  of a routing schedu le ,  one or more vehicles may service more than 

one route each . The length of one route is determined by 

• the carrying capacity of the vehicle, 
• the sum of the demands of the nodes a l located to it, and 

• l i m itations on  the length of a route or  on  the t ime of a route . 

A vehicle is also l i mited by the max imum time it can be on  the road or by 

the max imum distan ce i t  can travel w ithout a break .  It is sometimes possible for a 

particu lar  vehicle to service more than one route without violating d istan ce and  

t im ing  restrictions.  I n  a pure del ivery scenario, the d istance involved i n  return ing to 

the depot to col lect that second (or  subsequent) load is normal ly unproductive 

t ime, since no customer is being serviced,  but occasiona l ly is used to delay the 

departure of a subsequent route in order to satisfy feasibi l ity requ i rements subject 

to t iming constraints .  Coordination pOints can be used i n  a n  attem pt to e l im inate or 

to delay that inter- route retu rn to the depot. 

W hen coordi nation sites are created in order to reduce the need for m ulti­

routed vehicles to return to the depot, spl it de l iveries can be incorporated but are 

not essentia l .  The load for at least part of the later route is accommodated on  a 

second veh ic le,  which then drops these part-loads at a location that can be reached 

by the vehicle trave l l i ng  the earl ier route . There may be a need to return to the 

depot before the end of that second route thus deferring rather than prec lud ing the 

return to the depot. 

Both s ingle-noded and m u lt i -noded routes are receptive to i mprovement by 

obviation of return to depot. 

4.1 3 . 1  S i ngle-noded routes 

I n  the case of s ingle-noded routes, the demand for the solita ry node may be 

shared among other routes, subject to the constra ints of d istance, capacity and 

load spl itting . 

Consider the situation shown i n  F igure 4 .26 . Colours represent vehicles ; 

nodes are labe l led a to i; demands are shown beside each node;  the vehicle 

capacity is 200 u n its. The red vehicle services both a m u lt i-noded and a single­

noded route. The arrowed node of the s ingle-noded route wi l l  have its demand 

del ivered i ntact but carried spl it .  
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82 

32 

Figure 4 . 2 6 :  Situation before coordination .  The mu lti-routed red 

vehicle services a sing le-noded route . 

Without the appl ication of coord ination, the routes wou ld be those in  Table 

4 . 1 7  with the red veh icle servicing  routes 1 and 2 .  None of the vehicles is fi l led to 

capacity at any ti me.  Since load spl itting is permitted , the enti re load for route 1 

can be divided a mong the other routes. Al l  com bi nations of route order and 

orientation need to be examined when considering the creation of coordination 

s ites .  Whenever the single-noded route fol lows the mu lti-noded route in a veh icle's 

route order, the m u lti-noded route can actively participate in coordination rather 

than merely receiving the benefit of it .  In this case, if the red vehicle's route order 

is  2 1 rather than 1 2, th ree vehicles can share the demand of the s ingle-noded 

route a mong them com pared with two veh icles otherwise . 

Assu ming a route order of 2 1 ,  after the com pletion of route 2 the red 

vehicle wou ld have travel led back to the depot, col lected the load for node a, 
travel led to node a and retu rned to the depot. 

Using load spl itting and two coord ination pOints (co- located with nodes c and 

i) the inter-route return to the depot is removed . The new routes are shown in 

Figure 4 . 27 where arrows indicate the d i rection of travel .  
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Route number Load Route 

1 1 18 0 a 0 

2 1 76 0 b 9 0 

3 147 0 c d e f 0 

4 145 0 h i 0 

Table 4 . 1 7 :  Without coord ination . 

a 

h 

Vehicle Route(s) 

red 2 1 

purple 4 

g reen 3 

b 

d 

Figure 4 .27 :  Creation of coordination sites at nodes c and i has 

removed the requ i rement for an inter-route return to depot. 

Arrows indicate d irection of travel ; numbers i ndicate the volume of 

goods transferred . 

1 2 1  

The red vehicle starts route 2 by travel l ing to node b with 24 un its for node 

a, del iveri ng its load for node b and detou rs to node c. It del ivers its load for node 

c, col lects 53 units for node a that have a l ready been del ivered by the g reen 

vehicle, travels to nodes 9 and i whi le del iveri ng its load for nodes 9 and i. At node i 

it collects the 4 1  u n its a l ready del ivered by the pu rple vehicle (the ba lance of the 

1 18 ) .  It then travels to node a i nstead of retu rn ing to the depot, del ivering the 

combined part- loads of 1 18 un its, and retu rns to the depot. The routes, with 

coord ination are g iven in Table 4 . 1 8 .  Nodes c and i have acted as coordi nation 

pOints. The demand for node a was del ivered intact but carried as a split load part 

of the way .  The total d istance has been reduced by over 6%.  
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Load Route 

200 0 b c 9 i a 0 

200 0 c d e f 0 

1 86 0 h i 0 

Table 4 . 18 :  After coord ination . Coord ination sites have been 

created at nodes c and i. 

• 
The mu lt i-routed vehicle is not constra ined to service a mu lti -noded route,  as 

the fol lowing exam ple demonstrates . Had the red vehicle in the previous example 

serviced the same th ree nodes,  but each with large demands that requ ired them to 

be on sing le-noded routes, it would have been multi - routed with three single-noded 

routes. The routing scheme is shown in Figu re 4 . 28 and Table 4 . 1 9 .  

94 
a ,(. 

51  

h 

44 

e 

d 

b 
182  

Figure 4 .28 :  The mu lti - routed red vehicle services three single­

noded routes. 

Table 4 . 1 9 :  

routes . 

Vehicle Route 

red 0 a 0 b O g  0 

g reen 0 c d e f 0 

purple 0 h i 0 

Mu lt i-routed veh icle servicing only sing le-nod ed 
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Route order for the  mu lt i-routed vehicle must be  considered when investigating 

the potential of coord ination .  In  this case there are six possible route orders for the 

red vehic le,  one of which resu lts in  0 b O g  0 a 0, corresponding to the order i n  

wh ich those nodes were serviced in  the example above . The fo l lowing coordi nation 

plan enables the red vehicle to del iver demand(a) without retu rning to the depot 

after servicing node g :  

A l l  veh icles leave the  depot with fu l l  loads. After servic ing node b ,  the  red 

vehicle continues to node c where,  the g reen vehicle having waited,  18 u nits are 

transferred from the red vehicle to the g reen one. The red vehicle returns to the 

depot, col lects demand(g) and travels to 9 where it del ivers demand(g)  and meets 

the g reen veh icle agai n .  This t ime, the transfer is from the g reen vehicle to the red . 

The green vehicle retu rns to the depot wh i le the red vehicle continues on to node h 

where it col lects the ba lance of demand(a) before travel l ing  to node a and 

de l ivering its demand.  Fina l ly, the red veh ic le returns to the depot. The total 

a mount that can be del ivered to node a us ing this scheme is 

I 

4 x maxVehCap- L demand( x} 
x=b 

which has a value of 132  for this exa m ple .  

a 

d 

Figure 4 .29 :  One i nter- route retu rn to depot is removed for a 

vehicle servicing mu lt ip le s ing le-noded routes. Arrows ind icate 

d i rection of travel .  
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5 

2 

1 0  

8 

1 

Figure 4 . 3 0 :  Removal of inter-route return to depot between two 

mu lti-noded routes. The structure on the left is re-designed by the 

creation of a coord ination site at node 9 .  

Ferti l e  structura l  characteristics for the introduction of coord ination i n  a n  

attempt to reduce distance travel led and/or fleet s ize by obviating the inter-route 

return to depot for m u lti-noded routes include : 

• a vehicle (other than the mu lti-routed su bject) with spare carrying capacity 

• coordination site on the earl ier route accessible after del ivery of suitable 

payload 

• appropriate combination of broken and made l i nks 

• total demand able to be carried by the existing vehicles. 

The road ing company of Problem 1 (see Chapter 1 and Figure 3 . 1 )  uti l ises 

transfer of bitumen from one veh icle to others at a coord ination site in order to 

remove the requ i rement for each vehicle to return to the d istance supply yard for 

replenishment of stock. 
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4. 1 4  Coordi nation site as interim step 

1 25 

Coord ination sites can be created which may violate load and distance constra ints . 

These metastable coord ination sites a re created in  a n  intersection-based approach 

and e l im inated in later steps to produce routing structures with reduced fleet size or 

reduced tota l d istance. This technique can be used to investigate the removal of 

i ntersections from a feasible solution to create another feasible solution .  

The potentia l  coord ination site i s  created by the intersection of  two routes, 

as shown in Figure 4 . 3 1 .  At the site, fou r  part- routes impinge : the before- and 

after-encounter for each of the two routes. 

(a) Intersection in  feasible 

solution.  

Potential 

coordination site 

( b) Interim step. 

Figu re 4 . 3 1 :  Investigation of the formation of an interim step .  An 

i ntersection close to a node Ca)  is considered as though  it  occurs at 

the node C b ) .  Fou r part- routes are created , shown as colou red 

l ines.  

I n  order for the coord ination site to be co-located with a node, the 

i ntersection is assumed to occu r at a node close to it, thus creating the i nterim 

step.  Al l  nodes with in  the near radius of the i ntersection are considered as 

candidates for coord ination site . The sensitivity of the technique to the size of the 

near rad ius is d iscussed later. 

Five nodes make up the interi m coordination site system :  the coord ination 

site node, the node immediately preced ing it and the node immediately fol lowing it 

on one route, and the two nodes on the i ntersecting route that define the 

i ntersecting edge. When the coord ination site is an interim step, those fou r part­

routes rearrange in a d issolution process so that the coord ination site is in on ly one 
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of the resu lt ing routes, not i n  both . This differs from the use of a coordination site 

to swap loads, where the coordination site appears in both routes .  

i ntersection in  feasible 
solution 

coordination 

i nterim step 

dissol ution 

another feasible 
solution 

Figu re 4 . 3 2 :  Coord ination as an i nterim step .  An i ntersection in a 

feasible solution has been removed to produ ce another feasible 

solution . 



Whe n  the i nterim step splits a part, one of five possible arra ngements 

results, shown in Fig u re 4 .33 ( i n  which the red node represents the potential 

coordination point) . Some resu lts seem at first g la nce to be subsets of others but 

each has been chosen because of the manner in which the " loosen nodes are re­

ass igned . 

( i )  3 , 1 , 1  system 

i C) 
( H i )  3 , 2  syste m 

\ 

( v )  D epot 4 , 1 system 

(H) 2 , 1 , 1 , 1  syste m 

( iv )  4 , 1  syste m 

Figure 4 . 3 3 :  Structures resu lt ing from d issolution of the interim 

step .  
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The structures a re not un ique ; for example,  there are two type (Hi)  
structures, shown i n  Figure 4 . 34,  and fou r  type ( iv)  structures. 

I 
Figure 4 . 34 :  The two type ( i H )  d issolution structures .  O ne wi l l  be 

the orig ina l ;  i n  the other, the node co-located w ith the 

coord ination site has been transferred to the other route that 

forms the i ntersection . 

The l i nks shown i n  the dissolution of the i nterim step are rega rded as 

permanent in  that they can not be modified i n  the subsequent improvement 

procedu re which attem pts to reassign al l  other l inks .  The type Cv) d issolution i n  

Figu re 4 . 3 3  only exists when the depot i s  inc luded i n  the orig ina l  set of five nodes. 

The depot may a ppear more tha n  once i n  the orig ina l  set s ince it occurs twice i n  

every route but i s  not considered to act a s  a coordination point s ince this i s  a trivia l  

i nstance. 

After a candidate node has been identified, the veh icle is located in an a 

posteriori approach .  As i n  other forms of coord ination, the creation and d issolution 

of an i nterim step may result in  an environment which a l so is  receptive to 

improvement by coord ination .  Such cascading of coordi nation potentia Is shou ld be 

taken i nto account when determin ing  the best options to adopt.  

The potential  use of coordination i n  the creation and d i ssolution of an 

i nterim step i n  ind icated i n  routing structures by 

• i nit ia l  feasible solution 

• node with i n  the near rad ius of a n  intersection 

• resu lt ing feasib le solution . 

Consider the route structure shown i n  Figu re 4 .35  i n  which ten nodes are 

served by three routes which i ntersect i n  three p laces; nodes are label l ed a to j; 

colours represent veh icles. The near rad i us is i ndicated by the dotted circles, each 
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of which is centred on an i ntersection . Four nodes l ie  with in  the near rad i i  and each 

must be considered as candidates for coord i nation sites. 

j 

Intersection 1 __ --;-_--. 

Intersection 2 ..... ..........
... a �_-"- Intersection 3 

Figure 4 . 3 5 :  Before coord ination . C ircles represent extent o f  the 

near rad ius .  

Route # Distance Load Route 

1 152 . 269 1 96 0 a h f b 0 

2 195 . 548 1 62 0 d c e 0 

3 1 8 1 . 166 186 o j 9 i 0 

528 . 982 

Table 4 .20 :  Route data for the  scheme shown i n  Figure 4 .35 .  

The proxim ity of  each intersection with a node ra ises the possib i l ity of  the 

use of coord ination as an interim step to reduced the tota l d istance travel led a nd/or 

fleet size. For each of the three intersections, possible coord ination sites are 

identified as in  Table 4 .2 1 .  
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Possi ble Nodes 

coordination s ite i nvolved 

e O , a , e , c 

b 0, b, e, c 

d 0, d ,  i, g 

0 ,  d ,  i ,  g 

Table 4 . 2 1 : I nterim step i nvestigation . 

I nvestigation of the first intersection wi l l  be shown i n  deta i l  to demonstrate 

the use of the interim ste p .  Although five nodes a re requ i red to form the 

metastable state, these nodes need not be un ique if the depot is i nvolved since the 

depot appears twice in  every route .  The metastab le state for intersection 1 is 

shown in Figure 4 . 36 .  

F igure 4 . 36 :  

4 . 2 1 .  

o 

o c 

a 

The metastable state for i ntersection 1 in  Tab le  

D issolution type Fixed l i nks 

( i )  O-e-a O-e-c O-e-O a-e-c 

( i i )  e-O e-c e-a 

( i i i )  { O-e-a, O-c} {O-a, O-e-a} 

( iv) O-e-a-O O-e-c-O O-e-c-a 

Cv) O-c-a-O 

Table 4 . 2 2 :  Fixed l i nks from the d issolution of the metastable 

state shown i n  Figure 4 . 36 .  

Several types of d issolution for i ntersection 1 yield the same resu lt, shown 

in Table 4 . 2 3 .  The min imum total distance represents a redu ction of 1 3 . 5% overal l  

and 18 .9% i n  the affected routes (since route 1 is u nchanged) .  No  i ntersections are 

present i n  the fina l  routing which shows a peta l structure .  Although the loads are 



not as evenly d istributed, the route d istances a re more equ itable .  S imi lar  

i nvestigations of  i ntersections 2 and  3 p roduce the same fina l  result .  

The size of the near rad ius  is set to embargo calcu lations involving l i nks that 

dearly w i l l  not result  i n  an  improved solution . I n  F igure 4 . 35 ,  it can be seen that 

the near radius exclu des node c, which is  eventual ly involved in a changed l i nk .  

This is not a problem because there i s  a h igh  redu ndancy i n  the ca lcu lations a nd 

because nodes that ( in  the in it ia l  feasible solut ion) a re routed with the five nodes 

i nvolved in forming the metastable state, a re also i nvolved in forming  i nterim steps 

when their l i nkages have been broken .  Thus, node c, which is l inked with node d, is  

investigated a long with node d. 

Type Routes D istance Comments 

0 e a 0 1 44 . 38 Also from : 

0 h f b 0 9 1 .47 type( i i ) ,  

( i )  0 c d i 0 1 55 . 26 both type ( i i i ) ,  

0 g j 0 86 .78 type( iv) . 

477 . 89 

( i )  0 e c d 0 528 . 98 Orig ina l  routes 

0 e c 0 174.85 

0 a h f b 0 1 52 . 28 Also from : 

( i )  0 i d 0 1 39 .46 type ( i i ) ,  

0 9 j 0 86 .78 type ( iv) 

553 .37  

0 e 0 67 .08 

o a h f b 0 1 52 . 28 

( i )  o c d i 0 1 55 . 26 

0 g j 0 86 .78 

461 .40 

0 e j g 0 1 50 . 1 9  

o c d i 0 1'55 .26  
( i i )  

0 a h f b 0 1 52 . 28 

457 . 73 

continued on next page . . .  
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. . .  from previous page 

2 37 . 1 0  > maxVeh Dist 

1 96 .07 

67 .08 

9 1 .47 

1 39 .46  

86 .78 

580.86 

Table 4 . 23 :  Routes result ing from the d issolution of  i ntersection 1 

i n  Fig u re 4 . 3 5 .  The min imum tota l d istance of 457 .73  represents a 

reduction of 1 3 . 5% overa l l .  

The i n it ia l  feasib le solution , created using a modified para l le l  savings 

heuristic, cou ld  not have produced the feasible solution gene rated here by us ing  

improve ment by  coord ination as  an i nterim step .  The fina l  solution has  the 

appearance of a structure generated us ing a sweep a lgorithm .  

Route # Distance Load Route 

1 52 . 28 1 96 0 a h f b 

1 55 . 26 200 0 c d j 0 

1 50 . 19 1 48 0 e j 9 0 

4 57 .73  

Vehicle  D istan ce Route(s) 

g reen 1 5 2  1 

red 1 55 2 

b lue 1 50 3 

Table 4 . 24 :  Using coordination point as i nterim step .  

0 
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/:::,. Depot 

b 
h f 

d 
c 

Figu re 4 , 3 7 :  After the appl ication o f  i nterim step.  

• 

Every t ime a n  i nterim step is used/ the l i nks conn ecting  the nod es may 

have changed/ possi bly  creating new intersections, each of which needs to be 

i nvestigated for possible coord ination . 

The fina l  route structure may be the resu lt of the successive appl ication of 

many i nterim steps, some of which have been induced by earl ier coordination 

steps. The next section demonstrates the effect of these cascading  i nterim steps. 



1 34 Chapter 4 Coordination i n  the Eucl idean plane 

4.1 4.1  Cascadi n g  i nterim steps 

The produ ct of an  app lication of coordination as an  i nterim step may itself 

conta in  i ntersections close enough  to nodes to warrant further i nvestigation . 

Consider the routing scheme shown in  Figure 4 . 38 and described i n  Table 4 . 2 5 .  The 

in it ia l  feas ible  solution contains e ig ht intersections, each of which wil l  be 

i nvestigated for improvement by coordination as an i nterim step. I n  this exam ple ,  

to h igh l ig ht the effect of  the interim step,  sp l i t  de liveries wi l l  not  be used . The near 

rad ius is set at such a level as to preclude investigation of combinations that could  

not be  expected to  produce favourable results. 

1 1  

Figure 4 . 38 :  During the investigation of coordination a s  a n  

i nterim step, e ight i ntersections wi l l  be investigated . 
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Route # Distance Load Route 

1 1 53 . 1 99 1 87 o 22 1 9  

2 9 5 .650 142 o 5 1 0 

3 86 .914 178 o 1 8 2 5  7 0 

4 7 1 . 573 173  0 23 8 0 

5 1 29 . 5 14 1 99 0 20 1 2  0 

6 1 09 .875 1 92 o 6 1 5  9 14 1 1  0 

7 1 04 . 94 1  172 0 21 1 3  0 

8 35 .777 1 25 0 2 0 

9 79 . 398 1 59 0 3 0 

1 0  1 2 . 166  144 0 4 0 

1 1  106 .0 1 9  129  o 1 0  0 

1 2  1 14. 630 1 60 o 16 0 

1 3  1 28 .250 200 0 24 0 

1 227 .904 

Vehicle Distance Route(s) 

1 1 53 1 

2 201 4 5 

3 220 7 1 2  

4 220 9 10 1 3  

5 2 1 6  6 1 1 

6 218  2 3 8  

Table 4 .25 : Route structure before coordination for the routes i n  

F igure 4 . 38 .  maxVehCap=200,  maxVehDist=220,  near radius= 10 .  

1 35 

Because of the h igh values of some demands, s ix of the th irteen routes are 

s ingle-noded and three of these s ing le-noded routes are i nvolved i n  forming 

intersections. If the demands of  potentia l  coordi nation sites are h igh enough that 

no other node may be serviced by the same veh icle without viol ati ng loading 

constra ints, the correspond ing i ntersection should be removed from consideration .  

Also removed from consideration are those i ntersections which do  not have a 

nearby node other tha n  those defin ing  the intersection (except where the depot is 

i nvolved) .  H aving excluded any possible coord ination sites that rely on too few 

nodes or on too heavy demands, it can be seen from Table 4 . 26 that th is scheme 
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has e ight  possib le cand idates for coord ination site, although on ly one i nvolves five 

u nique nodes. 

I ntersection 6 is  a classic demonstration that the near node does not have to 

be involved with either of the routes forming the intersectio n .  

I nter- Near Demand of Five 
Lin ks i nvolved Proh ibition OK? 

section  node n ear  node nodes? 

1 20- 12 ,  0-24 n/a n/a yes yes 

2 20-1 2 ,  0-10  20 80 n/a yes yes 

3 20- 12 ,  0- 1 6  n/a n/a yes yes 

4 20- 12 ,  0 - 1 3  1 2  1 19 n/a yes yes 

4 20- 12 ,  0- 1 3  1 3  1 20 n/a yes yes 

5 20-1 2, 2 1 - 1 3  1 2  1 19 n/a no no  

5 20-12 , 2 1 - 1 3  1 3  1 20 n/a no no 

6 0- 12 ,  1 3-21 23 92 12 ,  1 3  yes yes 

7 0-23,  1 3-21  2 125  23, 1 3  yes yes 

8 0-8, 1 3-21  n/a n/a yes yes 

Table 4 . 26 :  Options.  " Proh i bition" refers to nodes i n  column 2 

that cannot be trucked with the node at the potential coord ination 

s ite without violat ing capacity constra ints .  The depot (node 0) can 

be involved more than once. 

W hi le  most of the options i n  Tab le  4 .26  yield no benefit and create no 

further i ntersections, several com binations are fru itfu l :  

(a)  20- 1 2, 0- 1 3 ,  1 3  

(b )  0 -12 ,  1 3-2 1 ,  23 

(c)  0-23,  1 3- 2 1 ,  1 2 .  

The combination ( a )  of the i ntersection defi ned by l in ks 20- 1 2  a n d  0- 1 3  with 

near node 13 provides on ly a smal l  improvement i n  the total d istance travel led of 

about 6 un its (!V0. 5% )  which m ight be considered m inor except that further 

i ntersections are formed which might have g reater benefit. The cascading i nterim 

step i s  potentia l ly worthwhi le and m ust be  i nvestigated before the  fu l l  effect of 

accepting  the first i nterim step can be determined.  The resu l ts of accepting the 

coord ination site at node 13 as an i nterim step are shown in Fig u re 4 .39 .  Only three 

i ntersections survive the re-design by the first i nterim step, and two new ones a re 
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created . The new i ntersections are i nvestigated i n  the same manner  as the first 

i ntersections (see Table 4 .26 ) .  

1 1  

Figu re 4 .39 :  After a first app lication of coordination a s  an interim 

step i n  combination (a ) ,  three i ntersections have been e l iminated 

and two have been changed . 

Because the same five nodes are i nvolved i n  both secondary investigations, 

some of the ca lcu lat ions w i l l  be dupl i cated . When consideration is  g iven to the 

capacity constrai nts, there are on ly two possi ble results for the combinations of 

Table 4 . 26 ,  shown i n  Figure 4 .40 .  

Near Demand of Five 
Lin ks i nvolved Proh ibition OK? 

section node near node nodes? 

1 12-21 ,  0-23 8 8 1  n/a yes yes 

2 12 -2 1 ,  0-8 23 9 2  1 2  yes yes 

Table 4 . 2 7 :  I nterim step investigation of the resu lts of 

com bination (a ) .  
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Depot Depot 

1 2  

Broken : 178 .63  Broken : 

Made :  178 .63 Made : 

1 2  

1 78 . 63 

177 . 39 

I mprovement : 0 .00 Improvement : 1 . 24 

Figure 4 .40 :  A second i nterim step formation.  The structure on 

the left is the result of the first i nteri m  step .  A l l  othe r  options were 

d isadvantageous. 

In F igure 4 .40, the orig ina l  structure is returned by a type (Hi)  d issolution 

using node 8 as the coordination site, and by a type C i i )  d issolution using node 23 

as the coordination site . The successful structure on  the right of Fig u re 4 .40 is 

returned both by a type ( i i )  d issolution using node 8 as  the coord ination s ite and by 

a type ( i i i )  d issolution using node 23 as the coord ination s ite . A l l  other d issolutions 

were rejected either because they violated capacity constra ints or  because they 

produced longer travel d istances than the orig ina l  structure. S ince no new 

intersections were created, the investigation chain for combination (a) ends.  

The fina l  resu lts of accepting a coordination site at node 1 3  with the 

intersection defined by l i n ks 20-1 2  and 0 - 1 3, i . e .  com bination (a ) ,  a re shown i n  

F igure 4 .4 1 .  The i nvestigation route was not un ique,  since the same resu lt was 

foun d  by more than one possib i l ity . 

When investigating combination ( b )  (0 - 1 2 , 13 -2 1 , 23 ) , two type ( i i )  

d issolutions each yield the  routes 0-2 1 -23-0,  0-8- 1 2-0,  and  0 - 13-20-0 shown i n  

Figure 4 . 4 1  with a total d istance o f  1 177 .8 .  O n e  new intersection  has been created, 

defined by 2 1 -23 and  0-8,  but no appl ication of an i nterim step to th is provid es any 
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improvement. No  other d issolutions of com bination C b) provided a ny benefit or 

generated i ntersections that provided any benefit. 

The combination Cc) of the i ntersection defined by l i n ks 0-23 and 13-21  with 

near node 1 2  provides no i mprovement, resulting ,  via a type ( i )  d issolution , in a n  

i ncrease i n  total d istance a n d  the routes 0-2-21 - 0 ,  0-8-23-0,  0- 1 3-20-0 a n d  0- 1 2-

O .  It also creates fou r  new intersections which are investigated i n  the same manner  

as those a bove, result ing i n  the same routing structure found by  com binations Ca )  

and  ( b ) .  The result  o f  i nvestigating  com bi nation (c) is the structure shown i n  Fig u re 

4 .4 1 .  

1 1  

1 

5 

Figu re 4 .4 1 :  The result of cascading investigations of using 

coord ination sites as i nterim nodes. 

When the resu lts of com binations (a) - (c) are com pared, they a re found to 

have identified the same feasible solution ,  shown i n  Figu re 4 . 4 1 . The reduction i n  

total d istance is .-v i  % overa l l  and  2 . 5% i n  the affected routes. 
• 
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4.1 4.2 Stabi l ity of intersections 

The node that is close enough to an i ntersection to become a coord ination point 

may sti l l  be close to an intersection even after coord ination . I ndeed, the 

i ntersection whose existence in itiated the use of coord ination is not a lways 

destroyed in the improved routing scheme. The fol lowing exam ple demonstrates 

this.  

Consider the routing structure shown in Figure 4.42. The d issolution is type 

( i )  in Figure 4 .33,  resu lting in a 7% red uction in d istance . The origi na l  i ntersection 

d isappears and is replaced by another in a lmost the same location i nvolving the 

same near node. Even though the i ntersection is defined by only th ree of the fou r  

nodes that defi ned the orig inal  i ntersection,  it i s  co- located with the orig ina l  and 

has the same near  nodes . 

... 

coord ination site 

Figure 4 .42 :  Stabi l ity of i ntersections. An intersection ( ind icated 

by the red arrow) i nvolving the node at the coordination site sti l l  

exists i n  i mproved routes. 

• 

Consider the routing structu re shown in  Figure 4 .43 .  The d issolution is type 

( i i i )  and the resu lting routes are i mproved by a 2-opt procedu re to become those 

shown . There is a 7% improvement in d ista nce although the number of 

i ntersections is u nchanged . 
• 
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.'--- -.. 
coord ination point node 

1 
via interim step 

Figure 4 .43 :  The number of  intersections is u nchanged . 

141 
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Limitations and advantages of coord ination as a n  

i nterim step 

Coord ination can be  used in  improving feasible  solutions by forming a metastable 

state in an interim step and d issolving that structure in a variety of ways to produce 

a feasible solution by re-assignme nt of the route fragments. If the produ ced 

sol ution is more advantageous than the orig ina l ,  the new solution is accepted as 

the improved solutio n .  The orig ina l  solution can a lways be formed as one of the 

possi ble  results of reassigning the d issolved structure . 

The use of interim steps to i mprove a feasible solution produces other 

feasible solutions that may be found  by a combination of other methods, inc lud ing 

i nter-route node exchange . It is  of  use primari ly i n  the improvement of poor in itial 

sol utions that include intersections. Therefore, construction heuristics that 

customari ly i nh ibit the formation of intersections, such as the sweep method, a re 

not receptive to this particu lar  use of coord ination as a n  i mprovement techn ique .  

The cascading  effect of  interim solutions must be considered before 

accepting  or rejecting  alternatives. 

Although the technique attem pts to reduce tota l d istance travel led by 

reducing the number  of i ntersections, the fina l  solution might contain  the same 

number of i ntersections as the orig ina l . In addition , an i ntersection that is a lmost 

co- located with the orig ina l  i ntersection may be present in the fina l  feasible 

solution . 

Although  the theory requ i res five nodes to form the metastable state, these 

nodes need not be u nique.  The depot may be considered more than once s ince it is 

obl iged to a ppear twice in every route .  An exception to th is is  the " roaming vehicle" 

scenariO, mentioned briefly a bove, i n  which a vehicle  moves from node to node 

without necessari ly being domici led at the depot . 

Nodes other than the five involved in  forming the metastable state are 

invo lved in  creating a feasible result, since "loose" nodes may be combined i nto 

other routes.  In addition,  nodes that are in the same routes as the five nodes 

forming the metastable state are a lso i nvolved in the i nvestigation s ince their  

l i nkages are broken and rearranged . As a result, investigations involving adjacent 

nodes (that a re being considered as coordination s ites) p roduce many of the same 

resu lts from different d issolution types. 

Because of the variety of d issolution types, more than one i nvestigation path 

may lead to the best result. 

This use of coord ination can not easily be used in conjunction with other 

types of coord ination that requ i re the presence of i ntersections, s ince it seeks to 
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reduce the influence and existence of i ntersections.  S ince load swapping and load 

transfer both depend on the presence of intersections, i nterim step formation is  not 

recommended where payload excha nge is preferred . 

4.1 5 Appraisal of Eucl idean coordination 

This study has identified several types of coord ination as effective methods for 

i mproving feasible solutions to the capacitated VRP i n  the Eucl idean p lane.  They 

i nclude 

• spl it del iveries 

• load swapping 

• load transfer 
• obviation or  defe rral of i nter- route return to depot 
• metastable state creation as an inter im step .  

Becau se each form of  coordination occurs u nder different cond itions, it i s  

i mportant when a pplying the  i mprovement to  use the  form m ost sUitable for the 

preva i l ing  c l imate . Emp i rica l  evidence suggests that the order in which the types of 

coord ination have been identified in the a bove l i st yields the greatest improvement. 

The use of sp l i t  del iveries [ DT89 ]  as an improvement method is wel l  

estab l ished a lthough i t  has  not been d iscussed i n  the  l iterature expl icitly i n  the 

context of coord ination . W here split del iveries are permitted ,  they are used 

effectively in conju nction with other  coord ination methods as integra l  to those other 

methods rather tha n  as separate steps . As an exa mple, in s ituations w here load 

sp l itting is  permitted,  the sp litt ing is most effectively practised at the swapping 

location ,  so that loads that are carried in  spl it mode from the depot to the 

coordination site a re re-combined at the coord inatio n  s ite by being  swapped with 

other loads. 

Load swapping a l lows i nit ial feasib le solutions to be improved by reducing 

both d istance and fleet s ize .  Because swapping is a two-way process, the veh icles 

i nvolved i n  the exchange must be present at the coordination site at the same time, 

a requ i rement which may requ i re one of the participat ing veh icles to wait for the 

other .  Th is interdependence of temporal and spatia l  characteristics means that 

changes to the orientation and route order may sign ificantly a lter the potential  for 

acceptable coord inatio n .  Distance red uctio n  is more effective where coordination 

occurs early in  the route, rather than later, because a g reater part of the route is 

affected by the exchange ; nodes serviced before the swapping occurs a re n ot 
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i nvolved in  i mprovement by swapping .  If the orig ina l  routing structure a l l ows at 

least one of the vehicles i nvolved i n  coordination to be near-empty when the load 

swapping occurs, there is more freedom in re-assignment of payloads.  Distance 

redu ction is  improved where nodes that a re close together are serviced by the 

same vehicle. A red uction in  tota l d istance does not necessari ly imply a red uction i n  

t h e  number of routes. 

A reduction i n  fleet size without a concom itant increase i n  d istance can be 

achieved through  load swapping by improving  the d istribution of loads over the 

fleet . This i nvolves routes that are not active participants in the excha nge process, 

since the vehicles that were i n it ia l ly assigned to them are re-assigned with the 

reduction in fleet size. Changes in vehicle assignment may resu lt i n  a lterations to 

route order and therefore the t ime at which nodes a re serviced . 

A structural characteristic common to many scenarios that prove receptive 

to i mprovement by load swapping is the s l ight overlap of routes in the orig ina l  non­

coordinated scheme.  Exchange of loads and the subsequent i mprovement by node 

exchange and k-opt reduces the overlap and the tota l d istance travel led . 

Load transfer is a specia l  case of load swapping s ince it may be thought of 

as a one-way exchange of payload from a donor vehicle to a recipient vehic le .  It 

d iffers from two-way exchange by relaxing the constraint involving the concurrent 

presence of donor and recip ient vehicle at the coord ination site .  For load transfer to 

occur, it is necessary that the recipient veh icle not leave the site before the arrival 

of (and transfer by) the donor vehicle .  

Load transfer is particu larly su ita ble  as a n  improvement method by  reduci ng 

tota l d istance by removing an isolated node from an otherwise c lustered route i n  a n  

e nvironment that inc ludes 

• i so lated node i n  a n  otherwise c lustered route 

• vehicle with spare carrying capacity but no  spa re d istance capacity 

• vehicle with no spare carrying  capacity but spare d istance capacity 
• the a bove occurring with in  some "suitab le" d istance of each other. 

U nder coord ination by load transfer, the isolated node is  serviced by a 

rec ipient vehicle that, w ithout coord i nation ,  cou ld  not have accommodated the 

demand but had d istance capacity that enabled i t  to reach the node via a 

coordination site . The demand is  delivered to the coord ination site by a donor 

vehicle that has enough  free payload to accommodate the demand but does not 

have the d istance capabi l ity to reach its i ntended node. U nder these circumstances, 

the coord ination site is created at the node closest to both the isolated node and 
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the node preced ing it,  subject to feasibi l ity and constrained by the timing 

requ i rement that the donor vehicle not leave before the transfer is com pleted . The 

vehicle servic ing the node at the coord ination site is the donor vehicle, and having 

deposited the demand (or part of it) of the isolated node its i nvolvement in this 

coord ination activity is complete ; it is then free to participate in  any other 

coordination that may be necessary . The recipient vehicle is simi larly constrained 

not to leave the coord ination site u nti l  the transfer is com plete ; it ,  too, is then free 

to participate i n  a ny other coord ination that may be necessary, subject to 

feasi bi l  ity. 

A further relaxation to the problem occurs when a vehicle is  no longer 

constra ined to return to the depot at the end of a route but is ab le to roa m  the 

E ucl idean plane engaging in coordination . Th is is a region of exploration suitable for 

further i nvestigatio n .  The potential for coord ination may be enhanced by removing 

the requ i rement for vehicles to return to the depot because they are a ble to travel 

further from the depot and i ncrease the area of operations without violating 

d istance constra ints . 

W here mu lt i-routed vehicles are employed, there is the possibi l i ty of 

reducing the total d istance travel led by removing  or deferring the inter-route return 

to depot. As i n  load swapping,  spl it del iveries may be i ncorporated . For the mu lti­

routed vehicle, the load for at least part of the later route is accommodated on a 

second veh icle, which then d rops these part-loads at a location that can be reached 

by the veh icle travel l ing the earl ier route . If only part of the payload of the later 

route can be accommodated whi le servic ing the nodes on the earl ier route, the 

i nter- route return to depot is  postponed to a more convenient time rather  than 

removed entirely. The requ i rement that the vehicle be mu lt i -routed does not l im it 

the number  of nod es serviced by the routes beyond the normal capacity and 

d istance constra ints ;  both s ingle-noded and multi-noded routes are receptive to 

improvement by obviation of return to depot. W here single-noded routes are 

i nvolved , the demand of the s ingle node is shared a mong the other routes. In the 

case of mu lti-noded routes, the routes are redesigned rather  than re-distributed . 

Such cases requ i re a n  environment that includes 

• a vehicle (other than the mu lt i-routed subject) with spare carrying 

capacity 

• coordination site on the earl ier route accessible after del ivery of su itable 

payload 
• appropriate com bination of broken and made l i nks 

• total demand able to be carried by the existi ng vehicles. 
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I n  contrast to the other forms of coord ination which are employed subject to 

the constrai nts of capacity and d istance (among others) ,  the estab l ish ment of a 

metastable state as a n  i nterim step is u nconstra ined by such requ i re me nts. 

H owever, the subsequent and  i m mediate d issolution of the m etastable state and 

formation of  a feasible situation is as constrained as the non-coordi nated syste m .  

Creation o f  the metastable state requ i res on ly that there b e  a node a n d  a n  

i ntersection sharing  the same neighbourhood . The ensu ing  formation of a feasi ble  

solution offers as one of the a lternatives the re-esta bl ishment of the i n it ia l  feasib le 

solution . Because the formation of the resultant feasib le solution involves the 

i nsertion or re-assignment of on ly a few nodes, the method used to create the 

i n it ial solution has no effect on the fina l  resu lt beyond  creating  the in it ia l  

environment. Consequently,  s ituations i n  which i ntersections a bound close to nodes 

may be ferti le  cl imates for us ing metastable state coord ination ; S imi larly,  system s  

which present few intersections and which have few nodes near i ntersections, a re 

not suitable for d istance reduction by this form of coord ination . 

The effect of coordination as a method for reducing the total d istance 

travel led a nd/or the fleet size of i nitia l  feasible solutions to the VRP i n  the E ucl idea n  

p lane i s  determ i ned i n  part by t h e  environment created b y  the i n itia l  solution a n d  in  

part by the type of  coordi nation e mployed, in  addition to the u sual  constrai nts of 

d istance,  capacity, location and p roblem structure .  The appl ication of coordination 

changes the environment and affects the c l imate for subsequent a pp li cations of 

coordination . 

Genera l ly, where the environment permits,  the most effective order of 

appl i cation of coordination i n  the determi nistic E ucl idean scenario  is 

1 .  load swapping 

2 .  load transfer 

3 .  removal of i nter- route return to depot 

4. i nterim step formation . 

If load spl itting is permitted and attracts no penalty, it should be employed 

as an i ntegral part of the other forms of coord ination,  a ll owing part- loads to be 

swapped or transferred . Other than the creation of the metastable state in i nterim 

step formation, a l l  coord ination i s  carried out subject to the constra ints of capacity, 

d i stance and location .  Coord ination is accepted on ly if it ena bles a feasib le sol ution 

to be formed that has either  a lower total d istance or a smal ler fleet than the non­

coordi nated form . This may be a l imitation s ince the appl ication of one type of 
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coord ination may result in a n  infeas ible solution that nevertheless provides a 

su itable envi ronment for another type of coord i nation whose subsequent application 

can result in an overal l  redu ction .  This has not been investigated in th is study and 

is  an area that deserves further research.  

This study has investigated coord ination only at sites co- located with 

existing nodes in a purely determ in istic setting,  concentrat ing only on the beg inn ing 

and end of the part-routes involved i n  coord ination . The next chapter deals with 

coord ination in the recti l i near g rid ,  in wh ich the actua l  paths ava i lable  to veh icles 

assume a g reater i mportance .  
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CHAPTER 5 

COORDINATION I N  THE RECTILINEAR GRID NETWORK 

149 

The aim of th is chapter is to i nvestigate the effectiveness of coord ination i n  a non­

E ucl idean setting .  To achieve this, there is  an i n itia l  brief consideration of the 

d ifferences between Eucl idean and recti l inear scenarios and the reasons for 

studying coord ination in the recti l i near g rid . Then the g rid itself is i nvestigated and 

advantage taken of its recti l inear nature to store i nformation a bout it and to 

provide a means for performing computations on the g rid . In addition,  grid 

reduction is  described as a method of removing some non-essential edges to 

g reatly s imp lify computation .  Having defined the g rid ,  route construction and route 

schedu l ing methods are considered .  Once routes have been created, scheduled and 

improved, they may be su itable for further  improvement by coord ination .  As user­

defined values which i nflu ence the potentia l  for coordination, the max imum 

d istance constraint and  max imum vehicle capacity constra int a re d iscussed . H aving 

considered the underly ing g rid and the methods used to create and improve routes, 

the types of coord ination a re investigated in detail in isolation - load swapping, 

deferral of return to d epot, and spl it del ivery .  Techniques for selecting  suitable 

coord ination sites are d iscussed and a lternative coord ination sites are evaluated . 

The infl uence of the physical environment on the potentia l  for coord ination is 

i nvestigated as the effect of g rid density . This  includes a d iscussion on the effect of 

depot location on the potential for coord ination . The order of a ppl ication of the 

various types of coordination is then d iscussed . Fina l ly determin istic recti l inear 

coord in ation is eva luated . The fol lowing chapter conSiders dynamic coord ination in 

the recti l i near g rid . 

5. 1 Introduction 

A recti l inear g rid network has been chosen because it closely s imulates the road 

layout in a city and because the potential paths a re clearly c ircumscribed . Un l i ke 
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the Eucl idean plane, in which paths are defined by the nodes through which they 

pass, the recti l inear g rid forces paths to be defined by their component edges.  

Where in  the Eucl idean plane the shortest path between two nodes is the 

un ique straight l ine join ing the nodes, i n  the recti l inear gr id there may be many 

shortest paths .  Figure 5 . 1  shows fou r  paths of shortest length between two nodes. 

The mu lt ipl iCity of shortest paths increases the number  of interactions that 

potential ly can occur between routes. 

Figu re 5 . 1 :  Paths of equal length between nodes. 

Un l i ke the E ucl idean scenario  where routes intersect only at points, 

neigh bouring paths in the recti l inear g rid may share edges . In Figure 5 . 2, the p ink 

route shares two edges with the red and black paths, one edge with the b lue path 

and no edges with the g reen path . Although the red ,  black, blue and g reen paths 

represent the shortest d istance between nodes A and B, their  interactions with the 

route joining nodes C and B are qu ite different .  If a coord ination site were to be 

establ ished between the two routes, its p lacement wou ld depend to some extent on 

wh ich path route AB took.  

A 

C 

Figure 5 . 2 :  Different routes sharing com mon edges. 

5.2 G rid construction and defi n ition 

In  this study, recti l inear grid networks [B93]  are generated by forming a complete 

Manhattan graph of size 21 by 21 and then deleting a varying number of edges to 

produce th ree levels of g rid density :  sparse, medium and dense, exa mples of which 

are g iven in Append ix A .  Th is g rid-size has been chosen because it a l lows resu ltant 

routes to contain  a reasonable number of nodes and to permit enough potentia l  

i nteractions to investigate coord ination .  Three levels of grid density have been used 

in  order to vary the structural  characteristics of the g rid that can infl uence the 
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behaviour  of vehicles, such a s  cUl-de-sacs and forbidden regions (conta in ing no 

edges) . 

A l l  edges are two-way, enabl ing veh icles to traverse routes i n  both 

d i rections. I n  practice, routes rarely can be travel led with the same ease i n  each 

d i rection because of the influence of terra in ,  one-way streets, and d ifficult 

i ntersections. I n  addit ion, traffic regu l ations (e .g .  [NZRC] )  usual ly treat left- and 

right-turning  traffic d ifferently, regard less of the side of the road on which it 

travels.  Whi le  recogn ising that exclusively two-way systems are more l im ited i n  

the i r  practica l a pplications than m ixed two-way/one-way/restricted-turn ing sytems, 

it is expected that they are a ble  to provide a c lear ind ication of the capab i l ites of 

coordination and that the resu lts obtained from thei r  study can be a ppl ied to other  

systems. 

In th is study, each grid is defined by two 0/1 matrices : EH representing the 

horizontal edges and E V  representing the vertical edges. 

E HU,j) '" {1 if  there �s an edge to the right of vertex U,i) 
o otherwIse 

and 

EV(i,j) == {1 if there
, 
is an edge a bove vertex (i,j) 

o otherwIse 

A l l  changes to a particu lar g rid  are accompanied by m i nor  changes to the 

contents of EH and EV without affecting the size of the matrices. The u pper l im it  on 

the size of problem that can be tackled using this method of g rid  defin ition depends 

on the storage capacity of the com puting  device . For a 21 x 2 1  g rid ,  EH has 

d imensions 20 x 21 and EV has d imensions 2 1 x 20.  

5.3 Node l ocation on the g ri d  

Nodes a re located randomly at the vertices of the g rid ,  rather than a long edges . 

This s implifies the computations without loss of genera l ity s ince a node that l ies on  

a n  edge can be  considered to  l ie  a fraction of  the length of  the edge from either of 

the two vertices defin ing  that edge. Edge location of nodes would  i ntroduce another 

set of variables into the computations made u p  of one of the end vertices defi ning  

the edge and the fractiona l  d isplacement i n  a particu lar  d i rection from the vertex, 

and may yield i mproved solutions particu larly where the ratio of d istance 
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trave l led : d istance between vertices is sma l l .  The underlying concepts do not 

change since vertex location can be considered as a specia l  case of edge location  i n  

which the d isplacement a long the edge is  a lways zero. 

Restricting node locations to vertices has several consequences :  

1 .  paths cons ist of  complete edges 

2 .  point i ntersections occur a t  vertices 

3 .  com mon sections of paths are mu ltiples of com plete edges 

4 .  routes have intege r-valued length s .  

A s  a resu lt of consequences 2 a n d  3 ,  coordination sites involv ing i ntersections occur 

at vertices.  As a result of consequences 1 and 2, coord in ation sites i nvolvin g  

detours a lso occur at vertices .  Accord ing ly, a l l  coord ination sites occur at the 

vertices of the recti l i near gr id .  

5.4 G rid network distances 

A path from point A = (xA,YA)  to point B= (xB ,YB) is made u p  of pOints (x,y) defined 

by a contin uous vector-valued one-to-one function a.= (u,v) on  the i nterval  [0, 1 ]  

with 

0.(0)  = (u(O) ,v(O» = (XArYA) 

aCt) = (u(t) , v(t) )  = (x,y) ,  tE (O, l ) 

0.( 1 )  = (u( 1 ) ,v( 1 )  = (XB,YB) ' 

Let tIt t2, " 'r tn-1 be pOints i n  (0, 1 )  with t;-l < ti for i = 2, . . .  , n - l .  The pOints (Xi,Yi) 

= a(ti) '  i = 1 , . . .  , n- l are i ntermediate pOints of a path P(A,B) with length 
I 

lim n 
len(P( A, B)) "" I (u(ti ) - U(ti_ 1 ) + vet; ) - V(ti_ 1 )) . 

n � 00 ;= 1 

A recti l i near path ,  P(A,B),  from A to B is defined (e .g .  i n  [D50 1 ] )  i n  terms of 

a fin ite set ti E [O , 1 ]  for i = 1 ,  " ' , n- l ,  with ti-1 < ti, such that on every other  interval 

(t;- l ,ti ) ,  u(t) is  constant and vet) is  either  i ncreasing or decreasing, and on a lternate 

i ntervals ,  (ti,t;+l ) ,  vet) is con stant and u(t) is either i ncreasing or decreasing .  A 

sta ircase path is defined as a nondecreasing or nonincreasing  recti l i near path ,  and 

is  a shortest path from A to B .  A rect i l inear path proceeds from one point to 

another in a sequence of con nected straight l ine segments a lternating between 

vertical and horizontal ;  in the stai rcase path, a l l  horizontal segments have the same 
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d irection and a l l  vertical segments h ave the same d i rection .  Consequently, a l l  

sta ircase paths between  the  same two pOints have the  same length , but  th is is  not 

necessarily the case with recti l i near paths. 

In this study, the shortest d istance between two adjacent vertices on the 

g rid  is  taken to be 1 u n it .  S ince the length of a rect i l inear path from A to B is 

equ ivalent to the sum of the lengths of the horizonta l  and vertical seg ments of the 

path, th is is equivalent to 1 + the n umber of vertices between ,  but exclud ing,  A and  

B.  Other  resea rchers [e .g .  F93 ]  h ave used larger and varying values but this work 

d iffers in that the nodes a re located on ly at vertices and not part way along edges. 

Ma intain ing a constant d istance of one u nit between adjacent vertices sim pl ifies 

ca lcu lations without loss of genera l ity . The 2 1  by 2 1  g rid  has d imensions 20 x 20.  

B 

A A 

Recti l inear path 

Fig u re 5 . 3 :  Recti l inear  and stai rcase paths. 

B 

Staircase path 

Where barriers exist, a sta i rcase path between two points may not exist and 

a shortest path may be represented not by a sta i rcase path but by a more 

c i rcuitous recti l inear path . In th is study, barriers are caused by the physical layout 

of the g ri d  ( non-existent edges) rather than by constraints on traffic across edges. 

Each edge is assumed to have infinite carrying capacity, enabl ing any numbe r  of 

vehicles to traverse it at any one t ime in either d i rection .  In practice, a l l  roads have 

a maxim u m  traffic dens ity capabi l ity which,  when exceeded, resu lts in g rid lock.  For 

the relatively smal l  problems investigated here with no more than 15 veh icles (a 

l im it again imposed by the MATLAB programming language),  the assum ption of 

i nfin ite carrying capacity of edges is p lausib le .  

It wi l l  be shown in  § S . 6  and subsequent sections that coordination in  the 

recti l inear g rid  may requ i re the involvement of every intersection in  the region 

known as the coord ination h u l l ,  and i n  § 5 . 1 5  that each vertex has the potentia l  to 

be used as a coord ination site . Accord ingly, to accom modate these requ i rements, 

proced u res are developed that identify potentia l ly usefu l intersections and vertices 

and ignore intersections that wi l l  not be used in creating usefu l solutions . This 
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redu ces the computations needed to identify shortest paths and stores those paths 

i n  a format that can be u sed later in the coordination process. Although it is based 

on the same principles as Dijkstra 's Algorithm ,  it has the advantage that it 

generates a data structure that can be used readi ly for later processing and from 

wh ich sui table other  paths can be generated.  The procedure itself i dentifies suitable 

vertices using on ly the matrices that define the g ri d  structure, and by n ot i nvolving 

al l  vertices provides a more efficient method of identifying shortest paths and their 

lengths in the rect i l i near g ri d .  

The length o f  the shortest path between each pa ir  o f  nodes, a n d  between 

each node and the depot, is calcu lated using Procedu re 5 . 1 .  Beg inning  at the source 

node, a sequence of paths is traversed u nt i l  either an arbitrary d istance l imit  is met 

or the destination is  reached . At each i ntersect ion,  the rect i l inear nature of the g rid 

is exploited by recog n is ing that no more than four  branches may form the 

i ntersectio n .  The branches are fol l owed in the a rbitrary order of preference east,  

north , west and south,  where north is  taken as the d i rection of the y-axis of the 

g rid ,  where those edges exist. The d istance travel led to each i ntersection is 

recorded so that the traversal can be backtracked to the latest i ntersection should 

the current path prove fru itless. Procedu re 5 . 1  refers to two functions, Create Path 

and FAR. 

CreatePath(source,dest ination, E H ,EV/TL,X )  creates a path from source to 

destination us ing the network defi ned by EH  and EV but which wil l  n ot travel 

throug h  point X and wi l l  n ot exceed length TL. The path is stored in a 9-co lumn 

matrix, NetPath , with structure :  

Col u m n  

1 , 2  Location o n  active path 

3,4 Location on 1st a lternate path 

5 ,6  Location on 2nd a lternate path 

7 D istance from destination 

8 Distance travelled so far 

9 Boolea n : is sum of col u m ns 7,8 > target length? ( 1/0=Y/N)  

For exam ple, part of the path from 6 , 1 2  to 7 , 1 1 i n  Fig u re 5 .4 would  b e  

represented a s  

6 1 2  0 0 0 0 2 0 1 

7 1 2  5 1 2  6 1 1  1 1 1 

7 1 1  0 0 0 0 0 2 1 
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ind icating that at the location (6 , 12 ) ,  alternative paths existed leading from vertices 

at ( 7 , 1 2 ) ,  ( 5 , 1 2 )  and (6 , 1 1 ) . 

6 , 1 2  

7 , 1 2  

� 7 , 1 1  
5 , 1 2  I 

6, 1 1  

Figure 5 . 4 :  G rid  sectio n .  

The function FAR(oldPath, E H , EV,TL,X )  finds routes other than oldPath from 

the source ( identified as the start of oldPath) to the destination ( identified as the 

end of o ldPath) through the network defi ned by EH and EV, without trave l l i ng 

through X and  without exceed ing a d istance of TL u n its . It is very l i ke CreatePath 

except that it starts by backtracking  through o ldPath to the latest i ntersection and 

then g rows a new path from there .  Consequently, it finds a l l  shortest paths 

between source and destination . 
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/* Length of shortest paths 

/* In it ial ise 
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/*TL = u pper l im it of path length , Num Nodes = number of nodes 

GS : =  size(EH , l )  /*Grid  S ize 

NetDist : = repmat(O,N u m Nodes,N u mNodes+ l )  

FOR Sid : = 1 :  NumNodes /*Source I D  

/*Inter-noda l  d istances from Source to Dest ination 

FOR Did : =  Sid + 1 : N u mNodes j*Destination I D  

T L  : =  2*GS 

ThisPath : = CreatePath(Sid,Did,E H , EV,TL, [ O,O] ) 

TL : =  ThisPath(end,8)- 1  

W H I LE s ize (ThisPath , l »  1 

TL : = Th isPath(end ,8 ) -1  

o ldThisPath : = ThisPath 

ThisPath : = FAR(ThisPath, E H , EV,TL, [O ,O ] )  

newThisPath : = ThisPath 

E N D  WHILE 

NetDist(Sid, Did )  : = oldThisPath( end,8)  

END FOR 

/*Node-Depot d istances 

TL : =  2*GS 

ThisPath : = CreatePath(Sid , [Depot] , E H , EV,TL, [O ,O] )  

TL : = ThisPath( end,8)- 1 

WHILE s ize(ThisPath, l » l 

TL : = Th isPath(end ,8 ) -1  

o ldThisPath : = ThisPath 

ThisPath : = FAR(ThisPath, E H , EV,TL, [O ,O] ) 

newThisPath : = ThisPath 

E N D  WHILE 

NetDist(Sid,D id)  : = o ldThisPath(end,8)  

END FOR 

Procedure 5 . 1 :  

nodes . 

Find ing the length of shortest paths betwee n  
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/*  Create Path 

/* In it ial ise 

CarryOn : =  1 ;  options : =  [0 0 0 0] ;  NetPath : =  [ 0 0 0 0 0 0 0 0 0] 

NetPath ( l , 1 : 2 ) : =  S ;  CurrentPosition : =  NetPath(end , 1 : 2 )  

NetPath( 1 ,7)  : =  I d istance between CurrentPosition a n d  D I  

I F  N etPath( l ,7)  :;; TL 

NetPath( l , 9 )  : ::: 1 

E N D  I F  

W HI LE CarryOn 

LineToAdd : ::: [0 0 0 0 0 0 0 0 0 ] ;  BackTrack : ::: 0 

I F  :3 an east of CurrentPosition 

cat1 : =  1 

E N D  I F  

I F  :3 a n  edge north of CurrentPosition 

cat2 : =  2 

E N D  I F  

I F :3 an edge west o f  CurrentPosition 

cat3 : =  3 

E N D  I F  

I F  :3 a n  edge south of CurrentPosition 

cat4 : =  4 

E N D  I F  

I F  size( NetPath) > 1 

Old Position : = NetPath(end- l , l : 2 )  

Compare CurrentPosition with O l d  Position a n d  adjust cat values 

so that backwards travel does not occur. 

E N D  I F  

options : = [catl ,cat2,cat3,cat4] ; Remove zeros from options 

NP : = (0 0 0 0 0 0 0 0 ]  

WHILE any(options) 

WayToGo : =  min(options) 

adjust NP to reflect WayToGo 

options(WayToGo) : =  0 

E N D  WHILE 

UneToAdd( l : 8 )  : ::: NP (l  : 8) 

I F  LineToAdd( l  : 2 )  = =  X 

U neToAdd(l  : 6) : = UneToAdd( 3 : 8 )  

1 57 
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E LSEIF U neToAdd(3 :4 )  = =  X 

LineToAdd(3 : 6) : =  Lin eToAd d( 5 : 8) 

E LSEIF  UneToAdd(S : 6) = =  X 

UneToAdd( 5 : 6) : =  LineToAdd(7 : 8) 

E N D  

adjust LineToAdd(7)  

LineToAdd(8)  : =  NetPath(end,8 ) + 1  

adjust LineToAdd(9)  

I F  ", UneToAdd (9 )  I rvLineToAdd( l )  

BackTrack : == 1 

E N D  I F  

I F  U neToAdd(9)  & LineToAdd( l )  

a ppend  UneToAdd to NetPath 

Old Position : ::: CurrentPosit ion 

CurrentPosition : ==  NetPath (end , 1 : 2) 

BackTrack : == 0 

E N D  I F  

I F  D has been reached, L e .  "'UneToAdd(7)  

CarryOn : :::: 0 ;  BackTrack : == 0 

E N D  I F  

WHILE BackTrack 

BackTrack : ==  0 

FirstLin eToRemove : == max(find(  NetPath( : ,3 ») 

Shuffle : ==  1 

W HI LE Shuffle 

Shuffle : = 0 ;  BackTrack : == 0 

FirstLin eToRemove : :::: max(find(N etPath( :  ,3» ) 

I F  Fi rstUneToRemove > 1 

truncate NetPath from F irstLineToRemove to end 

E LSE 

LineToAdd( l )  : :::: 0 

CarryOn : =  O ; S huffle : =  O ; Looping  : =  0 ;  BackTrack : ==  0 

NetPath : =  [ [5 ]  0 0 0 0 0 0 0] 

E N D  I F  

I F  LineToAd d ( l )  

Looping : :::: 0 

LoopHere : == find (NetPath( l  : 2 )  = :::: LineToAdd( l :  2» 

IF LoopHere 
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Looping : = 1 ;  Shuffle : = 1 ;  BackTrack : = 0 ;  

Fi rstLineToRemove : = max(find( NetPath( : ,3 ) ) )  

E N D  I F  

E LSEI F first two elements don't exist 

BackTrack : = 1 ;  Shuffle : = 0; Looping : = 0 

ELS E  

CarryOn : =  O ;Shuffle : = O ; Looping : =  0 ;  BackTrack : =  0 

NetPath : =  [ [S]  0 0 0 0 0 0 0]  

E N D  I F  

E N D  I F  

I F  ",Looping & CarryOn 

update LineToAdd (7)  

LineToAdd(8)  : = Fi rstLineToRemove - 1 

update LineToAdd (9)  

I F ", LineToAdd(9)  

Shuffle : = 1 

E LS E  

O ldPosition : = NetPath ( Fi rstLineToRemove- l , l :  2)  

Cu rrentPosition : = LineToAdd( 1 :  2 )  

truncate NetPath from Fi rstLineToRemove t o  end 

a ppend LineToAdd to NetPath 

Shuffle : = 0 ;  BackTrack : = 0 

I F  '" LineToAdd(7)  

CarryOn : =  0 

E N D  I F  

E N D  I F  

E N D  I F  

END WHILE 

E N D  WHILE 

E N D  WHILE 

Procedu re 5 . 2 :  Creating a path between two pOints .  
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Consider the example in Figu re 5 . 5  in wh ich the shortest distance between 

nodes 1 and 2 is sought .  Starting from node 1, the no-choice-string is fol lowed to 

the first i ntersection (A) where the eastern branch is taken . S imi lar  action is taken 

at each intersection , with the northern branch taken if an eastern branch does not 

exist. At E ,  the path leads to a cui  de sac ( node 10) ,  forcing the path to back-track 

to the previous intersection ( E )  and assu me the next branch ( north ) .  When the 
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path, shown in g reen, eventual ly arrives at its destination, node 2, a record is made 

of the distance and a shorter path sought by reducing the l im it to (d istance found -

1 )  and resuming the search at the previous intersection ( H ) .  When node 2 is not 

reached before the path reaches a length equal  to the l im it, this new path is 

rejected and the search resumes from the next i ntersection (G) on the successfu l 

path .  This process is repeated u nti l  a shorter path ( red) is found,  i n  this case using 

a successfu l branching from the i ntersection at B.  The new best distance is 

recorded and the process repeated with a reduced l im it using the i ntersection prior 

to B CA) . Since this does not lead to a reduction in shortest path ,  the new shortest 

path is taken to include the red route that branches from B and the process is 

repeated a long this path in a fru itless effort to identify a shorter one.  Although 

other paths of equal  length a re identified, none is found to be shorter so the 

distance between nodes 1 and 2 is  recorded in  the matrix, NetDist, and the paths 

themselves can be extracted from o ldPath . 

8 H 

+-
5 G 6 

7 Depot 

9 D E 

C 
A 

1 

3 4 

Figu re 5 . 5 :  Finding the shortest d istance between two nodes. 

• 

10 
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5.5 Depot location 

1 6 1  

Although  the depot can b e  located a t  a ny vertex i n  the g rid,  a real istic location 

wou ld  not be on the boundary .  O nce positioned, it affects the system in  several 

ways : 

• Because no  node can be co-located with the depot i n  th is study, nodes can not 

be s ituated at that location ; th is  m ay affect node density by creating a 

forbidden vertex . 

• G rid reduction is  influenced (see § 5 . 7 ) .  
• Depot location re lative to nodes i nfluences route construction .  
• The potentia l  for coord ination is changed by affecting : 

• the surplus d istance avai labi l ity for detours between coordination site 

and rou tes ; 
• the number, location  and type of coordi nation s ites (see later) ; 
• the interactions between routes. 

Although  g rid  redu ction is influenced by the location of the depot, the reduced grid 

is  not l imited in  its effectiveness s ince any edges that have been removed in  

reducing the g rid are no more usefu l than the remain ing edges .  Differences occur 

where the total d istance constraint  is i nvoked . When the d ifference between the 

tota l d istance which a vehic le may travel and the route d istance a l loted to that 

vehic le is large, the vehicle in  question can establ ish a coord ination site further 

from the depot and it can detour further to col lect payload from a coord ination s ite . 

Thus, the outcome of coord ination is sensitive to the location of the depot. Consider 

the 15 -node systems of Table 5 . 1  and F igure 5 .6,  which d iffer on ly in the location of 

the depot (s l ightly off-centre at [ 10 ,8]  or [ 12 , 1 2 ] ) .  Detai led a na lysis of these 

schemes is given in Appendix B. The pre-coordination systems show only a sma l l  

effect of  depot location whereas the  effect on the  coord inated system is more 

pronounced ; whi le one system shows a d istance increase of IV 1 %,  the other has a 

reduction i n  d istance of "' 1 2 % .  

The effect o f  re- locating the depot from a relatively central posit ion t o  one 

on the edge of the g rid is considered i n  the d iscussion of med ium g rid density later 

in th is chapter. 

For much of the fol lowing  i nvestigation,  the depot is located s l ightly off­

centre at (60%,60%) ,  equ ivalent to [ 1 2 , 1 2] . The static location reduces the effect 

of depot location on the outcome of the fina l  sol ution, enabl ing the consequences of 

coordination to dominate the resu lts . 
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1 0  

6 

4 

1 

Fig u re 5 . 6 :  Sl ight changes i n  depot location can produ ce diffe rent 

outcomes. U ppe r: distance increase rvl %, 1 coord ination site. 

Lower: d ista nce decrease rv 1 2%, 2 coordi nation sites. 
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W ithout coordination W ith coord ination 
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Depot 

location 
No. coordn 

[ 1 2 , 1 2 ]  

[ 1 0,8] 

Total d ist 

226 

222 

F leet size 

6 

6 

Total d ist Fleet size 

228 5 

1 98 5 

Table 5 . 1 :  S l ight d ifferences i n  depot location  can have large 

d ifferences i n  outcomes.  

5.6 Connectedness of the g ri d  

sites 

1 

2 

• An outcrop i s  defined as a smal l  string  of edges that has few neighbouring 

edges other than the string that permits con nection to the rest of the g ri d .  

A modified coord ination h u l l  (out l ined i n  red in  Figure 5 . 7)  i s  formed by the nodes 

and depot(s) with rega rd to the edges connecting them . W hen a node is located on 

an outcrop of edges,  the edges connecting  that outcrop to the main body of edges 

must be included with in  the coordination h u l l .  Only that part of the g rid  that fal l s  

i nside the  boundary of  such a mod ified coord ination hu l l  need be connected . As  in  

the Eucl idean case (see Chapter 4) ,  coord ination can occur on ly with in  the 

coord ination hu l l .  Al l edges that are outside the hu l l  a re extraneous and can be 

e l im inated from consideration by a process of g rid reduction .  
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F igure 5 . 7 :  Sparse g rid network showing a mod ified coordination 

hu l l  ( red outl ine ) .  

5.7 G rid reduction 

". An essential point is defined as a node or depot. 

Grid reduction is the process of removing from a recti l inear grid edges that are not 

vita l  to the appl ication of coord ination .  Edge remova l is predicated u pon the 

assum ption that an edge has value only if it touches an essentia l  point, or  if it 

contri butes to a shortest path between two essential pOints, or  if the vertices at 

either end provide a site for coordination .  As a resu lt of such a reduction, a l l  edges 

outside the coord ination hu l l  will have been removed from consideration, thereby 

removing  edges that wi l l  not contribute to coord ination and that wi l l  not be part of 

any shortest path between nodes. The removal of edges with in the coordination hu l l  

reduces the number of  ca lcu lations in determin ing the shortest paths and reduces 

the number of edges that need to be considered during route construction . 

Maze routing procedu res are used in very large scale integrated chip design 

and robot p lanning to reduce the total length of paths where the underlying frame 

of  reference is a mesh grid . In  order to solve the maze-routing problem on a 

reconfigura ble mesh architectu re, E rca l and Lee (see [E97] ) propose a tree pru n ing 
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a lgorithm to e l iminate edges i n  the maze not on the shortest path between two 

pOints. It is simi lar  in principle to the method of recti l i near g rid red uction (see 

[ R98] )  used in this study, where edges not on a shortest path between two 

i ntersections are considered for removal .  Hertz and M ittaz (see [ H M 0 1 ]  and [HOO] ) 

em ploy a si mi lar concept i n  replaci ng a cha in ,  C, of traversed but unserviced edges 

by a shortest chain l i nking the end pOints of C. 

5.7. 1 Vertex classification 

The vertices of a grid can be classified according to the number of edges im pinging 

u pon them,  as i n  Table 5.2 and Figu re 5 .8 .  

.. A cul-de-sac is defined as a string of edges that does not lead to more than one 

intersection . 

.. A no-choice-string is a string of edges that includes no i ntersections, other than 

those at either end of the string .  

O nce a no-choice-string i s  encou ntered, a vehicle is com pel led to  continue a long it 

in the prescribed d i rection of travel until the no-choice-string has been traversed . 

The only i ntersections associated with a no-choice-stri ng are those that define the 

ends of it .  In some cases, a no-choice-string may be replaced by an a lternative 

route from one end of the no-choice-string to the other. 

N u m ber of Edges 

o 

1 

2 

3 

4 

Vertex Classification 

U nused vertex 

E nd of a cul-de-sac 

Member of no-choice-string 

3-way intersection 

4-way intersection 

Table 5 . 2 :  Classification of vertices with respect to the number of 

edges attached to them.  
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no-choice-string 

u nused vertex ... 

,-- cul-de-sacs 

4-way � 
) 

......- 3-way 

\ / 
no-choice-strings 

Figu re 5 . 8 :  Vertex classification .  

A cu l -de-sac that does not incl ude a node or  depot wil l  never be  used as  an 

a lternative route or  as a site for coordination since it does not lead to a n  essential 

point ;  it is superfluous to any consideration of vehicle routing  and can be removed 

from the g rid  with no concomitant loss of grid effectiveness. 

A no-choice-string  that does not inc lude a node or depot and that is no 

longer than an a lternative route between its ends can a lways be replaced by 

a nother route of the same length or less ; i t  is a lso superfluous to the overa l l  routing  

scheme. 

As cul-de-sacs and no-choice-str ings a re removed from the grid, the degree 

status of vertices i ncident on removed edges changes. These vertices need to be 

re-classified and re-assessed u nti l they do not exhibit changing status .  As an 

exam ple,  consider the g rid  of  Fig u re 5 .9 in  which removal of  the cu l-de-sac 

converts two edges i nto a no-choice-string ,  which subsequently m ig ht be removed . 

A lthoug h  the fina l  g rid  shows two poss ib le a rrangements,  they a re equivalent a n d  

a l l  shortest paths between the nodes wi l l  b e  considered during the investigation of 

coord in ation . Had the cu l -de-sac not existed, as shown in the lower part of Figure 

5 . 5 , the two edges wou ld  have been classified as no-choice-stri ngs from the outset 

and been removed . 
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In it ia l  g rid 

m 
I n it i a l  g rid 

Removal of 

cul-de-sac 

a n d  

no-choice-stri n g  

Removal of 

no-choice-stri n g  

No-choice-strin g s  created 

Removal of 

no-choice-strin g s  

.. 

Final  g rid 

Figure 5 . 9 :  Classification changes with edge remova l . 
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or 

Final g rid 
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5.7.2 Reduction procedures 

In itia l ly, on ly those edges not i nvolving essentia l  pOints are examined for removal 

(shown schematica l ly i n  Procedu re 5 . 3 ) .  When a l l  such edges have been dealt with, 

the edges involvi n g  essentia l  pOints are considered (see Proced u re 5 .4) .  The 

process is repeated u nt i l  a l l  extraneous edges have been removed . 

Yes 

Reducing a network to essential 
edges and vertices. 

Prune off a l l  cul-de-sacs. 

Remove any NoChoiceString , 
that doesn't involve depot and nodes, 
unless it is the shortest route between 

two intersections. 

Any 
changes to 

EH ,EV? 

No  

Deal w ith a l l  NoChoiceStrings 
nodes and depot. 

Any 
changes to 

EH ,EV? 

No 

STOP 
The network has been reduced . 

Yes 

Procedu re 5 . 3 :  Grid reduction by removal  of extraneous edges . 
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Find the locations of all nodes and depot 
These are the essential points 

f -�Oj�t m i��:�

�� --L
-
NQ 1 inside NCS. 1 

___ _ .J 

more essential 

Stop 

I ). 
J 

three edges 

it? 

Yes---

Investigat�--J only the NCS 
node 

othe I 
I 

_.J 

// Stop \ Thjs cui de sac must be in the 

, reduced network �-

r 

L 
I 

No- � Point might be on end 
l 

r 
- - - - y  -- -----

Look at neighbouring vertex r--- -r -- - - -- - -- -

I 
t 

Is it on NCS? 

--y -Pomt is one end of NCS 

Is It a loop? 

Find other end of NCS 

Length of NCS is th� limit 

distance 

Check for shorter route 

Any 
more essential 

points? 

Stop 

-]+ -

Any other 

essential points on loop? 

Procedure 5 . 4 :  Removal  of edges involving  essentia l  pOints . 
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Every no-chOice-string that remains i n  the reduced g rid can be considered 

as a representative of the phase space of shortest paths between the two nodes 

defin ing the ends of the no-choice-string .  For example,  any one of the fou r  strings 

shown in  Figu re 5 . 1  cou ld  remain i n  the reduced g rid,  u nless they were a l l  

subsequently e l iminated i n  the red uction  process. 
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The no-choice-string (red) in Fig u re 5 . 10 ,  between pOints A and B, is the 

same length as the path ( black) between A and B that passes through c. The 

presence of intersections a long the black path provides the opportu nity for 

interactions with other paths and a l lows more flexib i l ity in routing since sections of 

the black path can be used by vehicles other than those travel l ing between A and 

B, whereas the red path is used on ly by veh icles travel l ing between A and B .  The 

red path can be replaced by the black path but not vice versa . Consequently, any 

no-choice-string is replaced by a path of equal length that includes an  intersection .  

c B c B 

J A 1-------' A 

Figure 5 . 1 0 :  A no-choice-string is removed if it is no shorter than 

another path between the same end points .  Numbers indicate 

length of path between A and B .  

Where two no-choice-strings have the  same end-points, as  in Figu re 5 . 1 1 ,  

either can be chosen as the representative path i n  the reduced g rid because the 

d istance between A and B is the same regard less of path taken and because each 

path has identica l characteristics. Since each is a stai rcase path,  neither has an 

advantage over the other, regard less of the number of corners . 

B .--_---' B 

or 

A A A 

Figu re 5 . 1 1 :  Of two no-choice-strings with the same end points, 

no more than one is retained in the reduced g rid .  

When  considering no-choice-strings that include essentia l  pOints within the 

string,  the no-choice-string is divided into two pieces at the essential point, and 

each piece is considered separately.  The presence of the node or depot a lters the 
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priority g iven t o  the paths b y  ensuring that a section o f  no-choice-string  defi ned by 

the end of the no-choice-string  and the essentia l  point is retained if  there is n o  

shorter path from the essential point t o  the a ppropriate e n d  o f  the no-choice-string .  

The upper g rid i n  Figure 5 . 12 ,  shows a node at point D that is 1 u nit from one end 

(B)  of  a no-choice-string  and 2 u nits from the other end CA) . The string is d ivided at  

the  node and each piece considered separately : 

Red :  length ( DB) < length(DACB) ::::> edge D B  is retained 

B lue :  length ( DA) < length ( DBCA) ::::> path DA is retained 

Both the 1-unit a nd 2-un it sections are retained because the alternative 

paths a re longer in each case. 

The lower grid in the same Figure shows a s l ightly d ifferent situation where 

the node is 1 u nit from one end and 4 u nits from the other end of a no-choice­

string .  

Red : length ( DB)  < length(DACB) ::::> edge DB is retained 

Blu e :  length ( DA) 2 l ength ( DBCA) ::::> path DA i s  not retained 

Using the same criteria as before, the 1-un it section is retained because the 

a lternative path is longer, but this time the 4-un it section of no-choice-string is 

removed because it i s  no  shorter than the alternative path . As a resu lt, the no­

choice-string has been converted into a cu l -de-sac. Had the node not existed at D, 

the entire no-choice-string wou ld  have been e l iminated in the reduction process . 
• 
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C B 

� 

1 4 

c B 

D 

A 

Figure 5 . 1 2 :  No-choice-strings that i nclude essential pOints. 

This technique of d ividing no-choice-strings contain ing essential pOints at 

the point ensures that g rid reduction does not resu lt in  isolated nodes a nd depots. 

W hen the essential point is at the end of a no-choice-string ,  s imi lar 

considerations determine which edges, if any, to remove. As above, a path can be 

removed if i t  is no shorter than a nother path between the same end pOints, and as 

long as the point is not left isolated . The g rid i n  Figure 5 . 1 3  shows two situations 

i nvolving a node at the end of no-choice-strings.  In  the u pper g rid ,  the node lies at 

the intersection (B)  defi ning one end of a no-choice-string and is 2 un its away from 

the other end of the stri ng CA) regardless of which path is taken .  Consequently, the 

no-choice-string is removed without losing the shortest path between node and 

point A.  If the degree of B had orig ina l ly been 3 ,  the node wou ld now be part of 

another no-choice-string ; i f  the degree of B had been 4 ,  the node wou ld now l ie on 

a th ree-way intersection ,  possibly part of other no-choice-strings depending on the 

degree of its neighbours .  

The lower grid i n  the same Figu re shows another case where the node l ies at 

the end of a no-choice-string,  except that this t ime the alternative path is longer 

than the string,  resu lti ng  in the retention of the no-choice-string in the reduced 

g rid .  
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C B 

p� � 
A 

Blue path is removed 

c B 

( 

.0 
A +-__ -/--__ ..J 

Blue path is reta ined 

C 

A 

B 

Figu re 5 . 1 3 :  Node or  depot a t  end of no-choice-string .  
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Where more than one essentia l  point is contained i n  a no-choice-string,  the 

constraints are a mended to include : 

• a string or part-string wi l l  not be removed if its retention was confirmed 

when considering another essential point, and 

• a string or part-string wil l not be removed if it forms the shortest path 

between two essential pOints .  

This is ach ieved without ca lcu lating the shortest paths between nodes, by  dividing 

the no-choice-string i nto ( n + l )  sections (where n is the n u m ber of nodes on the 

no-choice-string)  depending on which node is being investigated , as shown i n  

Figure 5 . 14 .  For each section, the d istances involved in travel l ing from the node 

( red in F igure 5 . 14)  to the other end of the section using both paths are com pared 

and the shorter path accepted as above; in the case of a tie, the path inc luding the 

i ntersection is preferred . The lower part of Figure 5 . 14 shows the comparisons that 

are involved when determining which part of the no-choice-string to retain  with 

respect to the red node. 
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Figure 5 . 14 :  Several nodes on a no-choice-string .  The arrows 

indicate the divisions of the no-choice-string with respect to the 

relevant node ( red) .  

A n  example i s  g iven i n  Figu re 5 . 1 5  wh ich shows two nodes (at B and D ,  

respect ively) where B i s  1 u n it from a n  intersection at C ,  a n d  D i s  1 un it  from the 

i ntersection at A.  When considering the node at B, edges BD and AD would  be 

removed if  not for the presence of the node at D .  Had they been removed, the node 

at D would have been isolated . Since the node at D l ies inside a no-choice-string ,  

consideration of  the  string surrounding it i nvolves d ivision of  that string  i nto two 

parts at D. Because length(AD) < length(ACBD) ,  edge AD is retained in the 

redu ction ,  regard less of the result  from consideration of the node at B .  S imilarly,  

because length ( BD)  < length( BCAD) ,  edge BD is retained regard less of a ny other  

consideratio n .  The retention of  edges when considering  a particu lar  node is 

a bsolute and outweighs any arg ument for their  removal by any  other means .  
• 
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Node a t  B :  

c B 

�.v A D 

Consider A B  

Node at D :  

C B 
r-

m 
A 

+-+ D 

Conside r  AD 

C B 

A 

(1! 
D 

Consider BD 

� 

� 

C B 

A O D  

No-choice-string would 

be removed, isolating 

node at D 

C B 
e>-

A D 

Edge AD is 

retained 

C B 
n-

A D 

Edge BD is 

reta ined 

Fig u re 5 . 1 5 :  Two nodes o n  a no-choi ce-strin g .  
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I n  Fig u re 5 . 1 5 , edge BD would have been reta ined anyway since i t  i s  the 

shortest path between the two nodes . Th is retention of the shortest path is 

demonstrated in Fig u re 5 . 1 6  where there i s  no other excuse for reta in ing ed ge BD.  

I n  th is case, length( BC) < length (BDAC) , ensu ring the retention of the edges 

making up BC; len gth( DA) < length (DBCA) , ensuring the retention of the edges 

making u p  DA . Edge BD is retai ned solely beca use it represents the shortest path 

between the nodes at B a nd D. Consequ ently, the g rid-section in Fig u re 5 . 1 6 is fu l ly  

redu ced u n less the degree statu s of pOi nts A and C changes. 

• 
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BC retained : 

length(BC) < length(BDAC) 

DA reta ined : 

BD retained : 

shortest path between nodes 

length(DA) < length(DBCA) 

Figure 5 . 16 :  Edge between nodes i s  retained . 

The criteria for edge removal depend on the replacement capabi l ity of edges 

(so that no two equ ivalent paths travel between contiguous intersections) and on 

the presence of cu l-de-sacs, thus faci l itat ing the determination of shortest paths. As 

a resu lt, not every remaining edge will be involved in a shortest path between 

essentia l  pOints, as demonstrated in Figure 5 . 17 .  Although the grid in the Fig u re 

can not be reduced fu rther, it contains severa l  edges (shown in red) that do not 

form part of any shortest paths between essentia l  pOints . 

Figu re 5 . 17 :  In  this reduced g rid ,  the red edges are not part of 

any shortest paths between nodes . 

The reduced g rid is constructed of a com bi nation of cul-de-sacs and no­

choice-strings in which every cul-de-sac is terminated by a node or depot and no­

choice-strings are terminated by intersections a nd/or essentia l  pOints .  Every no­

choice-string is un ique in that it cannot be replaced by a shorter path between the 

ends.  
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Once the grid has been reduced, routes can be constructed m ore eas i l y, 

since there are fewer edges to consider. Typica l  reduct ions a re shown in Appendix 

A. 

6 

7 

2 1 

1 0  

8 

5 

Fig u re 5. 1 8 :  Grid be fore ( u p per) and after ( lower) redu ction. 



178 Chapter 5 Coordination i n  the Recti l inear Grid Network 

The number of edges removed during g rid  reduction depends on the physica l 

nature of the in itia l g rid and  the location of essential pOints. As the number of 

edges i n  the in itial grid increases, more vertices are employed, and the boundary of 

the coord ination hu l l  tends to adopt a more regu lar shape .  The effect of g rid 

reduction was investigated for g rids of each of the three densities constructed with 

ten problem sets for each node density varying from 10 nodes to 300 nodes with 

the results shown in Fig u re 5 . 1 9. For the particu lar g rids chosen (shown in 

Appendix A), the sparse g rid contained 364 vertices, the med ium g rid contained 

439 vertices, and the dense grid contained 441 vertices, any of which was capable 

of being a node location . 
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Figure 5 . 1 9 :  Effect of number of nodes on g rid reduction . Colou rs 

indicate g rid density - red : sparse; g reen : med ium;  blue : dense . 

Dotted l ines i ndicate no.  edges i n  orig ina l  g rid before reduction .  

As  the n u m ber  of  nodes i ncreased to a bout 300,  the  number of  edges 

remain ing in the reduced g rid approached a bout 90% of the number of edges i n  the 

orig ina l  g rid , and the range of values decreased . The reduction in range of values 

with i ncreasing node density is the result of several factors. I ncreasing the number 

of essential pOints reduces the number of edges to be removed during the reduction 

process, since edges that include essential pOints a re treated d ifferently from those 

without : cul-de-sacs with essential pOints remain ,  whereas those without are 
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removed ; no-choice-strings conta in ing essentia l  pOints can result  in  some or a l l  

pieces of  the stri ng being retained, as in  Figu res 5 . 12 ,  5 . 1 5 a nd 5 . 16 .  

I ncreasing the  edge density reduces the n umber of cu l -de-sacs thereby 

reducing one of the major causes of edge redu ction. 

Another effect of increasing edge density and increasing node density is the 

lowering of the number of exposed no-choice-strings (that is, no-choice-strings that 

i nclude a corner) . Reduction of the grid  in  Fig u re 5 . 20(a)  is in it iated by the a bsence 

of severa l edges at the arrowed location wh ich is an exposed no-choice-string 

(shown in  blue) result ing i n  the g rid shown to the right. In  th is case, i t  is the same 

length as the no-choice-str ings to the rig ht of the u pper left node and below the 

u pper right node, but since these two no-choice-strings are not exposed, they do 

not present a vu lnerable point at which g rid reduction can be in itiated . This 

red uction would have been prevented by 

.. i ncreasing the edge density to remove the exposed no-choice-string, as in  ( b) ,  

or by 

.. converting the no-choice-string to include a node, as in  (c) . 

Thus, increasing the number  of nodes or i ncreasing the number of edges reduces 

the effect of g rid reduction by removing exposed no-choice-strings, as shown in  

Figure 5 . 1 9 .  

Cb )  or 

{ol  1@ 
Figure 5 . 2 0 :  Grid reduction i s  affected by node location and edge 

density .  

• 



180 Chapter 5 Coordination in the Recti l inear Grid Network 

5.7.3 Effect on path proxim ity 

Travel arou nd  the recti l inear g rid can be thought of as inte rsection-driven i n  that a 

vehicle is compel led to travel from one essential point to another via a system of 

i ntersections ; it is only at i ntersections that a sensible choice of d i rection exists. 

With the remova l of edges during g rid reduction, it m ight be expected that the 

d istances between paths suitable for coordi nation by detour  wou ld be d imin ished, 

but th is is not the case. Strings of edges are control led by the i ntersections that 

define the ends of those strings.  During reduction the stri ngs between intersections 

are removed whenever the path between the intersections defin ing the ends of 

those strings can be travelled with no greater d istance by another string,  result ing 

in equivalent paths being replaced by one path . In  order to travel between a vertex 
, 

on one path to another on a neighbouring path a vehicle is obl iged to pass throug h  

the intersection that defi nes the end o f  the string o n  which the destination vertex 

l ies. The distance from the sou rce vertex to the i ntersection is constant since the 

i ntersection is not changed; the distance from the i ntersection to the destination 

vertex is constant s ince each vertex l ies on the reduced path . 

9 
O-o-�I----
I j 

o 6 I . 

, <> <> 
---6 . .  u e 

Figu re 5 . 2 1 :  Equ ivalent paths.  Disc colours i ndicate equivalent 

d istances from a particu lar  i ntersection . 

Consider the situation in Figure 5 . 2 1  i n  which the red path is close to a b lue 

path which includes either the dotted string  or  the dashed string .  The strings a re 

equ ivalent since they are the same length and travel between the same two 

intersections; either is suitable as the retained string .  Colours ind icate equ ivalent 

vertices, i .e .  any vertex on the red path is the same distance from either vertex of 

one colour on the blue path . Thus, any point on the dashed string can be replaced 

by a pOint on the dotted string in a one-to-one re lationsh ip .  Consequently, a ny 

point on the retained string is the same distance from any point outside the dotted 
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and dashed strings as a n y  poi nt o n  the stri ng that i s  replaced, thereby preserving 

path proximity. 
• 

Whenever a string  is  replaced by a shorter string ,  the d istance between 

vertices on  two paths is no  g reater than the d istance betwee n  the source vertex 

and  the destination vertex on the replaced path . 

5.7.4 U niqueness of reduction 

S ince the n u m ber of edges attached to a vertex cannot i ncrease during  g rid  

reduction , inte rsections a re ne ither created nor  i ncreased i n  com plexity, on ly left 

u ntouched,  s impl ified or e l im in ated . String removal occurs only between adjacent 

i ntersections (for no-choice-strings) or between i ntersection and string  end (for cul­

de-sacs) .  No  sequence of edges can be removed if there is an inte rsection inside it .  

Resu lts of reduction may not look the same but they are fun ctional ly 

com pa rab le .  For exam ple ,  whether the dotted l i ne or  dashed l ine is  retained in  

Fig u re 5 . 2 1 ,  there wi l l  sti l l  be five vertices between the wh ite vertices on the b lue 

path .  
• 

Consider a lso the reduction shown i n  Figu re 5 . 22 i n  wh ich choice of the 

i n it ia l  no-choice-string  to remove resu lts in d ifferent subsequ ent steps but the same 

outcome.  In it ia l  removal of the BC no-choice-string gives a more rapid result than 

i nit ia l  removal of the AC no-choice-stri ng ,  which involves the subsequent removal 

of a cu l -de-sac. Regard less of the choice of i n ita l no-choice-string for removal ,  the 

result  is u nchanged because intersections a re not created . 
• 
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Figure 5 . 2 2 :  Piecewise reduction o f  a g rid section . 
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5.7.5 Effect of node location 

1 83 

Edges that involve nodes are treated d ifferently from other edges in order to 

mainta in  access to the node, thus the layout of the nodes infl uences the reduced 

g rid by affecting the shape of the coord ination hu l l  and the regions surrounding 

each point. G rid redu ction effectively "frays" the areas of a g rid i n  m uch the same 

way as a moth frays the weak spots of a wool len sweater, by using i rregu lar areas 

as starting pOints for e rosio n  ( reduction) .  

Figure 5 . 23 shows the infl uence of  a n  essential point on the neig h bouring 

reduction whi le mainta in ing edge density i n  a complete g rid . Fou r  nodes at the 

corners of the g rid create a coord ination hu l l ,  with in  which there is no opportun ity 

for reduction to be in itiated . When one of those n odes is moved, the effect on the 

hu l l  and subsequent reduction is d ramatic, with some edges being e l im inated . 

W hen  a l l  four nodes are moved to adjacent positions, the coordination hu l l  is  

m in im ised and most edges are e l im inated . 

F igure 5 . 2 3 :  Effect o f  node location o n  a com plete gr id .  

'T 

W he n  a com plete grid has some edges removed to form a g rid of l esser denSity, 

the a bsence of edges can lead to the creation of exposed no-choice-strings (see 

Figu re 5 . 20) and to other structural characteristics remin iscent of geographical 

features such as ' bays', 'streams', ' lakes' and ' peninsulas', as indicated i n  Fig u re 

5 . 24 .  As in geogra phy, a defin ition of such features is at best vag u e :  
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• lake may be thought of as a n  area that contains no edges but whi ch i s  bou nded 

by a path 

• peninsula is a reg ion of g rid bou nded by a path and con nected to another 

( usual ly larger) area of grid by a no-choice-string 

• bay is a reg ion of g ri d  with a n  a bsence of edges that has, as at least one 

bou ndary, the edge of the gri d ,  a n d  has a somewhat reg ular  boundary 

otherwise 

• stream is l ike a bay but wh ich may contai n  many turns, usu a l ly longer than it is  

wide.  

The re lative location of nodes to these structura l  featu res i n fl ue n ces the 

red u ction outcome, as shown below. 

'bay' 

'lake' 

'-'�::::-�'peninsula'  

'stream' 

Figure 5 . 24 :  Geog ra phical featu res may be recognised i n  the 

structu re of a recti l i near g rid.  

The presence of essential pOints on peni nsu las can have a dramatic effect on 

the shape of the coordi n ation h u l l ;  the location of even one node on a pen i nsula 

ensures that the part of the featu re connect ing the nod e  and the main body of the 

grid wi l l  be reta ined, even if that connection is serpenti n e .  Had there been no 
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essentia l  point on  the pen insula,  the entire feature wou ld have been e l iminated 

d u ring the reduction process. 

The effect of nodes near lakes depends on the presence or absence of 

exposed no-choice-strings and cul-de-sacs forming part of the feature's outl ine .  In  

Fig u re 5 . 20,  wh ich shows nodes close to a n  area now identified as a lake, the 

presence of a node on the exposed no-choice-string halts any reduction of that and 

su bsequent no-choice-stri ngs. 

Streams, where they exist in  the reduced grid , i ncrease the perimeter of the 

coord ination hu l l .  The presence of nodes near, and on opposite sides of, such 

featu res changes the shape of the fi nal  g rid because the shortest path between the 

nodes is forced to pass arou nd the stream .  F igure 5 . 25 shows two nodes 1 u nit 

apart on opposite sides of a stream, with a shortest path between them shown in  

p ink .  Even if no other  essential pOints l ie  i n  the grid shown, the p ink path wi l l  be 

retained in the fina l  reduced g rid ; had the nodes been on the same side of the 

stream,  the stream feature wou ld have been e l iminated enti rely in the reduction 

process (in the a bsence of other nodes ) .  

F igure 5 . 25 :  The effect of nodes on opposite sides of  a stream is 

to reta in  some sem bla nce of the stream in the reduced g rid . 

The effect of node location on the reduced g rid can be seen in Figu res 5 .26  

and 5 . 27 below ( i n  wh ich two g rids d iffer on ly  in  the location of  essential  points) ,  

each of  which i nvolves ten nodes and one depot on the same init ial  g rid with the 

same depot location .  Although they differ on ly in node location, one result is 

com pact whi le the other is spread out. The number of edges removed differs 

marked ly depending on the hu l l  that describes the essentia l  pOints, and  increasing 

the number of nodes with in that hu l l  does not necessari ly d i rectly i nfluence the 

reduction process. Consequently, the complexity of the g rid reduction procedu re is 

d ifficu lt to determine .  
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Fig ure 5 . 2 6 :  Before a n d  after grid red uctio n .  A com pact result .  
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Figure 5 . 2 7 :  Before a n d  after g ri d  red u ction. A spread resu lt. 
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5.8 Coord ination opportunities 

Coord ination sites are l imited by the n ature of a grid to vertices and edges and can 

not occur at the spaces i n  between and, for the purposes of this study, coo rd ination 

is further restricted to occur on ly at vertices. There is therefore on ly a fin ite n u m ber 

of possible  coordination s ites, a l l  of which a re known in advance of the route 

construction phase .  This has the advantage that it a l lows emphasis to be p laced on  

the paths rather tha n  on the  nodes, i n  contrast to  the situation i n  the E ucl idean 

plane, where al l  paths were l imited to straight l i nes between nodes. 

In the recti l i near g rid ,  route deviation can occur at any vertex on the 

existing  path , i nc lud ing a vertex co- located with a node .  There are therefore a fin ite 

n u m ber of dev iation pOints. The types of coord ination possib le include load 

spl itting ,  l oad swapping and chang ing the time at which a mu lt i-routed vehicle 

returns to the depot. 

5.9 Solution construction 

5.9. 1 In itia l data 

A fixed nu mber of nodes a re created at random vertices, each with known del ivery 

demand and  zero pickup  demand.  The fleet of identical veh icles, each with a 

max imum capacity, maxVehCap, and max imum total d istance a l lowance,  

maxVeh Dist, begins the work cycle from the s ing le  depot at the same t ime and a l l  

routes end  at the depot. A l l  edges of  the recti l inear grid are two-way and have 

infin ite carrying capacity in each d i rection . Load spl itting is permitted, and the 

demand of each customer m ust be satisfied during the current work cycle .  

5.9.2 Route construction 

Routes a re constructed using a two-phase process such as that suggested by 

[ FJ8 1 ] :  

• phase one involves choosing a seed node and clustering other nodes a bout it; 
• phase two constructs routes with in  the clusters .  

The  vehicle capacity constraint l im its total payload carried by  any  vehicle at 

any particu l a r  time to a value not exceeding m axVehCap.  Although one vehicle may 

service more than one route, no route may be served by more than one veh ic le.  

Thus, maxVehCap l imits the avai lab i l ity of nodes for inclusion i n  a c luster by not 
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a l l owing  any node to be accepted into a cluster if doing so would  mean that the 

tota l demand of nodes i n  that cluster exceeded maxVehCap.  A first-come-first­

served principle appl ies i n  that once a node has been accepted i nto a route, it w i l l  

not be rejected in favour of  another even i f  the demands can be carried more 

efficiently . 

The vehicle d istance constraint is  accommodated by l imiting the size of a 

cluster. Any modification to the c luster can be made i n  a n  improvement step if the 

vehicle d istance constraint is violated . 

Several c lustering  methods [893] were i nvestigated and evaluated i n  

conjunction with the rout ing methods. 

• Smal lest neighbourhood 

The sum of the d istances from the three closest unassigned nodes to each node 

is determi ned. The seed node is the node that m i n imises the sum of  the 

d istances to its three closest unassigned neighbours .  Other neighbourhood s izes 

were i nvestigated but smal ler neighbourhoods produced resu lts that requi red 

more improvement to produce real istic resu lts, whi le larger neighbourhoods 

produ ced resu lts that were no better tha n  the s ize 3 neighbourhood . 

• Largest neighbourhood 

As for the smal lest neighbourhood , but the seed node is  that node with the 

greatest sum of d istances to its three closest unassigned neighbours .  
• Maximum d istance from depot 

The seed node is that node which is farthest from the depot. 
• Isolated node 

Choose as the seed node, an unassigned node that is the most d istant from the 

depot or  from other u n assigned nodes. 

• Path deviation 

The seed node is that node that is most d istant from the depot. Nodes are 

assigned to the seed based on  how m uch they deviate from the shortest path 

between the seed node and the depot. 

Once nodes have been clustered , they are routed with in  each c luster e ither 

by a farthest i nsertion method or  by a nearest i nsertion method . The i n it ia l  node in 

each emerging route is the depot; the next node to be incl uded is  that u nassigned 

nod e  that is farthest/nearest to the last node assigned . I nter-noda l  d istances are 

determ ined by the smal lest number of edges in  a path leading from one node to the 

other .  The i nsertion  method is further adjusted by k-opt versions of i nter-route 
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node transfer / node exchange / edge exchange and intra- route edge exchange.  

Feasible routes a re created using Procedu re 5 . 5 .  

Step One 

Step Two 

Step Three 

Create routes based on clustering a lgorithm and 

nearest/farthest insertion with rega rd to capacity constraint .  

I mprove these routes using edge exchange and k-opt 

procedu res .  

W ith reg ard to d istance constraint, i mprove these routes us ing 

edge exchange and k-opt procedu res, 

Procedu re 5 . 5 :  Route construction without coord ination .  

General ly ,  routes generated using a smallest neighbourhood/nearest 

i nsertion method in Step One requ i re fewer adjustments in Steps Two and Three, 

and resu lt in  shorter d istances than other combinations.  

The d ifferences are i l lustrated i n  Table 5.3 i n  which maxVehCap has value 

200, m axVehDist has value 50 and no spl itting  of demands is permitted . On 

improvement, nearest i nsertion and farthest i nsertion produced routes that d iffered 

i n  orientation .  

LNN I  and LNFI 

0 6  1 3  1 1  0 
o 1 2 5 0  
0 7 3 0  
0 9  1 8 14 0 
o 1 5  1 0 4 0 
0 2 0  
Total d istance 

SNNI  and S N FI 

0 1 1 7  1 0 4 0  
o 1 2  3 5 0 
0 8 2 0  
o 1 5  1 0 
o 1 3  6 0 
o 14 9 0  
Total d istance 

d ist 48 
d ist 24 
d ist 38 
d ist 32 
d ist 48 
d ist 28 

218  

d ist 38  
d ist 34 
d ist 40 
d ist 26 
d ist 40 
d ist 32 

2 10 

load 195 
load 72  
load 1 30 
load 178 
load 195 
load 166 

load 1 8 1  
load 1 98 
load 169 
load 193 
load 177 
load 132 

Table 5 . 3 :  Route generation using different clustering methods .  

• 
Smal lest neighbourhood heuristics have been reported [693 p2S]  as resulting in 

c lustering  nodes that are close to each other  and consigning isolated nodes to l ater 

routes of greater distance, In this study, the presence of demands a pproaching the 
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value of  m axVehCap and  the appl ication of  vehicle capacity constrai nts l im ited the 

n u m ber of n odes on a route and prevented such clustering  problems from 

occurring .  

5.9.2. 1 Inter-route node transfer 

I nter-route node transfer consists of removing  a node from the route to which it 

was assigned during route generation,  and i nserting it into another existing route or  

creating a route for which it is the on ly  node. This i mprovement method,  therefore, 

can create and delete routes. 

When  a node is transferred from one route to another, three a rcs a re 

destroyed and three created . Each arc may consist of one or  more edges, as in  

F igure 5 . 28 .  Transfer is deemed worthwhi le when 

[d  + e + t] - [a + b + c] < 0 

subject a lso to the vehicle capacity constra int,  

tota l demand o n  route created with transferred node s maxVehCap .  

The veh icle capacity constra int is  n ot appl ied t o  the route from which the node has 

been transferred Since that node is being rem oved from a route which was a l ready 

constrained by maxVehCap, making it impossib le for the tota l demand on that route 

to be i ncreased.  

� b d ,0-
• J f � 

--0 f -Q 
c e 

Before transfer After transfer 

Fig u re 5 . 28 :  I nter-route node transfer .  The a rrowed node is 

transferred from one route to another. 

Position ing of the transferred node in the new route is  carried out in  a 

manner that m in imises the sum of the lengths of the created arcs . Where the node 

being  transferred l ies i nitia l ly  on a s ingle-n oded route, that route ceases to exist 

after transfer .  Where the node is transferred to a sing le-noded route, a new route is 
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created . Changing the n u m ber of s ing le-noded routes may have consequences i n  

the type o f  coordination that can be appl ied (see § 5 . 1 4) .  

Transferring a node from one route to a nother has temporal consequences 

as wel l  as spatia l  ones. A l l  nodes on the enlarged route subsequent to, and possibly 

inc luding,  the transferred node are visited later than they would  have been had the 

node not been transferred . S imi larly, nodes on the route from which the transferred 

node originated m ay be visited earl ier tha n  they woul d  h ave been had the node not 

been transferred . Such changes may affect the manner i n  which coordination is 

appl ied (see § 5 . 1 3 ) .  

5.9.2.2 Inter-route node exchange 

When two nodes are exchanged between routes, fou r  arcs a re destroyed and fou r  

created, a s  shown in  Figure 5 . 29 .  The exchange i s  considered worthwh i le if 

[e + f + 9 + h) - [a + b + c + d] < 0 

subject to the veh icle capacity constraint.  

S ince two nodes are being exchanged, they u su al ly occupy the position in 

the new route that is being  vacated by the node that they are replaci ng ,  but this is 

not always the case, as in F igure 5 .30 .  When a simple exchange is not adequate, a 

modified k-opt improvement is used to fi nd the best position for each node .  

Because p lacement of  the nodes is i ndependent of  the positions from whence each 

came, they can be considered separately.  

-0 

Before exchange After exchange 

Figu re 5 . 29 :  Inter-route node exchange. The a rrowed nodes are 

exchanged between routes. 

Such an improvement of one of the fina l  routes is shown in  Figure 5 . 30 i n  

which the lengths (g'+h j < (g+h) ,  resu lti ng in one o f  the transferred nodes not 

replacing the other  transferred node in  the sequence .  Consequently, each i nter­

route node exchange ;s accompa nied by a k-opt improvement to determine the 

i nsertion positions that resuu lt in the g reatest reduction in tota l d istance . Because 
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recti l inear grid coord ination is sensitive to the closeness between routes for detour  

pu rposes (see e .g .  § 5 . 1 3 ) ,  fa i l ing to i m prove the routes created by inter- route node 

exchange cou ld  result in an environment either that is not su itable for coord ination, 

or that appears fa lsely suitable for coord ination but which ought to have been 

improved by a k-opt process. 

a 
b 

d 

c 

Before exchange 

e e 

f f 

h g' h'  

9 

After exchange 

Figure 5 . 3 0 :  Inter- route node exchange requ iring a d ifferent 

placement of a transferred node (arrowed ) .  

5.9.2.3 Intra-route edge exchange 

Du ring intra-route edge exchange, the sequence of nodes is a ltered by swapping 

two pa i rs of adjacent nodes with in  a node sequence and causing at least one of the 

edges to be traversed in the opposite d i rection .  In Fig u re 5 . 3 1 ,  the sequence of 

edges (a b e d  e f) becomes (g e h i b j) ; the node sequence ( 1  2 3 4 5 6 7 )  

becomes ( 1  5 6 4  2 3 7 ) .  
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1 9 
b 2 lJ---{. 3 

d -:l-��� 5 e e 
Before exchange After exchange 

Figure 5 . 3 1 :  I ntra- route edge exchange.  Edges b and e are 

swapped with in a route. 

The exchanged edges may conta in  a common node as in Fig u re 5 . 32 i n  

which edges b and c, both of wh ich contain  node 3 ,  a re exchanged . The edge 

sequence (a b e d) becomes (e c b  f) with both exchanged edges being traversed i n  

the opposite d i rection ,  and the node sequence ( 1  2 3 4  5)  becomes ( 1  4 3 2 5 ) .  

1 2 b 3 4 d 5 a c -()---{}---���O----O 

Before exchange 

1 

r � c 4 ���"1 
2 e 3 

After exchange 

f � 
5 

Figure 5 . 3 2 :  Intra-route edge exchange i n  which the exchanged 

edges share a com mon node.  

When edges are investigated for exchange, it is the effect on neighbouring 

edges that determines whether  the exchange proceeds. For  edges conta in ing a 

com mon node, as i n  Figure 5 .32 ,  the exchange is  worthwhi le when 

e + f < a + b  

subject to veh icle capacity constra ints, and when the edges do not share a com mon 

node, as in Fig u re 5 . 3 1 ,  the exchange is worthwhi le when 

9 + h + i + j < a + c + d+ f. 

That is, when the sum of the lengths of both the surrounding edges and the 

i nterven ing edges is  reduced by the exchange, the exchange can proceed, subject 

to vehicle capacity constra ints. 

In the context of rect i l inear g rid coord ination , the effect of a lter ing a node 

sequen ce or  of reversing the orientation of a sequence can be extreme. As 

d iscussed i n  Chapter 3, the order i n  which nodes are visited and the t ime delays 
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between visits to  a particu lar region by multi ple vehicles help determine the 

suitabi l ity of s ites for load transfer and load swapping,  and a lso assist i n  

determin ing the suitabi l ity of vehicles for del ivering to, or  col lecting  from ,  

coord ination sites. This is  d iscussed i n  more detai l  in  § 5 . 1 3 .  

5.9.2.4 I nter-route edge exchange 

As in the intra- route version of exchange, inter-route edge excha nge depends for 

its viabi l ity on the effect on neighbou ring edges. Du ri ng exchange, shown in Fig u re 

5 . 33 ,  fou r  edges a re destroyed and fou r  edges are created, with the excha nge 

considered worthwhi le,  subject to veh icle capacity constra i nts, when 

h + i + j + g < a + c + d + f  

b 

� 
-O--O�� O--O­

f e d 

Before exchange 

h _f'--f'-_ 

e 

After exchange 

Figu re 5 . 33 : Inter route edge exchange.  Edges b and e are 

swapped between routes . 

U n l i ke the intra-route verSion, neither of the exchanged edges is requ i red to 

be traversed i n  the opposite d i rection, so the order i n  which nodes that define the 

ends of the transferred edges a re visited is u nchanged . The times at which they are 

v isited may be a ltered , which may affect the value of vert ices a long those edges as 

potentia l  coordi nation sites. In addit ion, the creation of edges g, h ,  i and j may a lter 

the potential of the reg ion for coord ination (see § 5 . 1 3 ) .  

5.9.3 Route schedu l ing  

I n  this study, the u pper l im it o n  the d istance a vehicle can travel during a work 

cycle is maxVehD ist. Because a maximu m  vehicle  capacity exists, a route may be 

a l located nodes whose demands don't exceed maxVehCap but whose d istance fal ls  

wel l  with i n  the maximum d istance l im it, thus  a l l owing the vehicle servicing that 

route to service other routes before reaching the maximu m d istance constra i nt .  The 
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consequences of a l lowing m u lt i-routed vehicles are discussed i n  § 5 . 14 .  The effect of 

varying the value  of maxVehD ist is d iscussed § 5 . 1 0 .  

O nce the routes have been constructed , they are a l located t o  vehicles i n  a 

schedu l ing  phase i n  a manner that seeks to m ini mise the number of veh icles used 

without violating the d istance constraint.  At this pre-coordination stage, routes are 

treated as i ntact entities without being  sp l it ,  so, i n itia l ly ,  any route that is longer 

tha n  ha lf the max imum vehicle d istance i s  assig ned to a new veh icle; no two such 

routes can share any veh icle without violating the d i stance con straint .  

Several objectives for schedu l ing cou ld be appl ied : 

1 .  equ itable t imes ( incl ud ing service times)  away from the depot 

2 .  equitable customer l i sts ( L e. each vehicle services a s imi lar  n u m ber o f  nodes) 

3. max imum vehicle capacity 

4 .  equ itable travel d istances 

O bjective 1 was not chosen for several reasons .  The problem incl udes a 

max imum vehicle  d istan ce and not a max imum vehicle time,  which a l lows the 

coordination m ethod to be a ppl ied that seeks to obviate or delay the i nter-route 

return to depot without consideration of the t ime take n .  Whi le  such an added 

constraint cou ld  have been accom modated in  this stu dy, its i nc lusion does not add 

to the understanding of the essentia l  processes i nvolved i n  coord ination and is  

therefore considered a prospect for futu re study. As a resu lt, the only tempora l  

consideration i n  th is stu dy i s  concerned with the location o f  vehicles and the 

demands of nodes. The stochastic demands of nodes is  investigated in  the next 

chapter. 

Objective 2 was rejected because it,  too, was not cons idered to advance the 

u nderstand ing of coord ination processes.  I n  practice, equ itable customer l i sts are 

i m portant where the serv ice is customer- intensive rather than payload oriented . 

Equ itable travel d istances a re not a lways possible becau se some routes a re 

created with d istances equal  to or close to the value of m axVehDist .  Although the 

remain ing routes cou ld  be com pi led to form com binations of a pproximately equal  

length , there is  no advantage i n  having most vehicles with spare capacity for a 

pure del ivery scenario.  Had the proble m  requ i red pickup, as wel l  as del ivery, such 

spa re capacity wou ld have been desira ble,  but s ince there is  no advantage i n  

having  spare capacity i n  each vehicle ,  it h a s  not been targeted . Were equitable 

routes a favou rab le objective, the i nc lusion of a detou r  for the pu rposes of 

coord ination (affect ing one or  more routes) might requ i re the re-schedu l ing  of a l l  

routes. 
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For these reasons a com bination of Objectives 3 and 4 was adopted which 

resu lts in most vehicles having s imi lar  d istances to travel and sometimes a l lows one 

vehicle to travel a m uch shorter d istance . After the i n itia l a l location of routes with 

g reater than half  the maximum vehicle d istance,  remain ing routes are a l located to 

vehicles so that the longest u na l located route i s  assigned to the veh icle with the 

sma llest remain ing free d istance that can accommodate that route, thus producing 

vehicle d istances that are reasonably equ itable with respect to total d istance 

trave l led . 

As an example, consider the schedu l i ng of vehicles with routes of d istances 

50,  44, 32 ,  26, 24, 18 ,  1 6 ,  8, and 6 i n  a scheme where m axVehCap has value 50 .  

The resu lts of  us ing O bjective 3 and a combination of  Objectives 3 and 4 are shown 

i n  F igure 5 . 34 ,  where the a pp l ication of com bined Obj ectives 3 and 4 fi l l s  a l l  but 

one of the vehicles and where the application of O bjective 3 a lone is unable to 

create equ itable vehicle d istances.  The com bi ned objectives can respond rapid ly to 

i ncreases i n  the d istance of a route by uti l is ing the spare capacity of veh icle 5 

whereas O bjective 3 requ i res jugg l ing  of a l l  d istances.  

"0 
tIJ 
o 
>: 
tIJ 
0.. 

1 2 3 4 5 
ClJjectives � Corrbined 

1 

Vehide 

2 3 4  
ClJjed:ive 3 

5 

Figure 5 . 34 :  Schedul ing  vehicles using two different objectives. 

The dashed l ine ind icates the value of maxVehCap. 

• 

A default value of maxVehDist of ( 2 . 5  x the length of a g rid side) e ntitles 

even a smal l  ten-node system to have enough vehicles to a l low the effects of 

coord ination to be evident with l ittle computation . The factor has been chosen to 

a l low a vehicle to service any node on the gr id,  regard less of edge density, without 

violating the distance constra int.  The effect of varyin g  the value  of maxVehD ist is 

d iscussed l ater. 
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5.9.4 Incorporation of coordination 

O nce i n it ia l  routes have been created , schedu led , and i mproved ,  situations can be 

investigated for their coord ination potentia l .  Rich environments include 

o i ntersecting routes 

o overlappi ng routes 

o routes close to each other 

o very short routes 

o nodes close together but d istant from other nodes, serv iced by independent 

routes 

o m ulti - routed veh icles 

o routes that a re s l ightly too long to be combined with others without violatin g  

d istance constra ints . 

These situations may be su itable for coordination i n  the form of sp l it del iveries, 

load swapping or  deferral (or even removal )  of i nter- route retu rn to depot, or some 

com bination of these methods. 

Three types of coord ination site can be identified : 

Type 1 :  

S ite is v is ited by a veh icle before it starts its regu lar  route, to deposit goods 

for later u pl ift by another veh icle or by the same vehicle .  This type of site 

typica l ly  is establ ished by a vehicle that has spare d istance capacity but not 

enough carrying capacity to participate effectively in  coord i nation .  The site is 

created close enough to the depot so that the vehicle can reach i t  and return 

to the depot without violati ng  the d istance constra int before servicing the 

route that was a l located to i t  in the pre-coordi nation phase. S ince the 

vehicle has no location requ i ring servicing other than the coord ination site, it 

is  a ble  to carry a fu l l  payload to the site and deposit it there before returning 

to the depot preparato'ry to servicing its own route .  The quantity of  goods 

that can be deposited by a vehic le i at a type 1 site, depositj, ll is 

max(deposit j,l ) maxVehCap 

S ince there is  no l imit on the quantity of  goods that a site can 

accommodate, u p  to maxVehCap can be deposited each time such sites a re 

visited i n  th is manner.  The same location can be u sed as a type 1 site by 

more than one vehicle .  I n  F igure 5 . 35 ,  the vehicle servicing the black route 
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establ ishes a type 1 site (arrowed) before return ing to the depot, col lecting  

the  payload for its a l located route and servicing  the nodes on that route . The 

deposit of a tra i ler by a stock truck i n  Problem 2 (see Chapter 1 )  i s  an 

exam ple of  the creation of  a type 1 site i n  a pickup scenario.  

Type 2 :  

S ite i s  visited by a vehicle by detour (Le .  i t  travels to a location which would  

not be  visited i f  the  coordination s ite d id  not exist) i n  order to  deposit or  

up l ift goods. The deposit of  goods enables another vehicle (or the same 

vehicle later) to col lect and de l iver them to another location ; the col lection  

of goods occurs after the s ite has been estab l ished by another vehicle (or 

the same vehicle  previously) and enables the col lection veh icle to service an 

area that it wou ld  not have had the d istance capabi l ity of reaching  or  that it 

wou ld not have had the capacity to carry the goods to service . I n  F igure 

5 . 3 5 ,  the vehicle servicing the g reen route detours to the coordination site 

whi le  servicing the green route, and deposits or up lifts goods .  The quantity 

of goods that can be deposited by a veh icle i at a type 2 site, depositj,2 1 is  

l im ited to the spare payload that the vehicle has at the beg inn ing of its route 

when the demands of the nU) nodes that it services have been loaded, i .e .  

max(deposit j,2 ) "" m axVehCap I demand( j) j = 1, . . .  , nO) 
j 

and the quantity of goods that can be col lected from a type 2 site by a 

vehicle that has serviced m(i) of its n(i) nodes, col lectj,2, i s  

max(col lectj,2 ) mO) 
maxVehCap + I demand( j) 

} = 1 

nO) I demand(k) 
k = m + l  

j = l, . . .  , m(i) 
k 1, . . .  , n(i) 

where the nodes are serviced in the order 1 ,  , . .  , m, m + l ,  . . , '  n .  

Fig u re 5 . 3 5  represents severa l  scenarios involving a type 2 site a t  the 

arrowed location : 

• the g reen vehicle establ ishes a type 2 s ite which later is visited by the red 

vehicle, enabl ing the red route to include a node whose demand it would  not 

otherwise have had the capacity to accom modate ; 

• the red vehicle estab lishes a type 3 s ite (see below) deposit ing enough  payload 

for the green vehicle to col lect and del iver to a node that it wou ld  not have bee n  

a b l e  to service because of capacity constra i nts; 
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• the black vehicle establ ishes a type 1 site, del ivering  enough payload to fu l ly 

service the g reen vehic le's second  route ; the g reen veh icle serv ices the s ing le 

node on its first route and,  instead of return ing to the depot to col lect payload 

for the second of its routes, travels to the coord i nation site, col lects al l  the 

payload previously deposited there, and u ses it to service the nodes on its 

second route ; 

• some combination of the a bove scenarios. 

Type 3 :  

S ite i s  v is ited by a veh icle whi le  o n  its regu lar  route to deposit o r  col lect 

payload ; the vehicle is not involved i n  trave l l i ng a ny extra d istance to use 

this s ite tha n  it would i f  the s ite had not eXisted . The quantity of goods that 

can be deposited by a vehicle i at a type 3 s ite, depositj,3 ,  is l im ited to the 

spare payload that the vehicle has when the demands of a l l  its n(i) nodes 

have been loaded, i . e .  

max(deposit i,3 ) maxVehCap - I demand( j) j = 1, . . .  , n(i) 
j 

and the quantity of goods that can be col lected from a type 3 site by a 

vehicle that has serviced m(i) of its n(i) nodes, col lecti,3 , is  

max(col lecti,3 ) m(i) 
maxVehCap + I demand( j) 

j = l  

n(i) 
I demand(k) 

k = m(i) + l  
j = 1, . . . , m(i) 

k == 1, . . .  , n(i) 

where the nodes are serviced in the order 1 ,  " "  m, m + l ,  . , , ' n .  

I n  Figure 5 .35 ,  the red route uses the a rrowed location a s  a type 3 

coord ination site i n  one of several scenarios : 

• the black veh icle establ ishes a type 1 site at the location,  depositing  

goods that the red vehicle w i l l  later upl i ft, enab l ing  the red veh icle to 

service one or more of the l ater nodes on its route ,  thereby extending 

the range of the red route; 

• the red vehicle estab lishes a type 3 s ite at the location deposit ing goods 

that the g reen veh icle wi l l  u pl ift. 

A location can be used as more than one type of s ite, as shown i n  the 

d iscussion a bove in which the one site has two designation s ;  it can be u sed in each 
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of the three types i n  the one scenario.  For exam ple, in  Figure 5 . 35,  the black 

vehicle establishes a type 1 site before attending to its own routes ; the green 

vehicle detours to that location ,  using it as a type 2 site, to col lect some of the load 

deposited there by the black vehicle ;  the red vehicle passes th rough the same 

location ,  col lecting some of the load deposited there by the black vehicle, thereby 

using it as a type 3 site . 

Figu re 5 . 3 5 :  

.....--- Coord ination site 

r-----��========� 
Depot 

A site can have more than one classification 

depending on how it is used . 

During the i nvestigation of the potential of coordination , type 1 sites shou ld 

be investigated before either of the other two types of s ite s ince type 1 sites can be 

created with maximum loads earlier than other types of s ite ; the earl ier a site is 

establ ished, the greater the potential use of it as a type 2 or 3 site for col lection 

pu rposes. It is prefera ble to create a type 1 site on the actua l  route of a vehicle to 

min im ise extra d istance by the col lecting vehicle; such a location would then be 

used as a type 3 site by the col lecting vehicle without i ncurring extra travel l i ng 

d istance . S imi larly, type 2 sites should be created close to regu lar  routes to 

min imise the addition of extra d istance. Type 1 sites can be located using a surplus 

table which l ists, for each veh icle, d istance travelled , load ,  su rplus distance and 

su rplus load ; type 1 sites can be establ ished within half the surplus distance from 

the depot to enable the vehicle to return to the depot and service its own route 

without violating distance constra ints . (Examples of this are d iscussed below . )  

Vehicle # Distance Load Surplus distance Surplus load 

1 

2 

p 

distl loadl maxVehDist-distl maxVehCap-load1 

dist2 load2 maxVehDist-dist2 maxVehCap-load2 

distp loadp maxVehDist-distp maxVehCap-loadp 

Table 5 . 4 :  Surplus table for a system with p vehicles. 
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5. 1 0  Maxim u m  distance constraint 

For m uch of this study, the maximum d istance, maxVehDist, for the fleet of 

identica l vehic les has been set a rb itrari ly at ( 2 . 5  x ( length of gr id side) ) .  This value 

was chosen because it is  s l ightly greater than the sum of the horizontal and vertical 

bou ndaries of the recti l i near  g rid  and it was expected that a ny s ing le-noded route 

wou ld  not exceed this value .  This a l lowed the creation of feasible s ing le-noded 

routes. 

When the maximu m d istance is  constra ined to be a lesser value, there is  a 

danger that a node that i s  a long way from the depot wi l l  not be serviceable with i n  

one  work cycle .  That i s ,  no vehicle wi l l  be  ab le  to del iver goods to the node and 

return to the depot without v iolating either the max imum d istance constra int or the 

requ i rements to start from, and return to,  the depot at the beg inn ing and 

conclusion respectively of  each work cycle .  Thus,  there i s  a min imum va lue of  the 

max imum distance constra int, equal to twice the maximum d istance between the 

depot and any node, Node(i), U= [ l , N um Nodes ] ) .  

min e  maxVehD ist) = 2 x maxj(D ist(Depot, NodeU) ) )  

Because o f  the g rid structu re a n d  node location, the max imum distance 

between depot and nodes varies between problems, thereby a ltering the m in imum 

value that maxVehDist can assume i n  order to  create feasib le solutions .  Two 

possib i l ities for determin ing the va lue of maxVehDist for any problem present 

themselves : 

1 .  Set MaxVehDist at such a h igh level that any problem wi l l  have a feasible 

solution . 

2 .  Determine m i n ( MaxVehDist) for each problem after calculating the node­

depot d istances and adjust the value of maxVehDist to be no less tha n  

this.  How much a bove this m in imum to set the va lue w i l l  need to be 

determi ned for each problem . 

This study uses poss ib i l ity 1 s ince it involves fewer calcu l ations and i s  

expected to p rovide more genera l  resu lts . 

As the max imum d istance va lue is increased , more nodes can be serviced by 

any one route dur ing the routing process and more routes can be combined for any 

vehicle d u ring the schedu l i ng process. Because the schedu l i ng process works i n  

d iscrete values, the relationship between m axVehDist a n d  fleet s ize is  not smooth 



Chapter 5 Coord ination i n  the Rect i l inear Grid Network 203 

but varies in  a stepwise manner, as shown in  Table 5 . 5  and Figure 5 .36  (data in 

Appendix D) . 

6 
5 
4 
3 
2 

o 
o 

m a x V e h D is t  
( x  le n g t h o f  g r id  e d g e )  

Fig u re 5 . 3 6 :  Effect of maxVehDist o n  fleet s ize. 

maxVehDist Fleet Size 

30 6 

40 6 

50 5 

60 5 

70 4 

80 4 

90 3 

100 3 

1 10 3 

120 3 

1 30 2 

240 2 

250 1 

Table 5 . 5 :  Effect of maximum distance constra int o n  fleet size . 

Fleet size is affected by both the number of nodes that can be com bined 

onto any route and the number of routes that can be serviced by any vehicle. As an 

i ndividua l  route gets longer, its d istance approaches the value of  maxVehDist ; long 

routes tend to be serviced by s ingle-routed veh icles since there is not enough 

su rplus vehicle distance to accommodate a second route .  Thus, smal l  values of 
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maxVehDist resu lt  in large fleets of s ing le-routed veh icles and large values of 

maxVehDist resu lt  in smal l fleets of s ingle-routed vehicles .  

The interaction between maxVehDist and maxVehCap i s  d iscussed i n  §5 . 1 1 .  

5 . 1 1 Maxi m u m  veh icle capacity constra i nt 

5.1 1 .1 Coord ination by methods oth er than split delivery 

W hen spl itti ng of demands is not permitted, maxVehCap determines the maximu m  

va lue o f  an ind ividua l  demand that can b e  dealt with . The maximum vehicle 

capacity i nfluences the potential for coordination by affecting the existence and 

location of intersections, the surp lus d istance capacity of vehicles, and the surplu s  

carrying capacity. 

The va lue of maxVehCa p  is a factor  i n  determin ing the number  of nodes 

serviced by a vehicle and thus the number of routes, and thereby i nfluences the 

number  of interactions between routes, which in  turn affects the potential for 

coord ination . 

As the value of maxVehCap increases, more nodes can be serviced by the 

same vehicle ;  i nd iv idua l  route lengths tend to i ncrease, and i ntersections tend to 

occu r away from the depot. S ince an i ncrease i n  the d istance of ind iv idual  routes to 

values greater than (maxVehDist x 0 . 5 )  i ncreases the fleet size ( because these 

longer routes a re unable to be combined without violating veh icle d istance 

constraints) fleet reduction may be achieved by reducing the length of routes to 

va lues less than the value of ( maxVehDist x 0 . 5 ) ,  even if this results in an increase 

i n  total d istance travel led . I n  this study, the values of maxVehD ist and maxVehCap 

are user-defined i n  keeping with the real -world situation [e .g .  NZTAA95 ] .  

The effect o n  the surp lus carry ing capacity infl uences the establ ishment of 

type 1 coord ination s ites and thereby i nfluences the form of coord ination that may 

occur. 

Eventua l ly the value  of either maxVehCap or  maxVehDist becomes a l im it ing 

factor i n  the route structure . Table 5.6 shows the results for a system i n  which only 

the value of maxVehCap varies (data in  Appendix D); i ncreasing it beyond 550 

results in no reduction  i n  d istance or fleet s ize becau se the value of maxVehDist 

l im its the route lengths. 
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tota l 
maxVehCap fleet size 

d istance 

200 3 18 8 

220 288 7 

240 267 7 

245 268 7 

250 256 6 

300 240 6 

350 228 6 

400 232 6 

450 222 5 

500 230 6 

550 214 5 

600 214  5 

Table 5 . 6 :  Typical  effect of maxVehCap o n  total 

fleet size. 

205 

distance and 

The load plans for values of maxVehCap of 240 and 245 are shown in Table 

5 . 7 .  As the value of maxVehCap is increased from 240 to 245,  the number of m ulti­

routed vehicles d rops from 3 to 2,  thus reducing the potential for distance reduction 

created by obviating an inter-route return to depot. 
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MaxVehCag= 240; MaxVehDist= 5 0  

W ithout coordination W ith coordination s ite at Y 

Veh icle D istance Route Distance Route 

1 48 o 6 7 0 10 2 5  24 22 0 28 o 6 7 1 0  25 24 22 0 

2 48 o 3 8 2 0 1 5  18 0 50 o 3 8 Y 2 0 15  1 8  0 

3 5 0  0 4  14 0 1 5 0 5 0  0 4  14 0 1 5 0 

4 38 0 1 1 1 3 1 2 17 0  38 0 1 1 1 3 12 17 0  

5 2 5  0 16 9 0  2 5  0 16 9  Y 0 

6 38 o 1 9 20 0  38 o 1 9 20 0 

7 38 0 21 23 0 38 o 2 1  23 0 

285 267 

MaxVehCag= 245 ; MaxVehDist= 50 

Without coordination 

Vehicle Distance Route 

1 5 0  o 6 7 8 0 4  1 1  5 1 3  0 

2 40 o 1 2 3 0 1 5  1 8  0 

3 28 o 14 17 0 

4 38 o 1 0 2 5 24 22 0 

5 38 o 9 16 12 0 

6 38 o 19  20 0 

7 38 o 2 1  23 0 

268 

Table 5 . 7 :  Effect of chang ing maxVehCa p  from 240 to 245 .  

Routes a ltered by  coordination a re shown i n  bold type . 

When maxVehCap is increased to 245,  the vehicle servicing nodes 6 and 7 is 

a ble  to accommodate the demand for node 8 and the d i stan ce i ncreases from 10 to 

16, thus preventing  that vehicle from a lso servic ing route 0 10 25 24 22 0,  which 

has a d istance of 38, without violating  the veh icle distance constra int .  Any viable 

com bination of route 0 6 7 8 0 with another route passes very close to the depot 

and  there is no benefit i n  removing the i nter-route return to depot. Therefore, the 

removal of the com pa rable return to depot in  the system with m axVehCap=240, 

which resu lted in a substantial decrease in total d istance travel led, is  not present 

when the vehicle capacity is i ncreased . 
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The other i nter-route retu rn to depot is created by a veh icle servicing route 

o 1 2 3 0 and any other route. Because no node on route 0 1 2 3 0 is more than 

two d istance u n its from the depot, the benefit i n  removing  the i nter- route return to 

depot can be no more than 1 % and is not considered worthwhi le .  
• 

It should be noted that an increase in  the number  of routes and i n  the total 

d istance is not a lways accompanied by an i ncrease in the fleet s ize. Consider, for 

exam ple, the i l l ustrative structu res in Table 5 .8  where fleet s ize decreases i n  

Stru cture B even though both tota l d istance and number of routes increase . I n  

Structure A ,  fou r  routes have lengths g reater than (0 . 5xmaxVeh Dist ) ,  requ i ri n g  a 

fleet s ize of at least four ;  the fifth route is short enough to be served by one of the 

fou r  a l located vehicles without requ i ring the fleet s ize to be increased . In  Structure 

B, three routes have lengths g reater than ( 0 .5xmaxVehDist) ,  so at least three 

vehicles are requ i red . The remain ing routes in Structure B are a ble  to be serviced 

by those three veh icles without violating  the d istance constraint, so no extra 

vehicles are requ i red . Thus,  a lthough the routes in Stru cture B have a g reater tota l 

d istance,  the i nd iv idual  route lengths can be com bined more efficiently, and a 

smal ler  fleet size is requ i red . 

Stru cture A Structure B 

route 1 48 route 1 40 

2 32 2 32  

3 30 3 23 

4 27 4 27 

5 1 0  5 1 0  6 1 8  

tota l d istance 147 1 50 

fleet size 4 3 

Table 5 . 8 :  Effect of ind iv idual  route d istances o n  tota l d istance 

and fleet s ize (maxVehDist=50) .  

5.1 1 .2 Coord ination by spl it del ivery 

• 

W hen the only form of coordi nation avai lable is the spl itt ing of demands,  the 

number of routes created may be a m in imum,  where maxVehCap determ ines the 

m in imum number  of routes created by 

M in imum no.  routes = cei l (total demand/maxVehCap) . 
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The fleet size is  determi ned by how efficiently the routes can be combined to 

produce veh icle d istances without violating the vehicle distance constra int. 

Consequently, a ltering the value of maxVehCa p  can i nfluence the fleet s ize by 

changing the n u m ber  of routes and hence the way routes are com bined for 

vehicles. In the fol lowing exam ple, maxVehDist has value 50 and only the value of 

maxVehCap is varied ; resu lts are d isplayed in Tab les 5 .9  and 5 . 10 ,  and in Figu re 

5 . 3 7 .  When maxVehCap is increased from 240 to 250,  there is no change i n  the 

min imum number  of routes that can be created and no effective change in the 

resu lting route structu re; only the value of the spl it sizes is affected . The presence 

of large demands perm its such buffering to occu r because the variety of ways i n  

wh ich larger demands can b e  spl it makes systems that include them less sensitive. 

When the value of maxVehCap i s  reduced from 240 to 235,  the m in imum 

number of  routes changes from 8 to  9 and the subsequent change in  the way the 

d istances of these routes com bine produces a larger fleet. 

MaxVehCag= 240, 250; MaxVehDist=50 

Vehicle Dist Route 

b lue 44 o 6 7 3 0 2' 1 0  25 22' 0 

red 34 o 5 1 1  1 3 4 1 2 '  0 

p ink  47 o 15 '  14  0 2" 8 9 1 6  1 0 

green 34 o 12"  17 18 15"  0 

gold 40 o 1 5 '" 19  20 2 1 '  0 

peach 40 o 21" 23 24 22" 0 

239 

MaxVehCag= 235 ; MaxVehDist = 50 

Vehicle Dist Route 

red 34 o 4 5 1 1  1 3  1 2' 0 

g reen 34 o 12"  17 18  15' 0 

p i nk  48 o 1 5 "  14 0 24" 25 22 1 0 

gold 40 o 1 5 '" 1 9  20  21 '  0 

peach 40 o 2 1 "  23 24' 0 

b lue 38 o 1 0 9 8  3 2 0 

black 28 o 1 6 6 0 7  0 

262 

Table 5 . 9 :  Effect of chang ing maxVehCap from 235 to 250. 

Primes i nd icate spl it del iveries .  
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maxVehCap tota l d ist fleet 

235 262 7 

240 239 6 

250 239 6 

Table 5 . 1 0 :  Effect of maxVehCap on total d istance and fleet 

size for the standard problem in Appendix D .  

10  0-----,------, 
24 

9 O -__ --,-------j 
22  

8 

16 ()---'-----r� 

1 3  
1 2  '--()---'-----{}18 

17  

1 0  0------,----, 

9 0------.----1 
22 v--+----' 

8 

16 0-----'----,----1 

1 2  
1 3  1 7  

24 

o 
2 1  

1 8  

023 

023 

-� 

Figu re 5 . 37 :  Different values of maxVehCap may produce 

d iffferent schemes. These two scenarios d iffer on ly i n  the va lue of 

maxVehCap. Spl itti ng occu rs at nodes 2 ,  12 ,  15 ,  2 1  and 22 

( upper), and at nodes 12 ,  15,  21 and 24 ( lower) . Colours ind icate 

vehicles. 
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5.1 1 .3 M ixed systems with common demand 

It has  a l ready been shown ( §5 . 1 0 .2)  that large demands buffer the coordination 

process d u ring spl ittin g .  In  an attem pt to determine the relationsh ip  between the 

value of maxVehCap and the value of non-buffering demands,  topologica l ly  d istant 

nodes a re ass igned large demands wh i le a l l  other nodes are assigned the same or  

a lmost the same smal ler  demand (denoted 'CD'  for 'common demand') . 

S ince coordination flourishes i n  an atmosphere of route i nteraction and 

surplus capacities, the potential for coordination is enhanced when the value of CD 

is smal l  enough to a l low the creation of many routes and yet large enough so that 

i nteger mu ltip les of CD do  not reach the value of m axVehCap .  The latter condition 

a l l ows surplus carrying capacity to exist and thu s  produces one of the 

environmental requ i rements for coordination .  

During coord ination,  the surplus  carry ing capacity of  one vehicle i s  used to 

carry part of the demand of a node that would  not be on the route currently 

serviced by that veh icle i f  coordination were not a ppl ied . That demand may be 

shared a mong several other veh icles, a l l  of which m ust approach a coordination s ite 

without excessively increasing the total d istance travel led . I n  order for this to 

happen, severa l  vehicles need to have enough surplus carry ing capacity to 

accommodate the demand .  Consequently, there is a relat ionship between the 

values of maxVehCap and CD, and this relationship is determined partly by the 

network structure .  

Let 

R == cei l (CD/(maxVehCap mod CD) ) .  

The value of R i s  a n  ind ication of the n u m ber of routes requ i red to carry the spl it 

de l ivery of one node of demand CD.  For coordination to be effective, R+l  routes 

need to i nteract : R for coordination and one to be improved . The min imum number 

of routes i n  a feasib le solution , min Routes, is  determined as a bove. 

Typ ica l resu lts are shown in F ig u re 5 .38 for a system with maxVehCap=235 .  

When CD has  value 70 or lOO,  three routes are requ i red to  accommodate one 

demand of value CD; for other values of CD in the range 50- 100,  two vehicles 

i nteract to carry a demand of value CD among their com bi ned surplus capacitites . 

When CD has value 90 ,  no one vehicle i s  a ble to accommodate a larger demand at 

the same t ime as a demand of CD without applying coord ination . Con sequently, the 

appl ication of coordination has the potential for considerable improvement. For a 

system with maxVehCap = 23 5 ,  the g reatest improvements by coord ination can be 

expected for CD values of approximately 80-90, in  the expectation that with at 

least 10 or 1 1  routes, two wi l l  be close enough to i nteract and be able to 
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accommodate the demand of one node of a third route. When C D  has value 1 10,  8 

routes a re requ i red to interact to improve a n inth route ; with a m in imum of 1 3  

routes, this i s  un l i kely, hence i n  this study C D  values of 1 10 are not i nvestigated . 

Effect of CD on R and min Routes 
25 

• 
• 

• 
20 • 

• 
• 

• 
• 

1 5  • • 
• • 

• 
• 

• 
1 0  • 

• • 
• • 

• 
• • 

5 • • 
• • 

• • • • • 
• • • • • • • • • • • • 

0 
0 50 1 00 CD 1 50 200 250 

. R • min Routes 

Figure 5 . 3 8 :  Effect of CD on R and min imum number of routes for 

a system with maxVehCap=235 .  

Investigations at  different g rid densities (see later) confi rm th is pattern for a l l  types 

of coord ination regard less of depot placement a nd g rid topology. 

5.1 2 Problem design 

I n  the stud ies of  the fundamenta l types of  coord ination i n  the sections immediately 

fol lowing ( §5 . 1 3  - § 5 . 1 5) ,  problems are generated with the fol lowing defau lt values, 

un less stated otherwise : 

• single depot pure del ivery system (as i n  § 5 . 9 . 1 )  

• maxVehCap=200 

• maxVehDist=50 

• objective is to reduce the total d istance travel led and the fleet size. 

Defau lt va lues have been chosen to a l low feasible, s ingle-noded routes and to 

generate systems with enough veh icles and routes to demonstrate the effect under 
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consideration but not so many as to cause obfuscation . Customer demand is  

generated from a normal random distribution to produce an i nteger i n  the range 

[O,maxVehCap] with a l l  demands known in  advance; the next chapter deals with 

dynamic demands and node locations. Coord ination sites a re l imited to vertices ; the 

number of nodes is determined arbitrarily i n  advance .  Grids are generated at each 

of the sparse, medium and dense levels. The examples shown below have been 

chosen to demonstrate the type of coord ination under d iscussion.  Where spl itting is 

a l lowed ,  the min imum acceptable customer demand is assu med to have value 1 .  

5. 1 3  Load swapping 

The exchange of payloads is predicated on the abi l ity of the vehicles involved to 

accom modate the total payload and their concu rrent presence at a site that is 

accessible to each vehicle without violation of d istance and capacity constra ints . It 

can be an effective method for dea l ing  with a scenario in  which a vehicle has 

surplus capacity but l im ited d istance, and another has surplus d istance but l imited 

capacity. 

Figu re 5 . 39 shows three vehicles meeting at a coord ination site (arrowed) ;  

activity at the coord ination site is g iven i n  Table 5 . 1 1 .  I n  this exam ple, the red and 

blue vehicles are u nable to service a l l  the nodes they can reach without violating 

capacity constra ints; the blue vehicle is u nable to service a l l  the nodes whose 

demands it can accommodate without violating distance constra ints . The situation 

is  resolved by the creation of a coord ination site,  x, at wh ich the three veh icles 

meet and swap loads, as shown in Table 5 . 1 1 .  The rura l  bus company of Problem 4 
(see Chapter 1 )  uti l ises a s imi lar  scheme in  which passengers are taken to a 

cord ination s ite (one of the schools) at which they rearrange their carriage to their 

fina l  destinations. 

x / b 60 

c 
Depot Ir.=====�rlt-----\ 

Figure 5 . 39 :  Three-vehicle swapping .  

1 0  

• 
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Vehicle Route 

red 0 a x b c 0 

b lue O f g x h O 

g reen 0 d x e 0 

At x 

transfer: 35 to blue, 1 5  to green 

col lect : 60 from b lue;  10 from green 

transfer: 60 to red 

col lect : 35 from red 

transfer :  10 to red 

col lect : 15 from red 

Table 5 . 1 1 : 

swapping . 

Activity at the coord ination site in th ree-way 

2 1 3  

The concept o f  load swapping in the recti l inear g rid network can be 

investigated by considering the swapping between only two vehicles, si nce 

swapping between more than two veh icles is a natura l  extension of this 

investigation but does not add su bstantia l ly to the underlying princi ple . Each of the 

two affected routes can have many paths before and after coordination since a 

recti l inear grid can offer a mu ltitude of paths between any two vertices.  Each vertex 

that is not part of a no-choice-string represents an intersection which might be part 

of an equal  length path between two nodes. Even the shortest route between two 

nodes ca n be made u p  of many equal ly valid paths, as in Figure 5 . l .  

I f  the routes intersect, neither vehicle m ight have to deviate from its 

u ncoord inated path , as with the green and red routes in Figure 5 . 39 .  Intersection in 

the recti l inear g rid can occu r at a vertex or at one or more strings of edges, as in  

Figure 5 .40 .  Where temporal flexibi l ity permits, the intersection region (as in 

Figure 5 .40) is a natural coord ination site . Each intersection site must be checked 

for coord ination . 

/ 
I 

Figure 5 .40 :  Intersection at pOints and  reg ions .  

If the routes do not intersect, one or both veh icle(s) must deviate from the 

u ncoord inated route(s)  to effect coord ination . When selecting sites for swapping to 
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occur, the possible deviation points need to be determined . Where only one vehicle 

deviates, the pOints are those vertices that lie on one of its shortest paths and are 

closest to the second route. Where both veh icles deviate, every vertex with in a 

coordination hu l l  consisting of the two routes, in a l l  their possible configurations, 

becomes a possible coordi nation site . 

The two examples below show load swapping without detou r and with one 

vehicle detouring . Although there is a subsequent reduction in path du plication, the 

coord ination is driven by the imperative to swap loads rather than to reduce path 

overlap .  

Consider the  routes shown in  Figure 5 .41  (colou rs represent veh icles; nodes 

are label led with letters ; demand is shown next to each node ; u naffected nodes 

have been removed) .  It would be advantageous to have nodes b and j serviced by 

the same veh icle since they a re c lose together  a nd d istant from other nodes. 

Unfortu nately, this wou ld mean combining nodes 9 and h ,  wh ich is not feasible 

since the magnitude of their demands wou ld vio late the vehicle capacity constraint. 

Depot 

1 5  
68 

Figure 5 .41 : Routes prior to swapping.  

Vehicle Route Load Distance 

blue 0 h j 0 35 42 

magenta 0 9 b 0 87 44 

Table 5 . 12 :  Prior to swa pping . 

The situation is resolved by introducing a coordi nation pOint, x, as shown in  

Figu re 5 .42,  and us ing it as a venue to swap loads between the two veh icles . Both 
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vehicles travel to x, the magenta vehicle del ivering the load for node 9 e n  route .  At 

x, the magenta vehicle has free space of ( 200-68=1 32) un its and the blue vehicle 

sti l l  has the demands for nodes h ( 1 20) and j ( 1 5 ) .  The demand for j is transferred 

to the magenta veh icle which then travels to nodes j and b whi le the blue vehicle 

travels to node h; both then retu rn to the depot . The total distance of 74 u nits 

represents a reduction of 14%. Load swapping does not resu lt i n  a reduction i n  fleet 

size in this case. 

x 

Figure 5 .42 :  Routes with load swapping .  

Vehicle Route Load in to x 

b lue 0 x h 0 1 35 

magenta o 9 x j b 0 1 87 

Load out of x 

1 20 

83 

Table 5 . 1 3 :  Load swapping at coord ination site, x. 

• 

Distance 

30 

44 

Consider the situation in Figure 5 .43 i n  which n ine nodes on two routes are 

serviced by two vehicles. Since the routes overlap s l ightly and approach each other 

for a short stretch , there is a possib i l ity that coord ination in  the form of load 

swapping cou ld occur. This is advantageous only if there is a resu lti ng d istance 

reduction,  since the number of routes cannot change when loads are swapped . 

Vehicle Route Load Distance 

red 0 a b j c 0 200 36 

g reen 0 f 9 h i t  0 1 95 48 

Table 5 . 14 :  Prior to detou r and swapping .  
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75 
c t 

j 
55 

f 
Depot 7 

9 

h 14 

67 

27  

Figure 5 .43 :  Routes prior to detour and  swapping . 

The demand for node t is unable  to be accommodated by the red vehicle 

since this wou ld violate the capacity constraint, so the green vehicle traverses a 

short path to service t. Node j wou ld be served better by the green vehicle since 

the green route passes d i rectly through j on its path to node i, but nodes t, j and i 

cannot be carried by the same vehicle s ince this wou ld exceed the maximum 

carrying capacity of  any vehicle. 

The situation is resolved by establ ishing a coord ination point, x, at a location 

on or near to each route at a point before node t so that j and i can be serviced by 

one vehicle.  One solution is shown in  Figure 5 .44 where the red vehicle detou rs to x 

which l ies on the g reen route ; detai ls  a re g iven i n  Table 5 . 1 5 .  On leaving the depot, 

the veh icles carry the demands for the nodes al located to them in Table 5 . 14, a long 

the routes indicated i n  Table 5 . 1 5  unti l they reach the coord ination point, x, where 

the demands for nodes t and j are swapped . The red vehicle no longer has to travel 

to j and is able to take a short path between t and c and thence to the depot; the 

green vehicle no longer makes the short journey to t. The tota l d istance is reduced 

from 84 un its to 76 un its, a reduction of 14%. The el im ination of path overlap is a 

consequence of the load swa pping . 
• 

Load swapping seeks to reduce the tota l d istance travel led rather than the 

fleet size . It relies on the abi l ities of mu ltiple vehicles to access a coordination site 

at the same time or with in  an acceptable time spa n .  Usual ly, su itable coordination 

sites exist at or near regions of path overlap which, as a result of load swapping ,  

are reduced or e l iminated . 
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f 
Depot 

x / 
b 

a 
9 

t 
h 

j 

Figu re 5 .44 : Routes with detour and load swappi n g .  

Vehicle Route 

red 0 a b x t c 0 
g ree n 0 f x 9 h j i 0 

Load i nto x Load out of x Distance 

1 60 185 30 

188 1 63 46 

Table 5 . 1 5 :  Detour  and load swapping.  

5. 1 4  Deferral of return to depot 

2 1 7  

M u lti-routed vehicles retu rn to the depot between routes. I t  is  sometimes poss ible 

to collect some of or a l l  of a load for a later route whi le sti l l  servicing the earl ier 

route. Th is involves a second veh icle carry ing some of the later route's load and 

depositi ng it at a location that the m u lti - routed vehicle can reach.  In  some cases, it 

may be possible to remove the mu lt i-routed vehicle's requ i rement to return to the 

depot. 

Consider the system shown in Table 5 . 1 6  and Figure 5 .45 (colours represent 

vehicles ; nodes a re identified by letters ; numbers represent demands; nodes not 

i nvolved in subsequent coord ination have been removed from the figu res and 

tables) in which two veh icles traverse three routes. The red vehicle is mu lti - routed : 

it services the nodes on route 1 before retu rn ing to the depot to col lect the loads 

for the nodes on route 2. The d istance constra int prevents the g reen vehicle from 

servicing route 2, whereas the loading constraint prevents the red vehicle from 
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com bining the nodes on route 2 with the nodes on route 1 into one non-coord inated 

route. 

1 1 2  

k 
r 

2 1  78 

a 
8 

e 9 72 

1 5  

Depot 

f 38 

p 
4 

Figure 5 .45 :  Mu lti-routed vehicle ( red)  prior to  coord ination . 

Route # Route Load Distance Vehicle Route(s) 

1 0 t k r 0 98 26 red 1 2 

2 0 b a 0 93 24 g reen 3 

3 o p m f 9 0 1 06 4 1  

Table 5 . 1 6 :  Prior to coord ination .  

Distance 

50 

41 

Results of  coord ination are shown in Figure 5 .46 and Table 5 . 1 7 .  The green 

vehicle travels close enough to route 2 to detour towards it and d rop off demand for 

nodes a and b at coord ination point, x. The increase in distance for the green 

vehicle is  more than com pensated for by the red uction in d istance for the red 

vehicle which no longer is com pel led to retu rn to the depot to col lect demand for 

nodes a and b. Distance has been reduced by 1 1% ;  fleet size is u nchanged . 
• 

The coord ination site, x, used in this exam ple is not the only suitable vertex ; 

three other vertices produce the same distance reduction . A d iscussion of the 

a lternative coordination s ites appears in § 5 . 14 .  
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Figu re 5 .46:  No inter- route return to depot for red vehicle .  

Route Load i n  Load out 
Vehicle Route 

number to x of x 

red 1 0 t k r x b a 0 0 93  

green 2 0 x g e f m p O  1 99 1 06 

Table 5 . 1 7 :  N o  i nter- route return to depot for red veh icfe.  

2 1 9  

Distance 

38 

43 

When using type 1 coord ination sites to obviate a retu rn to depot for a 

mu lti - routed veh icfe, the coordi nation sites are most effective when the depot fa f fs  

outside a hu f f  formed by nodes served by the vehicfe and connecting edges. Two 

m u lt i-routed vehicles are shown i n  Fig u re 5 .47 and described i n  Table 5 . 1 8 .  I n  

Fig u re 5 .47, g reen l ines indicate the h u f f  formed b y  nodes served by the g reen 

vehicle and i nclude edges on the shortest paths between those nodes. S imi larly, 

black l i nes ind icate the hu f f  for the black vehicle. S ince the depot l ies outside the 

g reen hu f f ,  the establ ishment of a type 1 coord ination site on the hu f f  w i f f  reduce 

the total d istance travel led by the green vehicle .  There wi l l  be no benefit i n  

establish ing such a site for the black vehicfe since the depot a l ready l ies on the h u f f  . 
• 
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Vehicle Route 

O a b O f O 

black 0 c d O g  0 

Table 5 . 18 :  Position ing a type 1 site . 

e 

Figure 5 .47 : Position ing a type 1 site . 

a 
y rO b 

Deferring or obviati ng a n  i nter- route return to depot for a mu lt i-routed 

vehicle has the potential to reduce both total d istance and fleet size. Where path 

overlap is  not present before coordination is a ppl ied, the esta bl ishment  of type 2 

and 3 sites may faci l i tate coordination by provid ing  a site to which one of the 

vehicles can sensibly detour .  If th is is  inappropriate because of the increase in 

d istance i mposed by the detour, the establ ishment of a type 1 site may be pOSSib le ,  

where one veh icle adds extra d istance to its roster in  order that another ( mu lti­

routed) vehicle is a ble  to reduce its tota l d istance by travel l ing only to the 

coord ination s ite and not to the depot for replenishment of payload . In such a case, 

the type 1 site should be located as far from the depot as practicab le .  
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5. 1 5  Split del ivery 

5.1 5.1 Red ucing path d u plication 

2 2 1  

I n  the recti l inear g rid, veh icles a re restricted to travel l ing along pre-defined edges ; 

they a re not free to roa m  as in the Eucl idean plane.  As a consequence, seve ral 

paths may overlap, creating possibly deg enerate stretch es. Reducing the i ncidence 

of th ese stretches, where possi ble,  ca n resu lt in a red uction of the total d ista nce 

travel led . 

Consider the situation shown in Fig u re 5 .48 i n  which ten nodes are serviced 

by four veh icles . There a re t h ree main stretches of d u pl icated paths : de pot to node 

a, de pot to node e, and depot to a point near node i .  Smal ler  stretches involve the 

u n avoidable two-way traversal of cul -de-sacs. 

9 c 

h 
j 

o f  

Fig ure 5 . 48 : Before coo rdi nation . Several stretches of overla p.  
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Vehicle 

red 

b lue 

magenta 

g reen 
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Route Load Distance 

0 a h c 9 0 187 34 

0 b e j i 0 177 44 

0 d 0 200 34 

0 f 0 1 1  30 

Table 5 . 19 :  Before coord ination . 

The orig ina l  scheme is  dominated by the demand of maxVehCap for node d, 

which is del ivered intact and appropriates a vehicle which cannot then be used for 

any other node .  When coord ination is a ppl ied, this large load can be spread among 

more than one vehicle.  In  seeking to remove areas of overlap, node i is g rouped 

with nodes g, c and h; node f is g rou ped with node a. The load for node d is 

del ivered by two vehicles, resu lti ng in a distance reduction of 19% and a fleet 

red uction of 25%.  Stretches of su perposition sti l l  exist but they are not as 

extensive . The longest such stretch (from the depot to node d) is covered three 

times, with the blue vehicle travel l ing in one d i rection and the magenta vehicle 

travel l ing i n  both d i rections.  Before coord ination, this stretch had been traversed 

fou r  t imes, twice each by the green and blue vehicles. These resu lts are shown in 

F igure 5 .49 and Table 5 . 20 .  
• 

Vehicle Route Load Distance 

red 0 i 9 c h 0 178 37 

b lue 0 a f d 0 200 40 

magenta O j b e d O 197 30 

Table 5 . 20 :  Reduced overlap .  

The mitigation of path overlap is  a popu lar  theme [RBL96] i n  vehicle routin g .  

Spl it  del ivery can reduce path overlap b y  the more efficient use o f  vehicles, such a s  

i n  the exam ple a bove where overlap i n  one reg ion is  removed by spl itti ng the 

demand of a node that is located in a qu ite d ifferent reg ion . The paths ava i lab le i n  

the  rect i l i near g rid network are more l im ited in number than their  Eucl idean 

counterparts, so it is  not su rpris ing that there are regions of path overlap remaining 

after the appl ication of coord ination by sp l it de livery .  The presence of such 

stretches of overlap does not d imin ish the value of the appl ication of coord ination .  
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9 c 

f 

a 

Figure 5 .49 : Reduced over lap.  

5.1 5.2 F leet reduction 

223 

Fleet size is  dependent u pon the man ner i n  wh ich i nd ividual routes are 

combined so as not to violate d istance constra i nts . Coord ination points can exist i n  

order to reduce s l ightly the d istances of a nu mber of routes s o  that they can be 

combined more efficiently us ing fewer vehicles. The concomitant decrease in tota l 

d istance may be qu ite sma l l .  The prospect of an improvement by coord ination is 

s igna l led by the total d istance being only sl ightly longer, by c, than the value 

requ i red for a reduction in the fleet size, and the number of routes, NumRoutes, 

being g reater than the m in imum requ ired : 

and 

where 

and 

tota l d istance 
= min( FleetSize) _ 1 + c, 0 < c < 1 

maxVehDist 

N u m Routes > min( N u m Routes) 

. "FI ts· ) .,( tota l d istance) mln� ee Ize = eel 
maxVehDist 

mtn( N u m Routes) = eel' ---,..--. . ( tota l load J maxVehCap 
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Th t . . th . t rt f 
tota l d istance 

Th . d f h a IS, [; IS e n o n - I n  eger pa 0 . e mag n ltu e 0 [; t at 
ma xVeh Dist 

ena bles this form of coord i n ation to exist may be u n ique to each g rid network 

struct u re .  Investigation of the critica l value for [; is an area for future resea rch . 

Consider the situ ation shown i n  Figu re 5 . 5 0  in which fou r  veh icles service 

ten nodes on six routes (col o u rs rep resent vehicles, nodes are label led a to if 

dema nds are shown beside each node) .  The vehicle capacity is 200 u n its with 

maximum dista nce 50 u n its . Without coo rd ination, the routes wou ld be those in 

Ta ble 5 . 2 1  with a fleet size of 4. Nodes c and d cou ld not be ca rried by the same 

vehicle beca use the d ista nce created by retu rn ing to the depot wou ld have violated 

the dista nce constraint.  A retu rn to the depot is necessary because the sum of the 

dema nds for nodes c and d violate the load ing constraint, making the i n cl usion of 

nodes c and d on the same route an infeasible solution .  

144 h 

6 

7 1  b 

125  f 

57 

c 

162 

69 

9 1 59 

Fig u re 5 . 5 0 :  Fou r  vehicles service the routes before coord ination . 

The total d ista nce of 1 5 2  un its must be ca rried by at least fou r ve hicles, 

which is the fleet size here, but is only two u n its over the l i m it for a fleet size of 

three. If routes 3 and 4 were s l ightly shorter, they cou ld be combined onto the 
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same vehicle .  S ince the total load of 901 cou ld  be carried by five routes instead of 

the six found here, there is the possi b i l ity of us ing coord ination to shorten at least 

one of routes 3 and 4 or to combine routes 3 and 4 into one route . 

Route # Load Route Dist Vehicle Route(s) Dist 

1 82 0 f i 0 30 red 1 2 50 

2 85 o a e b 0 20 g reen 5 6 50  

3 62 0 c 0 28 magenta 3 28 

4 9 0 d 0 24 black 4 24 

5 59 0 9 0 30 

6 44 0 h 0 20 

Table 5 . 2 1 : Without coord ination . 

A coord ination point is created at x along the overlap in paths from the 

depot to each of nodes c and d; the u pdated route structure is shown in Table 5 . 2 2 .  

The actual placement of x along the reg ion of overlap occu rs so a s  to min i mise the 

d istance (c-x-d) since each of the other routes uti l ises x as  a type 3 site without 

i ncurring additional d istance. 

Route 1 carries an extra 32 un its from the depot; it del ivers 162 to node c 

and col lects 37 from x to del iver 6 9  to node d. Route 2 d rops 1 8  at x before 

continu ing on to nodes f and i; route 3 d rops the remain ing 19 requi red for node d 

at x before cont inu ing on to node g. The load for node d is carried spl it but 

recombi ned at x before del ivery, and is therefore del ivered intact . 

Route # Route Load D ist Vehicle  Route(s) Dist 

1 0 c x d 0 200 46 black 1 46 

2 o x f i 0 200 30 red 2 4 50 

3 o x 9 0 1 78 30 g reen 3 5 50 

4 o a e b 0 185 20 

5 0 h 0 144 20 

Table 5 . 2 2 :  Fleet reduction after coord ination . 

Nodes c and d are now served by the same vehicle on the same route. The 

other routes involving x are not affected since x l ies on the orig ina l  paths and no 

detou r  has been created . There is only a 5% reduction in the d istance of  the 

affected routes, but a 25% reduction in  fleet size. • 
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c 

f 

9 

Figu re 5 . 5 1 : Routes after coordination, showing fleet reduction .  

The va lue of  & is an indication of  the amount of  adjustment that a routing  

scheme needs i n  order to  achieve an improvement in  the fleet size ; the  suitabil ity 

of any routing scheme for fleet reduction by coord ination depends a lso on the g rid 

network structu re .  The exa m ple above shows the use of split del iveries to a type 3 

coord ination site i n  order that an inter-route return to depot is rendered 

unnecessary which, in  tu rn, resu lts in enough of a reduction in total distance that 

fewer vehicles are requ ired . A possible advantage here is that the demand for each 

node is del ivered intact, reducing the administration requ ired at the customer's 

del ivery point. 
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5.1 6 Alternative coord i nation sites 
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Sometimes, more than one coordination s ite is  poss ible .  Reasons for th is inc lude :  

o vehicles have spare d istance capacity and are a ble  to reach equa l ly  good 

coordination sites 

o equ ivalent paths may exist because of the nature of the red uced grid 

o changing the orientation of one or  both routes might a l low loads to be 

d ropped and col lected in  a sequence su itable for coord ination .  

Each potential coordination site m ust be evaluated and com pa red with a l l  other  

coordi nation sites so  that the s ite is  chosen whose use  resu lts i n  the g reatest 

redu ction in d istance and/or fleet size. This inc ludes considering each orientation of 

a route, s ince both tem poral and  spatial characteristics are i mportant. 

Consider the exa mple in Fig u re 5 . 46 in which two vehicles meet so as to avoid 

an inter-route return to depot for one of them.  Although one veh icle s l ightly 

i ncreases its travel distance, the overa l l  d istance is reduced because the other 

veh icle  no  longer is  requ i red to go back to the depot to col lect loads for nodes on its 

second route .  S ince both vehicles d id  not travel the maximum a l lowable d istance, 

a l ternative coord ination pOints may exist. These a re shown by the coloured c ircles 

i n  the figures below; dark rims indicate nodes. For each vehicle, any vertex with i n  

V2 x (spare distance u n its) of its route (o r  of an equivalent route) cou ld  be  reached 

without violating the d istance constraint.  S ince the red vehicle had 12 spare 

d istance un its and the g reen veh icle had 7 spare d istance units, any vertex lying 

with i n  6 u n its of the red route ( Figu re 5 . 52)  and with i n  3 . 5  un its of the green route 

( Figure 5 . 54)  is a potentia l  coordi nation site. Any such vertex whose use d id not 

decrease the total d istance travel led wou ld be u nacceptab le .  
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Figure 5 . 5 2 :  Vertices acceptable to the red route as coord ination 

s ites .  Red circles ind icate vertices with in  6 u n its of the red route .  

F igure 5 . 5 3 :  Vertices acceptable to the g reen route as 

coord ination sites.  Green circles l ie with in 3 .5 un its of the g reen 

route . 

Several nodes are coloured both red and g reen, shown i n  Figure 5 .54 as 

yellow ci rcles. Each wi l l  be considered as a potentia l coord ination s ite and rejected 

if its u se does not resu lt i n  a reduction i n  tota l d istance. 
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-0- -I I 
I 

Fig u re 5 . 54 :  Potential  coord ination sites. 

2 29 

For each potential  site, the new tota l d istan ce is ca lcul ated and the site 

rejected if the d istance is not less than the original  (withou t coord ination ) d istance 

of 91 units . Su ccessfu l sites are shown in the fig u re below with circles colou r-coded 

to ind icate their distance savings.  

2 

6 

. 8 

. 10 

Fig u re 5 . 5 5 :  Distance red uction values at potentia l  coordi nation 

sites.  

From Fi g u re 5 . 55,  fou r  vertices produce the maximu m distance red uction of 

10 u n its. Any of them would have been acce pta ble as the coord ination site . One of 

the outcomes is  shown in  Figu re 5 . 46, the other resu lting routes are shown in the 

figu res below . A com pa rison of the routes is  g iven in  Ta ble 5 . 2 3 .  When the 
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coord ination site is moved to either of the best two left-most sites, the g reen route 

changes to an equ ivalent path without affecting the order in which the nodes of 

route 2 are visited . In Figu re 5 .45 and Figure 5 . 55,  the g reen vehicle cou ld have 

conti nued along the red route past node b before approaching its orig inal  route . 

Reca ll that each result is one of poss ib ly many equ ivalent resu lts, depending on the 

natu re of the reduced g rid . 

x 

I 

Figure 5 . 5 6 :  Green vehicle detours to u pper left coord ination site 

(arrowed) .  

x 

Figure 5 . 5 7 :  Red vehicle detou rs to lower left coord ination site 

(arrowed) .  
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Figure 5 .46 

Fig u re 5 . 5 6  

Figure 5 . 57  

Figu re 5 . 58 

Routes 

O t k r x b a O 

O x g e f m p O  

O t k r x a b O  

O x g e f m p O  

O t k r x a b O  

O x g e f m p O  

O t k r x b a O 

O x g e f m p O  

Distance 

38 

43 

38 

43 

40 

4 1  

40 

4 1  

Tota l 

8 1  

8 1  

8 1  

8 1  

Table 5 . 23 : Com parison of solutions. Each d iffers in the 

location of the coordination s ite . 

x 

Figu re 5 . 58 :  Red vehicle detours to lower right coord ination site . 
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The two left-hand sites exist because the  g reen vehicle has several 

equ ivalent paths, three of which are shown in Figure 5 . 59 .  The dotted l ines indicate 

the reduced grid . Each of these paths m ust be considered for its i nfluence on  

coord ination , not on ly  because the coord ination site may be  on one  of  these paths 

but a lso because the coord ination site may be close to the path . 
• 

By identifying alternative coord ination sites and eva luating each for its effect 

on d istance,  it is possible to identify s ites that provide more advantage.  Even then ,  

as i n  the exam ple a bove, there may b e  more than o n e  site that can b e  accepted 

and it is possible that other criteria could be introduced to further ran k  these 

a lternatives, such as number of vehicles detou ring,  number  of detou rs per veh icle, 

equ itable route lengths, and the su bsequent environ ment created by each 

a lternative. 
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Often ,  coordi nation methods do not exist in isolation - it is possible that the 

appl ication of one type of coord ination creates an environment that is conducive to 

the application of another type (d iscussed in more deta i l  in § 5 . 18 ) .  Where 

a l ternative coord ination sites exist, the acceptance of any particu lar  site may have 

consequences for cascading coord ination in that, by accepting the site,  the 

environment for other types of coord ination may be prevented or created . Whether 

this is advantageous or not depends on the ind ividua l  problem and the resources 

which are able to be ded icated to it. In this study, it is recognised that where 

mu ltiple potential coord ination sites exist, the site is  accepted that results in the 

g reatest i mmediate benefit to the objective function . 

o 
---0---- ... -... ; 

o 
0 - ·- ' 

-- - .,--- . 0 

o 
0 · · ' 

0 "' - ·- '  
- . \·-···----,·- ··0··,,··,,···:········; 

o 
·· , · · · · · · ·0 · · ·  

o 
o 

L,,····! · ···O 

Figu re 5 . 5 9 :  Th ree equivalent paths for the g reen vehicle. 
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5. 1 7  G rid density 
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I n  considering the i nteraction between g rid  density and coordination,  three 

standard layouts are considered, one of each g rid density : med ium,  sparse and 

dense .  S ince the med ium density g rid  more closely resembles rea l-world 

appl ications and  because it can be expected to provide a middle-of-the-road 

i ns ight, it is  investigated in more detai l  than the sparse and dense grids, and the 

resu lts compared . 

For each problem, the fol lowing  defau lts are assumed : 

• s ing le depot pure del ivery system of 25 nodes with a l l  demands known in  

advance 

• maxVehCap=235 

• maxVe h Dist=50 
• objective is to reduce the total d istance travel led and the fleet size 

• no l im it on the fleet s ize i n  the u n i mproved system 
• fleet i ncrease i s  acceptable only if the accompanying d istance redu ction is at 

least 5%.  

Because it w i l l  be  shown ( i n  § 5 . 18)  that sp l itt ing tends to  dominate other 

forms of coord ination when they are a ppl ied together, three scenarios are 

investigated for each problem - no coord ination,  sp l itting  only, and coordination 

other than spl itting .  In each case, some nodes have high demands of 1 50, 

strategica l ly located to make the problems more i nteresting and located so that 

they a re un l ikely to be serviced by the same vehicle, and al l other nodes have a 

common demand (CD) . 

Whe n  CD has value 1 50 ,  a l l  nodes have the same demand and no buffering 

exists ; results are shown in Table 5 . 24 and d iscussed later. 

Med ium 

Sparse D l  D2 Dense 

d ist fleet d ist fleet d ist fleet d ist 

U n i mproved ( 558) ( 1 2 )  (480) ( 1 0 )  ( 6 54)  ( 16 )  (462) 

S pl itting 

Other 

13% 0 18% 1 2 1 %  4 20% 

1 9% 2 20% 1 23% 4 16% 

Table 5 . 24 :  Redu ctions in  d istance and fleet s ize using spl itt ing 

and other forms of coordination i n  g rids of d ifferent density when 

a l l  nodes have the same demand (CD= 1 5 0 ) .  F igures in brackets 

refer to actual  values. 

fleet 

( 1 0) 

2 

2 
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5.1 7 . 1  Medium grid 

Two forms of a 186 edge med ium g rid  are examined, each with the same layout of 

nodes and d i ffering  on ly i n  the position of the depot. Depot location D 1  is  

reasonably central on the 'shore' of a lake, whi le depot location D2 l ies on the outer 

edge of the g ri d .  Several nodes lie on no-choice-strings on the edge of the g rid ,  and  

the g rid is  a lso characterised by  a n  abundance of  no-choice-strings with i n  the g rid . 

W ith 65 i ntersections most shortest paths between depot and node exhibit mult ip le 

redundancy, although some of the edges can be expected to be more heavi ly 

trave l led than others, particu larly the edge of the lake .  

10  D----r---, 
24 

9 n-__ --.---I 
22 n-+---I 

8 
1 6  0---1'<---,---1 

2 1  20 

1 3 1 2  
1 7  1 8  

Figure 5 .60 : Medi u m  density g ri d .  Alternative depot locations a re 

l abel led D 1  and D2 . 

As wel l  as the lake, another dominant topological feature is the pen i nsu la  

conta in ing nodes 5 and 1 1  that juts out into an i n let bordered by nodes 3 ,  4 ,  6 and 

7 . Because of the large d istance from nodes 5 and 1 1  to nodes 6 and 7 on the 

other side of the i nlet, only nodes on  the pen insu la  side of node 1 1  are avai lab le for 

i nclusion with nodes 5 and 1 1  in any feasible routing  scheme. 

For each depot the effect of location of the h igh demand nodes is 

i nvestigated by consideri ng fou r  different scenarios : al l  nodes of high demand, two 

of h igh demand d iametrical ly opposite, and one with fou r  nodes of h igh demand at 

corners of the g ri d .  For a l l  but the first case, the high demand nodes are located i n  

such a manner that they a re un l i kely to b e  serviced b y  the same vehicle. 

Contiguous locations would be equ ivalent to a single demand of much larger  value ;  

locating  the h igh demand s ites only s l ightly a part would  be equ ivalent to  creating a 
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sp l it delivery s ituation . For the standard layout, the fol lowing nodes were a l located 

h igh demands : 

• a l l  nodes 

• nodes 1 3  and 23 

• nodes 1 6  and  1 9  

• nodes 1 3 ,  1 6, 18 ,  and 23 .  

Detai led resu lts are g iven in  Appendix E ,  and  genera l  resu lts are g iven in  Table 

5 . 2 5 .  

Vehicles using the depot a t  0 1  and servicing nodes o n  the rig ht hand side of 

the med ium density g rid  may be forced to travel a round the lake edge, which has 

the effect of partition ing the nodes i nto smal ler groups depend ing on where they l ie 

in relation to the lake and on the relative locations of other nodes serviced by the 

same vehicle .  Nodes 22-25 tend  to be g rouped together becau se vehicles servicing 

them tend to traverse the lake in the same d i rection ; nodes 2 ,  3 ,  6-9, and 1 6  tend 

to be g rouped together because they l ie in  a mass on the off- lake side of the depot. 

Node 1 0  l ies some d istance a bove the depot and can be combined with either 

g roup .  Reasons for the groupings can be seen by considering the arrows in Fig u re 

5 . 6 1  that ind icate the d i rection of shortest paths to depot 0 1 ;  a ny vehicle one u nit  

to  e ither s ide of  a double-headed a rrow is forced to travel i n  one d irection i f  it i s  

solely depot bound .  

24 
9 ()-----,-..;;:..u 

1 6 0----'---.---l 

t t '--0--...1..:----018 1 7  1 3 1 2  

Figure 5 . 6 1 : Arrows ind icate the d i rection of shortest paths to the 

depot 0 1 .  
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I n  contrast, when the depot is located at 02  the nodes are not so clearly 

partitioned . With most nodes a g reater  d istance from the depot, there are more 

possi ble shortest paths and the effect of the l ake is l ess pronounced . This is 

consistent with the real -world situation i n  wh ich d istant geographic features have 

d im inished infl uence on local decisions. Nodes 1 6  and 9 are no longer g rouped with 

nodes 2 ,  3 and 6-8 s ince the depot is  now located with in  thei r  m idst, and  nodes 8 

and 2 5  are no longer exclusive to any particu lar  g roup .  

9 0-----,--'=-1 

16 U----A---r--l 
02 7 

6 O--'---o-�---,---' 
5 

1 3  1 7  

Figure 5 . 6 2 :  Arrows ind icate the d irection o f  shortest paths to the 

depot 02 .  

Because of  the constraints of  capacity and d istance, the m in imum number of 

routes may not a lways be achieved . For example,  the 02 system of (CO=90,  m in  

routes= 1 1 ;  h igh  demand nodes :  1 3, 1 6, 1 8, 23)  has  1 2  routes when i mproved both 

by spl it del iveries and by other means even though these resu lt in d istance 

reductions of 12% and  1 3 %  repsectively.  This result is probably caused by the 

vehicle capacity constraint that prevents demand( 16 )  and either demand(9)  or 

demand(7)  being carried by the same vehicle, causing node 16 to be serviced by a 

sing le-noded veh ic le .  

When the depot is located at a n  extrem ity, node-depot distances involving 

nodes at opposite extremes wi l l  be much greater than when the depot is more 

centra l ly located .  As such d istances approach and exceed the value  of 

maxVehOist/2 ,  the fleet s ize may be increased s ince each route of distance g reater 

than or  equal  to maxVehOist/2 is  serv iced by a separate vehicle. This is  evidenced 
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by the g reater fleet s ize and larger d istances when the depot is located at D2 

com pa red with those with depot at D l ,  as shown i n  Table 5 .24. 

W hen the depot is located near a n  edge of the g rid ,  route density may be 

i ncreased near the depot because of the g reater l i mitations on access to it; 

s imi larly, if a depot is  removed from an area near a constra in ing geogra phical  

feature ,  route density may be decreased in  that a rea . W hen the depot is shifted 

from D l  ( on the lake edge) to D2 (on the g rid  edge) ,  route density i ncreases in  the 

region near D2 and d rops i n  the region near D l .  

F igure 5 . 6 3 :  Limited access to a depot can increase the route 

density near it .  

As expected , coordination both by spl it del ivery and by other means (shown 

in Table 5 . 25 and F igure 5 .64) p roduces the greatest reduction in total d istance at 

values of CD around  80-90 and is less effective for values of CD a pproximately 50 ,  

70 and 1 00/  with the  trends u naffected by depot location . 

18% 
16% 
14% 
12% 
10% 
8% 
6% 
4% 
2% 
0% 

50 

Nodes 1 3  and 23 N odes 16  and 19 
� 

Nodes 13 ,  16, 1 8  and 23 

Dl 

100 50 100 50 

• 

1 00 50 
CD 

D2 

100 50 

• Splitting . . ... . .  Other 

D1  

Figu re 5 . 64 :  Variation of  distance redu ction with CD and depot 

location .  For each depot location  ( D l  and D2) ,  CD values range 

from 50 to 1 00 .  

D2 

•• 

1 00 
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Caution must be exercised when apply ing sequential coord ination to ensure 

that del iveries and pickups (denoted by 'del '  and 'col '  respectively below) are made 

in the correct order (a transferred load is de livered to the coord ination site before it 

can be col lected from there) and that the fi na l  route can be serviced in the a l loted 

time.  Both types of coord ination can be found in the same routing scheme, as 

shown in  Table 5 . 26 in which letters refer to coord ination sites. There does not 

a ppear to be any pattern to the occurrence of sequential and simu ltaneous 

coord i nation . 

-{;-----------; ¥-- -- - - - . . 
I I del I del ; i 

I I :  col . ; 
1 1 ; [ +0-' i COl !;. del 
I ' ---- ....... . 

Sequential 

del� - --------- 1 : ----------- 1 
: . . Jl - -_ _ _  j i 
I .  B . I : �. del : : &el : 
: ............... .; L........... . . 

_
J 

� - - - �------col col 
Simu ltaneous 

Figure 5 . 6 5 :  Sequential and simu ltaneous coord ination . 

I ntervening del iveries to other nodes have been omitted . 

CD=80 

(Mostly sequentia l )  

o 5 1 1  �el 0 

o 1 3  1 2  Teol 4 0 

o 1 7  14 Wdel 0 

o 1 5  Weol 18  1 9  Xdel 0 

o 1 Xeol 20 2 1  ydel 0 

o 23 24 ydel 0 

o 22  Yeol 2 5  1 0  Zdel 0 

o 8 Zeol 9 1 6  Vdel 0 

o 3 Veol 6 7 0 

0 2 0  

CD=70 

(S imu ltaneous)  

o Xdel 5 1 1  4 0 

o 1 3  1 2  0 

o ydel 1 5  14 1 7  0 

o 18  1 9  Yeol Xeol 1 0 

o 20 2 1  22 0 

o 23 24 0 

o 22  25 1 0  0 

o 8 9 1 6  0 

o 7 6 3 0 

0 2 0  

CD = 60 

(Mostly simu ltaneous) 

o 4 5 1 1  Xdel 0 

o 1 3  Xeol 1 2  1 7  Sdel 0 

o 1 5  14 Seol 18  19 0 

o 20 2 1  Vdel 2 2  0 

o 2 3  24 V col 25  0 

o 1 0  9 8 Wdel 0 

o 3 W col 6 7 1 6  0 

0 2 0  

Table 5 . 26 : Routing schemes for the system with depot at D l  

and h igh demand nodes 1 3  a n d  23 ,  d iffering on ly in the value of 

CD.  Routes ind icated may be traversed in the reverse order to 

accommodate del ivery and col lection timetables. 
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The fol lowing  observations are made : 

1 .  When the depot is at a n  edge of the gr id ,  the i nfluence of the value of 

maxVehDist is more pronounced .  

2 .  W hen the depot is centra l ,  the value of  maxVehCap i s  a greater i nfluence than 

the value of maxVeh Dist. 

3. Nodes that are geogra ph ica l ly close yet far from the depot tend  to lie on the 

same route .  

4. The benefits from spl itting the deliveries o f  nodes close to the depot are not a s  

great a s  those far from the depot, s o  where there is  chOice ,  remove d istant 

nodes from routes via coord ination .  

5 .  Sp l itt ing can b e  emu l ated i n  non-spl it environments by creating coordinat ion 

sites co-located with, or adjacent to,  nodes that wou ld  have received sp l it 

de l iveries if the rules had permitted . 

6 .  Some coordination schem es a re sequentia l ,  some s imultaneous, some a mix .  

7 .  Coordination is more effective where there a re fewer routes requ i red to interact 

than when there are more routes present. For exam ple,  the system ( CD=60 ;  

m i n  routes= 8 ;  R=2)  g ives g reater i mprovement than ( CD = 7 0 ;  m i n  routes= 9 ;  

R = 3 ) .  

8 .  The min imum number o f  routes need not be achieved i n  order to produ ce 

d istance and fleet reductions.  

9 .  Coordination can i ncrease fleet size i f  there is a concomitant acceptable 

decrease i n  d istance . 

5.1 7.2 S parse grid 

The sparse g rid  shown i n  Figure 5 .66 has 143 edges a n d  3 9  intersections with the 

s ing le depot located off-centre . The l ayout is  characterised topolog ical ly  by long 

a rms of no-choice-strings contain ing few nodes that spider out from a smal l  centra l 

mass . Because the servicing of most nodes requ i res vehicles to traverse no-choice­

stri ngs, the sparse layout contains  heavily trave l led edges some of which converge 

in the region around node 1 2 .  Consequently this region is a potentia l ly rich area for 

establ ish ing coordination sites. Because of the expense of travell i ng  between the 

tendri ls,  nodes tend to be g rouped by their  sharing  the same no-chOice-string ,  and 

the number of nodes per  route is lower than that for g rids of  h igher  d ensity .  

Tendri ls a lso cause overa l l  d istances to be greater than more compact structures 

with centra l ly  located depots, as shown in Table 5 . 24 .  Notwithstand ing these 

com ments,  observations made in the med ium g rid a re a pplicable in the sparse g rid . 
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The g rid  is i nvestigated with h igh demands at a l l  nodes, and with h igh 

demands at  nodes 8 and 2 1 .  Because the gr id  has relative ly few edges, the effect of 

the lake bordered by the depot is smal l .  Genera l  resu lts are g iven in Table 5 .27 ; 

specific resu l ts a re g iven  i n  Appendix E .  Tendri ls tend to l imit the effectiveness of 

spl itting as a n  improvement method, whi le  the more dense reg ions of the grid l end 

themselves to use as potential sites by other  forms of coord in ation .  The effect of 

the sparse structure on  the potentia l  for coord ination is d iscussed below i n  a 

com parison between sp litt ing and  other  forms of coord ination . 

1 22 2 1  

4 

1 9  

6 

9 

1 0  1 3  1 4  

Figu re 5 .66 :  S parse g ri d .  

5.1 7.3 Dense grid 

The dense g rid  shown i n  Figu re 5 . 67 has 418  edges and  225 intersections, and is 

characterised topologica l ly by a few smal l  lakes of m inor i nfluence and few no­

choice-strings, and tactica l ly by an a bu ndance of path choice . Where the mediu m  

a n d  sparse grids contai n  m a i n  transport routes, the dense g rid  has s o  many 

a lternative paths for a given source and destination that interven ing features that 

wou ld  have been obstacles in g rids of l esser densities barely i mpact. Consequently, 

g rouping of nodes is less p ronounced in a dense g ri d .  

The wealth o f  shortest paths between node a n d  depot i ncreases the 

poss ib i l ity of other  nodes lying  on or near such paths and consequently i ncreases 

the numbe r  of nodes that m ight be serviced by a ny one vehicle without increasing  

the  d istan ce travel led by  that vehicle (subject of  course to  other  constra ints) . For 

exam ple ,  i n  Figure 5 .67,  shortest paths between node 1 1  and the depot pass 

throug h  nodes 8, 9, 1 3  and 14 and are on ly one u n it away from nodes 6 ,  10 ,  1 2  
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and 1 5 .  Accord ing ly,  total d istances in the dense g rid  tend  to be less than d istances 

i n  g rids of lower density,  as shown i n  Table 5 .24 . 

7 ", 

I--
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9 
1 0  v 

1 1  
1 2  ( 
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Figu re 5 .67 : Dense g rid . 
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The dense g rid  is investigated with h igh demands at a l l  nodes, and at nodes 

9 and 22,  located d iametrica l ly  opposed on  opposite sides of the depot and thus 

un l ikely to appear in  the same route. 

Sparse g rid  Dense grid 

( Nodes 8 and 2 1 )  (Nodes 9 and 22) 

spl itt ing othe r  sp l itt ing other 

m i n  
C D  R d ist fleet d ist fleet d ist fleet d ist fleet 

Routes 

50 7 2 1 1 5 2 6 0 3 0 

60 8 2 0 0 4 0 4 0 6 0 

70 9 3 0 0 0 0 0 0 0 0 

80 1 0  2 8 - 1  7 0 9 0 8 - 1  

90 1 1  2 8 0 1 2  1 1 8  1 9 1 

1 00 1 2  3 4 0 6 1 4 0 2 0 

Table 5 . 27 : Reductions i n  d istan ce ( % )  and  fleet size using  

spl itt ing and other  forms of coordination i n  the  sparse and dense 

g rids.  S l ight i ncreases in fleet s ize a re tolerated when they 

accompany distance reductions > 5% .  
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As expected , the g reatest redu ctions i n  d istance are found with CD values of 

80-90 with the dense g rid  more susceptible to i mprovement by spl itti ng than by 

other forms of coord ination .  

5.1 7.4 Com parison of spl itting with other forms of 

coordi nation 

I n  order for spl itting del iveries to be a n  effective method , one or  more vehicles 

must access a customer node, whereas other forms of coordination requ i re only 

that the vehicles involved access a ny suitable coord ination site,  which incl udes sites 

coincident with customer nodes. Since forms other than spl itting do not requ i re 

routes to interact near customer nodes, the chances of achieving effective 

coord ination by non-spl it methods are i m proved with i ncreasing density of 

interacting  routes. The number of intersections is a measure of the potential for 

route interaction since routes are proscribed from i nteracting  at locations other 

than vertices . I n  th is study, the sparse g rid is characterised by tendri ls of routes 

with 39 intersections, the med ium g ri d  has 6 5  intersections, and the dense g ri d  has 

225 i ntersections. It can be expected, therefore, that the sparse g rid  is an 

environment that is less conducive to coordination by spl it del ivery than the 

med ium g rid ,  with the dense grid provid ing the most hospitable conditions for 

spl itting .  

S ince g reater d istance reduction  is achieved where the coordination sites are 

located away from the depot, it can be expected that intersections close to the 

depot a re less i mportant in the coordination process than other i ntersections .  The 

region of i nfluence of a depot is probably un ique for each layout since the physica l  

layout, the routing structure and  the depot location a re inter-dependent. 

The del ivery of goods in spl it form can be emulated by the establ ishment of 

a coord ination site coincident with or near to the recipient node .  In  such cases, the 

demand is del ivered intact to the customer.  Such non-spl it coord ination might not 

be accepted since it may not p roduce the requ i red reduction i n  the objective 

function . 

I n  the m ed ium g rid ,  sp l itt ing genera l ly  produces a resu lt that is  no  better 

than that found using other  forms of coord ination .  I n  the sparse g rid ,  overa l l  

d istances tend to  be  g reater and spl itt ing is less effective, in  contrast to  the dense 

g rid ,  i n  which spl itting  is genera l ly  more effective than other  forms of coordination .  

Sp litt ing becomes more effective when several vehicles a re able to  i nteract to 

service the demands of a particu lar  node or g roup  of nodes; other forms do  not 

necessari ly requ i re the i nteraction  of mu lt ip le vehicles - they can act independently 
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and  may requ i re fewer vehicles . The trends shown in Fig u re 5 .68  relate to systems 

which d iffer on ly in g rid density.  

� 
Q) 
c 
Q) 
> 
B 
� 
w 

other coord ination 

Grid Density 

Figure 5 . 6 8 :  Grid density and  re lative effectiveness o f  

coordination methods. 

5. 1 8  Order of application of coord inatio n  

Three forms of coord ination have been investigated wh ich result i n  a red uction i n  

tota l d istance a nd/or fleet size . I n  add ition ,  two further effects have been 

i nvestigated (fleet reduction by minor changes i n  route length, and red uction of 

path d u pl ication)  which ut i l ise coord ination . As with coordination in the E ucl idean 

scenario, coord ination i n  the rect i l inear g ri d  takes several forms depending on the 

envi ronment and the requ i rement of the system administrator :  

Load s pl itting 

Requ ires : 

• Possib le i nvolvement of more than one vehicle 

• Al l  vehicles involved i n  the coord ination can access the coordination site(s)  

• Tota l load can be accommodated by the vehicles i nvolved in  coordination  

O utcome : 
• Reduction i n  fleet size 

• Redu ction i n  total d istance 
• N u m ber of i ntersections increases 

Load swapping 

Requ i res : 

• Involvement of more than one vehicle 

• Total l oad can be accommodated by the vehicles i nvolved 
• Concu rrent presence of vehicles at coordination s ite 
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• Vehicle with surplus capacity 

• Vehicle with surplus d istance 

Outcome : 

• Reduction i n  fleet size 

• Reduction i n  total d istance 

• N u m ber  of i ntersections increases 

No inter-route return to depot 

Requ i res : 

• M u lt i-routed veh icle 

• Donor and  recipient vehicles can access site i n  correct order 

Outcome : 
• Fewer routes 
• Reduction i n  total d istance 

Shortening of routes 

Req ui res : 
• Fleet size > min imum fleet size 
• N u m ber of routes g reater than the m in imum requ i red 

Outcome : 
• Reduction i n  fleet size 

Reduction of path overlap 

Requires : 

• Path dup l ication 

Outcome:  
• Reduced overlap 

• Reduction i n  total d istance 
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These forms of coordination are not mutua l ly exclusive, and more than one 

type of coord ination might be a ppl ied to a particu lar  scenario, a lthough the 

situations which prove potentia l ly rich for coordination genera l ly are not found with 

equa l  probabi l ity. The a ppl ication of one form of coordination can resu lt in an 

environment that is more or less su itable for the a ppl ication of another form of 

coordi nation . 

Load spl itt ing a l lows other types of coordination to exist i n  situ ations which 

wou ld  not lend themse lves to coordination without spl itting ,  by enabl ing more 

efficient use to be made of vehicle  carrying capacity. It can be used i n  conjunction  

with load swappi ng and the  removal of  a n  inter-route return to  depot. 

Consequently, load spl itting  should be app lied before or at the same time as other 

forms of coord ination . 
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Any appl ication that red uces the num ber of mu lt i -routed vehicles may a lso 

change the n u m ber of i nter-route returns to depot, as shown in the generic 

exam ple of Table 5 . 28 .  Primed route identifiers i n  the Table refer to routes in  which 

the nodes have been re-distributed to form new routes which are subsequ ently 

assigned to veh icles in a new schedu l ing phase . The num ber of inter-route returns 

to the depot is decreased whenever there a re fewer routes being served by an 

u nchanged number of m u lt i-routed vehicles (Scenario A below) , and occasional ly 

when single-routed vehicles assume the payloads of multi - routed veh icles (as in 

Scenario B) . In  ScenariO A,  the nodes compris ing route 7 a re redistributed to 

routes 2 ', 4' and 6 '  ( routes on each of the m u lt i -routed vehicles) ,  result ing i n  fewer 

routes being served by the same n u m ber of m u lti-routed vehicles; the number  of 

i nter-route returns to the depot decreases by the number of routes no longer 

served by mu lt i-routed vehicles, in  this exam ple, by one. In  Scenario Bf the nodes 

on a route ( route 2 )  served by a m u lti- routed vehicle are redistributed to routes on 

each of  the orig ina l  mu lt i -routed vehicles, at least one of  which is no longer mu lti­

routed . 

In  Scenario C, the i mprovement phase resu lts i n  a m u lti - routed vehicle 

becoming S ing le-routed . The same number of routes are serviced by a sing le­

routed veh icle and a reduced number of mu lti - routed veh icles ; the number of i nter­

route returns to the depot is u nchanged . In contrast, Scenario  D is an example of 

the situation where no s ingle-routed veh icle  is generated even though the number  

of  routes remains the same; the n u m ber of  i nter- route returns to  the depot 

i ncreases . 

I nter- route returns increase in  number when the number of routes is  

u nchanged but  the number  of  m ulti - routed vehicles decreases. 
• 

The removal of an i nter-route return to depot has the potential to remove 

paths from the region close to the depot. S ince the depot is  a compulsory part of 

each route,  this region is necessarily more densely travel led than other a reas and 

has a much h igher i ncidence of path overlap .  Consequently ,  the removal of  an  

i nter-route return to  the d epot m ight a utomatica l ly reduce path overlap near the 

depot but generate overlap in other regions of the g rid . Since the removal of path 

overlap away from the depot has the potent ia l  for a much greater reduction in tota l 

d istance than the removal of path ove rlap near the depot, there is  g reater potentia l  

benefit to  be  gained by investigating the removal of  i nter-route returns to  the depot 

before an attem pt is made to reduce path overlap .  Consequently, any situation 

which has the potential to resu lt in changes to the number  of multi - routed vehicles 
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or changes to the n u m ber of routes served by mu lti - routed vehicles shou ld  be 

i nvestigated prior  to the reduction of path overlap.  

Orig ina l  

Scenario  A 

Scenario B 

Scenario C 

Scenario D 

Vehicle 

assignments 

Veh .  A :  1 2 

Veh .  B :  3 4  

Veh . C :  5 6 7  

1 2 '  

3 4' 

5 6' 

l ' 

3 4' 

5 6 7 ' 

1 2' 3 '  

4 '  

5 6 7' 

l ' 2' 3 '  

4' 5 '  6 7  

Result  

Decrease 

Decrease 

No change 

I ncrease 

Table 5 . 2 8 :  Generic exam ples o f  possib le outcomes after 

red ucing the number of mu lti -routed vehicles. Result refers to 

the change i n  the n um be r  of i nter-route returns to the depot. 

N u m bers a re route identifiers .  

U n less the acceptance of  del iveries is t ime constrained, spl itt ing is not 

subject to the same tem pora l  pressures as other forms of coordination which 

requ i re that the payload involved be del ive red to sites no  later than it is  col lected . 

Since this may i ntroduce waiti ng t imes ,  sequential coordination is  d ifficult to a pp ly 

where d istances and travel times are a l ready large by reason of g rid  density and 

geogra phy. 
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5. 1 9  Qual ity of i n itial solution 

In  this study,  there a re no inherent l imitations i m posed on the app lication of 

coord ination beyond the constraints of vehicle carrying capacity and d istance 

capacity . There a re no bounds on the size and number of sp lits ,  and the number of 

coordination sites is  not constrained . The critical factor i n  determin ing the potential 

for coord ination is the environment created by an  in it ia l  solution .  

Usua l ly ,  improve ment methods a re relatively more effective when they a re 

appl ied to poor solutions, and the conditions that render a solution poor may a lso 

be the same conditions that p rovide a ferti le environment for coord ination.  I n  the 

exam ple of Appendix B,  shown in Figure 5 .69, both i nit ia l  solutions have 

environments suitable for coord ination ( regions of path overlap, paths close to 

nodes served by other vehicles, spare d istance and carrying capacity of vehicles) 

and each can be i mproved by coord ination . 
• 

Structures that do not exhibit such environments may not be su itable for 

coord ination . ConSider the structure shown in  Fig u re 5 .70  in  which the depot is  

located on a central is land connected to c lusters of  nodes by long arms, and where 

the tota l demand of each cluster l ies between maxVehCap/2 and maxVehCap .  Each 

cluster is,  therefore, serviced by a d ifferent veh icle, and the inter-cluster arms are 

so long that there is no advantage i n  any vehicle travel l ing between clusters. 

Coord ination is un l i kely to improve any feasible solution . 
• 

The routing scheme itself may prevent coordination . ConSider, for example,  

a scenario, such as that shown in  F igure 5 . 7 1 ,  in which only one rect i l inearly 

'convex' route is i nvolved . S ing le-vehicle coord ination is u n l i kely because the edges 

are identica l ,  and swapping and transfer wi l l  not occur with only one veh icle; there 

is no inter- route return to the depot because only one route is invo lved ; the route 

is convex, so there is no path overlap; the fleet size is a lready at a m in imum.  There 

is no environment in such a scenario to encourage improvement by coordi nation .  
• 
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Fig ure 5 .69 :  Good (u pper, d istance 222)  and poor 

(m iddle, d ista nce 236) solutions ca n be i m proved by 

coord ination ( lower, distance 198 ) .  Some overlapping 

paths are s l ightly offset for the sake of cla rity . 
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Fig u re 5.70 :  Grid structure prevents coordination. 

Fig u re 5 . 7 1 :  Routing scheme prevents coordi nation. 
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For other i n it ial  solutions, the routing scheme and structure may combine to 

create a situation i n  which only one type of coord ination may be a ppropriate. A 

scheme with no path overlap, that has no  m ulti - routed vehicles, with a m in imum 

fleet size ,  and  where there is  no surplus  capacity, can be i mproved on ly by 

sp l itting ,  if that is appropriate. 

As with other improvement methods, i n  addition to the envi ronment created 

by the i n it ial  solut ion, the value of any potential improvement may be a 

consideration i n  decid ing whether to apply coordination i n  real -world s ituations.  It 

has a l ready been shown that coord ination can i mprove solutions substantia l ly but in 

cases where the i n it ia l  solution is  a l ready reasonable and where workforce and 

management a re comfortable with their current practice, it may be that the extra 

effort i nvolved in estab l ish ing ,  securing and ma inta in ing coord ination sites that are 

not co- located with customer nodes renders the a ppl ication of a ny i mprovement 

method u ndesirab le .  



252 Chapter 5 Coordination in the Recti l inear Gr id Network 

5.20 Appraisal of recti l i near coord i nation 

Hal l  [H01 ]  describes a l l  transportation systems as  having the same essential 

e lements of vehicles, gu ideways and terminals, operating u nder some control 

pol icy.  He defines guideways as stationary resources that define feasible paths of 

travel and provide the physical infrastructure to support vehicles. In  the standard 

Euclidean system,  potentia l  g uideways consist of the enti re Eucl idean plane with in 

the coord ination hu l l  s ince movement is unrestricted . I n  a grid network, the 

gu ideways are restricted to those paths connecting nodes to other nodes and to 

intersections . The g rid network coordination hu l l  is not restricted to the footprint of 

the Eucl idean coordination hu l l  of an equ iva lent Eucl idean system : the a bsence of 

some edges connecting nodes in the g rid forces the g rid network coordination hu l l  

to include edges whose Eucl idean shadow l ies outside the Eucl idean coordination 

h u l l .  This is demonstrated in Fig u re 5 .72  where the nodes of a g rid network system 

and a Eucl idean system coincide ; the dotted l ine in the grid network indicates a 

bay. The presence of bays, lakes and streams in  the g rid forces the g rid network 

coord ination hu l l  to adopt a profi le that includes concavities. 

• 

Figure 5 . 7 2 :  Coord ination hu l ls of g rid networks ( blue) and 

E uclidean systems ( red) do not necessari ly coincide. 

The mu ltitude of possible paths for every route order and orientation 

com bination means that coord ination in the recti l inear grid has been investigated in 

a simu lation environment with the form of coordination decided with in the fo l lowing 

broad gu idel ines : 

• load swapping takes place before load spl itti ng 

• removal of i nter- route return to depot occu rs before reduction of path overlap 

• where one form of coord ination has been used successful ly, the result is  

i nvestigated for suitabi l ity of other types of coord ination .  
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Genera lly, load spl itting is the most widely used form of coord ination since it a l l ows 

other types of coord ination to exist i n  situations which would not lend themselves 

to coordi nation without spl itti ng .  

Coord ination i n  the recti l inear grid network is  a n  effective improve ment 

method to reduce the total d istance travel led and/or the fleet size. Of 300 ten-node 

problem i nstances i nvestigated, 243 (81%) were improved by at least one form of 

coordination with an average d istance red uction of 1 0% and fleet size red uction of 

25%.  As the number of nodes was i ncreased to 30,  u p  to 90% of problems were 

successfu l ly improved by coord in at ion,  with s imi lar  reductions in d istance and fleet 

size, but computation t ime increased d ramatica l ly .  The rate-determin ing step is the 

calcu lation of inter- nodal  d istances s ince not on ly does the numbe r  of i nternoda l  

d istances i ncrease with the number of  nodes but  a lso the red uced g rid becomes 

more com plex with more intersections, each of which s lows the d istance 

calcu lations .  When the depot is located at an extreme, the numbe r  of 25-node 

problems that can be i m proved usin g  coord ination approaches 1 00%, due to the 

i ncrease in route i nteraction . The incidence of fleet i mprove ment for medium 

density g rid problems with the d epot at  a n  extreme is 50% compared with 

approximately 30% for problems with a more centra l ly  located depot. In the sparse 

g rid ,  75% of problems were improved using coordination to reduce the d istance 

and fleet s ize ;  in  the dense g rid ,  over 80% of problems resulted i n  d istance 

red uction and 50% resu lted in  fleet reduction . 

Sp litt ing becomes more effective as g rid  density increases, whereas othe r  

forms o f  coord ination are more effective i n  regions o f  low g rid  density . 

Experi mental results i n  sparse, med ium and dense g rids confirm the i m po rtance of 

route interactions i n  the potentia l  for i mprovement by a l l  forms of coord i nation . The 

presence of demands that a re much larger than others has a d e-sensitis ing  effect 

on  the spl itti ng process by a l lowing a wider variation i n  the size of sp l its. 

In contrast with the E ucl idean case, in which nearness of paths and nodes 

was defined by the n ea r  rad ius value, paths in  the recti l inear case are deemed close 

e nough for coord ination if the use of a particu lar site produces a su itable resu lt .  The 

use of surplus tables a ids g reatly in determ i n ing the potentia l  for coord ination by 

indicating the d istances that ind iv idua l  veh icles a re ab le to detour and the amount 

of extra payload they can carry.  

Load spl itt ing,  load swapping and  removing the return to depot for multi­

routed vehicles is present in both Eucl idean and recti l inear scenarios. Because of 

structura l  l imitations of the rect i l inear g rid ,  the i nterim metastable state found i n  

the Eucl idean scene i s  a bsent i n  the grid network.  The esta bl ish ment of a 

coordination site, which can be loaded with payload equiva lent to the value of 
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maxVehCap by each vehicle using it as a type 1 site, assumes a h igh profi le in the 

recti l in ear  gr id .  Limitations created by the g ri d  structure enhance the value of such 

a site . 

Reduction of the g rid  to remove many u n necesssary edges g reatly improves 

the speed a nd efficiency of investigations. S ince mult iple paths of equal  value  in the 

orig ina l  g rid are reduced to one feasib le path i n  the fina l  g rid ,  the actual  paths 

travel led can be considered as representatives of a larger phase space, each 

com ponent of which is com pa rable .  

Coord ination requ i res no special  assum ptions other than the accepta ble  

appl ication of  the  method ; the  form of  route construction is  i rrel evant to  the 

improvement phase of coordination beyond providing ferti l e  environments in which 

coord ination may occur. Even expl icit knowledge of the demands is  unnecessary,  as 

wi l l  be shown in the next chapter. 
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CHAPTER 6 

AN EXTENSION - DYNAMIC COORDINATION I N  THE RECTILINEAR 

GRID NETWORK 

6 . 1  Introduction 

Investigation of coord ination thus far has taken place in  completely determi nistic 

environments in which a l l  deta i ls  of customer avai lab i l ity, location and demand 

have been known before any vehicle has left the depot. In  practice, th is is  not 

a lways the case ; it is not u ncommon for customers to change their demands, the 

times at which their demands become known,  or even their very existence, d u ring 

a p lann ing period . 

This chapter i nvestigates coordination where at l east some of the node 

attributes of location,  demand and t ime are unknown at the start of the plann ing  

period, but  u nder  the  assum ption that they wi l l  become apparent before the  end of 

the p lann ing period . Routes formed using consideration of i nit ia l  data may be 

modified as i nformation is revealed . The chapter aims to show that coord ination 

exists in a dynamic environment and that i m plementation of coord ination can a l low 

a system to be responsive to changes in node attributes. 

6 . 1 . 1  Dynamic vehicle routing methods 

The dynamic vehicle routing problem has been described by Lund et al ( [ LM R96] ) 

as being any vehicle rout ing problem i n  which the deciSion maker m ust create 

routes before a l l  necessary i nformation is avai lable and then m ust modify those 

d ecisions as new information is received .  Rea l-t ime dynamic decision making (see 

[ LH 0 1 ] )  requ i res a series of i nterdependent decisions in a continuously chang ing 

environment where the key characteristics are :  

• the tasks requ i re a series of decisions 
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• the decisions are interdependent 

• the environment changes autonomously and as a resu lt of decisions, and 

• decisions are made in  real time .  

The  i nformation requ i red to make a decision has several attributes i nc lud ing 

value and qua l ity (see [ POO ] ) .  Information value a l lows better decisions to be 

made;  i nformation qua lity depends on accuracy f t imel iness and completeness. For 

exa m ple ,  if a d ispatcher knows with accuracy 1% of customer demands at the start 

of a work period , the i nformation has qual i ty with l ittl e  val ue .  If the d ispatche r  

k nows that customers w i l l  requ ire a particular commodity which the competition wi l l  

b e  unable t o  supply, the information i s  va luable but has l ittle qua l ity . 

Veh icle  routing p roblems can be characterised by the assumptions a bout both 

the information content and the t ime the i nformation becomes avail able to a 

d ispatcher. Kleywegt et a l  ( [ KNS97] )  describe deterministic prob lems as those in  

which a l l  relevant data are assumed to  be known before a ny deCisions a re made, 

stochastic problems as those in  which some data a re assumed to be u nknown ( with 

or without knowledge of the relevant probabi l ity d istributions),  static problems as 

those in which decisions are made only once with avai lab le i nformation ,  and 

dynamic problems as those i n  which a sequence of deCisions is made over t ime 

using information as it becomes avai lab le .  Dynamic vehic le routing therefore deals 

with problems in which information is revealed as the work cycle progresses, and  

i nitia l  route construction occurs with incomplete information (see [ Ps95] ) .  Real ­

world appl ications inc lude the  de livery of  petro leum products (e .g .  see [B83] ) ,  

maritime services ( e . g .  [ PT93] ) ,  the a ir l ine industry (e .g . [SH9 3 ] )  and  postal 

services (e .g .  [ PSN88 ] ) .  

Stochastic a n d  dynamic problems often have poorly defined objective functions, 

because the models are difficu lt to define ( [DP93]) .  In  a stochastic program,  

decisions are made before the uncertai n  quantities are observed ( [C98 ] )  and  

recourse (corrective) actions take p lace when the  u ncertain quantities become 

avai l able ,  so it  is  not possib le  to assume that vehic le routes can be fol lowed as 

p lanned without violation of constra ints. Such recourse actions include the vehicle 

returning to the depot to rep lenish stock and supplying the new customer, or  route 

modifi cation . 

I n  an effort to unde rstand  the type of poliCies that perform wel l  and the 

value of i nformation a bout the future, [ KNS97] consider a dynamic and stochastic 

resource min im isation problem where shipments a rrive at a depot randomly over 

time and a l l  de l iveries to customers have to be completed before a g iven dead l ine, 

a lthough vehicles are not requ i red to return to the depot by a given time (as they 
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are i n  this study) .  The sh ipments to be performed at a particu lar  t ime are 

determined at a g iven set of decision points . S ince each shipment is  a fu l l  truckload 

and al l customer nodes are close enough to the depot for vehicles to service them 

and return before the next decision point, the model i nvolves schedu ling  w ithout 

routing .  Vehicles are rented from a fleet of u n l im ited size, with the renta l fee 

covering the entire period, regard less of when the renta l occurs. The objective 

function to m in imise is  tota l n u m ber of veh icles used .  They i nvestigate the 

s ituations where there is no knowledge of futu re shipments, and where the 

probabi l i ty d istribution of the numbe r  of shipments arriving is known, and show 

that routing and schedu l i ng is more effiCient when the future demands can be 

pred icted with more certai nty . Their  pol icies a re tested on a worst-case scenario 

(predicated on the assumption that no new sh ipments w i l l  occur) even thoug h  the 

worst-case performance may have l ittle or  no beari ng  on how a pol icy wi l l  perform 

on average . W hen there is no knowledge of future sh i pments,  they a l locate vehicles 

based on  the average numbe r  of shipments remain ing . Resource a l location is 

improved where the a rrival d istribution has a smal l  or  moderate coefficient of 

variation .  When the coefficient of variation is h igh,  the number of vehic les used is 

reduced by postponing del iveries from high-use periods to low-use periods;  when 

the coefficient of variation is sma l l ,  i t  is better to make del iveries as soon as the 

sh ipments a rrive at the depot. W hen the a rrival of shipments has a known 

d istribution,  vehicles can be assigned more effiCiently. 

Althoug h  dynamic vehicle routing has been studied since the 1 970s 

( [WC77],  [ D78] ,  [578] ) ,  developments in information technology and  rapid 

communications have i ncreased the need for dynamic deCision making in the 

presence of u ncertai nty by increas ing the rea l-world expectations both of customers 

and suppl iers . Improvements i n  com m u nications enable d ispatchers to respond 

rapid ly to changes in customer req u i rements and to environmental factors affecting  

the  transport of  goods;  satel l i tes and g lobal position ing systems i n  vehicles a l low 

d ispatchers to monitor fleets of thousands of vehicles [DP9 3 ] .  Powel l  et al [ PSCOO] 

describes dynamic routing and schedu l ing p roblems as requ ir ing rapid response 

times and the ab i l ity to output m u ltip le recommendations for a particu lar  d river. 

Because quick response times to problems with large n u mbers of variables 

are requ i red, heuristic solutions a re sought in rea l -t ime environments. The three 

main categories of a pproach [ IGPOO]  are :  

• adaptation of statiC progra ms, incl ud ing Tabu Search 

• stochastic methods, and 

• neura l  networks [SP9 5 ]  and genetic programming .  
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The adaptation of static a lgorithms is based on the concept of a rol l i ng 

horizon, where static p roblems are repeatedly  solved over events found with i n  an 

horizon of  length ot that extends from the current t ime t to t+ot. For  very smal l  Ot, 
strategies can produce near-optima l  solutions (see [BDF83] ,  [D95] ,  [ P88] ) .  For 

large Ot, the solution is  typical ly weaker, u n less a fast and powerfu l solution 

procedu re is provided [T89] .  Thi s  a pproach ignores the potential benefits of 

considering the probab i l istic aspects of the problems and trying to forecast the 

future. Either the problem is modified every time an u pd ate occu rs or rapid 

i nsertion techniques are used . Although i nsertion is easy to imp le ment, solutions 

created by consecutive insertions may requ i re i mprovement by local search 

methods such as 2-opt, whereas complete re-ordering of routes may have lead to 

improved solutions. There is a trade-off between speed of response and qua lity of 

sol ut ion. 

5avelsbergh [5598] investigates dynamic routing with rea l - life data in a 

pickup and de l ivery mode, and inserts new requests into feasible routes where 

poss ible or creates new routes where no feasible route exists. Post- insertion 

i mprovement is by i nter-route transfer or  inter- route exchange.  

5tochastic methods ( see [ P88] ,  [ BV9 1 ] ,  [ BV93] )  a im to react to an event i n  

such a way a s  to m inimise the u ndesira ble i mpact o n  the whole system wh i le 

ensuring a good q ua lity of service to customers d isturbed by the events, but 

problems are p lagued by a rapid i ncrease in state space with problem size, and 

assumptions must be made to make the problems more tractable.  

The stochastic programming a pproach [DLT89]  involves the construction of 

a p replanned set of routes that is not reoptim ised .  A survey on stochastic 

programming  can be found in [ B97 ] .  Neura l  networking  [5P9 5 ]  a ims to repl icate 

the d ispatcher's decision making process. 

5cenario p lann ing is  used i n  stochastic problems [099] to describe a n u m ber 

of  p lausib le future states that a system may develop, and thus enab le  a planner  to 

develop solutions that perform wel l  u nder a l l  scenarios. Aspects of this method wil l  

b e  used i n  this study of dynamic  coordination to develop a set o f  responses to 

possib le future scenarios, so that an adaptive strategy can be constructed that wi l l  

a l low routes to b e  modified a s  i nformation becomes avai lab le .  The mod ification may 

range from a n  insertion to a com plete overhau l  but, by pre-plann ing the strategies, 

the response can be achieved rapidly. 
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6 . 1 . 2  Dynamic coordi nation 

259 

There does not a ppear to be a ny pub lished materia l  on the appl ication of dynamic 

coordination in  the rect i l inear grid  network,  a lthough several researchers have 

app l ied l im ited coord ination to dynamic problems in the Eucl idean p lane.  

Regan et a l  ( RMJ94,95]  i nvestigate a l i mited form of dynamic coordination 

in a pure pickup  (or del ivery) scenario  in a E ucl idean sett ing by a l lowing a vehicle 

to be d iverted away from its current destination to service a request that just 

occu rred i n  the vicin ity of its current position .  I n  the figure below, a vehicle 

travel l ing  from node A to node B (and thence to node C) is notified of a new 

request from node D whi le at the location labelled A' at t ime t. The vehicle detours 

from its plan ned route to attend  node D and then resumes its planned route . 

A 

D 

o 

c 

Diversion 

Figure 6 . 1 : Diversion from route ABC at location A' to route 

AA/DBC. Planned route is shown by sma l l  dotted l i ne ;  d iverted 

section by larger dotted l i ne ;  fu l l  l ine  ind icates completed section 

of route. 

Ichoua [IGPOO] extends th is strategy by permitt ing the diversion of one or 

more vehicles to occur at a time other than t ime t and by a l lowing  multiple loads to 

be carried s imultaneously. Requests are more d istant from each other, and 

activities take p lace over a longer time horizon (a  few days) ,  than i n  [ RMJ94,95 ] .  At 

the time when a new request occurs, the current system status and the request 

become i nputs into some optim ization procedu re wh ich cou ld  take the form of 

• a s imple i nsertion by the i m mediate d iversion of a vehicle 
• a n  insertion fol lowed by a re-optimization procedu re,  or  
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• an exact a lgorithm .  

Consequently, o n  rece ipt of a new request the vehicles may continue  along 

the i r  p lanned routes to the i r  current destinations or one or m ore may change .  At 

the t ime a new req uest a ppears, the vehicle is  at position A'(t) but has moved to 

position A"(t+ o t) i n  the t ime taken to process the request, ot. The strategy is  to 

use the i nformation avai lab le at time t to provide a solution that can be a ppl ied to 

the system at t ime t+ot, whi lst using a value of o t  that is  both large enough to 

a l low the improvement p rocedure to be performed, but not so large  that the 

opportun it ies for d iversion a re lost. 

D(t) 
o 

Figure 6 . 2 :  New request occurs at t ime t but i s  not actioned u nti l 

t ime t+ot. 

[ IGPOO]  use Procedu re 6 . 1  [GGPT96) to accommodate new requests . I n  

[G96] 's procedu re,  t h e  neighbourhood is  generated b y  the i nter-route exchange of 

variable length segments known as the CROSS exchange [T97] .  When a new event 

occurs,  such as the completion of service to a customer or the generation of a new 

request, the search threads are i nterrupted whi le the adaptive memory is u pdated ,  

a n d  re-started with new sol utions from the u pdated memory .  When a new request 

is received, it is inserted into a l l  solutions i n  adaptive memory and rejected if there 

is  no  feasible position i n  any solution . If feas ib le  solutions exist, the best solution is  

re-optimised using a local search heuristic based on CROSS exchange.  The current 

destination of each vehicle is  fixed and is not part of the p lanned route to be 

optim ised . 
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[ IG POO]  modify this procedure by fix ing the current position of  each vehicle 

rather than the current destination,  and a l lowing  the current destination to become 

part of  the optim ization process. Thus, they a pply a l i mited form of  coord in ation by 

a l lowing routes to dev iate from their p lanned paths at locations that a re not 

necessarily co-located with customer nodes, a lthough  they do not extend this 

techn ique to a l low interaction between vehicles. The optimization phase is a l located 

a processing t ime of 5t dynamical ly, using either historica l values of req uest i nter­

arrival t imes, or future requests on the planned routes. Using u niformly d istributed 

customer locations in a Eucl idean framework of d ime nsion 100x 100 with travel 

times proportiona l  to Eucl idean d istances, the objective function to m in im ise is the 

sum of the tota l d istance travel led and the total lateness over a l l  customer 

locations.  Fleet size is set at the number of routes in the best reported solutions. 

W he n  only 25% of req uests a re known in advance, both the numbe r  of u nserved 

customers and the objective function are i mproved, with g reater improvements 

when the value of 5t is determined in  advance as a moving average of the inte r­

arrival t ime of the previous n requests ( where n is proportional to the n u m be r  of 

requests known in advance) .  W hen 50% of requests are known i n  advance the 

n umbe r  of u nserved customers is  furthe r  i mproved .  

Step One : 

Step Two : 

Step Three : 

Step Three ( a ) :  

Step Three ( b) : 

Step Three Cc) : 

Step Three ( d ) : 

Para l le l  Tabu  Search 

Construct d ifferent i n it ia l  solutions with a stochastic insertion 

heuristic (where the choice of the next customer to be 

i nserted is randomised ) .  

App ly tabu search to each solution a n d  store the resulting 

routes in the adaptive memory [ RT9 5 ] .  

W hi le  a stopping criterion i s  not met do : 

Use the routes stored i n  the adaptive memory to 

construct the i n it ia l  solution .  

Decompose the problem into subproblems obtai ned 

through a decomposition procedure .  

Apply tabu search to each subproblem . 

Add the routes of the result ing solution i n  the 

adaptive memory.  

Proced u re 6 . 1 : Para l le l  tabu search approach . 
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Anothe r  i nvestigation i nto l im ited dynamic coordination in the E ucl idean 

setting has been performed by Bard et al  ( see [ BH JD98]) ,  who establ ish 

coord ination sites for en route replenishment of stock in  a version of the inventory 

routing problem .  The Inventory Routing Problem C IRP, see [ CCKS97] )  is an  

extended version of  the  VRP that takes into account i nventory levels and fixed 

storage capacities at customers .  The IRP is  concerned with the repeated d istribution 

of a s ing le produ ct from a s ing le depot to a set of customer nodes over a given 

p lanning horizon of known length, by a fleet of homogeneous vehicles .  The 

objective to m ini mise is the average d istribution costs d u ring  the p lanning period ; 

a l l  customer requ i rements must be satisifed . The IRP is  an extended version of the 

VRP because it is  based on customers' usage rather than customers' orders. In 

add ition to the routing and schedul ing  phases of the VRP, the I RP has a customer 

selection phase which identifies the customers to be serviced during  a particu lar  

p lann ing  period . Beale  (see [B0 1 ]  Chapter 9 )  addresses the  problem of selecting 

which customers to service and includes i m pl ications for not servicing customers, or  

for servicing them poorly .  

I n  practice the IRP is stochastic and dynamiC .  In the stochastic i nventory 

routing  problem the future demand of a customer is u ncertai n  and there is a 

possibi l ity that a customer's demand may not be satisfied ( L e .  a stockout occurs) .  

The IRP i s  a long-term dynamic control problem which i s  model led by short­

term decisions. Stockouts can be reduced by de l ivering to a customer earl ier than is 

necessary, but this usual ly means del iveri ng less than a fu l l  vehicle load which may 

lead to higher d istribution costs . The re is  a s imi larity between this a pproach and the 

establ ishment of type 1 coord ination s ites, where the coordination site is located at 

the destination node but where that node is not necessari ly on a s ingle-noded route 

and therefore may be unable to have a fu l l  vehicle load de l ivered to it. W hen the 

short-term plann ing p roblem consists of a sing le day, the problem is solved by 

adapting VRP solution techniques.  When the p lanning problem consists of several 

days, the short-term problems a re formulated as m athematical programs and 

solved using decomposition techn iques such as Lagrangean relaxation.  Successfu l 

solutions usua l ly assume that each v isit del ivers the maxim u m  quantity possib le  

and that vehicles a re deployed with fu l l  loads, consistent with the results found i n  

the previous chapter. 

[BHJD98] use a decomposition approach to show that a tradeoff can be 

made between d istance and annual  costs by establ ishing coord ination sites as 

sate l l ite faci l ities where vehic les can replenish their stocks without having to return 

to the depot. They prevent stockouts by making an  immediate special del ive ry at 

h ig h  cost. Using a planning period of one week and examini ng two weeks at a t ime 
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with a rol l ing horizon, on ly  the solution for the first week is i m plemented and the 

process is  repeated for the next two weeks. Customer selection is based in it ia l ly on 

those customers whose optima l  del ivery day fal ls w ith in  this two week period . 

Servicing a customer on a day other  than  the optima l  day for that customer incurs 

an incrementa l cost; other incrementa l  costs involve customer retention and 

aspects of customer service . Customer assignments to days of the week are based 

on a combination of a desire to ba lance demand and to min imise i ncremental costs. 

The inventory routing problem with sate l l ite fac i l ities ( IRPSF) is decomposed into 

two subproblems - clustering of customers,  and routing .  

The IRPSF is defined by  a set of  customers with known location,  each with a 

non-negative demand for a g iven commodity that varies dai ly in accordance with a 

known probab i l ity d istribution .  Each customer scheduled for service on a given day 

m ust be visited by exactly one of the identica l  vehicles based at a centra l depot. 

The depot and each of the coordi nation sites hold an un l im ited supply of the 

commod ity and can reload any vehicle . The depot serves as the origin and fina l  

destination of each veh icle . 

A feaSible sequence for a vehicle starts at the depot, visits a subset of 

nodes, de l ivering the requ i red a mount to each , poss ibly reloads at one of the 

coord ination sites, continues to a nother subset of nodes, reloads again at a 

coord ination site, and at the end of a route returns to the d epot, a l l  w ith in a 

maximum t ime constra int .  

Step One : 

Step Two : 

Step Three : 

Step Four :  

Step Five : 

Inve ntory Routing Problem with Sate l l ite Faci l i ties 

Identify those customers in  the serv ice area whose optimal  

rep len ishment day fal ls  with in  the current p lann ing horizon .  

Assig n  each customer identified i n  Step One  to  a g iven day  by 

solving a balanced ass ignment problem with the objective of 

m in im is ing i ncremental costs. 

For each day in the p lanning horizon,  try to find a good feasible 

solution by solving a VRP with sate l l ite faci l it ies (VRPSF) . The 

objective is to min imise tota l d istance . 

Attem pt to improve the solution by swapping customers 

between routes. 

Examine the tradeoff between incremental costs and route 

lengths by swapping customers between d ifferent days of the 

planning horizon . 

Proced u re 6 . 2 :  The inventory routing problem with sate l l ite 

faci l ities. 
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In the VRPSF, the coordination site to be inserted into a route is determined 

from a pre-defined l ist of sites subject to d istance constraints . I nit ia l  routes a re 

tested for i mprovement by intra-route edge exchange and inter-route node 

exchange, and the two-week schedu le  is checked for improvement by the re­

assignment of nodes to other days, or swapping nodes between days. In the 

E ucl idean p lane with u p  to 500 nodes and u p  to 5 coordination sites, [ BHJD98] 

report greater efficiency in clustering of customers from using a modified C larke 

and W right (see [CW64] )  route construction than  with G RASP (see [ KB95] )  or 

Sweep (see [GM74]) althou g h  the Clarke and Wright heuristic took up to 3 times 

longer than the Sweep heuristic and a bout 3 times longer than the G RASP heuristic. 

The authors report that the establ ishment of coord ination sites for the i ntra-route 

rep len ishment of stock imp l ies that the d istance traversed by a route is a g reater 

l imitation tha n  the cumu lative demand . Permitti ng swaps between routes one and 

two days a part l eads to  relatively large  reductions i n  distance due to  the  g reater 

numbe r  of feas ible  transitions, but i ncreasing the number of days between swaps 

increases the chance of v iolating other constraints. The routing d istance is a non­

increasing function of the number of coord ination sites with an a lmost d i rectly 

p roportional  advantage in having more coord ination s ites. 

I n  this study, coord ination is a ppl ied to dynamic vehicle routing problems i n  

the recti l inear g rid  network by extending the results o f  static systems discussed in  

the  prev ious cha pter and incorporating these i nto dynamic systems using 

techniques simi lar to those d iscussed in  this section . 

6.2 Problem description 

This study considers dynamic  stochastic coordination i n  a rect i l inear g rid ,  using pre­

processing of problems in order to create a decision frontier. Rather  than  d iv ide the 

work period into time sl ices, pre-processing enables the dispatcher to select a n  

a ppropriate response t o  a new request a s  the new request is  received,  from a 

selection of responses that have a l ready been dete rmined.  

Because the p lanning period covers one work cycle, there is no guarantee 

that a l l  demands wi l l  be satisfied, and route fai lu res wi l l  occur where a request is 

received from a customer node that cannot be reached in the t ime ava i la bl e  without 

violating the constraint that returns a l l  vehicles to the depot at the end of each 

cycle .  If the p lanning horizon were extended to cover more than one work cycle, 

such late d istant demands cou ld  become inputs i nto the next cyc le .  In  practice, 

de l ivery com panies often state that orders received later than a certain  t ime wi l l  be 
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processed the fol lowing  day. Such an extension to the sol ution techniques described 

in this study may provide materi a l  for future research . 

Problems are generated with a fixed number  of nodes created at the vertices 

of a rect i l inear g rid  network. U nless stated otherwise, nodes have known location  

and known de livery demand ; a l l  nodes have zero pickup demand . The fleet of 

identica l vehicles, each with a max imum capacity, maxVehCap, and max imum total 

d istance a l lowance, maxVeh Dist, beg i ns the work cycle from the sing le depot and  

a l l  routes end at  the depot. A l l  edges of  the  rect i l inear g rid  are identified and are 

two-way with effective infi nite carrying capacity i n  each d i rection . 

W here poss ible,  vehicles are deployed with fu l l  loads, del iver the maxim u m  

a mount poss ible  to customers a n d  to coord ination sites, a n d  coord ination sites are 

establ ished as early as possib le .  At the conclusion of a work cycle, a l l  coord ination 

s ites wil l  have been d is-esta bl ished and al l  vehicles wil l  have returned to the depot. 

A lthoug h  penalties wi l l  not be a ppl ied expl icitly, endeavours wi l l  be made to service 

the feasible req uests of a l l  customers,  even if this means emp loying extra vehicles. 

Thus, a form of inherent penalty is i mposed by i ncreasing  the fleet size . There is no 

l im it on  waiting times beyond  the requ i rement to produce feasible routes . I n itia l 

routes are constructed using the techn iques of Chapter 5 ( l a rgest/smal lest 

neighbourhood farthest/nearest insertion i mproved by exchange and  transfer) . 

I n  order to keep the fol lowing solutions brief and genera l ,  there is no 

prescribed l imit  on  the number of coord ination sites that may be esta bl ished, and 

no set-u p  t ime for such sites. As a demonstration of  solution techn iques,  the 

structure shown in  Figu re 6 . 3  is used as an indicative example on ly;  node locations 

and demands a re g iven in  Append ix F .  This structure has been selected because it 

demonstrates a basiC form of the problem under i nvestigation and the d iscussion is 

i ntended to generate ind icative results rather than as an in-depth investigation .  The 

depot is centra l ly located,  and the fifteen nodes are spread across a med ium 

density g rid  characterised by  several l akes and peninsu las .  Examples i n  the 

fol lowing  sections are based on weak dynamic systems [ LM R96] in which most of 

the information is known in advance and on ly one node has u nknown attributes. 

The consequences of apply ing coordination to systems that have mu ltiple nodes 

with u n known attributes are d iscussed l ater. 
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7 

2 

1 3  

1 1  u--'----' 

8 (}---1 

Figu re 6 . 3 :  E xa mple structure. 

6.3 Nomenclature 

Problems are categorised by the prior knowledge (or lack of it) of the node 

attributes of location ,  demand and t ime at which the demand is received or at 

wh ich the location becomes know n .  The sign ificance of the t ime attribute is 

context-sensitive s ince 'time'  may refer to the time at which i nformation on location 

or demand becomes avail able,  or  the t ime at which de liveries wil l  be accepted,  or 

the time after which deliveries wi l l  not be accepted (dead l i nes) .  Because th is 

i nvestigation is i nc luded merely as a b rief look at the imp l ications  of coord ination i n  

a dynamic environment, on ly the s implest context-sensitive version of the time 

attribute is considered, and the fol lowing classification  is made.  

location demand t ime 

Not dynamic 

,j ,j x DCl 

-Y x ,j DC2 

x ,j ,j DC3 

,j x x DC4 

x ,j x DCS 

x x ,j DC6 

x x x DC7 

Table 6 . 1 :  Dynamic coord ination classification . 
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Each of the dynamic situations defined in Table 6 . 1  is d iscussed briefly 

below. The i ntent is to g ive an i ndication of the methods by which such problems 

may be solved us ing coord inatio n ; a n  in-depth i nvestigation forms the basis for 

future research . 

Where problems exist with nodes that fit more than one category, the 

classifi cation is  used that is numerica l ly lowest in the classification table,  if that is 

practicab le .  I n  practice, problems wi l l  exist with aspects that belong to d ifferent 

categories.  This situation is d iscussed in more detai l  in §6 . 1 1 .  

6.4 DC1 Only time i s  u nknown 

I n  t ime window constrained routing  and schedu l i ng problems (e .g .  [S088] ) ,  some 

nod es i mpose service deadl ines and earl iest service t ime constraints. I n  the 

dynamic version of th is problem, the locations and demands of a l l  nodes are known 

befo re the routing  and schedu l i ng phases, but the time that at least one node is 

ab le  to accept de l ivery is u n known at the beg inn ing  of the work cycle and becom es 

known at some stage d u ring the p lann ing period . There a re fou r  ma in  a pproaches 

to applying coord ination to this problem : 

Ca)  Conservative 

One  a pproach to th is type of problem consists of inc luding nodes with 

u n known time i n  tentative routes that approach their respective locations at 

d ifferent t imes. As soon as their acceptance t imes are revealed, the best of 

the tentative routes serv ice those nodes and the other  tentative routes a re 

amended . Because routes a re tentative u nt i l  acceptan ce t imes are known, 

the later parts of routes may not proceed as plan ned i n itial ly, so it is  

i mportant to establish coordination sites as early as poss ib le .  This fits wel l  

with the fi ndings of Chapter 5 where the early establ ishment of coordi nation  

sites was found  to  be beneficial  to  the routi ng scheme. 

( b) O ptimist ic 

Another  approach is to remove such nodes from consideration i n  the routing 

process and to i nsert them i nto the most appropriate routes when the i r  

acceptance times a re revealed . The subsequ ent mod ification of  routes may 

result  in a q uite d ifferent routing scheme from the i n itia l  one, requ i ring 

considera ble  a lteration to the envi ronment and greatly changing the 

potential for coord ination . By ignoring nodes with dynamic  time attributes, 

those nodes a re removed from any coord ination scheme that may exist prior 
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to the time of demand revelation (a lthough they may be i nc luded i n  

schemes that are developed after revealtion ) .  

(c) Co-location 

In this approach , routing and  schedu l ing  is  carried out as though the 

situation were non-dynamic, and coordination sites a re created that are co­

located with the problem nodes. When acceptance t imes are revealed, 

su itable vehicles service such nodes and subsequent coord ination schemes 

may be cha nged . The a l location  of such vehicles and the dis-estab l ishment 

of coordination sites m ay i ncrease the t ime to determine a recourse action 

and i ncrease fleet size . 

(d )  Mop- u p  

The mop-up  approach is  a lso based o n  a static version o f  the problem, 

where by routing and schedu l ing  is carried out without regard to the nodes 

that have u ndeterm ined acceptance times. When those del ivery times a re 

revealed, at least one more vehicle is deployed to service these nodes 

exclusively.  Such vehicles may be u navai lab le for consideration in the 

coordination process because the ir  spatial and tem poral characteristics are 

d i fficult to determine u nt i l  some stage i n  the work cycle which may be too 

late to a l low their uti l isation . 

E ach of these approaches carries its own imp l ications for the appl ication of 

coordination . By omitting  some nodes from the i nitia l  routes, as i n  a l l  but the 

conservative approach , an u nnecessary handicap is i m posed on the system by the 

inab i l ity to take advantage of the p rior  knowledge of the node locations and their 

demands. By using a conservative approach a nd pre-processing  problems, the 

d ispatcher is  a ble  to select an appropriate response from existing options. The 

conservative technique, shown i n  Procedure 6 . 3 ,  may i nclude aspects of co- location 

by the early estab l ishment of coord ination sites co- located with target nodes and 

guara nteeing del ivery by i m posing a latest delivery constra int on the customer. 
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Step One 

Step Two 

Step Three 

Step Fou r  

Conservative DCl Procedure 

In itia l ise : 

V : = set of a l l  nodes with u nknown time attribute 

N : = set of a l l  nodes with known t ime attribute 

R : = set of a l l  routes. 

Route and  schedu le  a l l  nodes as for static coord ination, except that 

nodes in V are i nc luded in  routes that a pproach them at d ifferent 

t imes. 

As the t ime attribute is revealed for each node, x, i n  V, 
1 .  remove x from V and add it to N. 

2 .  choose the most a ppropriate route to service it from R; 

if  no  such route exists, go to Ste p  Fou r. 

3 .  adjust routes i n  R .  

4 .  if  V is not empty, continue with Step Three, otherwise 

STOP - a l l  nodes have been successfu l ly serviced . 

If the node can be serv iced without violating  tim e  constraints, 

create a s ingle-noded route and service it with a dedicated vehicle, 

otherwise STOP - the node can not be serviced . 

Proced u re 6 . 3 : Conservative DCl .  

6 .4. 1 Time constrai nt 

Assuming a one-to-one rel at ionship between d istan ce and t ime, the existen ce of a 

max imum distance constra int infe rs the presence of a maximum t ime constra int of 

equa l  magnitude.  Consequently, the max imum t ime d u ring  which a n  order for a 

node, u, with u nknown time attribute can be guara nteed service is 

max imum ava i lable time, tmax = m axVehDist - d ist(depot, node u) . 

Such service can be g uara nteed by placing a dedicated vehicle at the node and 

returning it feasibly to the depot. Alternatively, any vehicle servicing a route with 

node u as its u lt imate node  is ab le to remain  at node u unti l t= tmax ' Simi larly, when 

node u is placed at other positions in a route, its waiti ng t ime can be adjusted with 

regard to the travel times between other nodes. 
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6.4.2 Multiple placement 

By constructing routes that contain  the node with dynamic demand in more than 

one position, the situation is created whereby one vehicle can i nvestigate the 

acceptance status of that node at more than one t ime.  This is  shown in Figu re 6 .4 ,  

which consists of a depot, one target node with u n known t ime attribute at location 

AT and several other nodes on a route that passes twice through the node at A .  If 

the target node is visited before t=trev and the vehicle is  u na ble to wait u nti l t=trev' 

the node cannot be serviced,  and the vehicle must continue  along the generic path 

ind icated in Ca ) . H owever, if the node at A can be serviced when the vehicle first 

passes through A (as i n  ( b ) )  the remainder of the route may be reorganised so as 

to avoid subsequent passages through A. 

Ca) Cb) 

Figure 6 .4 :  M ult ip le place ment i n  a route of a node with 

u nknown time attribute. 

6 .4.3 Problem generation 

Consider the example i n  Figure 6 . 5, where the attributes of a l l  nodes except node 

15 a re known at the t ime of rout ing and  schedul i ng ,  and  a re g iven in Append ix F .  

Node 15 has known location and  demand (as in Appendix F)  but its earl iest 

acceptance time, trev 1 wi l l  not be revealed u nt i l  the work cycle has beg u n .  Node 1 5  

has been chosen for this example because its relatively centra l l ocation and 

prox imity to othe r  nodes makes it easier  to inc lude i n  m u lt iple routes than an 

isolated node, such as nodes 1 or 6 .  In order to make the problem simple but non­

trivia l ,  a demand of 50 has been a l l ocated a rbitrari ly to node 1 5 ;  sp l it de l iveries are 

permitted ,  and only the earl iest acceptance time is  considered with no reg ard for 

the latest acceptance t ime.  As discussed in the fol lowing sections, several routing 

schemes a re created that contai n  node 1 5  i n  d ifferent positions, one of which wi l l  

be adopted . 
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Because node 15 l ies 1 0  u nits from the depot, a long its shortest path, tmax 

has value 40;  consequently, any vehicle servicing a route with node 1 5  as its 

u lt imate node is able to remain at node 1 5  u nti l t=40, at which time it must return 

to the depot. 

For this problem ,  the m in imum number of routes (equivalent to the value  of 

ce i l (tota l demandjmaxVehCap) ) is five .  

7 

2 

1 3  

1 1  o-...u:::..._-1 

8 0---1 

Figure 6 . 5 :  DCl .  Node 1 5  has dynamic demand.  The three 

coordination sites ind icated are d iscussed below. 

6 .4.4 Incorporation of coordi nation 

The schemes shown below are representative of the principles that cou ld be 

fol lowed when deal ing with one node with dynam ic demand .  The total d istances 

reported a re those that would  be travel led u nder circumstances where the 

acceptance time for node 15 is revealed later rather than earl ier .  Where the 

acceptance time is earl ier, routes shown may be adjusted so that the total d istan ce 

is  l ess than that reported here .  
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6.4.4. 1 Routing scheme A ( node 15 approached at t= 1 2  and t= 16)  

The vehicle servicing route 1 approaches node 15  at  t= 1 2  before cont inu ing on to  

de l iver part of  node 14's requ i rement and then returning to  node 1 5  (which l ies on 

a shortest path back to the depot) at t= 1 6 .  If node 15 has been serviced,  the 

vehicle wi l l  return to the depot ; otherwise, it may wait  u nti l  t=40 to receive 

permission to de l iver node 1 5's load .  If such permission is not forthcoming by t=40, 

the vehicle returns to the depot and node 15 is not serviced . The scheme is  shown 

in Table 6 . 2 .  

Route # Distance Route 

1 24 0 1 5  14' 15 0 

2 SO 0 14" 1 3 0 

3 50  0 5 8 9  1 1  0 

4 36 0 1 3  10 7 0 

5 36 0 6 1 2  0 

6 20 0 2 4 0 

2 1 6  

Table 6 . 2 :  Routing  scheme A for D C l  example .  Five vehicles 

service these routes. 

If node 15 had been serviced at t= 12 ,  it need not be approached again at  a 

later t ime and the vehicle servicing route 1 cou ld have returned to the depot by any 

shortest path between node 14 a nd the depot (which in this problem leads i t  past 

node i s's location a nyway ) .  Consequ ently, the tota l d istance is u nchanged 

regard less of when node 1 5  can accept del ivery . Although the tota l d istance of 

scheme A is  quite h igh ,  it has the advantage of early encounte rs with the target 

node, one of which a l lows a vehicle to remain  at the node for a conSiderable t ime, 

1 6::;t::;40, thus i ncreasing the chances of provid ing prompt service to the customer 

at  node 1 5 .  
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6.4.4.2 Routing scheme B (node lS a pproached at t= 24 and t=40) 
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Nodes 2 and 14 have spl it d el iveries . The vehicle servicing route 2 a pproaches node 

1 5  at t= 24, at which t ime the node is either serviced or ignored.  If servicing of 

node 1 5  occurs at t=24, the vehicle servicing route 6 is not deployed, and the total 

d istance becomes 196 .  The latest t im e  at which the vehicle servicing route 6 must 

leave the depot is t=30,  so the vehic le servicing route 1 is  a ble to service route 6 if 

requ i red,  without vio lati ng tim e  and d istance constra i nts, and no i ncrease in fleet 

size beyond  5 is incu rred . If the vehicle servic ing route 1 had not been a ble to 

continue  as a mu lt i-routed vehicle, a fleet increase wou ld have been requ i red at 

t= 30 . The scheme is shown in Table 6 . 3 .  

Route # Distance Route 

1 3 0  0 6 2'  0 

2 38  0 2"  4 1 2  3 1 5  1 4 '  0 

3 42 0 14"  1 0 

4 5 0  0 5 8 9 1 1 0  

5 3 6  0 1 3  1 0  7 0 

6 20 0 1 5  0 

2 1 6  

Table 6 . 3 :  Routing scheme B for D C 1  exa m ple .  Five vehicles 

service these routes. 

6.4.4.3 Routing scheme C ( node lS approached at t=26 and t= 30) 

The vehicle servicing route 1 establ ishes a coord ination site at  W which may be 

used by route 2 or d is-estab l ished by route 1 no later tha n  t=44. If  node 15 is  ab le 

to be serviced by t=26, route 6 is adjusted by removing node 15 and reducing the 

tota l d istance travel led to 2 18 ;  otherwise,  the vehicle servicing route 6 may wait 

there for perm ission to service the node from t=30 to t::::40,  after wh ich the vehicle 

returns to the depot and node 15 is not serviced .  The scheme is shown in  Table 

6 .4 .  
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Route # Distance Route 

1 50  0 9 8 5 1 1 W  0 

2 40 0 14  Weol so 15  3 0 

3 36  0 1 3  7 1 0  0 

4 44 0 1 1 2  0 

5 20  0 2 4 0 

6 40 0 6 1 5  0 

230 

Table 6 .4 :  Routing scheme C for DCl example .  S ix  vehicles 

service these routes. 

6.4.4.4 Routing scheme 0 ( node 15 a pproached at t= 1 2  and t=36) 

Node 15 is  approached at t= 1 2  on route 3 ;  if servicing is not ava i lable  at this t ime, 

route 3 is traversed u nti l node 1 5  is again approached at t=36 at which t ime either 

the node is serviced or the veh icle may wait u nt i l  t=40 before servicing the node 

and returning to the depot. Nodes 2 and 14 have spl it de l iveries.  If node 1 5  is ab le 

to be serviced at t= 1 2 ,  the total d istance d rops to 1 96 .  An advantage of this 

scheme is that it causes no d isruption to routes other than the one which services 

the node with dynamic deman d .  Also, by the t ime the second  encounter with node 

15 occurs,  at t= 36,  two routes have been completely traversed and the vehicle 

servic ing a th i rd is a l ready approach ing  the depot, l eaving on ly one route which is  

i n  any position to be re-assessed . Subsequent assessment reveals that this  route 

should not be changed, so that late encounter resu lts in no changes to other 

routes. The scheme is shown i n  Table 6 . 5 .  

Route # Distance Route 

1 3 0  0 6 2' 0 

2 38 0 2" 4 1 2  3 1 4 '  0 

3 46 0 1 5  14" 1 1 5  0 

4 50  0 5 8 9  1 1  0 

5 36  0 1 3  1 0  7 0 

200 

Table 6 . 5 :  Routing  scheme D for DC1 exam ple .  Five vehicles 

service these routes. 



Chapter 6 Dynamic Coordination  i n  the Recti l i near G rid  Network 

6 .4.4.5 Routing scheme E ( node 15 a pproached at t= 1 2  and t= 16) 
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Node 15 is  approached at t= 1 2 ;  if servicing is not ava ilable at this t ime, a 

coord ination site is established at V i n  order for the vehicle servicing route 2 to be 

ab le to wait there u nti l t=40 or u nt i l  node 1 5  is  serviced , wh ichever comes first. At 

that t ime, either node 1 5  is serviced,  or the site is dis-establ ished and the vehicle 

returns to the depot. The scheme is shown in Table 6 . 6 . 

Route # Distance Route 

1 44 0 1 5  3 1 0  

2 26 0 1 2' 14 Vcol 50 1 5  0 

3 26 0 1 2" 4 2 0 

4 50  0 5 8 9  1 1  0 

5 3 6  0 1 3  10  7 0 

6 28 0 6 0 

2 1 0  

Table 6 . 6 :  Routing scheme E for DCl exa m ple .  S ix vehicles 

service these routes . 

6.4.4.6 Routing scheme F ( Dedicated vehicle) 

A dedicated vehicle is  assigned to node 1 5  to wait at that node u nt i l  either 

permission  to de l iver is g ranted or  t=40, whichever is  earl iest. S ince node 15 is  1 0  

d istance u n its from the depot, the service t ime for this node l i es between t= 1 0  and 

t=40.  The scheme,  shown i n  Table 6 .7,  i nvolves spl it de l iveries to node 2.  

Route # Distance 

1 50  

2 3 6  

3 20  

4 3 0  

5 30 

6 46 

2 1 2  

Route 

o 1 1  9 8 5 0  

0 

0 

0 

0 

0 

7 1 0  1 3  0 

1 5  0 

6 2 '  0 

ydel 3 1 2  

1 4  Ycol 1 

4 

0 

2"  0 

Table 6 . 7 :  Routing scheme F for DCl exam ple .  Five veh icles 

service these routes. 
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This scheme provides a customer whose demand is  dynamic with a service 

equa l  to that which it wou ld have received had its demand been static, with an 

identical range of  del ive ry tim es, 1 0s:ts:40, but  u nder scheme F the del ivery can be 

guara nteed to be made i ntact. Had the demand of node 15 been static, the routing  

scheme wou ld  have been that shown i n  Table 6 . 8 .  Diffe rences between the  static 

and dedicated dynamic schemes are evident in the treatment of nodes 2 and 4 

wh ich , u nder the dedicated dynamic scheme, are serviced later i n  the work cycle, 

and in which the demand of node 2 is del ivered in spl it form.  

Route# D istance Load Route 

1 3 6  1 93 o 7 10  1 3  0 

2 5 0  1 67 0 1 1 9 8 5 0 

3 20 1 94 0 2 4 0 

4 28 1 19 0 6 0 

5 44 1 68 0 1 2  3 1 1 5 0 

6 24 200 o 14 0 

202 1 04 1  

Vehicle D istance Routes(s) Nodes 

1 36 1 0 7 1 0  13  0 

2 50  2 0 1 1 9 8 5 0  

3 28 4 0 6 0  

4 44 5 0 1 2  3 1 1 5  0 

5 44 3 6 0 2 4 0 14 0 

Table 6 . 8 :  Routing scheme for static DCl exam ple without 

coord ination . Five veh icles service these routes. 

6.4.4.7 Routing strategy 

The schemes shown above are not exhaustive, a nd combinations of them 

may be appropriate. Schemes D and  E result  in shorter d istances than the 

dedicated veh icle a pproach of scheme F, and  scheme B may be shorter (depending 

on when node 15 can be serviced) .  Which scheme is adopted depends on several 

factors inc luding 

• the range of approach times, 

• fleet requ i rements such as fleet size and equitable route d istances, and 
• the manner i n  which the adopted scheme affects other nodes which may have 

their own dynamic considerations. 
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6.4.5  Conclusions 
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DCl problems a re solved by generating  routes that i nclude the node with u nknown 

time attribute i n  several d ifferent positions, i n  order that the node is a pproached by 

vehicles with enough stock to service its demand .  By uti l is i ng routes that encounter 

the target node more than once, as in  Figu re 6 .4 ,  d isru ption to other routes can be 

reduced . 

E ncountering the target node as the u ltimate node i n  a route a l lows the 

vehicle to wait at the node (or near it) u nti l either the del ivery can be made or  the 

vehicle is forced to return to the depot, without d isru pting service to other 

customers .  Where the node is  fol lowed by other nodes in a route, waiting at the 

target node wi l l  cause uncertai n  delays in del ivery to those other nodes. Psaraftis 

(see [ PT93] )  describes systems wh ich a l low vehicles to wait at nodes unti l  the 

envi ronment is more favourable .  

As the number of nodes with dynamic demand i ncreases, it becomes more 

d ifficu lt to provide specific schemes such as those shown i n  the example above, and 

routing  and schedu l ing  may be more flu id  with routes being re-constructed as 

acceptance times of nodes are revealed and the ir  requ irements are added to the 

active pool of requests. As routes a re re-formed, the environment for coordi nation 

changes and it becomes more d ifficult to predict su itable coordination schemes.  

Consequently, there may be a l im it to the use of p re-processing i n  the 

i mprovement by coord ination of problems with dynamic demand . This is d iscussed 

in more deta i l  in § 6 . 1 1 .  
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6.5 DC2 Only demand is u n known 

In vehicle routing problems with random demand, a l l  node locations are known in 

advance but the demand of at least one node wi l l  not be known either u nti l some 

pre-specified time, t=trev, or u nti l the node is visited . If the demand has zero value 

and the demand is revealed only when the node is visited, the node need not be 

serviced . 

I f  a node's demand exceeds vehicle capacity, a route fai l u re may occur and 

a recourse action w i l l  be needed . Such action may i nvolve the vehicle returning to 

the depot to replenish stock or, where coord ination is ava i lable,  proceeding to a 

coord ination site to col lect the requ i red amount of stock, before return ing to the 

target node. If split del iveries are permitted,  replenishment stock may be carried by 

another vehicle. Recou rse action m ust guarantee, if pOSSible, that the demands of 

a l l  nodes wi l l  be satisfied, and the objective function to be m in im ised i nvolves the 

tota l expected d istance .  Effective use of coordination in systems with stochastic 

demand i nvolves the anticipation of route fai l u re and the estab lishment of 

coordination sites that can provide replenishment stock. 

Approaches to this problem in the l iterature are based on a priori 

optimisation and reoptimisation . In  a priori optimisation (see [B]090] ) ,  nodes are 

arra nged i n  pre-determined static routes that are not u pdated dur ing rea l-time 

operations .  Berts imas (see [ BS 96 ] )  reports on E ucl idean sche mes that dynamica l ly  

update i n it ial fixed a priori routes depend ing on when a customer's demand 

becomes ava i lable : a fixed a priori strategy visits a l l  customers i n  the same fixed 

order as u nder the a priori sequence but replenishes only those that requ i re stock ;  

an adaptive a priori strategy u pd ates routes b y  skipping nodes with zero demand.  

In  reoptimisation schemes (e .g . [DLT89 ]  and [ DP93 ] ) ,  routing occurs 

concu rrently with serv ice. W here the demand is known on arrival at the node, the 

decision to service that node is made on a rrival ,  a nd the route ends when the 

vehicle is  e mpty or when a l l  nodes have been serviced . Reopt imisation sche mes are 

characterised by com putational ly i ntensive solutions, and the first computational ly  

tractable heuristic p rocedu re using  th is  approach is reported by Secomandi  ( see 

[SO l ] ) ,  who sequentia l ly improves an a p riori  solution .  

Dror  ( see [DLT89] )  d iscusses stochastic vehicle routing i n  a s ing le depot/ 

homogeneous fleet Eucl idean setting  where customer demand is the only source of 

u ncerta inty .  Since spl it  del iveries may be permitted and demands may become 

evident over time, the study represents a form of dynamic stochastic coord in ation . 

Routes can be interrupted befo re demands become known, so that veh icles can 

replenish stock in a nticipation of new demands. A stochastic progra mming 
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formulation of this problem does not permit route reoptimisat ion,  whereas 

formu lation of the problem as a Markov decision process a l l ows reopt imisation on 

rece ipt of new data at a ny location . Reoptimisation instructions may be created i n  

t h e  form o f  a decision tree for each stop i n  the route . 

Stochastic m ethods attempt to use the stochastic nature of demands to 

predict future requ i rements so that customers can then receive reasonable  service 

with a m in imum of d isruption .  The main a pproaches include Markov decision 

processes (see [ P88] )  and stochastic programming (see [DLT89] ) .  Markov decision 

processes are h indered by the rapid g rowth in state space with problem s ize and 

the need for s impl ifying  assum ptions to make solving the model more tractable .  

6 . 5 . 1  Problem generation 

A single depot/fifteen node system (with raw data given i n  Append ix F) is 

generated i n  a rect i l inear g rid where the attributes of nodes 1 - 1 4  a re fu l ly 

determined but where node 1 5  has a known location and a demand that wi l l  

become a pparent at  t ime t= 1 5 .  Node 15 has had only one previous demand of 

value 50 .  Although coord ination is poss ible  i n  the form of spl it de l iveries, that 

technique wi l l  not be a ppl ied in  the i n itial construction phase since it might serve to 

c loud the effect of the dynamic nature of the demand .  There is no load/unload t ime 

at nodes, so the re lationshi p  between t ime and  d istance is one-to-one as in  §6 .4, 

and  a l l  veh icles depart the depot at t=O .  The accommodation of delayed departure 

t imes (see [FBSTW93] )  is a n  area for future resea rch ; it has not been addressed in  

th is  study i n  order to keep the examples as unobfuscated as possib le .  

6 . 5 . 2  Problem solution 

This study employs a strategy simi lar to the adaptive a priori approach by creating 

a set of i n it ial  routes us ing a n  estimation of the value of the u nknown demand 

based on the demand h istory of that and other nodes. After i n it ia l  routes a re 

constructed, a coord ination plan is assembled a nd the pre l im inary estimation is 

adjusted to a g reater value ;  the s izes of loads del ive red to and col lected from 

coordination points are modified . At a given time, the actual  demand of a l l  nodes is  

revealed and the necessity of  a pplying  the coordination is determined .  

For  a problem with on ly one node with stochastic demand, solution is a fou r  

step process, a s  shown in  Proced u re 6 .4 .  
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DC2 

In it ia l  routes a re constructed and schedu led using a n  estimated 

va lue for the u nknow n  demand . 

Step Two Routes are adjusted so that the node i n  q uestion is  not vis ited 

before the time at which its true demand is revealed, t=trev .  

Step Three Coord ination points a re then establ ished at l ikely sites so that they 

w i l l  be avai lable  for use when the mystery demand is revealed . 

Step Fou r  At the t ime t= trev t routes a re adjusted to accom modate, i f  possible, 

the known demand.  Coordination s ites a re emptied before the end 

of the work cyc le .  

Procedu re 6 .4 :  DC2.  

6.5 .3  Demand estimation 

I n  the s imulation environment, a random number with a norma l  d istribution 

generates demand .  The u nknown demand is  estimated by considering the number  

of  past occurrences of  demand from that parti cu lar node : 

• > 3 :  use the average of the last four demands 

• < 4 :  use the latest demand 

• no previous demands : use the average of a l l  demands for the known 

nodes. 

Where there is no  pattern, using the last fou r  values accommodates extremes of 

demand .  

S ince node 1 5  has  had  on ly one  previous demand of  size 50 ,  the  estimated 

value of Demand( 15 )  is 50 .  

6 .5.4 Initia l  route construction 

Routing  and schedu l i ng  is carried out as for a non-coord inated system using the 

est imated demand for node 1 5 ,  via any method that creates feasible routes. The 

particu lar  method of routing and  schedu l ing is i rrelevant to the concept of 

coord ination, since coordination requ i res only that routes, nodes and demands 

exist. I n  th is exam ple,  the routes a re constructed using  the techniques d iscussed i n  

Chapter 5 ,  a n d  a re shown in  Table 6 . 9  and Figu re 6 . 6 .  
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Route# Distance Load Route 

1 3 6  1 93 o 7 1 0  13  0 

2 50 1 67 o 1 1  9 8 5 0 

3 20 1 94 0 2 4 0 

4 28 1 19 0 6 0 

5 44 1 68 0 1 2  3 1 1 5  0 

6 24 200 o 14 0 

202 1 04 1  

Vehicle Distance Routes(s) Nodes 

b lue 36 1 0 7 10  1 3  0 

g reen 50 2 o 1 1  9 8 5 0  

p ink  28 4 0 6 0 

black 44 5 0 1 2  3 1 1 5  0 

red 44 3 6 0 2 4 0 14 0 

Table 6 . 9 :  In it ia l  routes using an estimated value 

Demand ( 1 5 )  without coordination . 

1 0  

7 

1 3  

8 

Figure 6 . 6 :  In itia l routes generated with an estimated 

demand for node 1 5 .  
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6 . 5 . 5  Coord ination site location 

Site location consists fi rst of determi ning the position of al l  vehicles and the 

serviced/unserviced state of nodes using the i nit ial routes, and then preparing for 

large differences in the va lues of the estimated and actua l  demands of node 1 5 .  

Since i t  i s  known that the true value of Demand(1 5 )  wi l l  be revealed a t  time 

trev =  15,  the locations of a l l  vehicles at that t ime can be determined in  advance. At 

t= 15 ,  the prog ress of the five vehicles is that shown in  Figure 6 .7 ,  with each route 

having been traversed for 1 5  time u nits, and some nodes a l ready serviced 

( i ndicated in the table by h igh l ighting and in the figure by fi l led discs ) .  For the sake 

of c larity in  the fig u re,  some edges have been s l ightly off-set. 

Vehicle Prog ress at t= 1 5  

b lue o 7 10 13 0 

g reen o 11 9 8 5 0  

p ink  o 6 0 

black 0 3 1 1 5  0 

red o 2 4 o 14 0 

Table 6 . 1 0 :  Prog ress at t= 1 5 .  Serviced nodes are h igh l ighted .  

1 0  

7 

1 3  

8 

Figure 6 . 7 :  Prog ress at t= 1 5 .  Fi l led d iscs i nd icate nodes 

whose demands have been fu l ly  met. 
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Since the red veh icle is m u lt i -routed, the progress shown in the fig u re is 

on ly one of two possibi l it ies depending on which order these routes a re u ndertaken . 

S imi larly, each of the mu lti-noded routes can be traversed i n  the opposite d i rection .  

The time t= 1 5  is late enou g h  that s l ight  changes i n  the order i n  which some of  the 

nodes are visited has no  effect here .  

The basis for coord ination site location is  contingency p lann ing .  I f  the actual  

demand is no  g reater tha n  the estimated value,  coord i nation is  not necessary, but 

the possib i l ity of an actual value far greater than the estimated value must be 

considered and planned for i n  advance of any schedu l ing .  A l l  routes m ust be 

considered, since the a pplication of coordination can have a r ipple effect on d istant 

routes . Accommodation of a larger demand for node 15 i nvolves the use of 

coord ination, a nd schemes are devised that take i nto account a range of values for 

node 1 5 's demand . 

I n  the i n it ial  route structure, the veh icle servicing node 1 5  has 32 surplus 

stock u n its ava i labl e  which means that the i n it ial  scheme can be used without 

change for values of Demand( 1 5 )  up to 8 2 ;  beyond this value, coord ination wi l l  be 

appl ied . 

Accommodation of a m uch g reater value of Demand ( 1 5 )  involves the 

creation of three coord ination pOints, W, X and Y, as fol lows .  The pin k  vehicle  

leaves the depot at t=O with a ful l  payloa d ;  it del ivers maxVehCa p-demand(6 )  = 81  

to the coordination site at  X before cont inu ing on to service node 6 and retu rn ing to 

the depot, i ncreasing its distance by 2 .  The red vehicle leaves the depot on its fi rst 

route with a fu l l  payload and after servicing  nodes 2 and 4 empties the coordination 

site at X and  del ivers the contents to a coordination site at Y, adding 6 to its 

orig ina l  d istance. The black vehicle services nodes 12 ,  3 and 1 ,  col lects the 8 1  stock 

u nits from Y and del ivers these to node 1 5  a long with the 82 u n its it is a l ready 

carry ing for that node without incurring a ny additional d istance. Thus, the demand 

of node 15 is accommodated up to the value of 82+81 + 6 = 169 by using 

coordination sites at X and Y, and i ncreasing the total d istance by 8.  

S ince node 15 can have demand up to the value of maxVehCap, the use of 

coord ination sites X and Y may not be adequate . Extra stock can be del ivered to 

node 1 5  by the establ ishment of a coord ination site at W by the g reen vehicle 

without i ncu rring extra d istance .  S ince this veh icle can carry an extra 33  u nits, it 

del ivers these to W wh i le servicing  route 2. If the demand for node 1 5  is revealed 

as being  g reater than 1 69 ,  the blue vehicle may be d iverted to W to empty the 

coord ination site and deliver the stock to node i s, adding to its origina l  d istance . 

Because the requ i rement of node 1 5  is known before the red veh ic le a pproaches 

the coordination site at X,  and because it w i l l  not have enough surplus d istance 
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capacity to visit both X and W, the fol lowing scheme is adopted if demand( 1 5 )  

> 16 9 :  the g reen vehicle establishes a coordination site a t  W with 33  un its; the pin k  

vehicle establ ishes a coordination site a t  X with 8 1  un its ; the red vehicle transfers 

the contents of the site at X to a new site at Y, a long with its surplus payload;  after 

servicing nodes 12, 3 and 1, the black vehicle transfers the contents of the site at Y 

to the site at Z and returns to the depot ; the blue vehicle services node 1 3  then 

detou rs to the site at W which it empties, travels to the site at Z which it a lso 

empties and del ivers the contents to node 1 5 .  

I n  each of the above scenarios, the d is-establ ishment of coord ination sites 

must be i ncluded . The schemes are com bined to create the in itial routes shown i n  

Figure 6 . 8 ;  their implementation i s  described next. 

7 

1 3  

1 1  \.r""""'J--

8 0---i 

Figure 6 . 8 :  In itia l  routes incorporating coord ination pOints 

wh ich may be used if the demand of node 1 5  exceeds 8 2 .  

6.5.6 Incorporation of  coord ination 

The schemes described above are com bined and forma lised in such a manner that 

they have identical configurations up to the time t=trevf thus a l lowing any of them 

to be adopted when the actual demand of node 15 is revealed . 
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6.5.6. 1 Routing scheme A 
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No coord ination is a ppl ied ; the routes are those shown i n  Table 6 . 1 1  with 82 u nits 

carried for possi ble del ivery to node 1 5 .  The coordination sites establ ished at X and 

W are u nused and emptied by the b lack and green vehicles respectively on the i r  

retu rn to the d epot. Differences between the schemes represented by Tables 6 .9  

and 6 . 1 1  resu lt from the  incorporation of  coord ination : because scheme A exists in  

a system in which coord ination may be  requ i red, i t  must create the environment for 

t:s;trev which a l l ows su bsequent coord ination to be a ppl ied by another routing 

scheme. The routes are those shown in Figu re 6.8 above, except that coord i nation 

sites at  Y and Z are not establ ished . The sites at  W and X a re emptied by the g reen 

and black vehic les respectively. 

Route# Distance Route 

1 36 0 7 1 0  1 3  0 

2 50  0 W 1 1  9 8 5 W 0 

3 20 0 2 4 0 

4 30 0 X 6 0 

5 44 0 1 2  3 1 1 5  X 0 

6 24 0 14 0 

204 

Vehicle Distance Routes(s) Nodes 

b lue 36 1 0 7 1 0  13  0 

g reen 50 2 0 W 1 1  9 8 5 W 0 

p ink  28  4 0 X 6 0 

black 44 5 0 1 2  3 1 1 5  X 0 

red 44 3 6 0 2 4 0 14 0 

Table 6 . 1 1 : Routing scheme A.  

6.5.6.2 Routing scheme B 

As shown in  Table 6 . 1 2 :  

1 .  P ink vehicle establ ishes a coord ination site at X with 8 1  un its, services node 6 

and retu rns to the depot. 

2. Red vehicle services nodes 2 and 4,  co l lects the stock at X and transfers it to a 

new coord ination site at Y, returns to the depot and then services route 6 .  
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3. Black vehicle  services nodes 12 ,  3 and 1 ,  col lects contents at Y and del ivers 

them to node 1 5  before return ing to the depot. 

4. Green vehicle establishes a coord ination site at W with 33 u nits, services nodes 

on route 2 and empties the site at W on its retu rn to the depot. 

5 .  B lue vehicle services nodes on route 1 and retu rns to the depot. 

Route# Distance Route 

1 36 0 7 1 0  1 3  0 

2 50  0 W 1 1 9 8 5  W 0 

3 26 0 2 4 X Y 0 

4 30 0 X 6 0 

5 44 0 1 2  3 1 Y 1 5  0 

6 24 0 14 0 

2 1 0  

Vehicle Distance Routes(s) Nodes 

b lue 36 1 0 7 1 0  1 3  0 

g reen 50 2 0 W 1 1  9 8 5 

p ink  30 4 0 X 6 0 

W 0 

black 44 5 0 1 2  3 1 Y 1 5  0 

red 50 3 6 0 2 4 X Y 0 1 4  0 

Table 6 . 1 2 :  Routing scheme B .  

Although a coordination site i s  establ ished at W ,  it i s  unused, and its 

contents col lected by the g reen vehicle on its retu rn to the depot. The routes are 

those shown in Figu re 6 .8  a bove, except that the coord ination s ite at Z is not 

establ ished . 

6.5.6.3 Routing scheme C 

As shown in  Table 6 . 1 3 :  

1 .  P ink vehicle establ ishes a coord ination site at X with 8 1  un its, services node on 

route 4 and returns to the depot. 

2. Red vehicle services nodes 2 and 4,  col lects the stock at X and transfers it, 

a long with its own su rplus, to a new coord ination site at Y, retu rns to the depot 

and then services route 6 .  
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3. Black vehicle services nodes 12 ,  3 and 1, empties the s ite at Y, travels to the 

coord ination site at Z where it de l ivers its payload before retu rning to the depot. 

4 .  Green vehicle establishes a coord ination site at W with 33 un its, services nodes 

on route 2 and retu rns to the depot . 

5 .  Blue vehicle travels to the coord ination site at W which it empties, then travels 

to the site at Z wh ich it empties, then del ivers its payload to node 15 and 

retu rns to  the depot. 

7 

2 

1 3  

8 n--� 

Figu re 6 . 9 :  Routing scheme C .  

Route# Distance Route 

1 50 0 7 1 0  1 3  W Z 1 5  0 

2 50 0 W 1 1 9 8 5  0 

3 26 0 2 4 X Y 0 

4 30 0 X 6 0 

5 42 0 1 2  3 1 Y Z 0 

6 24 0 14 0 

222 

Vehicle Distance Routes(s) Nodes 

b lue 50 1 0 7 1 0  1 3  W Z 1 5  0 

g reen 50 2 0 W 1 1  9 8 5 0  

p ink 30 4 0 X 6 0 

black 42 5 0 1 2  3 1 Y Z 0 

red 44 3 6 0 2 4 X Y 0 14 0 

Table 6 . 1 3 :  Routing scheme C .  
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At t=trevl the b lue vehicle is instructed to change its path between node 1 3  

a n d  the depot t o  detour t o  the coord ination site a t  W ,  where i t  del ivers its surplus 

payload . It  arrives at W at t= 34, by which time the g reen vehicle has estab l ished 

the coo rd ination site,  and by the time the blue vehicle a rrives at Z ,  the b lack 

vehicle has established the second coordination site . This scheme takes advantage 

of the g rid network structu re by a pplying a detour  to an a lternate shortest path 

between the u lt imate node of a route and the depot at such a time that no vehicle 

is requ i red to wait. The 14 surplus d istance u n its of the blue vehicle are used in  

addition to  the  extra coverage afforded by  the a l ternate shortest route in order to 

empty coord ination sites W and Z and subsequently service node 1 5 .  

6.5.6.4 Routing scheme 0 

As shown in Tab le  6 . 14 :  

1 .  Pin k  vehicle establishes a coordi n ation site at X with 8 1  un its, services node 6 

and returns to the depot. 

2. Red vehicle services nodes 2 and 4, empties the site at X and returns to the 

depot before servicing route 6 .  

3 .  Black vehicle services nodes 1 2, 3 and  1 before returning to the depot. 

4. G reen vehicle establ ishes a coordination site at W with 33 un its, services nodes 

on route 2 and returns to empty the site at W and travels to the depot. 

5 .  B lue vehicle delivers 4 u nits to the coordination site at W then services nodes on 

route 1 and returns to the depot. 
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Route# Distance Route 

1 36 0 7 1 0  1 3  0 

2 50 0 W 1 1  9 8 5 W 0 

3 20 0 2 4 0 

4 30 0 X 6 0 

5 40 0 1 2  3 1 X 0 

6 24 0 14 0 

200 

Veh icle Distance Routes(s) Nodes 

b lue 36 1 0 7 1 0  13  0 

g reen 50 2 0 W 1 1  9 8 5 W 0 

p ink  28  4 0 X 6 0 

black 44 5 0 1 2  3 1 X 0 

red 44 3 6 0 2 4 0 14 0 

Table 6 . 14 :  Routing scheme D .  

Although coord ination is not actua l ly  needed i n  this scheme, the sites at X 

and W must be establ ished so that they may be used by other routing schemes at 

t=trev, even though this increases the distance .  The coord ination sites are emptied 

by the black and g reen veh icles without adding extra d istance . This scheme d iffers 

from the others at t=trev by re-organis ing route 5 to e l im inate node 1 5 ,  and 

because that node was the u ltimate node i n  the route, the on ly improvement 

requ i red is to truncate the route without affecti ng other nodes. 
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7 

1 3  

1 1  

8 n---! 

Fig u re 6 . 1 0 :  Routing scheme D .  

6.5.6.5 Routing strategy 

The routing scheme that is adopted depends on the value of the demand of node 

15 that is  revealed at t=trev . The strategy is shown in Table 6 . 1 5 .  

Actua l  value  of demand ( 1 5 )  

o 

o < demand( 1 5 )  � 82 

82 < deman d ( 1 5 )  � 1 69 

1 69 < demand ( 1 5 )  � maxVehCap 

Routing  scheme 

D 
A 

B 

C 

Table 6 . 1 5 :  Routing strategy for DC2 example .  

Tota l d istance 

200 

204 

2 1 0  

222 

Incorporating coordi nation into this exam ple a l lows the stochastic demand of 

one node to determine the routing strategy for the entire system without increasing 

fleet size . Where the demand is  revea led to be zero, the routing strategy e l im inates 

the node, reducing the total distance sl ightly from 202 in the system which ignores 

coordination (shown in Table 6 . 9 ) .  W here node 1 5  has a stock requ i rement no 

g reater than 82 u n its, the establ ishment of su bsequently unused coord ination sites 

results in a s l ight i ncrease in total d istance. The benefit of this strategy a rises 

where the demand is  revealed to be g reater than the maximum value which the 

non-coord inated system handled , with the g reatest d istance less than 7% h igher 

than the non-coord inated system . 
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Although the  routing strategy developed a bove is not u n ique, i t  is neverthe less 

effective, and progressive in that each routing  scheme represents a s l ight change 

over its preceding scheme, which makes for easy i mplementation of such a 

strategy. 

Routi ng  schemes B and C are based o n  the ab i l ity of the p ink  vehicle to 

establ ish a coordination site at X with 33 u n its . The vehicle has enough surplus 

d istance avai lable to be a ble to del iver maxVehCap u nits d i rectly to node 1 5 ,  

i ncreasing  its d istance b y  20, which would make routing  scheme C unnecessary 

were it not that the i m plementation of scheme B results i n  a shorter total d istance 

than this wou ld create . 

S ince coordination sites a re deemed to have un l im ited capacity, the ab i l ity of 

the p ink  veh icle to de liver any u n its to the site at X depends on the demand of node 

6 :  

surplus capacity of p ink vehicle = maxVehCa p  - demand(6) . 

W hi le node 6 has a non-zero demand, there can be no guara ntee that the 

p ink  vehicle a lone w i l l  be a ble  to accommodate all of the demand for node 1 5 .  The 

on ly  other vehicles passing close to X are the red vehicle (carrying 6 extra u n its) 

and the black vehicle (a l ready fu l ly laden) . Consequently, when the actua l  demand 

of node 15 exceeds the est imated demand by more than the surplus capacities of 

the p ink and  red vehicles, another coordination site m ust be establ ished by the blue 

a nd/or g reen vehicles ,  thereby imp lementing  routing  scheme C and creating an 

u pper l imit  for the demand of node 15 using schemes A - D of m axVehCa p­

dema nd ( 6 ) + 128 .  Th is value exceeds that of maxVehCap for the data i n  the g iven 

exa m ple .  The routing strategy then becomes that shown in Table 6 . 1 6 .  

Actua l  value o f  demand ( 1 5 )  Routing scheme 

o D 

o < demand( 1 5) s 82 A 

82 < demand(1 5 )  s m axVehCap+88-demand( 6 )  B 

maxVehCap+88-demand(  6 )  

< deman d ( 1 5 )  s 

maxVehCap+ 1 28-demand(6)  

C 

Table 6 . 1 6 :  Routing strategy based on l im itations of node 6 .  
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6 . 5 . 8  Conclusions 

I n  determin istic coord ination, a l l  factors (demand,  location of nodes,  ava i lab i l i ty )  

are known before the start o f  a work cycle a n d  a l l  vehicles leave the depot with 

thei r  routes firmly decided . In contrast, dynamic coord ination exists in an u ncertain 

atmosphere where at least one of the factors is u nknown.  

I n  the exam ple presented i n  th is  d iscussion,  coordination has produced a 

m ost acceptable resu lt .  Coord ination has not been appl ied i n  the i n it ia l  routing i n  

th is d iscussion i n  order t o  h igh l ight the effect o f  the dynamic variant.  I n  

accommodating the dynamic demand o f  a s ing le node, the fleet s ize has not been 

i ncreased , and the total d istance ranges on ly from 200 to 222.  By creating  a 

routing strategy based on the progressive a lteratio n  of rout ing schemes, 

i m plementatio n  is a stra ight forward affa ir  that consists of choosing a suitable 

response from a pre-determined selection ,  each choice of  which has s imi lar  set-u p  

requ i rements i n  the tstrev phase. 

Because coord ination depends heavily on the envi ro nment created by 

routes, extend i ng the methods presented here to a system with more tha n  one 

node with u nknown demand involves understanding the i nteractions between nodes 

to determine the manner in which the demand of one node affects the behaviour of 

routes. Such an i nvestigation has been a l luded to in Table 6 . 1 6, where the routing 

scheme is  shown to be dependent on the demands of node 15 and  node 6;  s imi lar  

relationshi ps exist with other n odes.  
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In DC3 problems, the demands of al l  nodes a re known in advance, but the location 

of at least one node is u nknown u nt i l  a pre-specified time which may d i ffer for each 

node with unknown location . As i n  the previous sections, coord ination is m ost 

effective when advantage is taken of a l l  the known characteristics of a system 

i nc luding attributes of nodes and g rid structure. Fou r  approaches to a pplying 

coordination to systems i n  the recti l i near g rid  network i n  which the l ocatio n  of at 

least one node is unknown at the start of the work cycle are :  

(a)  Optim istic 

The system is d ivided into two sets, a pool of nodes with advance requests 

and a pool of n odes with real -time requests (as i n  [LMR96] ) ,  but on ly the 

n odes in the pool of advance req uests are assigned to routes and veh icles. 

As each new l ocation is  revealed, the associated node is transferred from the 

pool of real-t ime requests to the pool of advance requests and inserted i nto 

a sUitable route (e ither an existi ng route or a new route that is generated) .  

This approach takes n o  advantage of the known attributes of nodes i n  the 

pool of real -time requests and, because coord ination sites tend to be more 

effective when establ ished early in  the work cycle, may rem ove those n odes 

from participation in the coord ination process . 

( b) Conservative 

Each node with u nknown location is placed provisiona l ly  i nto several routes 

which are modified as the locations a re revealed . This method reduces the 

risk of route fai l u re by over-subscrib ing to routes (that is, by inc luding the 

same node in more than m ultiple routes, a l l  but one of which w i l l  modified 

later) but can result in  inflated fleet sizes ( because in effect the vehicle 

capacities have been reduced for those veh icles with the redu ndant nodes ) .  

Because routes may be  created i n  regions of  the g rid  that need n ot be 

v isited when the actua l  l ocations a re revealed,  the temporal and spatia l  

characteristics that are assumed in  the  in it ia l  stages for the  appl ication of 

coord ination may n ot be those that exist in  later stages and a false 

environment for coord ination may exist. 

(c) Geographica l  

Advantage is taken of the known g rid  structure to create coord ination sites 

at positions which may be usefu l when a l l  locations are known . Such places 

i nclude bottlenecks,  a reas close to paths that are heavily used by routes 

servicing nodes with known l ocations, and spots on the edge of barriers ,  
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such as lakes, which a re l i kely to be used .  The geographica l  dependence 

means this approach is more successfu l i n  mediu m  density and sparse g rids 

than in dense g rids.  By uti l is ing paths that are heavily used, this system is 

more successfu l i n  systems where there is a h igher n u m ber of n odes with 

known l ocation . 

Cd)  Dedicated vehicle 

Nodes with advance requests a re assigned to veh icles and routes without 

regard for those nodes with u nknown locations. As each new location is 

revealed, a veh icle  is  deployed to service the correspond ing node. This 

approach may remove those vehicles from the coordination process because 

their relatively late i nvolvement may mean that their temporal and spati a l  

characteristics are i ncompatible with exist ing coord ination schemes. By 

requir ing such vehicles to leave the depot at the time the l ocation is  

revealed , route fai l u re may occur where the location is revealed too late for 

a vehicle to make the return tr ip from the depot without violating t ime 

constra i nts. A variant on this approach is to deploy mop-up vehicles early in 

the work cycle so that they may be closer to the appropriate nodes than to 

the depot when l ocations are revealed.  

By us ing scenario plann ing  and pre-processing ,  the problem is ak in  to one of 

dynamic determin istic fac i lity location .  I n  locat ing fre ight carrier transportation 

termina ls ,  Cam pbel l  (see [C90 ] )  conSidered costs associated with transportation ,  

location and re- location and  found that re- location costs were detrimental to  the 

efficiency of a system when seek ing a n  optimal  solution .  Sch i l l i ng  (see [S80] ) used 

a d ifferent a pproach by employing a maximal  covering problem formu lation i n  the 

l ocation of emergency services and assumed that once a fac i l ity opened it rema ined 

so. In th is study, the cost of establ ish ing a coordination site is merely the travel 

cost and i ncrease i n  fleet requ i rement (if any) ,  and once a site has been emptied it 

no longer exists ; it is assumed that there are no maintenance costs associated with 

coord ination sites. It w i l l  be shown below that a combination of geogra ph ic and 

dedicated vehicle a pproaches with an a l l i ed covering  problem provides an effective 

solution to the problem of servicing nodes with u nknown location . 

6.6 . 1 Problem generation 

In order to keep the examples as sim ple  as pOSSible, a system com parable to that 

i n  previous sections is generated . That is,  a s ing le depot! fifteen node system (with 

raw data g iven in Append ix F)  is  generated in a recti l i near g rid  where the attributes 
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of nodes 1 - 14 are fu l ly determined but where node 1 5  has a known demand of 50 

and a location that wi l l  become a pparent at time t=10.  Although coordination is  

possible i n  the i n it ia l  construction phase, that technique wi l l  not be appl ied since it 

might serve to cloud the effect of the dynamic nature of the location . There is no 

load/un load t ime at nodes, so the relationship between t ime and d istance is one-to­

one as in §6 .4, and a l l  vehicles depart the depot at t=O, u n less specified otherwise.  

6.6 .2  Problem solution 

Because on ly one node has u nknown location with a demand that wi l l  be revealed 

at a known time, t=trm solution is based on a sim i lar  static problem .  As in the 

previous sections, a solution is sought that generates a set of appropriate 

responses from which one can be chosen to accommodate the actua l  value of the 

previously u n known attribute. 

A combination of the a bove schemes is presented here as a solution to the 

problem with one u nknown node location . Rather than making accommodation for 

the demand of node 1 5  i n  each route, several coordination sites a re establ ished by 

t=trev == 1 0  i n  such a way that they may be used by veh icles to service any area of 

the grid and sti l l  return to the depot by t=50 .  The problem is s imi lar  i n  some 

respects to the location of emergency vehicles (see [BL93 ] ) ,  in  which : 

1 .  There is a set of demand pOints, each of which represents a geog raph ic a rea to 

which service might be provided . 

2 .  There is a set of veh icle locations, where each vehicle location is associated with 

a set of demand pOints that can be reached from that location . 

3 .  There is a constra int on the time it takes to service the demand point which 

may be d ifferent for d ifferent demands. In the emergency service scenario, 

emergencies a re prioritised (see [H MOO] ) with d ifferent response tim es from the 

cal l -out time to arrival at the node; in this problem the time constra int relates 

to the abi l ity of a vehicle to service the node and return to the depot before the 

end of the work cycle. 

By requ i ri ng  the geographic coordination s ites to be estab l ished by 

t=trev = 10 ,  the sites chosen must l ie  on vertices along the red l ines i n  Fig u re 6 . 1 1 ,  

between the locations marked by red d iscs a n d  the depot, and yet must b e  able to 

service any part of the black edges and  sti l l  be able to return to the depot no later 

than t== 50.  In addition , there should be l i ttle overlap  between the reg ions that can 

be serviced by the geographic coordination sites. The reg ion that cou ld be serviced 
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by a site at S is shown in blue; the region that can not be covered by a site at S can 

be serviced by a site at T (which can also service a ny vertex other than the two 

indicated in Figure 6 . 1 1 ) .  If trev had had a value larger than 10 ,  a vehicle would 

have had been a ble to traverse more of the g rid before establ ishing the site but the 

site would have afforded less coverage than that shown in  the figure .  If the vehicle 

were to be dedicated to node 1 5 ,  it cou ld have stayed at the depot and sti l l  been 

able to service any vertex, but by establ ishing sites at S and  T, those veh icles may 

be ab le to service other nodes i n  addition to node 1 5 .  

By creating i n itia l  routes that i nvolve only those nodes whose locations are 

known, the base routing scheme shown i n  Table 6 . 1 7  is generated . 

Vehicle Nodes 

b lue 0 7 10 13 0 

g reen 0 1 1  9 8 5 0 

red 0 2 4 o 14 0 

p ink  0 6 0 

black 0 1 2  3 1 0 

Table 6 . 1 7 :  Assig nments for nodes with known locatio n .  

Because there i s  considera ble overla p  in the regions that can b e  serviced by 

the sites at S and T, the constraint on the establ ishment time for the sites is 

relaxed so that S is co- located with node 6 .  This is feasib le because node 6 lies on a 

s ingle-noded route of such a distance that co- locating a site there wi l l  not leave any 

of the g rid exposed , and the sing le-noded route can sti l l  be traversed in time 

t=(tmax-trev) .  Such a relaxation is not appropriate for the s ite at T because the g reen 

vehicle of Table 6 . 1 7  is unable to traverse the route, 0 1 1  9 8 5 0, feasibly 

without departing the depot at t=O .  The routing strategy then i ncorporates the 

fol lowing deCiSion, Procedu re 6 . 5 .  
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I F  the site a t  S is  not used b y  node 1 5 ,  

E LSE 

the tea l  veh icle is  sent to service node 6 

the p ink  vehicle is not deployed 

the teal veh icle is sent to service node 1 5  

the p ink  vehicle is deployed at t= trev 

E NDIF 

Procedu re 6 . 5 :  Co- locating a geographic coordi nation site and a 

node.  
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This method com bines the g eographic and dedicated vehicle approaches, 

and el im inates route fai l u re by accepting  a possible i ncrease in fleet size . It differs 

from the solutions for DCl and DC2 i n  that the coord ination sites are identified 

before the i nit ia l  routes a re constructed . S ubsequent coord ination may sti l l  occur 

when the i n it ia l  routes are constructed . 

Step One : 

Step Two :  

Step Three : 

DC3 

Identify su itable coordination sites for geographic coverage .  

Route and schedu le  a l l  nodes with known attributes as wel l  as the 

s ites identified in  Step One (which have provisional demand equal  

to the demand of the u n known node) .  

At t= trm reorganise routes to accomm od ate the new node . 

Coordination sites a re e m ptied before the end of the work cycle .  

Procedu re 6 . 6 : Com bination approach for DC3 . 
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7 

1 3  

8 0---1 

These two vertices 

7 

Figure 6 . 1 1 :  U pper :  Red d iscs ind icate the extent of 1 0  un its 

from the depot. Lower :  Blue l ines indicate the coverage of a 

coord ination site establ ished at 5 at t= 10 ;  a site established at T 

at t= 1 0  covers a l l  but the two ind icated vertices. 
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6.6.3 In itial  route construction 
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Routes are constructed so that they i nclude the 14 nodes with advance requests 

and the coord ination sites to be established for geographic purposes, using any 

su itable construction method . A typical resu lt is shown in  Table 6 . 1 8  and Figure 

6 . 1 2  in which no coord ination has been appl ied other than the establ ish ment of 

sites at 5 and T. 

Route# Distance Load Route 

1 36 1 93 0 7 1 0 13  0 

2 50 1 67 0 1 1  9 8 5 0 

3 20 1 94 0 2 4 0 

4 28 1 19 0 6 0 

5 40 1 18 0 1 2  3 1 0 

6 24 200 0 14 0 

7 20 50 0 5 0 

8 20 50 0 T 0 

238 1 09 1  

Vehicle Distance Routes(s) Nodes 

b lue 36  1 0 7 10 1 3  0 

g reen 50 2 0 1 1  9 8 5 0 

p ink  28 4 0 6 0 

black 40 5 0 1 2  3 1 0 

red 44 3 6 0 2 4 o 14 0 

tea l 20 7 0 5 0 

violet 20 8 0 T 0 

Table 6 . 1 8 :  In itial routes using coord ination sites a t  5 and T but 

otherwise without coord ination . 
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7 1O� 6 
13 

9 
Fig ure 6 . 1 2 :  In it ia l  routes gen erated with geog ra ph ic 

coordi nation sites, S a nd T. 

6.6.4 Behaviour at t= trev 

At t= trev, the actual location of node 15 is revealed, Proced u re 6 . 5  is enacted and 

the routes may be mod ified to accom modate the new information . The positions of 

al l  veh icles and the identities of al l  serviced nodes, shown i n  Figure 6 . 1 3 , become 

i n puts i nto the design of new routes. 

From Figure 6 . 1 3  it can be seen that a vehicle positioned at the site at S is 

unable feasibly to service node 15  where that node is actual ly  located only by 

accessi ng one of the edges colou red dark g rey; each of the dark grey edges can be 

traversed feasi bly by the violet vehicle from the coord ination site at T. In  the event 

that node 15 is serviced by the teal vehicle, the violet vehicle becomes avai lable for 

servicing other nodes. Si nce there is no advantage in the violet veh icle servicing 

nodes 5,  8 and 9, the on ly cand idates are nodes 1 ,  6, 13 and 14. By deployi ng the 

violet ve h icle fu l ly laden, it is able to service node 14 on its return to the depot, 

th ereby re moving the requ irement for the red vehicle to be m u lti-routed and 

red ucing the tota l d istance t ravel led . On the other hand,  if node 15 is serviced by 

the violet ve hicle, the tea l  vehicle may service node 6 and remove the req u irement 

for the pi nk  veh icle entirely .  
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/ 
10  

6 7 

8 

s 

Fig u re 6 . 1 3 :  Situation at t=trev . Coloured l i nes ind icate 

edges traversed by vehicles; serviced nodes are identified 

by fi l led d iscs. Heavy g rey l ines indicate edges that cannot 

be traversed by the teal vehicle from t= 1 0 ;  a l l  edges ca n be 

traversed by the tea l  vehicle from t= 10 .  

6.6.5 Incorporation of coord ination 

301  

At t=O ,  two veh icles (teal and  v iolet) are deployed from the depot bound for 

coord ination sites, and one of them eventual ly wi l l  service node 1 5 .  At t=trev= 10,  

the actual location of node 15 is revealed and one of the fol lowing schemes is 

adopted . 
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6.6. 5 . 1  Routing scheme A 

As shown i n  Ta ble 6 . 1 9  a n d  Figure 6. 14, the teal  vehicle is assi gned to service node 

1 5 ;  it services node 6 before or after node 1 5  as a ppropriate. The other vehicl es 

modify thei r routes : the pi n k  vehicle i s  not deployed ; the vio let vehicle services 

node 14, thereby removing the return to depot for the red vehicle; the red vehicle 

services route 3 and retu rns to the depot; the black, b lue and g reen veh icles 

conti nue without alteration.  

Ve hicle Distance Nodes 

blue 36 0 7 1 0 1 3 0 

g reen 50 0 1 1  9 8 5 0 

black 40 0 1 2  3 1 0 

red 20 0 2 4 0 

tea l 14+dist( 6 , 1 5 ) +dist( 1 5, O )  0 5 6 1 5  0 

violet 30 0 T 1 4  0 

1 9 0 +  d ist( 6 , 1 5 ) +d ist( 1 5, O )  

Ta ble 6 . 1 9 :  Teal vehicle services node 1 5 .  

s 

/ 
10  6 7 

8 
Figure 6 . 1 4 :  Rout ing scheme A - the teal veh icle services 

node 1 5 .  The teal route contin ues to node 1 5  (wherever 

that is) and then returns to the depot. 



Chapter 6 Dyn amic Coord in ation in the Recti l i near G rid Network 

6 . 6 . 5 . 2  Routing scheme B 
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As shown in  Ta ble 6 .20  and Fig u re 6 . 1 5 ,  the vio let veh icle is  assig ned to service 

node 1 5 .  The other vehicles modify their routes : the pink vehicle is not deployed ; 

the tea l vehicle services node 6 ;  the red , g reen , black a n d  blue veh icles conti nue as 

p lanned.  

Vehicle Distance Nodes 

bl ue 36 0 7 1 0  1 3  0 

g reen 50 0 1 1  9 8 5  

bl ack 40 0 1 2  3 1 0 

red 44 0 2 4 0 14 

tea l 28 0 S 6 0 

violet 10+dist(T, 1 5 ) +d ist( 1 5,0)  o T 1 5  0 

208+ d ist(T, 1 5 ) +d ist( 1 5 ,0)  

Ta ble 6 . 2 0 :  Violet vehicle services node 1 5 .  

1 0  6 
7 

8 

Fig u re 6 . 1 5 :  Routing sche me B - the vio let veh icle services 

node 1 5 .  The violet route conti nues to node 15 (wherever 

that is) and then returns to the de pot. 

0 

0 
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6.6.5.3 Routing scheme C 

As shown in  Table 6 . 2 1  and Figu re 6 . 16 ,  a vehicle other than the teal or violet 

vehicles is assigned to service node 1 5 .  Of the five vehicles, only the black and blue 

vehicles are in a position to d ivert from their p lanned routes i n  order to service a 

node with demand 50 because the p ink vehicle is not deployed ; the red vehicle, 

having  serviced nodes 2 and 4, does not have the capacity ; and there is no 

advantage in  using the g reen vehicle over the violet veh icle .  Regard less of whether 

the blue or black vehicles services node 1 5 ,  the p ink  veh icle is not deployed 

because the teal vehicle services node 6, and the violet vehicle services node 14, 

thereby removing the inter- route return to depot for the red vehicle. 

Vehicle Distance Nodes 

b lue 1 0  + d ist( 1 0 , 1 5 )  + d ist( 1 5,0)  0 7 1 0  1 5  0 

g reen 50 0 1 1  9 8 5 

black 40 0 1 2  3 1 0 

red 46 0 2 4 0 13  

teal 28 0 S 6 0 

violet 30 0 T 14 0 

204 + dist( 10, 1 5) + d ist( 15 ,0 )  

Table 6 . 2 1 : Blue vehicle services node 1 5 .  Scheme C l .  

s 

1 0  
6 

7 

8 

Figure 6 . 1 6 :  Routing scheme C l  - the blue vehicle services 

node 1 5 .  The blue route continues to node 1 5  (wherever 

that is) and the n  returns to the depot. 

0 

0 
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Un l ike the other veh ic les, the black vehicle has the capacity to accommodate 

the demand for node 1 5  without losing any of its customer nodes to another 

vehicle, and is a ble to i nsert the new node into the route at one of two places. I n  

doing so, the teal vehicle i s  ava i lable to service node 14 a n d  thus remove the i nter­

route return to depot for the red vehicle ;  it is the distance reduction associated with 

this removal that renders th is as a desi rable option , as will be seen in § 6 . 6 . 5 .4 .  

Veh icle Distance Nodes 

b lue 36 0 7 1 0  13  0 

g reen 50 0 1 1  9 8 5 0 

black 21 + d ist( l ,  1 5 )  + d ist( 1 5,0)  0 1 2  3 1 1 5  0 

or or 

29 + d ist(3 , 1 5 )  + d ist( 1 5 , 1 )  0 1 2  3 1 5  1 0 

red 20 0 2 4 0 

tea l 28 0 S 6 0 

violet 30 0 T 14  0 

185 + d ist( 1 , 1 5) + d ist( 15 ,0 )  

or 

1 93 + dist(3 , 1 5 )  + d ist( 1 5 , 1 )  

Table 6 . 2 2 :  Black vehicle services node 1 5 .  Scheme C2.  

6.6.5.4 Routing strategy 

By com paring total distances in Tables 6 . 1 9-22,  the fol lowing routing strategy, 

Procedu re 6 .7 ,  is formu lated based on the location of node 1 5 .  Figure 6 . 17 

s implifies the routing strategy by i ndicating which scheme shou ld be used 

dependent on the actual location of node 1 5 .  The uses to which vehicles other than 

that servicing node 15 are put determines the suitabi l ity of any scheme. Because 

use of the teal or black vehicles a l lows the remova l of the return to depot for the 

red vehicle, schemes A and C2 are the most widely preferred options. Retention of 

the retu rn to depot involving node 14 is so u ndesi rable that the only scheme using 

it, B,  is not em ployed, and scheme C l ,  which replaces that retu rn to depot with a 

shorter one, is employed only once from one vertex which wou ld as readi ly use 

scheme A. 
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Routing Strategy DC3 example 

D : =  m in (5+d ist(6, 1 5) ,  d ist(T, 1 5)+23 ,  d ist( 1 0, 1 5) + 19 ,  d ist( l , 1 5) ,  d ist(3, 1 5) +8-

d ist( 15 ,O »  

CASE D 

5 + d ist(6 , 1 5 )  

2 3  + d ist(T, 1 5) 

1 9  + d ist( 1 0 , 1 5 )  

d ist( l , 1 5 )  

8 + d ist(3 , 1 5 )  - d ist( 15 ,O )  

E NDCASE 

Tea l  vehicle services node 1 5  (scheme A) 

Violet vehicle services node 1 5  (scheme B) 

Blue vehicle services node 1 5  (scheme Cl ) 
Black veh icle services node 1 5  (scheme C2) 

Black vehicle services node 15 (scheme C2) 

Procedu re 6 . 7 :  Routing strategy based on location of node 1 5 .  

• Teal ,  scheme A 
• Black, scheme C2 

• Blue or  Tea l ,  schemes A & Cl 

o Black or  Teal ,  schemes A & C2 

8 

Figure 6 . 1 7 :  The scheme adopted depends on the location of 

node 1 5 .  It is assumed not to be co- located with another node. 



Chapter 6 Dynamic Coord ination i n  the Recti l inear G rid Network 

6.6 .6  Conclusions 
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Dynamic faci l ity location problems of the type DC3 can be solved effectively us ing 

pre-processing and scenario plann ing where the number  of dynamic variables is  

low. The u n certainty surrounding future conditions imbu es prob lems with 

complexity and thus i mproves the prospect of heuristic solutions over optima l  ones .  

Daskin (see [DHM90 ] )  recommends delaying decision making i n  order t o  g ather 

more information and thus  improve forecastin g ;  this concept has been used in the 

d iscussion a bove by delaying the departure of one vehicle in order to better uti l ise 

a nother. 

Whi le the g rid cou ld have been covered by one extra vehicle, using two 

creates a robustness for the solution wh ich one veh icle wou ld not have rendered , 

without g reatly i ncreasing  the fleet size . The impl ications of this for the situation in 

which more than one node exhibits DC3 q ua l ities is d iscussed later.  

Of the two vehicles added to the fleet to establ ish geogra phic coord ination 

pOints, one took the place of another vehicle ( pink)  and the other was not used to 

service the u nknown node.  The fleet increase of one was used in the modification  of 

routes after t= trev to remove or improve a n  inter-route return to depot . The 

replacement of one vehicle by another is  faci l itated by the delayed departure of the 

replaced vehicle. 

The maximum total  d istance,  under schemes A and C2, of 225 occurs when 

node 15 is located at the point X in Figure 6 . 17 .  Had the system been fu l ly 

determ inistic, the routing scheme wou ld have been that shown in  Figure 6 . 18 and 

Table 6 . 23 ,  using a different coord ination point, W,  and yie ld ing a d istance of 208 

and a fleet size of five . 

The fleet increase of one and the d istance increase demonstrated i n  the 

dynamic system with coord ination is a measure of the dynamism and the need to 

prepare for the eventua l  location  of the unknown node at any pOint on the g ri d .  

A s imi lar techn ique cou ld  b e  used in a system with more than o n e  node with 

u nknown location,  as  d iscussed later. 
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Ve hicle D istance Nodes 

b lue 36 0 7 1 0  1 3  0 

g reen 50 0 W 1 1  9 8 5 0 

black 40 0 1 2  3 1 0 

p ink  48 0 6 0 2 4 0  

red 34 0 14 W 1 5  0 

208 

Ta ble 6 . 23 : Determ in istic routing for system with node 1 5  at 

vertex X ( i n  Fig u re 6 . 1 8 )  and demand 50 .  

r-

10 -1 6 
7 

X 

13 

1 
1 2  

1 1  

8 1 

Figure 6 . 1 8 :  Determ inistic routi ng scheme for a node at X 

with demand 50. 
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6.7 DC4 Only l ocation i s  known 
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The variants of DC4 problems depend on  when the demands of nodes become 

known . Where the input parameters vary deterministical ly over t ime, the problems 

can be classed as dynamic (see [ LM R96] ) ;  where the i n put parameters vary 

p robab i l istica l ly  over t ime, the problems are stochastic. Real-world scenarios 

typica l ly  contai n  stochastic and dynamic elements ( [ B596] ) ,  as routing i nvolves a 

continuous process of receiving demands and creating routes us ing delayed 

deployment of vehicles. Although considerable effort has been a ppl ied to solutions 

in the Eucl idean scene, the rect i l inear g rid  has received l ittle attention and the 

i nvolvement of coordination does not appear to have been addressed . This study 

considers the dynamic problem by pre-processing com parable versions of the static 

version and developing a rout ing strategy based on thei r  outcomes. 

6 . 7 . 1  Problem generation 

In order to keep the example as s imple as possib le without loss of general ity, the 

system created is S imi lar  to that used in other parts of th is chapter. A s ing le 

depot/fifteen node system identical to that a bove (see Fig u re 6 . 5 ) ,  with data in  

Appendix F, is generated with  the exception that fourteen nodes have pre­

determined demands and node 1 5  has a demand that wi l l  become apparent at time 

t=trev , a lthough that t ime is u nknown at the start of the work cycle .  

6 . 7 . 2  Problem solution 

Using Procedu re 6 .8, i n it ia l  routes are constructed using a pre l im inary estimation 

for demand,  ca lcu lated as in  DC2 a bove. For each of several time values,  a 

coordination p lan is made a nd the est imated demand is  modified to be as large as 

possible with in  the plan .  When the actua l  demand is revealed at t=trev the 

coordination p lan for the value of t c lose to trev is considered for adoption . Usual ly, 

a coord ination plan for smal ler val ues of t can be modified for larger values .  Each 

coordination plan is determ i ned as for DC2 where the time attribute had value 1 5 .  

Lund  ( [ LM R96]  page 8 )  reaffi rms ( Ps95] i n  stating that 

" Near term events a re more i mportant than long term events" 

and d iscourages resource a l location for d istant requests that may be superseded by 

i ntermediate term events. W ith this i n  m ind ,  schemes for a particu lar  value of t are 
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designed in it ial ly to be self-contained and wi l l  not pave the way for later schemes. 

W hen they have been com pi led, an u mb rel la strategy wi l l  be generated ( in  § 6 . 7 .  9) 

that wi l l  accommodate al l  the schemes. 

Step One 

DC4 

I nitia l  routes a re constructed and schedu led using an estimated 

value for the u nknown demand.  

Step Two The maximum service time for the DC4 node, u, is determined by 

maxService == I maxVehDist - d ist(u,O ) I .  

Step Three The time inte rval from t=O to t== maxService is d ivided i nto sensible 

i ntervals .  

Step Fou r  For each time i nterval selected i n  Step Three fol low Steps Five -

Seven . 

Step Five 

Step Six 

Adjust the routes so that node u is not departed from before the 

t ime at which its true demand is revealed, t= trev' 

Estab lish coord ination pOints at l ikely sites so that they wi l l  be 

ava i lable for use when the mystery demand is revealed . 

Step Seven At the time trev, adjust routes to accommodate, if possib le,  the 

known demand .  E nsure coord ination sites are emptied before the 

end of the work cycle .  

Step E ight  Modify the schemes to provide consisten cy so that earl ier schemes 

a l l ow l ater schemes to exist, and l ater schemes acknowledge the 

existence of earl ier  schemes.  

Procedu re 6 . 8 :  DC4 . Only the location i s  know n .  

6.7 .3  Demand estimation 

As in DC2, the demand is estimated stochastica l ly  using the demand h istory of the 

u nknown nodes and,  if necessary, the demand h istories of other n odes . As in the 

exam pl es a bove, node 1 5  has had only one previous demand (of value 50) ,  so the 

pre l iminary estimate of Deman d ( 1 5 )  is 50, but this is i ncreased after the i n it ia l  

routes have been constructed to be the maximum that can be accommodated by 

the vehicle assigned to service node 1 5 .  
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6.7 .4  Choosing time val ues 
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As i n  § 6 . 4 . 1 ,  the maxim u m  d istance constraint i nfers a max imum time constra int 

and tmax has the same magnitude as maxVehDist. Consequently ,  times vary from 

t=O to t= 50 but the maximum time at which node 1 5  can be serviced feasibly has 

value 

tmax, 1 5  = I maxVehDist - d ist( 1 5 , 0) I 

which a l lows the node to be serviced and return to the depot without v iolati ng  the 

time constraint.  Since node 1 5  is 10 u nits away from the depot by the shortest 

path ,  there is no reason to consider a ny t ime g reater than t=40 . 

Because the demand for node 1 5  may be revealed at any time after  the 

start of the work cycle ,  there is no l imit on the min im u m  time at which node 15 can 

be serv iced feasibly.  

The coordi nation p lan for t= 1 5  was constructed i n  the d iscussion of DC2 

a bove and wi l l  be re- used here. By considering times t=25 and  t= 3 5 ,  no revealed 

time wi l l  be more than 5 time u nits away from one of the considered scenarios . 

Genera l ly,  a su itable i n itia l  value for t i s  one at which a l l  vehicles a re 

deployed on thei r  i n itia l  routes. An a lternative method of select ing values of t is 

d iscussed in § 6 . 1 0 . 3 ,  and i nvolves adaptive t ime values rather than the fixed 

values used here. 

6 . 7 . 5  Initial route construction 

As in the d iscussions above, i n it ia l  routes a re constructed using a ny system that 

produces the best feasible routes from nearest/farthest i nsertion / largest/nearest 

ne ighbour  with a neighbourhood size of 3 .  The routing scheme is shown i n  Table 

6 . 9  and Fig u re 6 . 6 ,  

6.7 .6  Time t= l S  scheme 

The d iscussion on DC2 a bove yielded routing schem es A-D for the t ime trev = 1 5 ,  

and they a re re-used here .  

6 . 7 . 7  Time t= 2S scheme 

The location of a l l  vehicles is  determined at t = 2 S ,  shown in Figure 6 . 1 9 .  M ost nodes 

have a l ready been serviced,  leaving  only nodes 5, 14 and 1 5 ,  and al l vehicles a re 

sti l l  en route , Three routing schemes are created to provide stock to node 1 5  i n  
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va rying amou nts, and each must accom modate the requ i rements of the others so 

that any of them may be chosen from the same i n itial confi g u ration .  

r 
I 10 7 

' 4  � 1 3  

[ 

:V °5 
1 � 

14 ° 

>--
8 1 

Fig ure 6 . 1 9 :  Situation at t=2 5 .  Colou red l i nes i n d icate 

edges traversed by vehicles ; serviced nodes are i d entified 

by fi l led discs . 

6.7. 7 . 1  Routing scheme E 

The black vehicle, to which node 1 5  has been assigned, is ca pable of carrying 8 2  

u n its beyon d  its req u i rements for the other nodes that i t  services, a l l  o f  wh ich it 

may del iver  to node 1 5 .  Consequently, if the demand of node 1 5  is no greater than 

82, coord i n ation wi l l  not be req u i red for the purposes of servicing that node, 

al though it may be used for other reasons. The routing scheme i s  shown in Table 

6 . 24 and is consistent with other schemes for t= 25 .  
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Vehicle Distance Routes(s)  Nodes 

b l ue 50 1 0 V 0 7 1 0  13  

green 50 2 0 1 1  9 8 5 0 

p ink 28 4 0 6 0 

black 44 5 0 1 2  3 1 1 5  V 

red 44 3 6 0 2 4 0 14 0 

2 1 6 

Ta ble 6 . 24 :  Routi ng sche me E .  

6 . 7 . 7 . 2  Routing scheme F 

3 1 3  

0 

0 

By l eavi ng the depot fu l ly laden, the pink veh icle is a ble to ca rry 8 1  surplus stock 

u n its which it may del iver to node 1 5  before retu rn ing  to the depot . Node 1 5  

receives 8 2  u n its from the black vehicle a n d  u p  to 8 1  u nits from the pink veh icl e. 

The routing sche me, shown in Ta ble 6 .25 ,  thus provides u p  to 163 u n its to node 1 5  

and,  a lthough no coordination site is requ ired u nder this scheme, one is establ is hed 

to provide consistency with routing sche me G .  

Vehicle Distance Routes(s)  Nodes 

b lue 50 1 0 V 0 7 1 0  13  0 

g reen 50 2 0 1 1  9 8 5 0 

p ink  40 4 0 6 1 5' 0 

b lack 44 5 0 1 2  3 1 1 5" V 0 

red 44 3 6 0 2 4 0 14 0 

228 

Table 6 . 25 : Routi ng scheme F.  

6.7.7.3 Routi ng scheme G 

With a dista nce of 36, the b lue vehicle is able to esta blish a type 1 coordination site 

up to 7 u nits from the depot. The pOi nt V in Fig u re 6 . 1 9 ind icates a d ista nce of 7 

u nits a long a shortest path from the de pot to node 1 5 ,  within reach of other 

vehicles, and is the best location for such a site, were it  to be used for su pplying 

the demand of node 1 5 .  Rather than su pplementing the stock del ivered to node 1 5  

by the black vehicle, the use of a type 1 coordi nation site by a vehicle that wi l l ,  the 

use of a type 1 coord ination site by a veh ic le that wil l service no other nodes means 
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that up to m axVehCap of materia l  can be del ivered to the node with unknown 

demand,  and consequently the stock carried by the black vehicle for node 1 5  is not 

needed . An appropriate routing scheme is shown in Table 6 .26 .  Since this scheme 

requ i res the early establishment of a coord ination site, other schemes for t=25 

must also provide that site in order to maintain  consistency of  potentia l ,  and thus 

scheme G su persedes scheme F.  

Vehicle Distance Routes(s) Nodes 

b lue 50 1 0 V 0 7 10  13  0 

g reen 50 2 0 1 1  9 8 5 0 

p ink 40 4 0 6 V 1 5  0 

black 40 5 0 1 2  3 1 0 

red 44 3 6 0 2 4 0 14 0 

224 

Table 6 . 2 6 :  Routing scheme G .  

6.7.7.4 Routing scheme H 

If the actual demand of node 1 5  is zero, it need not be serviced and may be 

e l im inated from the black veh icle's route . In  doing so, schemes E and F must be 

accommodated so the site at V must sti l l  be establ ished . The scheme is shown in  

Table 6 . 27 .  

Vehicle Distance Routes(s) Nodes 

b lue 50  1 0 V 0 7 10 13 0 

g reen 50 2 0 1 1  9 8 5 0 

p ink  28 4 0 6 0 

black 40 5 0 1 2  3 1 V 0 

red 44 3 6 0 2 4 0 14 0 

2 1 2  

Table 6 . 27 :  Routing scheme H .  

6.7.7.5 Routing strategy t= 25 

The routing scheme that is adopted depends on the value of the demand of node 

1 5  that is revealed at t=trev . In  the absence of earl ier routing strateg ies, that shown 

in  Table 6 . 28 would be applied , but since a strategy exists for t= 15 ,  that earl ier 

strategy must be accommodated ; the resu ltant strategy is discussed later. 
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Actu al  val ue of deman d ( 1 5 )  Routing sch eme Tota l d istance 

o 

o < dema nd( 1 5 )  � 82 

82 < demand ( 1 5 )  � maxVehCa p  

H 

E 

G 

Table 6 . 28 :  Routi ng strategy for trev = 2 5.  

6 . 7 . 8  Time t= 35 scheme 

2 1 2  

2 1 8  

224 

3 1 5  

I n  the absence o f  other coord ination schemes, by t= 35, the pi n k  vehicle has 

retu rned to the depot, the blue vehicle is nea rly there, and the red and g ree n 

ve hicles are retu rn i n g ;  the black vehicle has been waiti ng at node 15  for 2 time 

u n its, as shown in  Figure 6 . 20.  With only node 15 to service, the black vehicle 

de l ivers the goods and returns to the depot. If the demand of node 15 is greater 

than that which the black vehicle a lone can del iver, coordi nation is em ployed . 

Co nsistency between schemes for d iffe rent va lues of t wil l  be a pplied i n  §6 .7 .9 .  

6 
7 

1 3  

8 

Fig ure 6 . 2 0 :  Situation a t  t= 3 5 .  Coloured l i nes ind icate 

edges t raversed by vehicles ; serviced nodes are identified 

by fi l led discs. 
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6.7.8. 1 Routing schemes 

As in  the above sections, schemes a re requ i red for the instances where the demand 

of node 15 is revea led as zero, no g reater than 82 ( in which case the black vehicle 

is able to accommodate fu l ly the demand) and between 82 and maxVehCap. 

Because the routes are a lmost com pletely traversed by t=35,  the routing schemes 

are the same as those for t=25 .  

6.7.8.2 Routing strategy t = 3 5  

In the a bsence of earl ier routing strateg ies, the routing strategy for t=35 ,  shown i n  

Table 6 . 29,  i s  the same as  that for t=2 5 .  

Actual value of demand( 15 )  Routing scheme 

o 
o < demand ( 1 5 )  � 82 

82  < demand(1 5)  � maxVehCap 

Table 6 . 29 :  Routing strategy for trev=35 . 

6.7 .9 Routing strategy 

H 

E 

G 

Total d istance 

2 1 2  

218  

224 

Having devised strategies for d ifferent values of t, consistency m ust now be a ppl ied 

so that the involvement of earl ier schemes does not handicap or prevent the 

appl ication of later schemes. This is done by fi rst recognising, for each value of t 

discussed , that part of the scheme that is enacted in the first t time un its, as shown 

in Table 6 . 3 0 .  

Vehicle t= 1 5  t= 25 t= 35  

blue 0 7 1 0  0 Z o 7 10  0 Z o 7 10  

green 0 W 1 1  0 1 1  9 8 0 1 1  9 8 5 

p ink 0 X 0 6 0 6 Z 1 5  

black 0 1 2  3 0 1 2  3 1 0 1 2  3 1 Z 
red 0 2 4 0 2 4 0  0 2 4 0 14 

Table 6 . 3 0 :  Rendering schemes consistent . 

Then, each earl ier scheme is incorporated into each later scheme, and later 

schemes a re incorporated into earl ier schemes, and fina l  schemes created, as 

shown in Table 6 . 3 1  with the strategy shown in  Table 6 . 32 .  Note that scheme C is 
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n o  longer via ble because the added d ista nce incu rred by the creation of the 

coordination site at V violates the dista nce constra int. 

A B 

b lue 0 V 0 7 1 0  1 3  0 0 V 0 7 10 1 3  0 

g reen 0 W 1 1  9 8 5 W 0 0 W 1 1  9 8 5 W 0 

p i n k  0 X 6 0 0 X 6 0 

black 0 1 2  3 1 1 5  X 0 0 1 2  3 1 Y 1 5  V 0 

red 0 2 4 0  14 0 0 2 4 X Y 0 

D E 

blue 0 V 0 7 1 0  1 3  0 0 V 0 7 1 0  1 3  0 

green 0 W 1 1  9 8 5 W 0 0 W 1 1  9 8 5 W 0 

p i n k  0 X 6 0 0 X 6 0 

black 0 1 2  3 1 X 0 0 1 2  3 1 1 5  V 0 

red 0 2 4 o 14 V 0 0 2 4 0  14 0 

G H 

blue 0 V 0 7 1 0  1 3  0 0 V 0 7 10 1 3  0 

g reen 0 W 1 1 9 8 5  W 0 0 W 1 1  9 8 5 W O  

p ink  0 X 6 V 1 5  0 0 X 6 0 

black 0 1 2  3 1 0 0 1 2  3 1 V 0 

red 0 2 4 0  14 0 0 2 4 0  14 0 

I J 

b lue 0 1 0  7 1 3  0 0 1 0  7 1 3  0 

g reen 0 1 1  9 8 5 0  0 1 1  9 8 5 0  

p ink  0 6 0 0 6 0 

black 0 1 2  3 1 0 0 1 2  3 1 1 5  0 

red 0 2 4 0  14 0 0 2 4 0 14 0 

K 

blue 0 V 0 1 0  7 13 0 

g reen 0 1 1  9 8 5 0 

p i n k  0 6 V 1 5  0 

black 0 1 2  3 1 0 

red 0 2 4 0 14 0 

Ta ble 6 .3 1 :  Consistent schemes. 
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Demand(15) ,  D 

t ime, t D = O  0 <  D ::;  82 83 < D ::; 169 

t=O I J K 

0 <  t ::;  20 D A B 

20 < t ::;  30  H E G 

30 < t ::;  40 H E G 

40 < t H H H 

Table 6 . 3 2 :  Routing  strategy for DC4 example .  

1 69 <  D 

s maxVehCap 

K 

G 

G 

G 

H 

6.7 . 1 0  Limitations and accommodations 

Inferring  a max imum t ime constra int guarantees route fa i l u re whenever trev>40.  If  

th is constraint were to be re laxed, the a bove scheme cou ld be modified by a l lowing 

a vehicle to wait at the node with u n known demand u nti l  t=trev .  

By performing DC2 calculations at arbitrary t imes, the system adopts the 

l im itations of the DC2 system and does not guarantee that the times chosen are 

the most suitable .  Instead of using regu lar  i ntervals ,  another system m ight use 

times that were responsive to the system u nder i nvestigation so that, for example, 

the t=2S  scheme for 20 < t ::;  30 may be a ppropriate for 1 8  < t ::; 32 after which 

a nother  scheme is more appropriate than the t=35 scheme a bove. 

Rather than solving DC2 problems at d ifferent  times in isolation, better 

results may be obtained by a more i ntegrated a pproach which would  remove the 

need to provide consistency between schemes. The com plex ity of the current 

approach may make problems with large numbers of nodes more suitab le  to other 

forms of solution . 

6 .7 . 1 1  Conclusions 

Coordi nation is  a val id  techn ique for vehicle routing where the demand of  a 

particu lar node is unknown unti l  some u npredictable t ime after the vehicles have 

left the depot. It consists of estim ating  the demand, modifying the estimation, and 

developing coord ination schemes at  a selection of  d ifferent times, i n  order to be 

able to judge the worth of coordination when the actual  demand is revealed . The 

situation i nvolving  more than one node with DC4 qua lities is discussed in §6 . 1 1 .  
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6.8 DeS Only demand i s  known 

3 1 9  

I n  DC5 problems, a l l  demands are known i n  advance but the location of at least one 

node and the time at which that location wi l l  be revealed i s  u nknown at the start of 

the work cycle .  As i n  DC4 problems, these can be a pproached by solving DC3 

problems at a se lection of different times and then adjusting  the fina l  scheme to 

provide compatibi l ity between schemes developed at d i fferent t imes. 

6.8. 1 Problem generation 

As in §6 . 6  DC3, the 15 node system of Appendix F is  generated with the exception 

that the location of node 15 is u n known at the start of the work cycle but wi l l  be 

revealed at some u n known time,  t=trev ; assume that node 1 5  has demand 1 00 .  

This  demand has been chosen because it is  too large to b e  accom modated on any 

one vehicle and a l l ows coordination to be demonstrated as a viable solution 

technique.  I n  keeping with  other  problems in  this study, the node wi l l  not be co­

located w ith any other  node .  

6.8.2 Problem solution 

Because the location of node 15 is  u nknown,  the d istance between it and the depot 

is not determined at the start of the work cycle, and the l atest t ime at which a 

vehicle can leave the node feasi bly for the depot, tmax, is not known unt i l  t=trev ' 

Therefore, the value of tmax is set i n it ia l ly at the magnitude of maxVehD ist, 50 ,  but 

wi l l  be a ltered at t=trev' After construct ing i n it ial  routes, the time period, tE [0 ,50] , 

is divided into smal ler  interval s  and a DC3 system is solved for each of these . Then 

a l l  the schemes are combined to produce a consistent routing strategy that a l lows 

early schemes to exist at the same t ime as the preparation for later schemes, i n  

case they are requ i red . 
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DCS 

Step One I nitia l routes are constructed and schedu led . 

Step Two The time interval from t=O to t=SO is d ivided into sensible intervals .  

Step Three For each time i nterval selected in Step Two, solve the corresponding 

DC3 problem. 

Step Fou r  Modify the schemes t o  provide consistency s o  that earl ier schemes 

a l low later schemes to exist, and later schemes acknowledge the 

existence of earlier schemes.  

Procedu re 6 . 9 :  D C S .  Only the demand i s  known .  

The DC3 problem in  Step Th ree of  Procedu re 6 . 9  w i l l  be solved in the  same 

manner as in §6 .6 ,  at times t= 1 0, 20, 30 and 40 .  

6.8.3 Initial route construction 

As i n  other exam ples in this study, the in itia l  routes are chosen from the best 

solutions from a selection of smal lest neighbour/ farthest insertion, smal lest 

neighbour/nearest i nsertion, largest neighbou r/farthest insertion,  and largest 

neigh bour/nearest insertion, a l l  improved using k-opt, and constructed without the 

unknown node. The resu lts a re shown in Table 6 .33  and Figu re 6 . 2 1 .  

Vehicle Distance Nodes 

b lue 36 0 7 1 0  1 3  0 

g reen 50 0 1 1  9 8 5 0 

black 40 0 1 2  3 1 0 

p ink 20 0 4 2 0  6 0 

red 24 0 1 4  0 

1 98 

Table 6 .33 : In itia l  routes for DCS example .  

No one vehicle is  ab le  to accommodate the demand for node 15 ,  although 

several may com bine in a coordination scheme to achieve that end . The scheme 

chosen wi l l  depend on the location of node 15 and the time at which its location is 

revea led . 
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1 0  

7 
6 

2 

1 3  x 

1 1  U---'---

8 0----1 

Fig ure 6 . 2 1 : In it ia l  routes. 

6.8.4 trev = 10 

3 2 1  

At t= 1 0 ,  a l l  vehicles are e n  route, with coord ination sites to b e  establ ished a t  X, Y 

and W as shown i n  Fig u re 6 . 2 1 .  Several schemes are presented to accommodate 

the demand of node 1 5  using coord inat ion,  fo l lowing wh ich a routi ng strategy wi l l  

be developed . The routing schemes described below re ly on coordi nation sites 

bei n g  esta blished at pOints X, Y and W and being dis-esta bl ished before the end of 

the work cycle .  To preserve com patibi lity, each sch eme must use the same route 

frag ments for the first 10 t ime u n its, at which ti me the choice of scheme adopted 

by the routing strategy determi nes the later fragments. 
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6.8.4 . 1  Routing scheme A 

Scheme A, shown in Table 6 . 34, uti l ises the coordination site at point W ;  the red 

vehicle dis-establ ishes the u nused coord ination site at X on its retu rn to the depot . 

The black vehicle del ivers the demand for node 1 to the coord ination site at Y, and 

travels to W; there i t  col lects the 51 un its d ropped there by the g reen vehicle, 

before travel l ing to node 1 5 ,  del ivering its demand and returning to the depot. The 

red vehicle, having serviced node 14, col lects the demand for nodes 1 ,  3 and 1 2  

from the coordination site a t  Y , and services them before retu rn ing to the depot. 

The vertices covered by th is scheme are shown in Figu re 6 . 22 .  

Vehicle Distance Nodes 

b lue 

g reen 

black 

red 

p ink  

46 0 Xdel 200 0 7 1 0  13  0 

50 0 1 1  Wdel 5 1 9 8 5 0  

1 6  + d ist(W, 1 5)  + d ist( 1 5,0)  0 xdel  33 ydel 1 18  Weol 5 1  15 0 

46 0 1 4  Yeol 1 18 1 3 1 2  Xeol 0 

48 0 2 4 0 6 0 

206 + dist(W, 1 5) + dist( 15 ,0 )  

Table 6 . 34 :  Routing scheme A for DC5 exam ple .  

Fig ure 6 . 2 2 :  Vertices for which scheme A is effective a t  t= 1 0 .  
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6.8.4.2 Routing scheme B 

323 

The blue vehicle establishes a type 1 coordination site at X contain ing maxVeh Cap 

of  product, some of which is used by  the red vehicle to  service node 1 5  a nd some 

used by the pink  vehicle to obviate a return to depot and service node 6 d i rectly. 

Because the site at W is unused , it is emptied by the g reen vehicle on its retu rn to 

the depot. This scheme, shown in Table 6 . 35 ,  is appropriate in the event that node 

1 5  is identified at t= 1 0  as being located at one of the vertices in Figu re 6 . 23 ,  

indicated by  a fi l led disc. 

Vehicle Distance Nodes 

b lue 46 0 Xdel 200 0 7 1 0  1 3  0 

green 50 0 1 1  Wdel 5 1 9 8 5 Weol 5 1 

black 43 0 Xdel 33 Y 1 3 1 2  0 

red 1 9  + d ist(X, 1 5 )  + d ist( 15 ,0 )  0 14 Xeol 100 1 5  0 

p i nk  40 0 2 4 Xeol 133 6 0 

1 98 + dist(X, 1 5 )  + d ist (1 5,0)  

Table 6 . 35 : Routing scheme B for DC5 exa m ple .  

8 

Figure 6 . 2 3 :  Vertices for which scheme B i s  effective . 

0 
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6.8.4.3 Routing strategy 

Taken together, schemes A and B cover the e nt ire g rid and are identical from t=O 

u nti l  t=10 ,  at which t ime the black vehic le either deposits 1 1 8  stock u n its at the 

coord ination site at Y, or backtracks to service nodes 1 ,  3 and 1 2 ,  and the red 

vehicle is en route to service node 14 .  The scheme selected depends on the actu a l  

l ocation o f  node 1 5  that i s  revealed a t  t= 10 ,  a s  shown in  Procedure 6 . 1 0 .  I f  the 

location is not revealed at this t ime, the routing strategy for a later t ime wil l  be 

enacted . 

Routi ng  Strategy, t= 1 0  

I F  the location of node 1 5  has been revealed 

THE N  

D : =  m in (8+d ist(W, 15 ) ,  d ist(X, 1 5 ) )  

CASE D 

8 + dist(W, 1 5) 

d ist(X, 1 5 )  

E NDCASE 

scheme A 

scheme C 

E LS E  use the strategy re lating t o  a l ater t ime 

E NDIF  

Procedu re 6 . 1 0 :  Routing  strategy based o n  the location o f  node 

15 at t= 1 0 .  

6.S.S trev= 20 

If  the location of node 1 5  has not been revealed at  t= 10 ,  the schemes for t=20 

must be prepared for use and the routing strategy in  Procedu re 6 . 1 0  abandoned . To 

preserve backwards compatibi l ity, schemes for t=20 must accom modate the earl ier 

schemes up to the point of the i r  abandonment, that is, t= 1 0 .  Consequently, a l l 

schemes for t=20 i nc lude the route fragments : 

0 Xdel 200 0 7 1 0  

0 1 1  Wdel 5 1 

0 xdet 3 3  Y 

0 14  

0 2 4 

where the coord in ation sites X,  Y and W hold 233,  0 and 5 1  stock un its 

respectively. 
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Schemes A and B cannot be a pplied simu ltaneously because they involve the 

same nodes, so if one were to be accepted for continued use at t= 20 the other 

wou ld be rejected at t= 10 .  Althoug h  scheme A covers most of the g rid ,  its pri me 

value is that its coverage includes the outcrop that i ncludes nodes 5, 8 and 9, a 

reg ion that existing veh icles do not reach feasibly. Scheme B a lso covers vertices 

that are not accessed feasibly, but the most d istant vertex in this area is closer to 

the depot than the most d istant vertex in the outcrop above . Also, by accepti ng 

scheme A for use at t= 20,  the vehicle servicing the outcrop region is a l ready in  the 

vicin ity (at point S)  at that time, whereas scheme B does not a l low for the add ition 

of a nother node without assistance . Consequently, scheme A is continued through 

t=20 as scheme C, and scheme D is employed to cater for the situation where node 

1 5  is revea led to be located at one of the vertices not covered by scheme C. 

6.8.S. 1 Routing scheme C 

Scheme C, shown in  Table 6 . 36 ,  adopts the princip les of scheme A and appl ies 

them at t=20, which reduces the coverage from that of scheme A to that of F igure 

6 . 24 .  If the location of node 1 5  is not revealed at t= 10,  scheme C is implemented 

a nd reassessed at t= 20.  Because the black vehicle wi l l  have reached point S at that 

t ime, fewer vertices are covered by scheme C, as shown in Figure 6 . 24 .  If node 1 5  

is  revealed a s  being located at a vertex not covered by scheme A ,  scheme B wi l l  be 

i m plemented , otherwise the black veh icle wi l l  remain stationed at point S (scheme 

D ) .  

Vehicle 

b lue 

Distance 

46 

50 

0 

0 

Nodes 

Xdel 200 0 7 1 0  13  0 

1 1  Wdel 5 1 9 8 5 0  g reen 

black 

red 

p ink  

20 + d ist(S, 1 5) + dist( 1 5,0)  

46 

0 xdel 33 ydel 1 18 Weol 5 1 S 1 5  0 

0 14 Yeol 1 18 1 3 

40 0 2 4 Xeol 119 6 0 

202 + d ist(S , 1 5 )  + d ist( 1 5,0)  

Table 6 . 36 :  Routing scheme C for DC5 example .  

12 Xeol 1 14 0 
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Figu re 6 . 24 :  Vertices for which scheme C i s  effective at t=20 . 

6.8.S .2  Routing scheme D 

Scheme D,  shown in Table 6 . 37,  is based on a dedicated vehicle a pproach, whereby 

another vehicle is d ispatched to service the relevant nodes, whi le the black vehicle 

(that wou ld  be servicing node 1 5  under scheme C)  is returned to the depot. This 

scheme can be used for vertices at any point on the g rid ,  but the increase i n  fleet 

size may render its i m plementation u ndesi ra ble un less the accompanying reduction 

in  total distance is acceptable to the dispatcher. 

Vehicle Distance Nodes 

b lue 

green 

black 

red 

p ink  

violet 

46 0 Xdel 200 0 7 1 0  1 3  0 

50 0 1 1  Wdel S l 9 

32 0 Xdel 33 ydel 1 18 

46 0 14  Ycol 1 18 1 

40 0 2 4 Xeol 1 19 

2 x dist( lS ,O )  0 1 5  0 

2 14 + 2 x d ist( lS ,O)  

Table 6 . 3 7 :  Routing scheme D for DCS example . 

8 S 0 

Weol S l S 0 

3 1 2  Xeol 1 14 

6 0 

0 
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6.8.5.3 Routing scheme E 
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Because of the d ifficu lty i n  servicing node 15 were it  to be located on the outcrop, 

the black veh icle may be stationed at S u nti l either node 1 5  is identified as being 

there ( in  which case scheme C is implemented) ,  or node 1 5  is identified as being 

located e lsewhere (when another sche me wi l l  be im plemented),  or t ime expires and 

a l l  veh icles are retu rned to the depot. Scheme E ,  shown in Table 6 .38,  a l lows the 

black veh icle to wait  at the vertex S.  

Vehicle Distance Nodes 

b lue 46 0 Xdel 200 0 7 1 0  1 3  0 

g reen 50 0 1 1  Wdel 5 1 9 8 5 0  

black 20 0 Xdel 33 ydel 118  Wcol 5 1 S 

red 

p ink  

46  0 14 Ycol 1 18 1 3 1 2  

40 0 2 4 Xcol 1 19 6 0 

202 

Table 6 . 38 :  Routing scheme E for DC5 exam ple .  

6.8.5.4 Routing strategy 

Xcol 114 0 

If  the location of node 1 5  was not revea led before t=20, one of schemes C-E  wi l l  be 

i mplemented . Schemes C and D are in itiated exclusively where only one of them 

covers the vertex conta in ing node 1 5 ,  and,  where they both cover the vertex, a 

decision is made as to which wi l l  be used based on the actua l  location of node 1 5, 

as  in Procedu re 6 . 1 1 .  If the location is not evident at t=20, scheme E is  used to 

prepare the routes for a later routing strategy. 

Routing Strategy, t= 20 

I F  the location of node 1 5  has been revea led 

TH EN 

D :  = min (dist( S , 1 5 ) ,  1 2  + dist( 15 ,0 ) )  

CASE D 

d ist(S , 1 5 )  

1 2  + d ist( 1 5 ,0)  

E NDCASE 

scheme C 

scheme D 

ELSE scheme E fol lowed by the routing strategy for a later t ime 

E NDIF 

Procedu re 6 . 1 1 :  Routing strategy based on the location of node 

15 at t=20.  
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6.8.6 trev= 30 

If  the  location of  node 1 5  has  not been revealed at  t=20, scheme E and the t=30 

routing  strategy w i l l  be  implemented . At  t=30, only nodes 3 ,  12 ,  1 3  and 15  remain 

to be serviced, as shown in Figu re 6 .25 ,  with the blue vehic le en route to node 1 3 ,  

the red vehicle en route to node 3 ,  the black vehicle stationary a t  5 ,  a n d  the pin k  

and g reen veh icles retu rn ing to the depot. The coordination site a t  X conta ins 1 14 

stock un its ; the s ites at Y and W have been dis-established by the red and black 

vehicles respectively. 

7 

0 13� 

8 

Figure 6 . 2 5 :  Vehicle locations a n d  serviced nodes at t=30. 

Arrows indicate veh icle positions, fi l led d iscs indicate 

serviced nodes. 

Nodes 3, 12 and 13 can be serviced by the red and blue veh icles without the 

add ition of extra d istance, s ince those veh icles are closer to the nodes than any 

a lternative routing scheme wou ld place other vehicles . Therefore, no other scheme 

is presented for t=30 than that presented for t= 20 . 

6.8.6 . 1  Routing strategy 

If the location of node 1 5  is revealed at t= 30 and it is at a vertex unreacha ble by 

the black vehicle, an extra vehicle is deployed to service the node as in scheme D ;  

i f  the node i s  located on the outcrop conta in ing nodes 5 ,  8 and 9 ,  the black vehicle 

services it as in scheme C; if the node is located at a vertex that can be serviced 
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feas ibly by either scheme C or D,  a decision as to which scheme to employ is made, 

as in Procedu re 6 . 1 2 .  If the location is not revealed at t=30, scheme E is 

i m plemented u nti l  t=38,  which has the black vehicle standing by to service node 1 5  

and the other  routes cont inu ing without i nterruption,  after which a l l  vehicles must 

return to the depot. 

Routi ng Strategy, t==30 

I F  the location of node 1 5  has been revealed 

THE N  

ELSE 

D :  == min(dist(S, 15 ) ,  1 2  + d ist( 15 ,O »  

CASE D 

d ist(S, 1 5 )  

1 2  + d ist( 1 5 ,O )  

E N DCAS E  

scheme C 

scheme D 

a pply scheme E u nt i l  t=38 fol lowed by the routing  strategy for t=40 

E NDIF  

Proced u  re 6 . 1 2 :  Routi n g  strategy based o n  the location of node 

15 at t=30 .  

6 .8 .7  trev =40 

At t=38, the  black veh icle is com pel led to return to  the depot i n  order that i t  a rrives 

there no later tha n  t=tmax= 50 .  At t=40, a l l  vehicles are either return ing  to the 

depot or a l ready there, and on ly node 1 2  rema ins to be serviced,  as shown in  

Figure 6 .26 .  S ince th is  node l ies on a shortest path between the red vehicle and  the 

depot, and because the red vehicle is carrying enough stock to accomp lish the task ,  

it serv ices n ode 3 a s  p lanned and empties the coordination site at X whi lst passing 

throug h  it. Although there is  very l ittle scope for route modifi cation, some vertices 

can be covered feasibly without resort ing to an i ncrease in fleet size, as ind icated i n  

the schemes below. 
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7 6 

1 3  

8 []--"" 

Figure 6 . 2 6 :  Vehicle locations and serviced nodes at t=40 . 

Arrows i ndicate vehicle positions, fi l led d iscs indicate 

serviced nodes . 

6.8. 7 . 1  Routing scheme F 

The black vehicle services node 1 5  whi le retu rning to the depot a long a shortest 

path from the vertex indicated by the black a rrow in Fig u re 6 . 26 .  Because this 

vehicle has no su rplus t ime avai lable, it may not deviate from the path to service 

feasibly node 1 5 ,  and node 1 5  is l imited therefore to only those vertices that lie on 

a shortest path between the a rrowed vertex and the depot. The scheme in shown in  

Table 6 . 39 .  

Vehicle Distance Nodes 

b lue 

green 

black 

red 

p ink  

46 

50 

20 + d ist(S , 1 5 )  + dist ( l S,O)  

=32  

0 

0 

° 

Xdel 200 0 7 

1 1  Wdel 5 1 9 

xdel 33 ydeJ 118  

1 0  1 3  0 

8 5 0  

WcoJ 5 1  5 1 5  ° 

46 o 14 Ycol 1 18 1 3 12 Xcol 1 14 0 

40 o 2 4 Xcol 119 6 0 

214 

Table 6 . 39 :  Routing scheme F for DCS example .  
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6.8.7.2 Routing scheme G 
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U nder this scheme, shown in  Table 6 .40, the red vehicle services node 15  after 

emptying the coord ination site at X using its 4 surplus d istance un its . Although the 

number of vertices covered by this scheme is smal l ,  it covers vertices that wou ld 

otherwise requ ire a fleet increase to service feaSibly, should node 1 5  be located 

there .  

Vehicle Distance Nodes 

b lue 0 Xdel 200 0 7 1 0  13  0 

0 1 1  Wdel S l  9 8 5 0 g reen 

black 

red 

p ink  

46 

50 

32 0 Xdel 33 ydel 1 18 Weol S l  S 0 

0 14 Yeol 1 18 1 3 4 1  + d ist(X , 1 5 )  + d ist( 15 ,0 )  

40 0 2 4 Xeol 119 6 0 

209 + dist( X , 1 5 )  + d ist( 1 5,0)  

Table 6 .40 : Routing scheme G for DC5 exam ple .  

6.8.7.3 Routing scheme H 

1 2  Xeol 1 14 1 5  0 

The p ink veh icle services node 1 5  from the depot using its 1 0  su rplus distance 

u nits .  Because it departs d i rectly for the depot, it does not use any coordination 

s ites.  Scheme H, shown in  Table 6 .41 ,  covers all vertices reached by the blue 

vehicle from the depot using a comparable scheme and thus su persedes such a 

scheme. 

Vehicle Distance Nodes 

46 0 Xdel 200 0 7 1 0  13  0 

50 0 1 1  Wdel S l  9 8 5 0 

32 0 Xdel 33 ydel 1 18 Weol S l S 0 

b lue 

g reen 

black 

red 

p ink  

46 0 14 Yeol 1 18 1 3 1 2  Xeol 33 
40 + 2xdist( 15 ,0 )  0 2 4 Xeol 1 19 6 0 1 5  0 

214  + 2xdist( 1 5,0)  

Table 6 .41 : Routing scheme H for DeS exa m ple .  

0 
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6.8.7.4 Routing strategy 

Because of the l imited additional manoeuvrabi l ity of vehicles at t=40, where node 

15 is revea led as being located at most vertices, scheme D remains the only option 

as shown in Figure 6 .27 .  At other vertices, one or more of the other schemes is 

appl icable and, where more than one scheme can be appl ied, the choice of scheme 

depends on the re lative sizes of the distance increase incurred by the adoption of 

each scheme. 

O scheme D 
. scheme F 

. scheme G 

. scheme H 

o schemes F and G 

• schemes G and H 

o schemes F and H 
schemes F, G and H 

Figu re 6 . 2 7 :  Effective schemes for vertices at t=40. 
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Routi ng Strategy, t=40 

I F  the location of node 1 5  has been revealed 

THE N  

ELSE 

E NDIF 

IF 

THE N  

ELSEIF  

THE N  

E LSEIF  

THE N  

ELSEIF  

THE N  

E LSEIF  

THE N  

ELSEIF  

THE N  

ELSE  

E N DI F  

node 1 5  l ies o n  a wh ite vertex in Figu re 6 . 26 

scheme D 

node 1 5  l ies on a black vertex in  Figure 6 .26  

scheme F 

node 1 5  l ies on a red vertex in Figu re 6 .26 

scheme G 

node 1 5  l ies on a pink  vertex in Figu re 6 . 26 

scheme H 

node 1 5  l ies on a blue vertex in Figu re 6 . 26 

D :  = min(d ist(X, 1 5 ) ,  5 + dist( 15 ,O ) )  

CASE D 

d ist(X , 1 5 )  scheme G 

5 + dist( 15 ,O )  scheme H 

node 1 5  l ies on a yel low vertex i n  Figure 6 . 2 6  

D :  = min (d ist(S , 1 5 ) ,  1 2  + d ist( 1 5 ,O) )  

CASE D 

d ist(S , 1 5 )  

1 2  + d ist( 15 ,O )  

scheme F 

scheme H 

D :  = min(d ist( S , 1 5 ) ,  7 + dist(X, 1 5) ,  1 2  + dist( 15 ,O ) )  

CASE D 

d ist(S, 1 5 )  

7 + dist(X, 1 5 ) 

1 2  + d ist( 1 5,O)  

E N DCASE 

scheme F 

scheme G 

scheme H 

route fa i lure 

Procedu re 6 . 1 3 :  Routing strategy based on the location of node 

1 5  at t=40. 

333 
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6.8.8 Routing strategy for DeS 

H aving compi led routing strategies for the state of the system as it exists at 

d i fferent times,  an  overa l l  strategy is created that encompasses the isolated 

strategies above and ensures com patib i l ity . Thus, the earl ier  stages of the strategy 

prepare for both the i m minent identification of node 1 5  and the much later 

identification . The overal l  strategy is shown in Procedure 6 . 14.  

Routin g  strategy DC5 

I F  the location of node 1 5  i s  revealed a t  t =  10  

THE N  

D : =  m in (8+dist(W , 1 5) ,  d ist(X, 15» 

CASE D 

8 + d ist(W , 1 5 )  

d ist(X , 1 5) 

E NDCASE 

scheme A 

scheme C 

E LSEIF the location of  node 1 5  is revealed at  t=20 

THE N  

E LSEIF 

THE N  

D :  = m in (d ist(S, 1 5 ) ,  1 2  + d ist(1 5 ,O » )  

CASE D 

d ist(S , 1 5 )  

1 2  + d ist (1 5 ,O)  

E NDCASE 

scheme C 

scheme D 

the location of node 14 is revealed at t=30 

D:  = min(d ist(S, 15 ) ,  12 + d ist(15 ,O »  

CASE D 

dist(S, 1 5 )  scheme C 

1 2  + d ist ( 1 5 ,O )  scheme D 

E NDCASE 

E LSEIF the location of node 14 is not revealed and 30<t::::38 

THE N  scheme E 

E LSEIF the location of  node 1 5  is revealed at t=40 

IF  node 1 5  l ies on a white vertex in  Fig u re 6 . 26 

THE N  scheme D 

E LSEIF node 1 5  l ies on a b lack vertex i n  Figure 6 . 2 6  

THE N  scheme F 

E LSEIF  node 1 5  l ies on  a red vertex in  Fig u re 6 . 26 
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THE N  

E LSEIF  

THE N  

E LSEIF  

THE N  

E LSEIF 

THE N  

E LSE 

E NDIF  

scheme G 

node 1 5  l ies on a pink vertex in Figu re 6 . 26 

scheme H 

node 1 5  l ies on a b lue vertex in Figu re 6 .26 

D : = m in (d ist(X, 15 ) ,  5 + d ist( 15 ,O »  

CASE D 

d ist(X, 1 5 )  scheme G 

5 + dist( 1 5,O )  scheme H 

node 1 5  l ies on a yellow vertex i n  Figu re 6 . 2 6  

D : =min(d ist(S, l S ) , 1 2  + d ist ( l S ,O »  

CASE D 

d ist(S, l S )  scheme F 

1 2  + d ist(l S,O) scheme H 

D : =  min(dist(S, 1 5 ) , 7 + dist(X,l S) ,  1 2  + dist( l S,O ) )  

CASE D 

d ist(S, l S )  

7 + dist(X, 1 5) 

1 2  + d ist( l S,O) 

E NDCASE 

scheme F 

scheme G 

scheme H 

E LSE route fai l u re 

E NDIF 

Procedu re 6 . 1 4 :  Routing  strategy  for DeS exam ple.  

6.8.9 Limitations and accommodations 

3 3 5  

The qua l ity of  solution depends to some extent on  the choice of  t ime intervals 

selected , which a re in itial ly  fixed but, as demonstrated a bove for 30:s:t<40, show 

some flexibi l ity .  By using times that are closer together, the system may be more 

responsive to change, but wi l l  requ i re much g reater processing . 

The infere nce of a max imum time constraint is i n  keeping with real -world 

s ituations, although  in this exam ple, no time a l lowance has been made for 

load ing/un loading and  administration at nodes a nd coord ination sites, which is 

u n l ike rea l-world situations. The lack of additional  time costs employed in the 
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schemes a bove is without l oss of genera lity since the concepts demonstrated a re 

not dependent on activities at nodes. S imi la rly ,  there is no time a l lowance for 

traversing paths that include bends, i ntersections or h igh traffic volumes, scenarios 

that slow real -world traffic .  

6.8. 10  Conclusions 

The pre-processing  of scenarios before the deployment of veh icles a l lows systems 

to  respond to cha nge qu ickly, but  the  effectiveness of  the  response n atura l ly 

depends on the c loseness of predicted scenarios to actua l  events. I n  solving 

problems where only the demand of a node is known at the start of a work cycle, 

scenarios are created at pre-determined t imes and a routing  strategy developed to 

d i rect the vehicles i n  the event that the location of the u n known node is revealed at 

or near those t imes .  The effectiveness of the routing  strategy depends to some 

extent on how far a part the actual  time is to one of the predicted t imes ,  and the 

system wi l l be more responsive in cases where the n u m ber of predicted times is 

g reater, a lthough this wi l l  g reatly increase the processing requ i red . 

I n  developing the routing strategy, accommodation m ust be made i n  earl ier 

schemes for the possible i ntroduction of later schemes, should the location of the 

u n known node n ot be revealed u nt i l  l ater. S imi la rly,  later schemes must include the 

remnants of schemes that precede the m .  Such com patibi l ity issues i ncrease the 

computation and com plexity with the n u m ber  of times chosen for pre-process ing .  

As the n u m ber  of  n odes and routes i ncrease, there may be more options 

and g reater scope for coord ination .  Even the fifteen node system of the exa m ple 

used fou r  coord ination pOints (X,  Y, W,  S )  a l l  located in the lower ha lf  of  the g rid ,  so 

it cou ld  be expected that with m ore nodes i n  the u pper ha lf of  the g rid ,  there would  

be  m ore route i nteraction there and  accompanying coordination sites. 

The method of solution presented in  this d iscussion wi l l  i ncrease i n  

complexity with more n odes o f  u nk nown location . Nevertheless, a s  demonstrated i n  

the Des example a bove, coord ination is a n  effective tool i n  dea l ing  with dynamic 

locatio n  problems. 



Chapter 6 Dynamic Coordination in the Recti l inear Grid Network 

6.9 De6 Only time is known 
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At the start of the work cycle, some or a l l  of the locations are u nknown and some 

or  a l l  of the demands are u n known,  but the times at which this i nformation wi l l  be 

revealed is k nown . There are two main a pproaches to the solution of DC6 

problems : 

(a)  U n known location problem for d ifferent demands 

Solution i nvolves solv ing DC3 problems for different demands and 

i ntegrating the results to obta in  a routing strategy based on the location  and 

demand of each u n known node.  This process is com putationa l ly more 

i ntensive than the corresponding DC3 problem because, as each demand 

level is solved , the range of demands for which each solution is feasib le is  

ca lcu lated, as i n  DC2 problems . 

Cb )  U n known demand problem at  different locations 

The DC6 problem solution involves the early esta bl ishment of coord ination 

sites at strategic geographic locations and the development of options for 

different ranges of demand.  It is simi lar  to solving DC2 prob lems at d i fferent 

locations and  integrating the resu l ts to obta in  a su itable routing strategy, 

but more com putational ly  i ntensive because the range of locations for each 

solution must be establ ished . 

Coordi nation can be appl ied i n  each a pproach since each involves a n  early 

identification of routes and vehicle assign ments, thereby creating  environments for 

the early establ ishment of coord ination s ites. 

This d iscussion wi l l  present a technique for solving DC6 problems using 

coordination and wi l l  demonstrate this with reference to an exam ple problem that is  

s imi lar  to the exam ples of earl ier sections of th is chapter. For the sake of S implicity, 

the example is set in a medium density g rid with s ix routes, and incorporates the 

resu l ts of the d iscussions a bove. 

6 .9 . 1  Problem generation 

As in  the above sections, a fifteen node system is generated where nodes 1 - 14 

have a l l  attributes known at the start of the work cycle (see Appendix F ) .  The 

demand and location of node 15 wi l l  be revealed at some known time, t= trev= 1 0 .  

This t ime has been chosen a s  a l l  vehicles are sti l l  en  route a n d  there i s  scope for 

coord ination to be demonstrated as an effective tool for the solution of DC6 
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problems, which may not be the case at later times when vehicles have exhausted 

their d istance a llowance . In addition ,  by choosing the sam e  tim e  as that u sed in the 

exam ple for DC3 a bove (§6 .6 ) ,  the resu lts obtained for that section can be used in  

this example .  

6 . 9 . 2  Problem solution 

Solving  the DC3 problem for different demands, as i n  Procedu re 6 . 1 5, requ i res the 

in it ia l  construction of routes and the identification  of serviced nodes and vehicle 

locations at t=treYI so that the environment for coord in ation can be assessed and 

coord ination sites established as early as possib le .  By us ing a n  estimated demand 

and creating a n  in it ia l  solution ,  the strategy can establ ish the range of demand for 

which the solution is a pp l icable, and thereby assist in the selection of another 

demand to be i nvestigated . This contin ues u nti l  al l  possible demands for the 

u nknown node have been dealt with , at which time an overa l l  routing strategy is 

determined.  

Step One : 

Step Two : 

Step Three : 

Step Four :  

Step Five : 

Step Six : 

DC6 

Create in it ia l  routes and a surplus table.  

Select as the i nitia l  demand range [ 1 ,  the min imum non-zero 

surplus capacity] . 

For each demand ,  

solve corresponding DC3 problem,  then 

find the m aximum demand for which the strategy app l ies. 

Choose a nother demand and repeat Step Three u nti l  the demand 

range [ 1 ,  m axVehCap] is accommodated . 

Consider the possib i l ity of zero demand.  

Combine solutions i nto a integrated routing strategy 

Proced u re 6 . 1 5 :  DC6 solution . 

6.9 .3  Initial route construction 

As in  other examples i n  th is  study, the in itia l  routes a re chosen from the best 

solutions from a selection of smallest neighbour/ farthest i nsertion, smal lest 

neighbour/nearest i nsert ion , l argest neighbour/farthest i nsertion, and largest 

neighbour/nearest i nsertion , a l l  i mproved using k-opt, and constructed without the 

u nknown node. The results a re shown in Table 6 .33  and the corresponding surplus 

table is given as Table 6 .42. Routes may be traversed in  the oppOSite d i rection  and 
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the mu lt i-routed veh icle may use the a lternative route order. If the demand and 

location of the unknown node al low it to be accommodated in  the in it ial  scheme, no 

other scheme wi l l  be imp lemented . 

Vehicle Distance Load 
Surplus Surplus 

d istance capacity 

b lue 36 1 93 14 7 

g reen 50 149 0 5 1  

black 40 1 18 1 0  8 2  

p ink  48 1 94/ 1 1 9  2 6/81 

red 24 200 26 0 

1 98 

Table 6 .42 : Surplus table for DC6 example .  

6.9.4 Determin ing demand 

Nodes 

0 7 1 0  1 3  0 

0 1 1  9 8 5 0 

0 1 2  3 1 0 

0 4 2 0  6 0 

0 14 0 

The maximum demand for any routing strategy is the maximum demand that can 

be accommodated by every aspect of that strategy, thus ensu ring that the strategy 

wi l l  be feasible over the entire demand range. Portions of the strategy for any 

demand range that are feasible  over an extended range may be i ncluded in  the 

strateg ies for the demand range that encom passes the extension . 

For example, the su rplus table a bove ind icates that a demand of 7 can be 

satisfied by every veh icle (except red) as long as the node for which the demand is 

i ntended is accessible feasibly by any of the non-red vehicles. If the re levant 

routing scheme appl ied to a region no greater than that, the maximum demand for 

wh ich the scheme appl ied wou ld be 7, even though u p  to 82 un its could be 

del ivered by a vehicle operating under that routing scheme (see Figure 6 .28) . The 

next demand range considered would beg in  at 8 and may include aspects of the 

scheme that operates for the range [ 1 ,7]  other than for the blue vehicle .  

6.9 .5  Routing strategy 

Having determined routing schemes that can be appl ied to d ifferent reg ions for 

d ifferent ranges of demand, they are com bined i nto an overal l  routi ng strategy that 

i ncorporates them i nto a cohesive, com patible u n ion . For example, the scheme 

ind icated i n  §6 .9 .4 for the demand range [ 1 ,7]  can be succeeded by a scheme for 

the demand range [8,82] that i ncludes schemes A and C2 from § 6 . 6 .  S imi lar 
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schemes are developed for the demand range [9 ,  maxVehCap] ,  which may be 

fu rther su b-divided, as indicated in §6 .9 .4  . 

• black veh icle 

e p ink  veh icle 

• g reen vehicle 

e blue vehicle 

o black & pink 

b lack & blue 

o black & g reen 

o blue, green & black 

o blue, pink & black 

o blue, g reen, black & pink 

61 - , 
e- e-e e 14 o-e 
• 0 _ ____ - .e��'� _ _  • 

, 0-0-- ' _1- -v 
.-e, _ _ ___ , 

8 0-- + '-e -u '---V _._ .-,e 1 
8-09 _ _____ -e- e __ __ 

Figure 6 . 2 8 :  The vehicle to service node 1 5, with non-zero 

demand less than 8 ,  depends on the vertex at which the node is 

located . Unfi l led discs (other than nodes) requ i re a dedicated 

vehicle. 

6.9.6  Conclusions 

Coord ination assists in problems in which both location and demand are u nknown 

by the early establ ishment of coordination sites that can be used by en route 

vehicles as reservoirs to replenish stock, or as sites at which to swap loads, and by 

enabl ing vehicles to share responsibi l ity for a previously u nknown demand by the 

use of spl it del iveries . Development of an overa l l  strategy is computational ly 

intensive and the result is not un ique.  
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In  problems of this type, there is at least one node a bout which there is no 

i nformation .  In  one variant of DC7 problems, even the existence of nodes a bout 

which nothing is known is unsuspected , and when demand, time and location are a l l  

u nknown, estimates can be  made on ly  i f  the appearance of  a node is anticipated . In  

rea l-world DC7 problems, the objective function to be min im ised often i nvolves the 

time that a node wa its for service, rather than the tota l distance travel led , and are 

represented i n  the repa ir  industry and emergency serv ices [BL93] ,  but this study 

wi l l  continue to use a n  objective fu nction that inc ludes only the total distance 

travel led and the fleet size, in  order to maintain  consistency with earl ier sections. 

Approaches to i ncorporating coord ination in  the solution to DC7 problems in 

which the appearance of such nodes is anticipated include : 

(a)  Conservative estimation 

Tentative routes are created that inc lude potential ( imaginary) nodes as wel l  

a s  the nodes with advance requests, s o  that, when new nodes are revealed, 

the most appropriate of the tentative routes are assigned to them and the 

other routes are modified . By a l locating the unknown demand to too many 

vehicles, the i r  effective capacities are reduced,  and route numbers and fleet 

sizes may be increased un necessarily thereby creating false environments 

for coord ination . If new nodes are not revealed unti l late i n  the work cycle, 

the coord i nation process wil l  be handicapped because materia l  that cou ld 

have been used as replenishment stock i n  coord ination is tied u p  as 

assigned stock for potential nodes. 

(b) Optimistic 

In it ial  routing and schedu l ing is carried out with only those nodes with 

advance requests and,  as each new node is revealed, it is inserted into the 

most appropriate route along with a possible modification of routes . This 

a pproach re lies on the continued avai labi l ity of coord ination sites throughout 

the g rid and for the duration of the work cycle, and is more effective in  

situations of  h igh g rid density (to reduce inter-noda l travel times) and h igh 

route density (to increase the potential for coord ination) .  

(c) Geographical 

The appearance of new nodes is anticipated by the establ ish ment of 

coordination sites as transient replenishment depots which veh icles may 

access, rather than by reserving space on the vehicles themselves. Site 

location takes advantage of known grid featu res to faci l itate ready access by 
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a variety of veh icles, thus aI/owing each vehicle to service more nodes than 

the conservative approach a bove, and is  l i kely to be more successfu l i n  

med ium density and  sparse g rids than the optimistic approach because of 

the g reater influence of geographica l  features. 

(d)  Dedicated vehicle 

Nodes with advance req uests are aSSigned to vehicles and routes without 

regard for the existence of nodes w ith rea l-time requests and,  as  each new 

node is revealed, a veh icle is  deployed to service it.  As the work cycle 

progresses, the a ppearance of new nodes i ntroduces into the routing 

scheme vehicles that may not be able to participate in the coordi nation 

process because their u npredicted tempora l  and spat ia l  characteristics may 

be i ncom patible with exist ing schemes . Because dedicated vehicles are 

deployed from the depot, route fai l u re w i l l  occur where new nodes a re 

located at such a distance from the depot that no vehicle may feasi bly 

service them .  I n  order to overcome th is problem, mop-up vehicles may be 

deployed from coordination  sites establ ished ear l ier i n  the work cycle .  

( e)  Periodic DC6 

This approach is  s imi lar  to the approaches used in  other d iscussions in th is 

chapter, where less com plex problems are solved at a variety of times and 

the resu lts i ntegrated i nto an overal l  routing  strategy. For DC7 problems, 

the solution of DC6 problems at su itably selected times is com putational ly 

i ntensive and may be i ntractable for systems other than those with on ly a 

few u n known nodes. 

As in earl ier  i nvestigations in this study, a com bi nation of approaches may 

be appropriate so that, for example,  where geograph ic coord ination sites are 

u nSUitable, a dedicated vehicle may be deployed to service a new request, and this 

may occur in  the context of a DC3 problem that is being solved as part of a periodic 

DC6 a pproach . 

6 . 10 . 1  Problem generation 

A single depot/ fourteen node system is generated s imi lar to that employed a bove 

with t ime, demand and  location g iven in Append ix F. At some u n known t ime, a 

fifteenth node wi l l  appear with an as yet u n known deman d .  The situation is 

identica l to the exa m ple i n  §6 .9 ,  with the exception that the t ime at which the 

attributes of the u nknown node wi l l  be revealed is  also u nknown at the start of the 

work cycle .  
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Using the periodic DC6 a pproach indicated a bove, the time period is su b-divided 

into smal ler periods and, for each, a DC6 problem is solved, as in Procedu re 6 . 1 6 .  

Compatibi l ity i s  achieved by ensuring cohesive schemes a t  each level of the 

solution , that is, for each demand, the corresponding DC3 problems are integ rated 

into an harmonious strategy, and at each time, the corresponding DC6 problems 

are integ rated into a s im i larly com patible structure ,  so that the overa l l  strategy 

consists of su b-strategies that fit well together. 

Step One : 

Step Two :  

Step Three : 

Step Fou r :  

Step Five : 

DC7 

Select a su itable value of tE [ l ,  tmax] .  

Solve the corresponding DC6 problem .  

Choose another value of t and solve the corresponding DC6 problem . 

Repeat Step Three u ntil no vehicles may service new nodes feasibly. 

Combine the solutions into an i ntegrated routing strategy. 

Procedu re 6 . 1 6 :  DC7 solution 

6 . 10.3 Determin ing time 

As in d iscussions above, the t ime period may be divided into smal ler  periods by 

choosing time values at which to investigate the system ,  such as t= 10, 20, 30, etc, 

but times may also be chosen adaptively so that the next t ime chosen depends on 

the progressive state of the current system .  Since the former method has a l ready 

been demonstrated in this chapter, the latter method wi l l  be described . 

In it ial  routes are constructed as in §6 .9 ,  and a scheme is developed for any 

in itia l  time value.  Having used an in itia l  time value ,  successive values of t can be 

determined by noting the time range over which each scheme is appl icable in  the 

case that the new node is not revealed in that time period . Su itably strateg ic times 

include those where a multi-routed vehicle is replenishing stock at the depot, 

vehicles are replenishing stock at coord ination pOints,  nodes have just been 

serviced , routes have just been completed , and pOints at which d iversion resu lts in 

less route mod ification . In the exam ple, the scheme developed for t= 10  is adopted 

and,  if the new node is not revealed then, the veh icles may be a l lowed to proceed 

u nti l  t= 20, at which time the red vehicle wi l l  be at the depot collecting a fu l l  

payload and  w i l l  be  ab le  to  travel to  large regions of  the  g rid wh i le  sti l l  leavi ng time 

for its second route to be accommodated by other methods. 
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As time progresses, vehicl es become more com mitted to their p lanned 

routes and the opportun ity for coordination reduces so there is a latest time at 

wh ich existing veh icles may feasibly service new nodes, and, as i n  the d iscussions 

a bove, the inferred t ime constraint i ntroduces a l atest t ime at which new nodes 

may be serviced using dedicated veh icles . 

6. 10 .4 Conclusions 

W hi le coord ination may be a ppl ied i n  the solution of DC? problems, i n  much the 

same way as the sol ution of problems i n  the other categories d iscussed a bove, its 

appl ication is com putational ly more intensive with an added d imension of 

u ncertainty .  Computations increase d ra matica l ly  with the number of t ime values 

chosen ,  and there is  a trade-off between p lann ing time and suitab i l ity of the pre­

p lanned routing strategy . By increasing  the number of time periods considered,  the 

relationsh ip  between the scenario  p lanned for and the scenario that eventuates is 

strengthened . 

Because each route may be i nvolved i n  servlcmg a new node, solution is 

enhanced when the i n it ial  schedu l ing  produces vehicles with surplus capacities so 

that they have potential to detour and to participate i n  the coordination process. 

Coord ination sites are more usefu l when they are located either close to estab lished 

routes (so that they may be used by more than one vehicle with l ittle d isruption to 

service) ,  or  at geog raphica l  features that take advantage of the structure of the 

recti l inear grid. By esta bl ish ing sites early, they may be used over a wide time 

frame,  and their d is-establ ishment can be achieved more read i ly .  

When the new node is further from the depot, there is  more chance of a 

satisfactory solution where there a re more vehicles i n  the scenario  since there is  

usua l ly less distance for one or  more of  them to detour  to the new node. S imi larly,  

there is  greater success where the new node l ies close to establ ished routes that 

have sti l l  to be travel led at the time of d isclosure since the detour d istance is 

reduced . 
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Thus  far, the examp les in this chapter have dealt with systems i n  which attributes 

of a s ingle node exhibit dynamism, and the solutions i nvolving coordination have 

been shown to be computational ly i ntensive yet effective . The level of com pl exity 

i ncreases enormously as the n u m ber  of nodes with dynamic attributes i ncreases. 

Where the same type of dynamism (as i n  Table 6 . 1 )  is present i n  more than one 

node, the solution technique recommended for a single node may be app licable 

with l ittle modification ,  but, where more than one type is present in nodes, the 

solution may be much more d ifficu lt  and may be i nfeasible.  These situations a re 

demonstrated i n  the fol lowing sections. 

6 . 1 1 . 1  Same category of dynam ism 

The solution techn iques recom me nded a bove for DCl - DC3 problems i nc lude h igh 

levels of redundancy that may be taken advantage of i n  systems with more than 

one node exhibiting the same type of dynamism ; for exa mple,  several geographic 

coordination sites are establ ished i n  order to service on ly one DC3 node.  

Procedu re 6.3 used i n  the solution of s ing ly dynamic DCl (unknown t ime) 

problems involves the incl usion of the dynamic node in  routes that approach it at 

d i fferent times, and  the technique can be extended to inc lude several such nodes. 

Because each node is suppl ied with only one a l lotment of its demand (either i ntact 

or spl it) ,  the inc lusion of several nodes at several p laces i n  any one route does not 

adversely affect the total carried, but the paths taken by vehicles become 

convoluted as they wind back on themselves to re-visit more nodes. Althoug h  the 

same techn ique can be app l ied to each DCl node, the interaction between routes 

becomes more d ifficult to forecast as the routes themselves a re less certai n .  

Procedu re 6 .4 used in  the solution o f  s ing ly dynamic  DC2 (unknown 

demand) problems involves the est imation of the u nknown attribute and the 

creation of routing  schemes that accommodate ranges of demand for that node .  

This technique can  be  a pp l ied to  more tha n  one  node, but, as ind icated i n  §6 .S .  7,  

the level of demand of one node may have serious consequences for the surplus 

capacities of vehicles, and thus for the ab i l ity of vehicles to participate in  a 

coordination process designed to service any other node. 

Procedu re 6.6 used i n  the singly dynamic DC3 (unknown location)  problems 

i nvolves the establ ishment of coordination sites located at strategic positions, i n  

order that they may provide replenishment stock for vehicles that subsequently 

service the u nknown node. In the case where more than one node exh ibits DC3 
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qua l ities, the system created for a s ingle node may be appl ied d i rectly if those 

nodes are located in reg ions that are serviced by different coordination sites, or if 

the q uantity of replenishment stock avai lab le and the routing scheme is such that 

more than one node may be serviced by vehicles using the same coordination site .  

Just a s  the inclusion o f  coordination becomes more complex as the number  

of  dynamic attributes for a s ingle node increases, obta in ing solutions becomes even 

more d ifficu lt as the number of nodes with dynamic attributes increases, and DC4 -

DC7 problems involving more than one node with dynamic attributes are very 

difficu lt to solve . The potential of any system for im provement by coordination 

depends on the interactions between vehicles which , in  turn , re ly on their surplus 

capacities and the spatia l  and tempora l qua l ities of the paths they traverse . By 

creating strateg ies composed of embedded layers of possible routes, the actual  

interactions between veh icles are clouded in a fog of uncertai nty, and the potential 

for coord ination is d ifficu lt to ascertain .  

6 . 1 1 .2 Different categories of dynamism 

Systems that i nvolve nodes that exh ibit d ifferent types of dynamism are usual ly 

unable to take advantage of the redundancy bui lt  i nto the s ingly dynamic systems 

discussed above, and the level of u ncertainty is g reater even than in those 

systems.  Consider, for exam ple,  the system shown in Figu re 6 . 29,  in which the 

locations and demands for nodes 1 - 14 are those in  Append ix F. I n  addition, node 

13 has unknown time attribute (and therefore exhibits DC1 qua l ities) , node 1 5  has 

known location but un known demand or time ( DC4) and node 16 is of type DC7 . By 

creating in itia l  routes that involve on ly those nodes whose locations and demands 

are known,  the base routing scheme shown in Table 6 .43 is generated . 

Vehicle Nodes 

b lue 0 7 1 0  1 3  0 

g reen 0 1 1  9 8 5 0 

red 0 2 4 o 14 0 

p ink  0 6 0 

black 0 1 2  3 1 0 

Table 6 .43 : ASSign ments for nodes with known location and 

demand .  
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Unknown time 

\ 2 

1 3  

8 

Fig u re 6 . 2 9 :  Three types of dynamism exist i n  this structure. I n  

addition to the two nodes i ndicated,  a 1 6th node has a l l  attributes 

unknown . 
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Solution of the DCl system of node 13 involves includ ing  that node i n  

several routes that a pproach it a t  d ifferent tim es, but, because the node i s  iso lated 

with respect to other nodes, there a re no existing routes other than that serviced 

by the b lue vehicle that are able feasib ly to pass close to it. Consequently, the blue 

vehic le is  assigned to wait at node 13 u nti l  either the node can accept del ivery,  or  

the veh ic le is forced to return to the depot. 

By mainta in ing v ig i l  at node 13 ,  the b lue vehicle is then unable  to participate 

i n  further coordination unti l  either it services the node, or it is en route to the 

depot. Solution of the DC4 system i nvolv ing node 15 can not then continue  as 

indicated in §6 .7  because it rel ies on an embedded DC2 system that uses the blue 

vehicle to establ ish a type 1 coordination site . Consequently, the DC4 system 

can not be solved if the DCl system is g iven priority. On the other hand,  if the DC4 

system is solved i n  preference to the DCl system,  node 1 3  is removed from the 

route serv iced by the blue vehicle, and  an extra veh icle  is assigned to service that 

node. The resu lt ing changes in the surplus capacities of the b lue vehicle a l low it to 

establ ish the type 1 coordination site at a much greater d istance from the depot, 

and the previous DC4 solution is re-deSigned. The ass ignment of a dedicated 

vehicle to service node 1 3  renders a subsequent DCl solution i rrelevant,  but 

without the extra vehicle, the solution is infeasib le .  
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At the same tim e  that the DCljDC4 conflict is  occurring,  the problem 

inc ludes a DC7 system, wh ich requ ires the solution of a series of DC6 systems.  

Since each DC6 problem i nvolves the solution of several DC3 problems, the tota l 

system now i nvolves the concurrent solution of multiple versions of each category 

of dynamic coord ination except DCS . The resu lt ing confusion of possibi l ities makes 

determining the actua l  locations of vehicles and their surplus capacities at any 

instant considerably d ifficu lt, and i nfeasib i l ity can happen easi ly .  

6. 1 2  Appraisal of dynami c  coord ination i n  the 

recti l inea r  g ri d  network 

This chapter considers vehicle routing problems in the recti l inear g rid network 

where at least one of the noda l  attributes of demand, location and time is u nknown 

at the start of the work cycle, offers a classification scheme, and suggests solutions 

based on adaptive a priori schedu ling and i mprovement involving coord ination,  

where scenario p lanning yie lds route strategies that a l low the implementation of 

suitable routing schemes at the time that more i nformation becomes avai lab le .  

Several such schemes are demonstrated with reference to a fifteen node, six route 

system set in a medium density grid that includes various geographical features, 

and where the attributes of one node a re u nknown at the start of the work cycle. In  

addition ,  a sixteen node system is considered in  which two nodes have d iffering 

forms of u nknown attribute and a third node has a l l  attributes u nknown . Pre­

p lanning a l lows a rapid response to changes in the system ,  and routing strategies 

attempt to forecast plausible future states based on static systems so that, when a l l  

attributes a re revealed, a suitable cou rse of action can be  chosen from the selection 

planned for. 

Coo rd ination is demonstrated in principle to be an  effective too l  in  deal ing 

with dynamic systems, and several general procedures a re suggested when 

considering specific forms of dynam is m .  Because of the complex ity of dynamic 

systems and the d ifficu lty i n  forecasting future states, it  is not the a im of th is  study 

to produce a lgorithmic  responses, rather to h igh l ight the potentia l  of coord ination 

as a usefu l technique that may provide assistance in  improving dynamic VRPs. 

I ncorporation of coord ination is computational ly intensive and requ i res the 

identification of i ntersections and geographical features of the g rid in addition to the 

locations and demands of nodes . It is more effective when coordination sites can be 

establ ished early in  the work cycle, and when advantage can be taken of al l known 

nodal attributes and of the g rid structure . 
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DC1 (unknown time) problems a re solved by incorporating nodes with 

u nknown time attribute i nto routes at several positions so that the routes approach 

those nodes' locations at different times. DC2 ( u nknown demand)  problems are 

solved by in it ia l ly estimating the value of the u nknown demand a nd developing 

routing schemes that accommodate it ; then ,  schemes a re developed for demands 

outside the i nit ial range, unt i l  a l l  demands have been catered for. DC3 (unknown 

location) problems are solved by establ ish ing coord ination sites at strategic 

locations in order that they may provide replenishment stock when the actual 

location is revealed . DC4 - DC6 problems contai n  more than one u nknown 

attribute, and are solved by decomposing the orig ina l  problem i nto a series of DCl 

- DC3 problems. DC4 ( unknown demand and time) problems a re solved by 

repeatedly solving DC2 problems at a variety of d i fferent times ; DCS ( u n known 

location and time) prob lems a re solved by repeatedly solving DC3 problems at a 

variety of times; and DC6 (unknown location and demand) problems are solved by 

repeatedly solving a corresponding DC3 p roblem,  and adapting the maximum 

demand range for which the solution is feasib le,  u nti l  a l l  poss ible  demands and  

locations have been accommodated . The solution of DC7 (nothing  known)  problems 

is more com plex,  and i nvolves the repeated solution of DC6 problems at d ifferent 

t imes. 

As the number of dynamic attributes i ncreasesl and as the number of nodes 

with dynamic attributes increases, the env i ronments that foster the successfu l 

app l ication of coordination become more d iffi cu lt to predict .  Consequently, 

coord ination strategies based on the pre-p lanning of scenarios a re more frag i le  and 

there develops a g reater dependence on an increased fleet size i n  order to prevent 

i nfeas ib i l ity . 

Although many dynamic vehicle routing problems contai n  an  element of 

stochasticity,  this has not been addressed i n  this study and remains an a rea for 

future research . S imi larly,  a more thorough i nvestigation of the dynamic aspects of 

coord ination is cal led for, but is beyond the scope of this study which has shown 

that coord ination has a val ua ble role  to play in the solution of dynam ic vehicle 

routing p roblems .  
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Coordi nation has been shown in th is study to be an  effective improvement 

technique in the vehicle  routing problem on the Eucl idean plane and on recti l i near 

g rid  networks for a s ingle depot pure del ivery system .  Various types of coord ination 

have been identified as load sp litt ing, load swa pping, deferra l (or obviation) of 

return to depot, and metastable interim step ( leading to solutions that a re d ifficult 

to ach ieve otherwise), which occur in d ifferent, but not d isjo int, environments. In 

any particu lar  problem, the environment d ictates the most su itable form of 

coord ination to use . Coord ination i n  the E ucl idean plane has been investigated at 

nodes, and i n  the rect i l inear g rid network at nodes a nd g rid  vertices. 

Load swapping at a node is l ikely to be most benefic ia l  when the 

coord ination pOint l ies close to a route other than the route servicing that node, the 

fleet is able physica l ly  to accommodate the total load and,  because swapping 

requ i res that al l  vehicles i nvolved be present at the same time, there is an 

accepta bl e  waiting t ime. Where load swapping occu rs at a point not serviced by any 

vehic le i nvolved in the exchange, that point must l ie  close to the routes serviced by 

each veh icle involved . Fleet capacity and wait ing time m ust a lso be suita ble .  

D istance reduction resulting from the deferral of  a return to the depot can 

occur on ly  when the routes serviced by a m ulti - routed vehicle a re close enough to 

i nteract . Areas of h igh  route density i nclude the reg ion around the depot (s ince a l l  

veh icles use the  s ingle depot) and possible choke-points created by the geogra phic 

structure of the g rid  (where appropriate) ,  and it fol lows that suitable coord ination 

pOints for the deferral of a return to the depot are l i kely to be near these areas. The 

use of surplus tables provides a means for the rapid identification of possib le sites 

in a g rid . In the E ucl idean plane, potential sites have been considered at nodes; for 

coord ination to occur at locations other  than nodes, regions of the plane wou ld  be 
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identified, with i nfin ite possib i l ities . It is  possib le that continuous optimisation 

problems cou ld be formu l ated to identify 'best' site locations, but this was not 

pu rsued here ;  it cou ld  form a basis for worthwhi le future research. Whereas sites 

created to faci l i tate load swapping requ i re veh icles to arrive s imultaneously, or at 

feast not too fong a part, those created to obviate a return to depot for a m ulti­

routed vehicle requ i re on ly that vehicles arrive at the site consecutively in the 

correct sequence . S imu lta neous a rrival ,  a lthoug h  not requ i red,  is  found to be 

acceptable. 

Whi le splitt ing has been i nvestigated as an accepted form of route 

improvement for many years, other resea rchers have restricted their i nvestigations 

to carrying spl it loads between depots and nodes, without a l lowing loads to be spl it 

or recombi ned for part of the journey. This study has extended the work of earl ier 

researchers by a l lowing vehicles to transport part-demands of any s ize for 

u n restricted sections of routes. In so doing, it has confirmed earl ier resu lts i n  

regard to the advantage to b e  gained b y  e mploying the technique,  the influence of 

demand,  and the effect of geography, and has shown that sp l itting in the recti l inear 

g rid is more effective as grid density increases and with compact structures .  

Splitt ing has  been identified as a n  inva luab le weapon in  the arsena l  of  coordination 

techniques. 

S ince the spatia l  and tempora l  characteristics of the systems determine the 

type of coord ination that can be achieved, any alterations to either route order or 

orientation may substantia l ly affect the outcome. Investigating each combination of 

route order and o rientation is therefore necessary but resu lts in  a huge i ncrease i n  

com putation time.  With ever-faster com puters avail able,  this i s  not seen a s  a major 

handicap. 

For a g iven problem, its environment d ictates the form(s)  of coordi nation 

that can be considered . When several su itable environments a re present in the 

same problem, it is  not clear which effect should  be considered first a lthough 

empirical evidence suggests that, for a g rid of med ium density ,  l oad spl itting be 

appl ied before the removal of any return to the depot, which shou ld  be investigated 

before any method to reduce path overlap .  The removal of route i ntersections 

redu ces total d istance very effectively in systems that do not invo lve coordination, 

whereas load swapping actively creates intersections.  Since there is no theoretical 

advantage in using one form of coord ination over a nother, each problem needs to 

be considered on its own merits .  For each problem , d ifferent com binations of route 

order and orientation can p roduce conditions which, because of the temporal and 

spatial inter-dependence of coordination, can favour one method over another or 

prevent the potentia l  for the existence of coord ination . 
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Because spl it del iveries do not requ ire the establ ishment of  coord ination 

s ites at locations other than destination nodes, this form of coordination can be 

used during,  or  as part of, the routing phase. The other forms of coord ination 

requ i re the existence of routes, so they are a ppl ied at the schedu l ing phase . For 

many problems, more than one type of coord ination are shown to be appropriate 

and circumstances may a l low the use of m ulti ple forms of coord ination . Because the 

appl ication of some forms of coordination may i nvolve the imposition of waiti ng 

times, seq uential coord ination is more d ifficult to apply where distances and travel 

times are a l ready large by reason of g rid density and geography. 

Three types of coordination site have been identified i n  the recti l inear g rid ,  

depending  on their use : type 1 sites a re establ ished on s ingle-noded routes by 

vehicles before they begin the ir  other  routes, and consequently often hold stock i n  

the  quantity of multip les of  maxVehCap; type 2 sites are used by  vehicles detouring 

to visit the m ;  type 3 sites are used by vehicles without detouring because the sites 

l ie a long their intended paths .  Any coordination site can function  as more than one 

type. Su itable locations for the estab l ishment of type 1 coordination sites can be 

identified by the use of surplus tables that ind icate the maximum d istance that any 

vehicle may travel from the depot for such a purpose. 

I n  addition to identify ing a variety of types of coordination and i nvestigating 

their  use,  a procedu re has been presented that reduces the edges i n  a rect i l inear  

g rid network to  a representative member of  its phase space whi lst mainta in ing 

con nectedness of edges with in a hu l l  created by the depots, nodes and their  

appropriate edges . Such a g rid reduction i m proves the efficiency of a l l  calcu l ations 

i nvolvi ng paths with in the g rid .  In a determin istic system ,  where the locations of a l l  

essential  pOints are known, removing a l l  edges outside the  coordination hu l l  cou ld  

reduce the  g rid further. 

The results of g rid red uction a re shown to depend on the layout of depots 

and nodes, with changing node locations resulti ng in a diversity of reduced grids 

varying from compact to broadly d istributed . S imi larly,  the density of the red uced 

g rid also depends to some extent on the locations of essential points .  Subtle 

changes i n  the existence of edges of the in itial ( un reduced) grid can have major 

effects on the fina l  g rid . Consequently, it is very d ifficu lt to predict the shape and 

density of the grid network before the red uction process is a ppl ied . 

H aving reduced a g rid ,  the existence of features such as lakes and 

pen insulas indicates regions of h igh  route density, and the presence of choke-points 

is an indication of regions more l i kely to contain suitable coordination sites. 

Because coordination is a consequence of route i nteraction ,  the number of 

i ntersections in a g rid is  an ind ication of the potential for improvement by 
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coord ination , with empirical evidence suggesting that the chance of loweri ng total 

d istance travel led by coord ination other  than splitting is l ess with increasing g rid  

density. Coordination by sp litt ing de l ivery requ i res one or  more vehicles to access a 

customer node, and is  more l i kely with i ncreasing g rid  density and with more 

compact g rids .  As grid density increases, spl itti ng is shown to be more effective 

than other forms of coordinatio n .  

The appl ication of coord ination i n  fu l ly  deterministic systems h a s  been 

demonstrated here to reduce both fleet size and total distance travel led whi le sti l l  

permitt ing the minor objectives o f  balanced routes a n d  a streamlined solution . 

The use of coord ination i n  dynamic vehicle routing i n  the recti l inear gr id 

network requ i res contingency planning . This study has i nvestigated, in genera l  

terms, t h e  principles of i mprovement b y  coord ination of dynamic vehicle routing 

problems for representative systems involving fifteen nodes where a s ingle node 

exhibits dynamism.  A classification scheme has been introduced for the 

investigation of every combination of dynamic attri bute of node location,  node 

demand, and t ime (at which the information becomes ava i lab le  or at which del ivery 

can be made),  and routing strategies developed that involve the possib le use of 

coord ination . Brief consideration has been g iven a lso to simi lar  systems i n  which 

more than one node exhib its the same type of dynamism, and to a Sixteen-node 

system in  which d i fferent types of dynamism are exh ibited by three nodes.  

Solutions are effective but com putational ly i ntensive, and involve the pre-p lanning 

of responses to p lausible  future states based on static systems so that, as 

attributes are revealed, su ita ble courses of action can be selected from the 

possib i l ities p lanned for .  

In  a pplying coord ination to  dynamic systems,  coordination sites a re 

establ ished early i n  the work cycle by estimating unknown attri butes and creating 

a lternative schemes for the occasions when those estimates are i ncorrect. Where 

the val u e  of only one attribute is  u n known, its estimate is based on h istorical data ; 

where two attributes have unknown values, several iterations of the one-unknown 

system are made using a se lection of values for the other u n know n .  Because actual 

va lues of attributes are not known at the start of the work cycle, the i r  possible 

effects a re accommodated by esta bl ish ing coordination sites (within routing 

schemes) to be used in  the event that the attributes a re revealed to l ie  with in  

specific ranges. When those values become evident, a ppropriate routing schemes 

a re enacted and u nused coord ination sites a re eventua l ly  emptied. Consequently, 

the resulting routing strategies i ncorporate a h igh level of redundancy. 

As in  the deterministic VRP, the potentia l  for coord ination in the dynamic 

VRP is d ictated by the environment. As the n u m be r  of n odes with dynamic 
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attri butes i ncreases, and as  the  n u m ber  of  dynamic attributes themselves i ncrease, 

i t  becomes more difficu lt  to predict future envi ronments, and the potential for 

coordination becomes less clear. 

The procedu res developed here h ave considerable practica l value in  the 

com mercial  world .  Where a customer base is wel l  establ ished with known inter­

noda l  d istances and demand h istories, deterministic and dynamic coord ination can 

be appl ied with l ittle in itia l outlay and smal l  maintenance costs with the prospect of 

substantia l  reductions in both fixed and variable operating costs. 

The five practical problems of Chapter 1 can be addressed in  the l ig ht of 

their  potentia l  for coord ination : 

Problem 1 :  The roading company supplying its road crews with b itumen from a 

d istant source is a ble  to reduce the total d istance travel led by establ ishing a 

coord ination site at a suitable location at  which the bitumen can be transferred 

from the main carrier to other  suita bly equ ipped vehicles . By obviating the 

return to depot (see §4. 1 3 )  for most vehicles, only the main carrier is  requ i red 

to travel to the supply depot for replenishment of stock, whi le the other vehicles 

are requ ired only to travel to the coordination site for replenishment of their 

stock .  In  addit ion to a large reduction i n  total d istance, the a rea of operations of 

the com pany is increased, a l lowing it to compete more effectively for further 

work. There may a lso be savings in the type of veh icle that is  used, s ince most 
of the fleet can be made up of veh icles that do not h ave to carry large volumes 

of hot b itumen and do not have to keep their payloads hot for as long, result ing 

in  both smal ler bodies and l ighter heating coi ls .  Selection of su itable 

coord ination sites is made pr ior to tendering for work since their location wi l l  

have a d irect i nflu ence on the operating costs and time involved , and the  s ites 

are incorporated into the routing scheme as nodes with zero demand to be 

serViced by each vehic le .  As work progresses and reaches a conclusion at each 

job s ite, the demand of the corresponding nodes d imin ishes and eventua l ly  is 

e l iminated .  The changing state of node demand is not entirely predictable 

because of the i nfluence of weather on the avai lab i l ity and accessibi l ity of the 

work s ites but the weak dynamic nature of the problem can be accommodated 

by treating the problem as determin istic . Consequently, when adverse weather 

conditions prevent a job being tackled on any particu lar  day, the vehicle that 

wou ld  have serviced that task is temporari ly idle. Since al l  vehicles i n  the fleet 

are custom bui l t  and owned by the roading com pany, no h iring fee is involved 

and therefore this does not represent a d isadvantage.  
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Problem 2 :  The cross-town del ivery com pany is able to reduce its fleet s ize 

without g reatly i ncreasing  its travel d istance and service t ime by incorporating  

a combination of  non-spl it coord ination techniques (see § 5 . 1 3  and §5 . 14) i nto 

an essentia l ly  rect i l inear routing  scheme. By estab l ish ing coordination sites at 

suitable customer nodes and at appropriate locations away from customers,  

demands a re a ble to be swapped and transferred between veh icles resulting  in 

more efficient use of a smal ler fleet. At coord ination sites, veh icles with surplus 

d istance capacity that have del ivered much of the i r  payloads are able to accept 

loads from other vehicles that have l imited d istance capacity, and can thence 

del iver these loads to customers that otherwise wou ld have been serviced ( if at 

a l l )  by an extra vehicle . Thus, the fleet size is reduced without adverse effect on 

customers .  

Problem 3 :  Although  pre-sales carriage of  an ima ls forms part of  the  class of 

prob lems known as 'pickup '  and only the post-sales carriage is a del ivery 

problem, the techn iques developed i n  this study (see § 5 . 9 .4) can be appl ied to 

the p re-sales problem enabl ing the stock transport com pany to reduce 

operating costs by better uti l isation of its trai lers without i ncreasing the road 

taxes associated with the conveyance of m u lti-axle tra i lers on the open road .  

Th is  is  achieved by establ ish ing type 1 coord ination sites at which tra i le rs are 

left for later u pl ift, whi le  the ma in  truck travels  to col lect stock from farmers .  By 

not i nc lud ing a tra i ler in service visits that do not i nvolve it, the tra i ler does not 

i ncur the accompanying  road user charges, and the truck is a ble  to negotiate 

roads and accessways that would be d iffi cu lt or i m possible with a n  attached 

tra i ler .  In addition,  travel without the tra i ler is faster and the speedier response 

may go some way to offsetting the t ime requ i red to d etach and reattach the 

tra i ler .  As a type 1 site, the trai ler is ava i lable  for use by any veh ic le from the 

same com pa ny .  W hi le the tra i ler  is detached, stock can be transferred between 

the ma in  truck and the tra i ler  by reversing the vehicle u p  to the rear  of the 

tra i ler  and a l lowing animals to move from one to the other. Thus, tra i lers at the 

coord ination site can be used as temporary storage u nits. Jud icious use of 

baffles separates anima ls from different farms .  Although s imi lar  techniques can 

be used in the post-sales del ivery 

Problem 4 :  The rura l  bus com pany extends its service by creating a coordination  

site at  one  of  the  schools at  which many-way transfer of  pupi ls is  a l lowed to 

occur.  I n  the morn ing,  the routing sch e me is i n  two parts : i n it ia l /y, chi l d ren a re 

del ivered to a coordination site ; then they are del ivered from this site to the i r  
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schools.  In the afternoon, the process is  reversed with ch i ldren being del ivered 

to the coordination s ite and then taken from there to their homes .  Before 

schoo l ,  buses travel to d istant areas to col lect schoolch i ldren whom they deliver 

to the local secondary school (the coord ination site ) .  This  location is chosen 

because it is ab le physical ly to accommodate a l l  the veh icles i nvolved , has 

u ndercover areas in which the ch i ldren can wait, and the school suppl ies a staff 

member to supervise the passengers before and after school .  When a l l  the 

buses have del ivered their charges to the coord ination site, they col lect ch i ldren 

from the assembled mass and del iver them to the appropriate schoo l .  In the 

afternoon, buses col lect pupi ls  from the schools, de l iver them to the secondary 

school ,  col lect ch i ldren and take them home. The home-coord ination site section 

of the routing scheme takes m uch longer than the school-coord ination s ite 

section . An advantage of this method is that,  because the secondary school is 

attended by far more chi l dren than the rura l primary schools, estab l ish ing the 

site at that school removes a requ i rement for buses to service the secondary 

school i n  the coordination site-school section . In  addition ,  the scheme can be 

extended easi ly  to i nclude other  schools i n  the area a l ready covered because 

the commitment has a l ready been made to col lect ch i ldren from outly ing areas 

and adding extra stops in the home-coord ination site section does not have 

m uch i mpact on the total t ime taken . An unexpected advantage is that young 

ch i ldren from tiny rural a reas meet other ch i ldren whom they wou ld not expect 

to encounter otherwise u nt i l  their teenage years . By uti l is ing a coordination site 

at a customer node, the bus com pany has been able to i ncrease its service 

without changing  its fleet. 

Problem 5 :  Coordi nation is of no d i rect benefit to the fash ion cloth ing 

manufacturer because its payloads are very smal l  and a re a l ready del ivered 

d i rectly to selected retai l  outlets as h igh priority packages. Staff are employed 

in h igh ly  specia l ised teams, and workflow with in the manufacturing concern is 

l inear with no overlapping paths or i ntersections. The environment does not 

a l low for improvement by coord ination .  
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7.2 Recommendations for future research 

Further research i nto coord ination as an improvement procedure for the 

static and dynamic VRP should include the incorporation of factors such as pickup,  

asymmetrical d istances, mu lt iple depots, dead l ines, t ime windows, commodity 

classes and m u ltiple vehicle types. Each of these mod ifications can be made by 

adjusting the internodal d istance tables and enhancing the procedures developed in 

th is study and a re not expected to a lter the concept of coord ination as presented 

here. 

Whi le an  i ndication has been p resented in  this study of the suitab i l i ty of 

coord ination as an  improvement procedu re in  dynamic vehicle rout ing,  m uch 

remains to be done in i nvestigating the process in  deta i l .  This should i nc lude 

extending the p lanning horizon to cover more than one work cycle, thereby 

reducing the possib i l ity of route fai l u re and enabl ing the introduction of priority 

demands and subset selection .  The effect on the potentia l  for coord ination of 

i ncreasing both the n u m ber of nodes with dynamic attributes and the n um ber of 

dynamic attributes is a suita ble area for research ; because the incorporation of 

coo rd ination i nvolves contingency p lann i ng ,  and  is heavi ly infl uenced by 

envi ronment, the ab i l ity to predict future environments in a system is critical to the 

effectiveness of coord ination as an improvement method for dynamic VRPs. It 

a ppea rs u nl i kely that any automated u m brel la  scheme for dynamic coord ination 

wou ld  be effective. 

The involvement of coord ination in stochastic systems i s  expected to be a 

ferti le a rea for research since it has been effective in deterministic and dynamic 

systems.  

Because of the tem po ra l and spatial i nter-dependence of coordinated 

systems,  the introduction of delayed departure times can be expected to have a 

significant i mpact on the potential for coordination. 

Psaraftis (see [ Ps88] ) identifies one of the major d ifferences between static 

and dynamiC rout ing as the possib i l ity of congestion, and Carey and S rin ivasan (see 

[ C93] ) have shown that because the peaks in congested traffic flows most affect 

costs, the rate of change i n  the level of congestion strongly influences the 

appropriateness of any mode l .  The possible use of coord ination sites to reduce 

congestion i n  networks by assisting i n  regulatin g  flow shoul d  be i nvestigated as the 

suitabi l ity of applying coord ination in a congested dynamic system might be found 

to have benefits i n  rea l-world scenarios. 

Whi le  m uch of this study has i nvolved the establ ishment of coord ination 

sites at locations other  than nodes, the actual identi fi cation of those off-node sites 
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cou ld  have been made more effectively by a pplying optim ization to the smal l  

regions contain ing potential s ites. Heuristic procedures, s imi lar  to those presented 

here, cou ld  identify a selection of su itable coord ination sites from which 

opt imization procedures wou ld  detect the best site(s) .  The process of determin ing 

the suitabi l i ty of coordi nation wou ld then involve pockets of optimization within a 

heuristic framework. 

The concept of coord ination has been examined in  this study by permitti ng 

the establ ishment of coord ination sites only at nodes ( in the E ucl idean p lane) and 

at nodes and vertices ( in  g rid networks) ,  and is expected to be val i d  when the 

entire frame of reference is ava i lable for the estab l ishment of coordination s ites, 

a lthough this has yet to be investigated . This study has a l ready shown,  in the 

recti l inear g rid network, that coord ination s ites may be establ ished productively 

a long strings of edges at vertices other  than intersections, particu larly where each 

vehicle i nvolved detours, or where type 1 sites a re employed . Future investigations 

may reveal that this benefit can be extended when non-vertex locations are 

ava i l able .  

Although th is study has  determined the environment as  the critical factor i n  

determin ing whether, and what form of, coord ination should b e  appl ied to a 

system ,  other i nvestigations may revea l d ifferent factors to be more important. This 

research has shown that i n it ial  solutions are i m po rtant only to the extent to wh ich 

they create cond itions conducive (or otherwise) to i mprovement by coord ination .  

Emp i rical evidence gathered in this study from the appl ication of  coordination to 

hundreds of in it ia l  solutions generated using d ifferent methods in both the 

E ucl idean plane and recti l i near g rid networks has fai led to ind icate a ny genera l  

pattern dependent o n  the actual  method o f  creating the in it ial solution . 

I n  introdu cing  the conce pt of coord ination as an  effective improvement tool 

for determin istic and dynam ic VRPs, and identify ing and investigating several types 

of coordination, it wou ld have been desira ble  to have been able to predict the most 

effective form of coordination to a pply to any given vehicle routing problem.  

Unfortunately ,  the heavy dependence on the  spatia l  and  temporal environment and  

on  the interaction of  vehicles has  rendered such prediction optim istic beyond the 

broad guidel ines a l ready d iscussed . The c lassification of problem types is  an a rea 

for future research and cou ld  include a range of representative problems to show 

the effectiveness of d ifferent types of coord ination ,  as wel l as the d ifficulty of 

applying coord ination . Because of the sensitivity of the resu lts of the g rid  reduction 

technique to subtle changes in  i n it ial  grids, such problems should i nvolve g rids that 

a l ready have been reduced . Each form of coord ination a ppl ied to a system alters 

the environment, possib ly changing the suitabi l ity of other forms of coordination (or 
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repeated appl ications of the same form) to improve the solution .  Selecting the m ost 

effective sequence of m u lt ip le a ppl ications of coordination for problems may requ i re 

more i n-depth i nvestigation i nvolving pre-processing to determine suitable 

schemes. Such look-ahead methods may best be i ncluded in  the incorporation of 

the various forms of coord ination as a variety of move structures in meta­

heuristics . 

Whi le  this study has identified five forms of coord ination (spl itt ing,  deferral 

of return to depot, swapping,  transfe r, metastable state) and three types of 

coord ination site, there may be other forms that a re effective in improving  solutions 

to the VRP. The metastable state evident i n  problems in the Eucl idean plane is not 

present i n  the recti l i near g rid ,  because of its recti l inear structure, and investigation 

of  other frames of reference may produ ce other  d ifferences. The spherical fram e  of  

reference, a l ready discussed as important i n  the real-world a ppl ication of  mid-a i r  

refue l l ing ,  may y ie ld  other types of metastable state not found  in the E ucl idean 

p lane,  or  enti rely new forms of coord ination . 

The fifteen vehicle l imit i mposed by the MATLAB programming language has 

been suitable, with appropriate values of maximum vehicle capacity and maxim u m  

demand,  for i nvestigating  the concept of coord ination thus far, but much larger 

systems with h igh numbers of i nteracting  routes may provide other valuable 

i nsights i nto the application of coordination as a n  improvement tool .  A suitable 

development mediu m  would  be any non-specific, genera l  purpose, lower leve l ,  

object-oriented programming language, such as  C + + ,  which has  the advantages of 

g reater speed and flexibi l i ty .  



ApPENDIX A 

REDUCTION OF RECTILINEAR GRIDS 

This Appendix conta ins stepwise examples for reduction of rectl i near g rids of 

sparse, med ium,  h igh  and fu l l  density .  

NCS = "No  Choice String" ,  as  described i n  the text. 

Reduction of Sparse Density G rid 

6 

Figu re A . l :  Sparse density g rid ,  438 edges, 10  nodes, 1 depot . 



Figure A .2 :  Cui d e  sacs removed . 

F igure A.3 :  N CS removed without considering NCS involving 

essentia l  paints. Cui de sacs created. 



Figure AA : Cu i de sacs removed . 

F igure A. S :  NCS removed without considering  N CS involving 

essentia l  pOints. S ince no  cu i de sacs have been created , edges 

i nvolv ing essentia l  pOints can now be considered . 



o 

Figu re A.6 : Removed N CS with essentia l  pOints. 

r 

o 

Figu re A. 7 :  Removed NCS, thus creating other NCS . 



Fig u re A .S : Fina l  grid has 96 edges . 

o 
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Reduction of mediu m  density grid 
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Figu re A . 9 :  Med ium density gr id,  1 depot, 30 nodes, 643 edges. 
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Figu re A. l l :  Fi rst reduction by removal of NCS . Other NCS have 
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Reduction of h ig h  density g rid 
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Reduction of full density grid 
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Figu re A .29 : Final  g rid .  475 edges. Each outside corner houses a 

node. 



ApPENDIX B 

CHANGING DEPOT LOCATION 

This Appendix contains a worked exa m ple for the effect of depot location on 

coord ination . For a g iven data set, the situation before and after coord ination is 

considered with the depot i n  each of two locations, [ 1 2, 1 2] and [ 10,8] . 

Node Demand Location 

1 43 1 9  

2 1 66 1 7  

3 1 2  1 6  

4 28 1 8  

5 1 14 3 
6 1 19 1 8  

7 1 18 8 

8 3 2 

9 32 5 

1 0  1 7  8 

1 1  1 8  9 

1 2  7 2  1 6  

1 3  5 8  4 

14  200 1 3  

1 5  1 50 14  

Table B. l :  Demands and node locations 

4 

1 5  

8 

14  

8 

1 8  

1 7  

4 

3 

1 8  

8 

1 0  

1 3  

7 

8 
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Depot at [ 10,8] 

Appendix B 

W hen the depot is located at [ 1 0,8] ,  the route structure is  that shown i n  Table B . 2 .  

Without coordination 

Route# Distance load Route 

1 38 167 o 11  9 8 5 0  

2 40 1 93 o 7 1 0  13  0 

3 36 193 o 15 1 0 

4 32 1 94 0 2 4  0 

5 1 8  84 o 12 3 0 

6 1 6  200 o 14 0 

7 42 1 19 0 6 0  

222 1 150 

Vehicle# Distance Route(s) 

1 38 1 

2 40 2 

3 3 6  3 

4 5 0  4 5 

5 42 7 

6 1 6  6 

Table B . 2 : Route structure without coordination, depot at [ 10 ,8 ] . 



Applying coord ination 

Construct the surplus table : 

vehicle d ist load 

1 38 1 67 0 1 1  9 8 5 0  

2 40 1 93 0 7 1 0  1 3  0 

3 37 1 93 0 1 5  1 0 

4 32 1 94 0 2 4 0  

1 8  84 0 1 2  3 0 

5 1 6  200 0 14  0 

6 42 1 19 0 6 0 

Table B . 3 :  Surplus table for depot at [ 10,8]  

Surplus 

d ist capacity 

1 2  3 3  

1 0  7 

1 3  7 

0 6/1 1 6  

34 0 

8 8 1  

I f  vehicle 4 is  i nvolved in  coord ination it cannot add d istance to its route, 

although it can carry more payload . 

Vehicle 1 creates a type 1 site at X = [ 14,8] , coincident with node 1 5 ,  leaving 

1 93 demand u nits there .  Vehicle 1 has added 12 d istance u nits . Of the 193 u nits, 

1 50 u nits is g iven to node 1 5 .  This is  a bonus s ince the site is coincident with a 

node. 

Vehicle 4 services the nodes on route 5 without returning to the depot. It 

then travels to the s ite created by Vehicle 1, col lects enoug h  demand for node 1 ,  

de l ivers th is to node 1 and returns to the depot. 

Vehicle 2 creates a type 1 site at Y= [ 14,9 ] ,  leaving 1 94 demand un its there .  

The veh ic le has i ncreased its d istance by 1 0  u nits to the max imum distance 

a l lowed . 

Vehicle 6 services node 14 then travels to the site created by vehicle 2 

without returning to the depot. It col lects the 1 94 u n its and del ivers these to nodes 

4 and 2 before returni ng to the depot. Vehicle  6 has travel led a tota l of 36 d istance 

un its . 

Vehicle 3 has no route 3 to service since the nodes com prising this route, 1 5  

and 1 ,  have been serviced by two other vehicles. 

The route structure is  shown in Table BA.  
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W ith coordination 

Vehicle# D istance 

1 50  

2 50  

4 44 

5 1 8  

6 36 

198 

Vehic le# D istance 

1 50 

2 50 

4 44 

5 1 8  

6 36 

Load 

193/167 

1 94/193  

84/43 

1 19 

200/194 

Route(s) 

o X 1 5  0 1 1  9 8 

o Y 0 7 1 0  1 3  0 

o 12 3 X 1 0 

0 6 0  

0 14 Y 0 4 2  0 

5 0 

Route 

o X 1 5  

o y 0 

Appendix B 

0 1 1 9 8 5  0 

7 1 0  1 3  0 

o 1 2  3 X 1 0 

0 6 0  

o 14 Y 0 4 2 0 

Table B . 4 :  Route structure with coordination, depot a t  [ 10,8] . 

Both the total d istance and fleet size have been reduced . Distance has been 

reduced by 12% in the affected routes. 

The possib le locations for type 1 sites are shown in the diagra m  below. The 

d iscs represent the outer reaches for sites for each vehicle. Virtual ly the entire map 

is access ible  by vehicle 5 without breaching d istance constraints since that vehicle 

has a surplus range of 17 d istance un its . 
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o 

4 

Fig u re B. l :  Locations for type 1 sites. Pi nk discs : outer l i mit for 

ve hicles 1 and 3 ;  green d iscs : outer l imit  for vehicle 2 ;  yellow 

discs : outer l imit fo r vehicle 6 .  

The d iagram below shows the fi nal  routes. 

Figure B . 2 :  Fi nal  routes involving coordi nation, de pot at [ 10,8 ] .  

381  
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Depot location at [ 1 2,12]  

Appendix B 

When the depot is located at [ 1 2, 1 2] ,  the route structure is that shown in  Table 

B . S .  

Without coordination 

Route# Distance Load Route 

1 36 193 0 7 10 13 0 

2 5 0  1 49 0 9 8 5 0 

3 20 1 94 0 2 4 0  

4 28 180 o 11  15 3 0 

5 40 1 06 o 1 2  1 0 

6 28 1 19 0 6 0  

7 24 200 o 14 0 

226 1 141  

Vehicle D istance Route(s) Nodes 

1 36 1 0 7 1 0 13 0 

2 50 2 0 9 8 5 0 

3 48 3 4 0 2 4 0 1 1  1 5 3 0  

4 40 5 o 1 2  1 0 

5 28 6 0 6 0  

6 24 7 0 14 0  

Table B . 5 :  Route structure before coordination , depot at [ 12 , 1 2 J .  

The surplus table i s  shown i n  Table 8.6 .  



spare 

vehicle d ist load d ist capacity 

1 36 1 93 0 7 1 0  13  0 14  7 

2 50 149 0 9 8 5 0 0 5 1  

3 48 1 94/ 180 0 2 4 o 1 1  1 5  3 0  2 6/20 

4 40 1 06 o 1 2  1 0 1 0  94 

5 28 1 19 0 6 0  22 8 1  

6 24 200 o 14 0 26 0 

Table B . 6 :  S u rplus table, depot at [ 1 2 , 1 2 ] .  

Norma l ly, one would attem pt to obviate the return to the depot for the 

m u lti -routed veh icle, but in this  case the depot l ies between the last node of the 

earl ier route and the first node of the later route, so obviation is not l i kely to be 

productive . 

Two routes (6  and 7)  are close to being capable of sharing the same veh icle 

without violating the d istance constraint.  A good option is to reduce s l ight ly the 

d istance of at least one of them so that they may share the same vehicle. This can 

be done by the esta bl ishment of a type 1 s ite by a th i rd vehicle . 

The spare d istance of Vehicle 1 a l lows it to establ ish such a site within 7 

u nits of the depot. If routes 6 and 7 a re to be com bined, a natural site wou ld  be at 

a point on the shortest path between nodes 6 and 14, closest to the depot. This 

reduces the extra d istance travel led by Veh icle 1 .  

Vehicle 1 estab l ishes a type 1 site,  X ,  at [ 1 5, 1 2 ]  with load equal  to 

Demand(14) ,  ie 200 u n its, adding 1 0  d istance un its to its tota l d istance .  Vehicle 5 

services node 6 ,  travels to X, col lects the load, del ivers it to node 14  and returns to 

the depot. 
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Vehicle 

1 

2 

3 

4 

5 

Table B. 7 :  

Distance Route(s) 

46 1 

50 2 

48 3 4 

40 5 

44 6 

2 28 

Nodes 

0 X 0 7 1 0  1 3  0 

0 9 8 5 0 

0 2 4 o 1 1  1 5  3 0 

o 1 2  1 0 

o 6 X 14 0 

Appendix B 

Route struct u re after coord ination,  depot at [ 1 2 , 1 2 ] .  

The fleet size i s  reduced by one and the total d istance i ncreases by 2%. 

6 

4 

8 

Fig ure B. 3 :  Routes after coord ination, depot at [ 1 2, 1 2 ] .  



Comparison 

W ithout coord ination 
Depot 

location Total d ist Fleet size Total d ist 

[ 1 2 , 1 2 ]  226 6 228 

[ 1 0,8]  222 6 1 98 

Table B .8 : Effect of depot location . 

W ith coordination 

No. coordn 
Fleet size 

sites 

5 1 

5 2 
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ApPENDIX C 

LOAD PLANS AND ROUTE DATA FOR EXAMPLES IN CHAPTER 4 

Figure 4 .9 

MaxVehDist = 220, maxVehCap =200, 1 0  nodes - one with overlarge demand . 

W ithout coordination 

In itia l feasible solution created using modified savings. 

Route# Distance Load Route 

1 1 94 .684 1 90 0 6 5 3 10  0 

2 144.470 1 53 0 8 7 4 0 

3 5 7 . 30 1  1 18 0 1 0  

4 1 02 . 3 1 5  220 0 2 0 

5 45 .443 94 0 9 0 

544 . 2 14 

Table C . l :  W ithout coord ination . 
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figure C. l :  Without coordination .  

Split del ive ries at node 

Three coordi nation sites : nodes 1 ,  2 and 6 .  

Route# Dista nce Load 

1 1 23.656 200 

2 1 5 2 . 579 200 

80 

Route 

0 5 3 

0 8 7 

1 00 

2 0 

4 1 

3 1 84 . 3 79 200 o 10 2 6 0 

4 6 7 . 9 34 1 7 5  0 6 9 1 0  

528. 549 

Table C. 2 :  Split del iveries to nodes 1 ,  2 a n d  6. 

Appendix C 

0 
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Figu re C . 2 :  With coord ination . 

Total d istance is reduced 3%.  
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Figure 4 . 1 0  

maxVehCap=200, maxVehDist=220, number  of nodes=30 .  

Without coord ination 

In itia l feasible solution created using modified savings a lgorithm .  

Route# Distance Load Route 

1 1 66 . 1 26 1 8 5  o 1 9  2 5  27 9 22 0 

2 148 . 588 1 7 1  o 2 6  2 1  30 0 

3 94 . 247 132 o 10 28 14 29 0 

4 1 04.0 52 1 93 o 8 3 23 0 

5 1 2 5 . 6 1 0  1 76 o 18 7 4 0 

6 144 .777 1 57 o 1 6  1 5  0 

7 73 . 574 1 94 o 24 1 1  0 

8 54.907 1 70 o 5 2 0 

9 3 7 . 09 5  173  0 13 1 2 0 

1 0  27 .007 1 33 0 1 0  

1 1  95 . 1 16 1 29 0 6 0  

1 2  1 07 .803 147 o 1 7  0 

1 3  53 .467 1 30 0 20 0 

1232 .369 

Table C . 3 :  In itia l  routes. 
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Figu re C .3 : Initia l  routes. 

Split de liveries at node 

Route# 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

1 1  

Distance 

1 53 . 388 

149 .481  

1 07 . 703 

141 . 2 1 7  

88 .870  

8 2 . 642 

59 . 334 

46 . 00 3  

46 .477 

147 .430 

1 00 .6 06 

1 12 3 . 15 2  

Table C A :  S pl it  del iveries .  

Load 

200 

200 

200 

1 5 1  

200 

200 

1 39 

200 

200 

200 

1 39 

Route 

o 1 9 27 9 25 1 5  6 0 

o 26 2 1  30 1 6  0 

o 1 9  1 7  0 

0 20 23 22 6 0 

0 8 3 24 0 

0 5 2 24 1 1 0 

0 20 2 0 

o 1 2  1 3  5 0 

o 1 8  1 0 

o 18  1 6  7 4 0 

o 1 2  1 0  28 14 29 0 

391 
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o 2 0  4 0  
Figu re C A :  S pl it del iveries a t  n ode.  

6 0  

1 0  

28 
ro.--V4 

80 100 

Total d i stance h as redu ced from 1 23 2  to 1 1 23 u n its, a red uctio n  of 9 % .  

N u m ber o f  routes h a s  reduced from 1 3  to 1 1 .  

Distances a re bala n ced more evenly. 

The range of loads is a p proxi mately the same. 

Appendix C 
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Figu re 4 .1 1  

Test problem of [CMT79] .  maxVehCap = 140, maxVehDist=oo, number of nodes=7S  

Without coordination 

I nit ial feasi ble  solution created usi ng metaheuristics of [H95 p208] . 

Route# D istance Load Route 

1 8 3 . 08 1 39 o 53  66  65 1 0  58 0 

2 5 2 . 93 132  o 1 7 40 9 39 1 2  26  0 

3 120 . 1 6  1 38 o 72 3 1  25 5 5  1 8  50 32 44 3 0 

4 9 2 . 69 140 o 6 33  63 23 5 6  24 49 1 6  0 

5 1 0 0 . 0 1  1 38 o 62 22 64 42 4 1  43 1 73 5 1  0 

6 74 .38 140 o 30 74 2 1  61 28 2 68 0 

7 1 07 .07  1 39 0 48 47 36 69 71 70 2 0 3 7  27 0 

8 89 .53  1 39 o 5 2  1 9  54 1 3  57  1 5  5 29 45 0 

9 29 .08 1 26 0 75 4 34 46 67 0 

1 0  86 .33  1 33 o 7 1 1  59 14 3 5  8 0 

835 . 26 

Table C .S : W ithout coord ination . 

Figu re C . S :  I n it ial  routes . 
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Route# Distance Load Route 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

8 3 . 08 1 39 o 53 66 65 1 0  58 0 

52 .93 1 3 2  o 1 7 40 9 3 9  1 2  26 0 

1 20 . 1 6  1 38 o 72 3 1  25 5 5  1 8  50 32 44 3 0 

92 .69 140 o 6 33 63 23 56 24 49 1 6  0 

1 00 . 0 1  1 38 o 62 22 64 42 4 1  43 1 73 5 1  0 

74 .38 140 o 30 74 2 1  6 1  28 2 68 0 

1 07 . 07 1 39 0 48 47 36 69 7 1  70 20 37 27 0 

89 .53  1 39 o 52 1 9 54 1 3  5 7  1 5  5 29 45 

29.08 1 26 0 75 4 34 46 67 0 

86 .33  1 33 o 7 1 1  59 14 3 5  8 0 

835 . 26 

Table C . 6 :  Coord ination . 

Figu re C . 6 :  Routes i nc lud ing coordination .  

0 
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Figure 4 . 1 3  

Test problem of [ CMT79) .  m axVehCap=200, m axVehDist= 220, number  of 

nodes= 50 .  Improvement by interim step formation . 

( PercImp = percentage improvement) 

In itia l feasible  solution created using para l le l  savings. 

W ithout coordi nation 

Route# Distance Load 

1 147 .746 1 54 

2 1 15 . 170  1 58 

3 1 38 . 1 77 1 55 

4 88 .320 1 49 

5 63 .057 86 

6 39 .625 7 5  

592.094 

Vehicle# Distance Route(s) 

1 1 87 1 6 

2 203 2 4 

3 201 3 5 

Table C.7 : In itial routes. 

Figu re C .  7 :  I n itial routes. 

Route 

0 24 43 7 26 3 1  28 3 3 6  3 5  20 22  1 

o 14 2 5  1 3 4 1  40 1 9 42 44 37 46 0 

o 1 6  9 50 29 2 1  34 30 39 33 4 5  1 5  1 7  

o 32 1 1  2 3 8  4 9  1 0  5 1 2  0 

o 6 23 48 8 27 0 

o 18 4 47 0 

0 

0 
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Near rad ius = 2 

Route# Distance Load Route 

1 147 . 746 1 54 o 24 43 7 26 3 1  28 3 3 6  35  20 22  1 

2 1 1 5 . 170  1 58 o 14 2 5  1 3  4 1  40 19 42 44 37 46 0 

3 1 38 . 1 77 1 55 o 1 6  9 50 29 2 1  34 30 39 33 45 1 5  1 7  

4 88 .320 149 o 32 1 1  2 38 49 1 0  5 1 2  0 

5 63 .057 86 o 6 23 48 8 27 0 

6 39 .625  7 5  o 18  4 47 0 

592 .094 

Table C.8 : Near radius=2 .  

Either no nodes near  i ntersections or no intersections. 

elapsed_time = 2 1 . 8210 

Candidate = [ ]  

o 20 

Fig u re C . 8 :  Near radius=2 .  

0 

0 
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Near rad ius  = 5 

Route# Distance Load 

1 147 . 746 1 54 

2 1 1 5 . 1 70 1 58 

3 1 38 . 1 77 1 55 

4 63 .0 57 86 

5 39.625 75 

6 85 .466 149 

589 . 241 

Vehicle# Distance Route(s) 

1 187 1 5 

2 201  2 6 

3 201 3 4 

Ta ble C.9 : Near rad iu s = 5 .  

PercI mp = 0 .48 19 

ela psed_ti me = 204. 8040 

Ca ndidate = 1 1  

Figure C . 9 :  Near rad iu s = 5 .  

397 

Route 

0 24 43 7 26 3 1  28 3 36 35 20 22 1 0 

o 14 25 13 4 1  40 19 42 44 37 46 0 

o 1 6  9 50 29 2 1  34 30 39 33 45 15 1 7  0 

o 6 23 48 8 27 0 

o 18 4 47 0 

0 32 2 1 1  38 49 10 5 1 2  0 
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Near rad ius = 10  

Route# Distance Load 

1 147 . 746 1 54 

2 1 15 . 1 70 1 58 

3 63 .057  86 

4 39 .625 7 5  

5 9 1 . 320 1 5 5  

6 1 2 1 . 396 149 

578 . 3 14 

Vehicle# Distance Route(s)  

1 148 1 

2 218  2 3 4 

3 213  5 6 

Table C . 1 0 :  Near radi us = 10 .  

PercIm p  = 2 . 3273 

elapsed_time = 663 . 3640 

Cand idate = 2 9 11 16 38 

Figu re C . 10 : Near rad ius= 1 0 .  

Appendix C 

Route 

0 24 43 7 26 3 1  28 3 36 35  20 22 1 0 

o 14 2 5  1 3  4 1  40 19 42 44 37 46 0 

o 6 23 48 8 27 0 

o 18 4 47 0 

o 32 1 1  1 6  50 9 49 1 0  38 5 1 2  0 

o 2 29 21  34 30 39 33 45 1 5  1 7  0 
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Near rad i us = 1 5  

Route# Distance Load 

1 147 . 746 1 54 

2 1 1 5 . 170  1 58 

3 63 . 057 86  

4 39 .625  7 5  

5 1 2 1 .3 96 149 

6 9 1 . 320 1 55 

578 . 3 14 

Vehicle# Distance Route(s) 

1 148 1 

2 218 2 3 4 

3 2 1 3  5 6 

Table C . 1 1 :  Near rad ius = 1 5 . 

Perclm p  = 2 . 3273 

e lapsed_time = 1 .4502e+003 

Route 

0 24 43 7 26 3 1  28 3 3 6  3 5  20 22 1 

o 14 2 5  1 3  4 1  40 1 9 42 44 37 46 0 

o 6 23 48 8 27 0 

o 18 4 47 0 

o 2 29 2 1  34 3 0 39 3 3 45 1 5  1 7  0 

o 32 1 1  1 6  50  9 49 1 0  38 5 1 2  0 

Candidate ::::: 1 2 5 9 1 1  1 6  29 32 38 46 49 50  

Figure C . l l :  Near  rad ius= 1 5 .  

399 

0 
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Near rad ius = 20 

Route# Distance Load 

1 147 . 746 1 54 

2 1 15 . 1 70 1 58 

3 63 .057  86  

4 39 .625 7 5  

5 9 6 . 2 1 5  1 52 

6 1 08 . 2 1 5  1 52 

570 . 027 

Vehicle# D istance Rou te(s) 
1 1 48 1 

2 218  2 3 4 

3 204 5 6 

Table C . 1 2 :  Near rad ius = 20 .  

Perclm p  = 3 . 7270 

elapsed_time = 2 . 3453e+003 

Appendix C 

Route 

0 24 43 7 26 3 1  28 3 36 35  20 22 1 

0 

o 14  25 1 3 4 1  40 1 9 42 44 3 7 46 0 

o 6 23 48 8 27 0 

o 18 4 47 0 

o 38 9 50 34 2 1  29 1 6  2 1 1  32 0 

o 5 49 1 0  30  3 9  33  45  1 5  1 7  1 2  0 

Candidate = 1 2 5 9 1 1  1 2  1 6  2 1  22 27 29 30 32 34 38 46 

49 50 

Figu re C . 1 2 :  Near radius=20.  
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Near rad ius  == 25 

Route# Distance Load Route 

1 147. 746 1 54 0 24 43 7 26 3 1  28 3 3 6  35  20 22 1 

2 1 1 5 . 1 70 1 58 o 14 2 5  1 3  41  40 1 9 42 44 37 46 0 

3 6 3 . 05 7  86  o 6 23 48 8 27 0 

4 39 .625 75  o 18 4 47 0 

5 96 .21 5 1 52 o 38 9 50 34 2 1  29 1 6  2 1 1 32 0 

6 1 08 . 2 1 5  1 52 o 5 49 1 0  30 39 33 45  1 5  17 1 2  0 

570. 027 

Vehicle# Distance Route(s) 

1 148 1 

2 218  2 3 4 

3 204 5 6 

Table C . 1 3 :  Near rad ius==25 .  

Perclm p  = 3 . 7270 

e lapsed_time ::: 2 . 482ge+003 

Candidate = 1 2 3 5 9 

30 32 34 37 38 46 47 
1 0  1 1  

49 50 

Figu re c. 1 3 : Near radius==25 .  

1 2  1 6  2 0  2 1  22 27 

401 

0 

29 
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Near rad ius  == 30 

Route# D istance Load Route 

1 147. 746 1 54 0 24 43 7 26 3 1  28 3 3 6  3 5  20 22 1 

2 1 15 . 1 70 1 58 o 14 2 5  1 3  4 1  40 1 9 42 44 37 46 0 

3 63 .057  86 o 6 23 48 8 27 0 

4 39 . 625 7 5  o 1 8  4 47 0 

5 96 . 2 1 5  1 52 o 38 9 50 34 2 1  29 1 6  2 1 1 32 0 

6 1 08 . 2 1 5  1 52 o 5 49 1 0  30 39  33 45  1 5  1 7  1 2  0 

570 .027 

Vehicle# D istance Route(s) 

1 148 1 

2 2 1 8  2 3 4 

3 2 04 5 6 

Table C . 1 4 :  Near rad ius=30 .  

PercImp = 3 . 7270 

e lapsed_time = 3 . 7582e+003 

Candidate = 1 

22 27 28 

50 

2 

29 

3 

30 

5 

3 1  

6 

32 

8 9 

34 

Figu re C . 14 :  Near radius=30 .  

10  

35 37 

1 1  1 2  1 5  

3 8  39  

1 6  1 7  

4 6  4 7  

20 

48 

0 

2 1  

49 
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Figure 4 . 1 4  

Route# Distance Load Route 

1 176 .890 1 74 o 10  8 1 0 

2 1 23 .782 185 0 7 6 0 

3 97 . 868 1 39 0 4 2 0 

4 1 29 .495 82 0 9 3 0 

5 5 0 . 260 1 29 0 5 0 

Vehicle# Route(s) Distance 

1 1 1 77 

2 2 1 24 

3 3 98 

4 4 5 180 

Tab le  C . 1 5 :  I nitial routes . 
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Route Order number  of 
Orientation 

(vehicle 4) c lose a pproaches 

-1 -1 - 1  -1 0 4 5 3 6  

- 1 - 1 - 1 - 1 0 5 4 36 

1 1 1 1 0 4 5 36 

1 1 1 1 0 5 4 34 

1 -1 - 1  - 1  0 4 5 37 

1 - 1 - 1 - 1 0 5 4 30 

-1 1 -1 - 1  0 4 5 38 

-1  1 -1  -1  0 5 4 3 1  

- 1  - 1  1 - 1  0 4 5 38 

-1 - 1  1 - 1  0 5 4 3 1  

- 1  - 1  - 1  1 0 4 5 3 6  

- 1  - 1  - 1  1 0 5 4 3 1  

1 1 - 1  - 1  0 4 5 3 5  

1 1 - 1  - 1  0 5 4 30 

1 -1 1 - 1 0 4 5 35  

1 - 1  1 - 1  0 5 4 30  

1 - 1  - 1  1 0 4 5 37 

1 - 1  -1  1 0 5 4 30 

- 1  1 1 -1 0 4 5 37 

- 1  1 1 -1 0 5 4 30 

- 1  1 - 1  1 0 4 5 3 5  

- 1  1 - 1  1 0 5 4 30 

-1 - 1  1 1 0 4 5 37 

- 1  -1  1 1 0 5 4 30 

1 1 1 - 1  0 4 5 3 7  

1 1 1 - 1  0 5 4 30  

1 1 - 1  1 0 4 5 3 5  

1 1 - 1  1 0 5 4 30  

1 - 1  1 1 0 4 5 37 

1 -1  1 1 0 5 4 30 

- 1  1 1 1 0 4 5 3 5  

- 1  1 1 1 0 5 4 30  

Table C . 1 6 :  Orientation and route order. 
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Figure 4 . 1 6  

maxVehCap=200, maxVehDist=220 . 

Node Location 

0 60 70 

1 1 9  7 0  

2 68 54 

3 3 0  44 

4 54 69 

5 1 5  6 2  

6 69 79 

7 37 9 5  

8 86 52 

9 8 5  88 

1 0  59  1 7  

1 1  49 97 

1 2  89 27 

1 3  82 2 5  

1 4  64 87 

1 5  8 1  7 3  

1 6  66 1 3  

1 7  34 1 

1 8  28 89 

1 9  34 1 9  

20 53  29 

21  72 66  

22  30 28 

23 83 46 

24 56 6 

25 37 98 

Table C 1 7 :  Locations and demands. 

405 

Demand 

85 

1 2 5  

1 59 

144 

57 

39 

68 

8 1  

7 1  

1 29 

66  

1 19 

120  

1 

1 5  

1 60 

2 5  

105  

141  

80 

5 2  

2 1  

9 2  

200 

5 
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1 .  W ithout coord ination 

Route# Distance Load Route 

1 1 53 . 199 187 o 22 1 9  17 0 

2 9 5 .650 142 o 5 1 0 

3 86 .914 1 78 o 18 25 7 0 

4 7 1 . 573 173  0 23 8 0 

5 1 29 . 5 14 1 99 o 20 1 2  0 

6 1 09 .875 1 92 o 6 1 5  9 14 1 1  0 

7 1 04 .941 1 72 0 21 1 3  0 

8 3 5 . 777  125  0 2 0 

9 7 9 . 398 1 59 0 3 0 

1 0  1 2 . 1 66 1 44 0 4 0 

1 1  106 .019  1 29 0 10 0 

1 2  1 14 .630 1 60 0 16 0 

1 3  1 28 .250 200 0 24 0 

1 227 .904 

Veh icle# Distance Route(s) 

1 1 53 1 

2 201 4 5 

3 220 7 1 2  

4 220 9 1 0 1 3  

5 2 1 6  6 1 1 

6 218  2 3 8  

Table C 1 8 :  In it ial  routes. 
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F igure C . 1 S :  In itia l  routes. 

2 .  Interim step 

1 1  

1 

5 

Figure C. 1 6 :  I nterim step .  

407 

1 1  
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Route# D istance Load Route 

1 1 5 3 . 1 99 187 o 22 19  1 7  0 

2 9 5 . 650  142 o 5 1 0 

3 86 .914  1 78 o 18 2 5  7 0 

4 1 08 . 667 200 o 1 2  8 0 

5 120 .958 200 o 20 1 3  0 

6 1 09 .875 1 92 o 6 1 5  9 14 1 1  0 

7 6 8 . 7 1 6  1 44 0 21 23 0 

8 3 5 . 777 1 2 5  0 2 0 

9 7 9 . 398 1 59 0 3 0 

1 0  1 2 . 166  1 44 0 4 0  

1 1  1 0 6 . 0 19 1 29 o 1 0  0 

1 2  1 14 . 630 1 60 0 16 0 

1 3  1 28 . 250 200 0 24 0 

1 220. 2 1 9  

continued . . .  

Vehicle# D istance Route(s) 

1 201  1 8 1 0  

2 2 1 7  2 5 

3 2 1 5  3 13 

4 2 1 9  4 6 

5 183 7 1 2  

6 185  9 1 1 

Table C . 1 9 :  I nterim step .  

3 .  Load sp l itting after i nter im ste p  

New routes : 

• 2 1  23 13 *  0 

where 

• 2 1 3** 0 

where 

max(Demand( 1 3*) )  = maxVehCap - [Demand ( 2 1 )  + Demand(23)]  

= 56 

m in (Demand( 1 3* ) )  = Dema n d ( 1 3 ) - [maxVehCap - Demand(2)]  
::::: 45  

Demand( 1 3**)  ::::: Demand ( 1 3 )  - Deman d ( 1 3*) 
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• 

• 

20 10* 0 

where max(Demand(10* »  

m in ( Demand(10* »  

1 6  10* *  0 

where Demand(10* * )  

Break 

0-23 

20- 1 3  

20-0 

1 6-0 

== maxVehCap - Demand(20) 

== 1 20 

== Demand(10)  - [ maxVehCap - Demand ( 16 ) ]  

= 89 

== Demand( 10)  - Demand( 1 0* )  

M ake 

3 3 . 242 23- 1 3  2 1 . 024 

29 .27 5  2- 1 3  32 .202 

4 1 . 593 2 0- 1 0  1 3 .4 1 6  

5 7 . 3 1 5  1 6- 1 0  8 . 062 

1 6 1 .425  74.704 

Table C.2 0 :  Edges broken and created . 

1 1  

Fig u re C . 1 7 :  Load spl itting the interim step .  
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Route# Distance Load Route 

1 1 53 . 199 1 87 0 22 1 9  1 7  0 

2 9 5 .650 142 o 5 1 0 

3 86 .914  178  o 1 8 2 5  7 0 

4 1 08 .667 200 0 12 8 0 

5 1 08 . 0 1 8  200 o 20 10* 0 

6 1 09 .875  192  o 6 1 5 9 14  1 1  

7 1 06 .5 89 1 89 o 2 1  23 1 3 *  0 

8 1 00 . 1 8 1  200 0 2 1 3* *  0 

9 7 9 . 398 1 59 0 3 0  

1 0  1 2 . 166 144 0 4 0  

1 1  1 18 . 386 169  o 1 6  10**  0 

1 2  1 28 . 250 200 0 24 0 

1 207 . 293 

Vehicle# Distance Route(s) 

1 1 6 5  1 10  

2 1 7 5  2 9 

3 2 1 5  3 1 2  

4 219  4 6 

5 2 1 5  5 7 

6 2 1 9  8 1 1 

Table C .2 1 : Load spl itt ing after i nterim step .  

Distance reduced by  N 1  % .  

4 .  Load spl itting the non-coord inated ( 1 )  

New routes : 

• 0 20 10* 0 

where max(Demand( 1 0* ) )  = maxVehCap - Demand(20) 

= 1 20 

Appendix C 

0 

min ( Demand( 1 0* ) )  = Demand( 10)  - [maxVehCa p  - Demand( 16 ) ]  

= 89  

• 0 16  10 * *  0 

where Demand( 1 0* * )  

• 0 2 1  8 23 *  0 

= Demand(10)  - Demand( 1 0* )  
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where max ( Demand(23*»  = maxVehCa p  - [ Demand( 2 1 )  + Demand(8) ]  

= 67 

m in (Demand(23*»  = Demand(23)  - [maxVehCap -

Demand( 1 2) - Demand( 13* ) ]  

= Demand(2)  + Demand( 1 2) + Demand( 1 3 )  + 

Demand(23)  -2maxVehCap 

= 56 

• 0 23* *  1 2  13*  0 

where Demand(23* * )  

Demand( 1 3* )  

= Demand(23)  - Demand{ 23* )  

= Demand( 13 )  - Demand{ 1 3** )  

• 0 2 1 3* *  0 

where max(Demand { 1 3* * »  = maxVehCap - Demand(2)  

= 7 5  

m in (Demand (13 * * )  = 3maxVehCap - Demand( 2) - 2 Demand( 1 2 )  

Demand ( 1 3 )  - Demand( 23 )  

= 2 5  

1 1  

1 

5 

Figure C . 1 8 :  Load spl itt ing the non-coordinated routes. 
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Route # Distance Load Route 

1 1 53 . 1 99 1 87 o 22 1 9  1 7  0 

2 9 5 . 650  142  o 5 1 0 

3 86 .914  1 78 o 1 8 25 7 0 

4 1 18 . 386 1 69 o 1 6  1 0  0 

5 1 08 . 0 18 200 o 20 1 0  0 

6 109 .875 1 92 o 6 1 5  9 14 1 1  

7 7 2 . 2 1 8  200 o 21 8 23 0 

8 1 10 . 537 200 o 23 1 2  13 0 

9 79 .398 1 59 0 3 0 

1 0  1 2 . 166 144 0 4 0 

1 1  1 00 . 1 8 1  1 89 0 2 1 3  0 

1 2  1 28 . 250 200 0 24 0 

1 177 .792 

Vehicle D istance Route(s) 

1 1 6 5  1 1 0  

2 218  3 12  

3 2 1 9  4 1 1 

4 2 1 9  5 8 

5 206 2 6 

6 1 52 7 9 

Table C . 2 2 :  Load sp litt ing the non-coord inated routes. 

5 .  Apply i nter im step to (4) 

Appendix C 

0 

No improvement - the intersection i nvolves a fu l ly laden s ing le-noded vehicle .  

§4. 14. 1 

Demand ( 1 2 )  + Demand(23)  > maxVehCap 
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Depot 

1 3  
Node 1 3  i s  near an  

i ntersection 

Depot 

1 3  1 2  

Node 2 3  i s  near a n  
intersection 

Depot 

Node 1 2  is near 
an  intersection 

1 2  
1 3  

Depot 

Depot 

Depot 

1 3  
Nodes involved i n  creating 

the metastab le state 

13 1 2  

Nodes involved i n  creating 
the metastable state 

23 

o 
1 2  

Depot 

Depot 

Depot 

Depot 

metastable state 

2 1  

2 3  1 2  

1 3  

metastab le state 

2 1  

1 2  2 3  

1 3  

1 3  
Nodes invo lved i n  creating 

the metastab le state 
metastab le state 

413  



4 14 

Depot 

earlier process 

o 
1 3  

Node 23 i s  near intersection 

12  

Depot 

1 2  

Nodes involved i n  creating 
the metastable state 

Figure C . 1 9 :  Metastable state configu rations. 

Appendix C 

8 

metastab le state 
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§4. 1 2 . 1  

Node : 0 1 2 3 4 

Location : 60,  26,  75 ,  30,  2 1 ,  

70 1 7 1  77 30  

Demand : 1 3  2 20 70 

Table C .23 : Locations and demands. 

4 1 5  

5 6 7 8 9 1 0  

2 5 ,  40, 75, 18 ,  63 ,  1 7 ,  

9 2  4 0  4 7  7 4 1  22 

7 5  1 00 6 1 07 3 1 

Options are g iven i n  Table C .24 ,  and show the routes i n  F igure C .20  as being 

shortest . 

5 5 

4 4 

1 0  1 0  

8 8 

1 1 

Figure C .20 : Routes yielding g reatest redu ctions. 

The two part-routes fol lowing the coordination can be a l located to either vehicle .  
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fixed result  

option 1 0 2 7  . . .  Too long 

Node 7 Orientation - 1  - 1  0 4  10 8 1 9 7  . . .  Not accepted 

option 2 0 2 7  . . .  0 2 7 9 1 8  1 0 4 0  

Node 7 Orientation  - 1  + 1 0 7  . . .  0 7 6 3 5 0  

Total 336 . 67 

Redu ction 7 .9% 

option 3 0 6 7  . . .  Too long 

Node 7 Orientation + 1  -1 0 4 10 8 1 9 7 . . .  Not accepted 

option 4 0 6 7  . . .  0 6 7 2 5 3 0  

Node 7 Orientation  + 1  + 1  0 7  . . .  0 7 9 1 8  1 0 4 0  

Total 336 . 06 

Reduction 0 .7% 

option  5 0 2 7 9  . . .  Too long 

Node 9 orientation  -1 - 1  0 4  1 0 8 1 9 . . .  Not accepted 

option 6 0 2 7 9  . . .  0 2 7 9 6 3 5 0  

Node 9 orientation  - 1  + 1 0 9  . . .  0 9 1 8  1 0 4 0  

T ota I 344 .44 

Reduction 5 .8% 

option 7 0 6 9  . . .  0 6 9 7 2 3 5 0  

Node 9 orientation  + 1 - 1  0 4  1 0 8 1 9 . . .  0 4 10 8 1 9 0 

Total 367 . 94 

Not accepted 

option 8 0 6 9  . . .  0 6 9 7 2 3 5 0  

Node 9 Orientation  + 1 + 1 0 9  . . .  0 9 1 8  1 0 4 0  

Total 367 .43 

Not accepted 

option 9 

No coord i nation Total 365 .49 

Table C .24 : O ptions.  
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ApPENDIX D 

DATA AND WORKED EXAMPLE FOR THE STANDARD PROBLEM IN 

CHAPTER 5 

Standard layout 

10 
24 

9 

22 
8 

16  
7 

2 1  2 0  

1 8  13  
12  

17 

Fig u re D . l : The standard layout for med ium grid problems with 

depot located at D, ( 10 , 1 0 ) .  



418 Appendix D 

Node locations and demands 

Node Location Demand 

1 1 0 9 43 

2 9 1 1 166  

3 8 1 0  1 2  

4 7 8  28 

5 6 8  1 14 

6 6 10 1 19 

7 6 1 1 1 18 

8 7 14 3 

9 5 1 5  3 2  

10  9 18  17  

1 1  6 6  1 8  

1 2  8 4  72  

13  5 3  58 

14 1 3 7 200 

1 5  14 8 1 50 

1 6  3 1 2  2 5  

1 7  1 2 3 42 

1 8  1 6 3 78  

1 9  1 9 6 50  

20  20 1 0  1 20 

2 1  1 7 1 1  1 34 

22  1 3  14  76  

23  1 9  1 5  80 

24 1 6  16 40 

2 5  14 1 6  1 00 

Table D . l : Node locations and demands .  
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Appl ication of coord ination 

Ca lculations for the system with maxVehCap=220; maxVeh Dist=50 .  

The  orig inal  plan i s  shown in  Table D . 2 :  

Route# Distance Load Route Vehicle# Distance Route(s) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

34 1 86 o 2 8 10  0 

26 2 1 6  o 2 2  25 24 

36 2 14 o 2 1  23 0 

24 1 87 0 3 7 1 6  

24 2 1 9  0 6 4 1 2 

3 6  218  o 14  11  0 

44 2 14 o 1 3  5 1 7  

3 0  200 o 15 19 0 

30 1 2 1  o 1 1 8  0 

32 1 20 0 20 0 

3 1 6  1895 

Table D . 2 :  In it ial  load pla n .  

0 

9 

0 

0 

1 34 1 

2 28 2 

3 36 3 

0 4 36 6 

5 44 7 

6 30  8 

7 30 9 

8 32 1 0  

9 48 4 5 

If the routes had not been improved, the fleet size wou ld  have been smal ler .  

Improved with spl it del iveries (Table D .3 ) : 

tota l load/maxVehCap = 1895/220 = 8 . 6 14,  ie minimum of 9 routes requ ired .  

Route# Distance Load Route Surplus dist Surplus load 

1 34 186 0 2 8  10  0 1 6  34 

2 26 2 1 6  o 22 25 24 0 24 4 

3 36 214 o 2 1  23 0 14 6 

4 24 187 o 3 7 1 6  9 0 26 33 

5 24 2 1 9  0 6 4 1 2 0 26 1 

6 36 218 o 14 1 1  0 14 2 

7 44 2 14 o 1 3  5 17 0 6 6 

8 30 200 o 1 5  19 0 20 20 

9 30 1 2 1  o 1 1 8  0 20 99 

10  32 1 20 0 20 0 1 8  1 00 

Table D .3 : Surplus table for in itial plan improved with spl it 

de l iveries. 
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1 .  Create surplus table . 

2.  Find  max surplus d ist 26  

3 .  O f  these find  m a x  surplus load o 3 7 1 6  9 0 has 33  

4.  OK? Yes 

5 .  Fi nd node close to  th is route node 6 

6 .  : = target node 

7 .  Demand(target node)?  D(6) = 1 19 

8 .  surplus load-Demand(targetnode» O? 1 19-33 =86 > 0  

9 .  Adjust demand*  (targetnode) 

1 0 .  Find next max 26 

1 1 .  surp lus load? 1 ,  ie No  real use 

12 .  OK? No  

13 .  Find  n ext max 22  

14 .  surplus load? 4, ie  No  real use 

1 5 .  OK? No 

16. Find  next max 20 

1 7 .  surplus load 0 1 1 8  0 has 99 

18. OK? Yes 

1 9 .  Can target node be reached? Yes 

20 .  su rplus load-demand* (targetnode» O ? Yes 

2 1 .  New routes 0 3 6 *  7 1 6  9 0 d ist 24 

o 6 *  1 1 8  0 d ist 38 

o 4 12 0 d ist 1 8  

Appendix D 

load 220 

load 207 

load 1 00 

1 9 .  New surplus table (Table D .4) (Same total distance) 

Route# Distan ce Load Route Surplus d ist Surplus load 

1 34 186 o 2 8 1 0  0 1 6  34 

2 26 2 1 6  0 22 25 24 0 24 4 

3 36 214 o 2 1  23 0 14  6 

4 22 220 0 3 6 *  7 1 6  9 0 28 0 

5 18 1 00 0 4 12 0 3 2  1 20 

6 36 218 o 14 1 1  0 14 2 

7 44 2 14 o 1 3  5 1 7  0 6 6 

8 30 200 o 1 5  1 9 0 20 20 

9 38 207 o 6 *  1 1 8  0 1 2  1 3  

1 0  32 1 20 0 20 0 1 8  1 00 

Table D.4 : Surplus tab le .  
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Repeat process . 

Max surplus d istance = 32 for route 0 4 1 2  O .  

Node close to route ( prefera bly away from depot) = node 1 3  or  node 1 1 .  Node 1 3  

i s  o n  same route a s  node 5 ,  wh ich a re both q uite d istant from other nodes, s o  try 

node 1 1  as target node .  

Demand ( 1 1 ) = 1 8 .  I t  can fit onto veh icle servic ing route 0 4 1 2  O .  

New route 0 4 1 1  1 2  0 d ist 26 load 1 1 2  

o 14 0 d ist 2 0  load 200 

Demand( 1 3 ) = 58 and can a lso f it onto th is route .  

N e w  route 0 4 1 1  1 3  1 2  0 d ist 2 8  load 170  

o 14 0 d ist 20 load 200 

o 5 17 0 d ist 40 load 1 56 

N ew surplus table (Table D . 5 )  has total d istance 306 : 

Route# D istance Load Route 

1 34 186 0 2 8  1 0  0 

2 26  216  0 22 25 24 0 

3 3 6  214  o 2 1  23 0 

4 22 220 0 3 6 *  7 1 6  9 0 

5 28 1 70 0 4 1 1  1 3  1 2  0 

6 20 200 o 14 0 

7 40 1 56 o 5 1 7  0 

8 30 200 o 15 1 9 0 

9 38 207 o 6 *  1 1 8  0 

10  32 1 20 0 20 0 

Surplus d ist 

1 6  

24 

14  

28  

22  

30 

10 

20 

1 2  

1 8  

Table D . S : Surp lus table with tota l d istance 306 .  

Swap nodes 5 and 1 7  to get new routes : 

o 1 2  1 7  0 d ist 26 load 1 14 

o 4 1 1  S 1 3  0 d ist 34 load 2 1 8  

New surplus table (Ta bl e  D . 6 ) : 

Surplus load 

34 

4 

6 

0 

1 08 

20 

6 

20 

1 3  

100 
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Route# Distance Load Route Surplus d ist 

1 34 1 86 o 2 8 1 0  0 1 6  

2 26 2 1 6  o 2 2  2 5  24 0 24 

3 36 2 14 0 21 23 0 14  

4 22 220 0 3 6 *  7 1 6  9 0 28 

5 26 1 14 0 4 1 1 5 1 3  0 24 

6 20 200 o 14 0 30  

7 34 218  o 12  1 7  0 1 6  

8 30 200 o 1 5  19 0 20 

9 38 207 o 6* 1 1 8  0 1 2  

1 0  3 2  1 20 0 20 0 1 8  

Table D . 6 :  Su rplus table with tota l d istance 298. 

Tota l d istance 298 (8  veh icles) 

Repeat process. 

Max surplus d ist with 0 14 0 (30) ,  etc. 

Close to node 1 5 .  

Demand ( 1 5) = 1 50 

Appendix D 

Surplus load 

34 

4 

6 

0 

6 

20 

2 

20 

1 3  

1 00 

Demand( 1 5 ) -surplus load = 1 50-20 = 130  [suggests 0 14 1 5  0 leaving 20 at 

node 1 5 ]  

targetnode : = 1 5, demand * ( 1 5 )  : = 130  

Other routes that can reach node 1 5  with max  surplus load : 0 2 8 1 0  0 

surplus load ( 0  2 8 1 0  0 )  = 34 

[suggests 0 15 0 2 8 10 0 leaving 34 at coord site (co- located with node 1 5) J  

demand* ( 1 5) : = 1 30-34 = 9 6  

Other routes that can reach node 1 5  with m a x  surplus load : 0 20 0 

surp lus load (0  20 0 )  = 1 00 

demand* ( 15 )  - surplus  load = -4 [suggests 0 1 5  20 0 leaving 96 at node 1 5] 

New routes : 

0 14  1 5* 0 d ist 20 load 220 

0 1 5* 0 2 8  1 0  0 d ist 50 load 220 

0 1 5* 20 0 d ist 34 load 2 1 6  

0 1 9  0 d ist 30 load 50 

New surplus table (Ta ble  D . 7) : 
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Route# Dist Load Route S u rplus d ist Surplus load 

1 50  220 o 1 5* 0 2 8 1 0  0 0 0 

2 26 2 1 6  o 2 2  2 5  24 0 24 4 

3 36 2 14 0 21 23 0 1 4  6 

4 22  220 0 3 6 *  7 1 6  9 0 28 0 

5 26  1 14 0 4 1 1  5 1 3  0 24 6 

6 20 220 o 14 15* 0 30 0 

7 34 2 1 8  o 1 2  1 7  0 1 6  2 

8 30 50  o 19 0 20 1 70 

9 38 207 o 6 *  1 1 8  0 1 2  1 3  

1 0  34 2 1 6  o 1 5* 2 0  0 1 6  4 

Table D . 7 :  Surplus table with tota l d istance 3 1 6 .  

Total d istance 3 16 i e  no improvement, s o  backtrack to previous surplus table.  

No  d istance improvement by spl it  del ivery, so look at reducing d istance by 

obviati ng return to depot for multi - routed veh icles. 

E ight vehicles i nclude 2 mu lti -routed vehicles, so create surplus table (Table D .8 )  
for vehicles : 

Vehicle# D istance Load Route 
S u rplus Surplus 

d ist load 

9 38 207 o 6* 1 18 0 1 2  1 3  
3 36 2 14 0 21 23 0 14  6 

1 34 1 86 0 2 8 1 0  0 1 6  34 
7 34 2 1 8  o 1 2  1 7  0 1 6  2 

10  32  120  0 20 0 1 8  1 00 
8 30+20 = 50 200/200 o 15 1 9 0 14 0 20/30,  20/20 

ie 0 

2 26+22=48 2 1 6/220 o 22 25 24 0 3 6* 24/28, 4/0 

7 16 9 0 ie 2 

5 34 1 14 o 4 1 1  5 1 3  0 1 6  6 

Tab le  D . 8 :  Surplus table for vehicles . 
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Try to create type 1 site . This i nvolves find ing a location that can be reached by a 

vehicle with surplus distance and spare carrying capacity, so that enough payload 

can be deposited to prevent the return to depot or can shorten another route . 

o 1 8  20 0 d ist 42 load 198 

o 6 *  1 0 d ist 1 0  load 43+ Demand(6* ) = 1 29 

Alters 6 *  capab i l ity. Adjust. See Table D . 9 .  

Vehicle# Distance Load Route 
Surplus 

d ist 

9 1 0  1 29 o 6* 1 0 40 

3 36 214  0 21 2 3  0 14  

1 34 1 86 0 2 8 1 0  0 1 6  

7 34 218  0 1 2  1 7  0 1 6  

10  42  1 98 o 1 8 2 0  0 8 

8 30 + 20 = 50 200/200 0 1 5 19 0 14 0  20/30 

2 26+22=48 2 1 6/ 187 o 22 25 24 0 3 7 24/28 

16 9 0 

5 34 1 14 o 4 1 1 5 1 3  0 1 6  

Table D . 9 :  S u rplus tab le .  

Surplus 

load 

9 1  

6 

34 

2 

22 

20/20 

4/33 

6 

Vehicle 9 del ivers 1 19/1 19 to node 6 ;  Veh icle 2 del ivers 0 to node 6 and is ava ilab le 

to service node 8 without incu rring addit ional distance ; reschedu le  (Ta ble  D . I O ) : 

Route# Distance Load Route 
S u rplus S u rplus 

d ist load 

1 32 1 83 0 2 1 0  0 1 8  37 

2 24 1 90 0 3 7 1 6  9 8 0 26 30 

3 36 2 14 o 2 1  2 3  0 14  6 

4 26 2 1 6  0 22 25 24 0 22 4 

5 34 1 14 o 4 1 1 5 1 3  0 1 6  6 

6 30 200 o 15 1 9 0 20 20 

7 34 2 1 8  0 1 2  1 7  0 1 6  2 

8 20 200 0 1 4 0 30  2 0  

9 1 0  1 62 0 6 1 0  40 58 

1 0  42 1 98 o 1 8 2 0  0 8 22 

Table D . I 0 :  Surp lus table . 



Appendix D 425 

Now 7 vehicles. See the vehicle surp lus table (Table D . l l ) :  

Vehicle# Distance Load Route 
Surplus Surplus 

d ist load 

1 0  42 1 98 o 18 20 0 8 22  

3 ,9  36 + 1 0 =46 2 14/162 0 21 23 0 6 1 0  4 6/58 

5 34 1 14 0 4 1 1  5 1 3  0 1 6  6 

7 34 218  0 1 2  1 7  0 1 6  2 

1 32 183 0 2 1 0  0 1 8  37 

6,8 30+20 = 50 200/200 o 15 19 0 14 0 0 20/20 

4,2  26+24 = 50 2 1 6/ 190 o 22 25 24 0 . . .  0 4/30 

3 7 16 9 8 0 

Table D . 1 1 :  Surplus table with total d istance 288. 

Total d istance : 288 

Compare with orig ina l  (see Table D . 1 2 ) .  Yel low indicates changed route .  O n ly three 

of the orig ina l  routes are unchanged . No spl it de l iveries . No type 1 sites. 

Route# Distance Load Route Surplus dist Surplus load 

1 34 186 0 2 8  10 0 1 6  34 

2 26 216  0 22 25 24 0 24 4 

3 36 2 14 o 2 1  23 0 14 6 

4 24 1 87 0 3 7 1 6 9 0 26 33 

5 24 219  0 6 4 1 2 0 26 1 

6 36 2 18 o 14 1 1  0 14 2 

7 44 2 14 o 1 3  5 17 0 6 6 

8 30 200 o 15 1 9  0 20 20 

9 30 1 2 1  o 1 18  0 20 99 

10  32 1 20 0 20 0 1 8  

Table D . 1 2 :  Comparison with orig ina l .  

Now beg in  again . Try to create type 1 site to prevent retu rn to depot. 

Create surplus table (Table D . 1 3 ) .  

100 
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Vehicle# D istance Load Route 
Surplus Surplus 

d ist load 

1 0  4 2  1 98 o 18 20 0 8 22 

3 ,9  3 6  + 1 0 =46 2 14/162 0 21 23 0 6 1 0  14/40 6/58 

5 34 1 14 0 4 1 1  5 1 3  0 1 6  6 

7 34 2 18 0 1 2  1 7  0 1 6  2 

1 32 1 83 0 2 1 0  0 1 8  3 7  

6 ,8 30+20 = 50 200/200 o 1 5  1 9 0 14 0 20/30 20/20 

4 ,2  26+ 24 = 50 2 1 6/ 190  0 22 25 24 0 . . .  22/26 4/30 

3 7 1 6  9 8 0 

Table D . 1 3 :  Surp lus table for re-constru cted routes. 

Three m ul ti - routed vehicles. Look for any m u lt i-routed vehicle whose total 

d istance would be reduced if it d id  not have to reurn to the depot. For example, the 

path 0 21 23 0 6 1 0 travels a lmost through the depot, so there is no g reat 

advantage to made in a ltering  this.  

Consider 0 22 25 24 0 3 7 16 9 8 O.  Because each route cou ld  be 

traversed i n  either d i rection , th is can be read as any of 

(a) 0 22 25 24 

( b )  0 24 25 22 

Cc) 0 22 25 24 

Cd )  0 24 2 5  22 

0 

0 

0 

0 

3 

3 

8 

8 

7 1 6  

7 1 6  

9 1 6  

9 1 6  

9 8 0, 

9 8 0 ,  

7 3 0, and 

7 3 0 ,  and 

because the routes can be serviced i n  a ny order, (a ) - (d)  can be reversed . 

Option (d ) p laces the last node of the first route closer ( in  rect i l inear terms) 

to the first node of the second route than the other  options, so it wil l  be considered 

fi rst. The a im is to shorten the path 0 24 25 22 0 8 9 1 6  7 3 0 by creating a 

type 1 site somewhere close enough to the path to replace the 22 0 8 section with 

a shorter piece . The candidates for this inc lude a ny route that has sufficient surplus 

d istance to create a type 1 site as wel l  as any route that has sufficient surplus 

capacity to create a type 2/3 site . 

The route 0 2 10  0 has surplus d istance of 18 and surplus load of 37,  so it 

can create both type of coordination site : type 1 no more tha n  9 un its from the 

depot, and type 2/3 site hold ing  no more than 37 u nits no more than 9 u n its from 

its orig ina l  path . The type 1 site is more valuable, s ince a fu l l  load cou ld be 

deposited ( 190 is  requ i red) ,  so such a site is created a long the intersecting section ,  

closest to the depot. Th is  location is chosen because it uses a min imum amount of 
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the surplus d istan ce and leaves a maxim u m  surplus avai lable for other 

coord i nation . The prim e  site is label led X i n  the figure .  The routes are then : 

O X  0 2 1 0 0 

o 24 25 22 X 8 9 1 6  7 3 0 

d ist 8+32=40 

d ist 46 

Total d istance is increased by 4, so there is no advantage in  obviating this return to 

depot. 

Consider the m u lti- routed path, 0 1 5  19 0 14 0, wh ich has a vehicle 

servic ing more than one route in the same general reg ion .  The possible paths are 

(a )  0 1 5  1 9 0 14  Of (b )  0 1 9  1 5  0 14 0,  (c) 0 14 0 1 5  19  0 ,  and (d )  0 14 0 1 9  1 5  O .  

Aga in ,  route 0 2 1 0  0 can establ ish a type 1 site no more than  9 u n its from 

the depot. The maxim u m  distance of advantage to the m ulti- routed vehicle places 

coord ination sites at Yl and Y2 in the figure .  Y1 is of value in option Cb)  and Cc) ; no 

use of Y2 creates as much advantage.  Paths 0 1 9  15 Yl 14 0 and 0 14 Yl 15 19 0 

have length 36 .  Coincidenta l ly, Demand( 14 )  has the same value (200) as 

Demand ( 1 5 ) + Demand (1 9) ,  so a load of 200 wi l l  be deposited in the type 1 site at 

Yl regard less of which path is adopted . I f  the values had been d ifferent,  th is might 

have h ad consequences for the further use of this site . The routes are then : 

o Yl 0 2 1 0 0 

o 19  1 5  Yl 14 0 

d ist 18+32 = 50 

d ist 36 

Total d istan ce is i ncreased by 4 so site Yl and the a bove paths are not adopted . 

Genera l ly ,  it i s  advantageous to have a coord ination site between the end of 

one route and the start of a nother  to reduce the amount of travel between routes, 

but the effect on  the veh icle creat ing the type 1 site m ust a lso be considered . I n  

t h e  a bove case, type 1 sites can b e  created b y  a n y  veh icle with surp lus d istance. 

Some, such as 0 18 20 0 with a surplus of 8 a re not very valuable .  Oth ers, such as 

o 2 10 0 h ave the capacity to create sites in between the target routes but the 

effect on the vehicle creating  the site is  onerous i n  comparison ;  overal l  d istance 

i ncreases. In th is  exam ple, for the return to depot of the target vehicle to be 

removed, a type 1 site must be created that is outside the prime area, that is, away 

from the region of the grid  between the end of one route and the beg inn ing of the 

other route . The other surplus d istances wil l  now be checked . 
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Figure D . 2 :  Coord ination sites are ind icated by arrows. 

The surplus table is s hown in Table D . 14.  

o 

Vehicle# D istance Load Route 
Surplus 

d ist 

1 0  42 1 98 o 18 20 0 8 

3 ,9  36 + 1 0 =46 2 14/162 0 21 23 0 6 1 0  4 

5 34 1 14 0 4 1 1  5 1 3  0 1 6  

7 34 218  0 1 2  1 7  0 1 6  

1 32 1 83 0 2 1 0  0 1 8  

6 ,8  30+20 = 50 200/200 o 15 1 9 0 14 0 0 

4 ,2  26+24 = 50 2 1 6/190  o 22  2 5  24 0 . . .  0 

3 7 1 6  9 8 0 

Table D . 1 4 :  Surp lus table .  

Appendix D 

Surplus 

load 

22 

6/58 

6 

2 

37 

2 0/20 

4/30 

I n  order to benefit from the obviation of the rtd for 0 19 1 5  0 14  0 by the creation 

of a type 1 site at, say, Y f it  is necessary for 

ie  for 

where 

d istance(O 19  1 5  Y 14  0 )  + d istance(O Y 0 )  < d istance(O  19  1 5 0 1 4 0)  

d istance ( 1 5  Y 14)  + d istance(O Y 0) < d istance ( 1 5  0 14) 

max(distance(O Y 0 )  = surplus d istance 

checked 

y 

y 



Appendix D 429 

and d istance ( 1 5  0 14)  = 18 .  

There is  no location that satisfies this. 

Consider traversing the m ulti-noded route in the opposite d i rection and 

obviating  the rtd for 0 15  1 9 0 14 0 by creating a type 1 s ite at Y.  Then 

d istance( 1 9  Y 14) + d istance(O Y 0) < distance( 19  0 14) 

where 

and 

max(d istance(O Y 0))  = surplus d istan ce 

d istance ( 19 0 14) = 25 . 

Using the site at Y3, d istance ( 1 9  Y3 14) + d istance( O  Y3 0) 

so Y3 cannot act as a type 1 site . 

= 1 1  + 14 

= 25 

Other m ulti - routed com binations cou ld exist with 0 6 1 0 and one of 0 4 1 1  

5 1 3  0 ,  0 1 2  1 7  0, and 0 2 1 0  0 ,  without i ncreasing the n u m ber of vehicles .  

Attempting to  obviate return to  depot with any  of  these is handicapped by  the 

adjacency of node 1 to the depot. Any veh icle  that had to add d istance to estab lish 

a type 1 site wou ld increase the overa l l  distance . 

S ince there are no other mu lti - routed veh icles, the fina l  routes a re shown i n  

Table D . 1 5, with total distance 288 . 

Vehicle# D istance Load Route 
Surplus Surplus 

d ist load 

1 0  42 1 98 o 1 8 20 0 8 22 

3 ,9  36 + 1 0 =46 2 14/162  0 21 23 0 6 1 0  4 6/58 

5 34 1 14 0 4 1 1  5 1 3  0 1 6  6 

7 34 218  0 1 2  17 0 1 6  2 

1 32 183 0 2 1 0  0 1 8  3 7  

6,8 30+20 = 50 200/200 o 15 1 9 0 14 0 0 20/20 

4,2 26+24 = 50 2 1 6/ 1 90 o 22 2 5  24 0 . . .  0 4/30 

3 7 16 9 8 0 

Table D . 1 5 :  Fina l  routes and their surplus table, with tota l 

d istance 288. 

• 



430 Append ix D 



ApPENDIX E 

COMPARISON OF GRID DENSITIES 

Primes i nd icate spl it de l iveries. Xdel ind icates a del ivery to a coord ination site at X ;  

Xcol i ndicates a col lection from a coordination site a t  X ;  where a m bigu ity may 

otherwise arise, the subscripts and superscripts include quant ities . 



Sparse grid 

maxVeh Ca p = 2 3 5 ,  maxVehDist = 5 0 .  

The i nvestigation i n cl u d es systems o f  two nodes with demand 1 50 a n d  a l l  other 

nodes with eq u a l  demand : 

• A l l  demands= 1 5 0  

• Demand(8 ) = Demand(2 1 ) = 1 50 . 

• Coordination site 'N 

M 

R 5 

T 

Figure E . 1 : Sparse g ri d  layout.  The coordi n ation s ites ind icated 

a re determined d u ri n g  the i m p rovement process and are not pre­

selected . 



All  demands= 1 50 

Route Load D istance 

0 1 0 1 50 20 

0 2 0 1 50 1 2  

0 3 0 1 50 26 

0 4 0 1 50 28 

0 5 0 1 50 30  

0 6 0 1 50 28 

0 7 0 1 50 1 6  

0 8 0 1 50 28 

0 9 0 1 50 38 

0 1 0  0 1 50 30 

0 1 1  0 1 50 22 

0 1 2  0 1 50 1 4  

0 1 3  0 1 50 28 

0 14  0 1 50 3 6  

0 1 5  0 1 50 34 

0 1 6  0 1 50 24 

0 1 7  0 1 50 20 

0 1 8  0 1 50 1 6  

0 1 9  0 1 50 1 6  

0 20 0 1 50 24 

0 2 1  0 1 50 28 

0 22 0 1 50 1 6  

0 23 0 1 50 1 0  

0 24 0 1 50 6 

0 2 5  0 1 50 � 
3750 5 58 

'----

Table E . 1 :  N o  coord ination . Fleet s ize = 1 2 .  
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Sp litt ing 

Route Load D istance 

0 2 0  23'  0 235 24 

0 2 1  23" 0 2 1 5  28 

0 22 0 1 50 1 0  

0 14  1 2' 0 235  36 

0 1 3  1 2 "  24' 0 235  28 

0 1 6  18 '  0 235 26 

0 1 7  18"  0 2 1 5  2 2  

0 1 9  0 1 50 1 6  

0 1 0  24" 0 235 32 

0 1 1  24' "  0 195  22  

0 9 25 '  0 235 38 

0 8 25"  0 2 1 5  28 

0 4 7 '  0 235 28 

0 3 7 "  0 2 1 5  2 6  

0 1 0 1 50 20 

0 2 0 1 50 1 2  

0 5 0 1 50 30  

0 6 0 1 50 28 

0 1 5  0 .150  34  

3750 488 

Other forms 

Route 

0 20 V
del 8 5  0 

0 2 1  Veol 85 22 0 

0 2 3  0 

0 14 Rdel 8 5  0 

0 1 3  Reol 65 1 0  0 

0 1 5  Rdel 85  0 

0 1 6  Reol l05  1 1  pde l 45  0 

0 9 Ndel 85 0 

0 8 Nco! 65 6 0 

0 5 Nco! 20 pdel 20 0 

0 1 2  Peol 65 24 0 

0 1 7  Udel 85  0 

0 1 8  Ueo! 1 9  0 

0 4 Ldel 0 

0 3 Leol 7 0 

0 1 ydel 0 

0 2 Yeal 25 0 

Appendix E 

D istance 

24 

30  

1 0  

3 6  

42 

34 

32 

38 

34 

30 

14  

20  

20  

28  

26 

20 

1 6  

454 

Table E . 2 :  Improvement by coord ination . Fleet size = 1 2  (splitti ng)  

and 1 0  (other forms) .  



Demand(8) = Demand ( 2 1 ) = 1 50 

( i )  Al l other demands = 1 00 

Route Load Distan ce 

0 20 22 0 200 

0 2 1  0 1 50 

0 23 0 1 00 

0 1 3  14 0 200 

0 1 5  1 2  0 200 

0 1 6  17 0 200 

0 1 8  1 9  0 200 

0 1 0  1 1  0 200 

0 9 7 0 200 

0 8 0 1 50 

0 5 6 0 200 

0 3 4 0 200 

0 1 2 0 200 

0 2 5  24 0 200 

2600 

Table E . 3 :  No  coord i nation . Fleet size=9 .  

Sp litt ing 

26 

28 

1 0  

36 

34 

24 

20 

30 

42 

28 

32 

30  

20 

1 0  

370 

Other forms 

Route Load Distance Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

20 22 23' 

2 1  23" 0 

3 

5 

9 

8 

4 7' 0  

6 7" 0  

71 11 2 5  0 

24' 0 

1 3  14 24" 

1 5  12 0 

1 6  1 7  0 

1 2 0 

1 8  1 9  0 

1 0  1 1  0 

0 235 26 

2 1 5  28 

235  30 

235 3 6  

230 42 

235  28  

0 2 1 5  3 6  

200 34 

200 24 

200 20 

200 20 

200 30 

2600 354 

0 20 22 Wdel 35 0 

0 2 1  Weol 3 5  23 0 

0 9 Ndel 35  6 0 

0 8 Neal 3 5  5 0 

0 1 0  1 1  pdel 35  0 

0 1 3  14 pdel 35  0 

0 1 5  1 2  Peal 70 7 0 

0 1 6  1 7  0 

0 1 8  1 9  0 

0 4 3 0  

0 1 2 0  

0 2 5  24 0 

Table E A :  Coordination .  Fleet sizes : 9 (spl itting) ,  8 (other  

forms) . 

D istance 

26 

28 

44 

36 

30 

36 

42 

24 

20 

30  

20 

1 0  

346 
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C i i )  A l l  other demands=90 

Route Load D istance 

0 20 22 0 180 

0 2 1  0 1 50 

0 23 0 90  

0 1 3  14 0 1 80 

0 1 5  1 2  0 1 80 

0 1 6  1 7  0 1 80 

0 1 8  19  0 180 

0 1 0  1 1  0 1 80 

0 9 7 0 180 

0 8 0 1 50 

0 5 6 0 180 

0 3 4 0 1 80 

0 1 2 0 180 

0 2 5  24 0 1 80 

2370 

Table E . 5 :  N o  coord ination . Fleet size=9 .  

Sp li tt ing 

26 

28 

1 0  

36 

34 

24 

20 

30 

42 

28 

32 

30  

20 

1 0  

370 

Other forms 

Route Load Distance Route 

0 20 22 23' 0 235 26 0 20 22 Vdel 55 0 

0 2 1  23" 0 185  28 0 2 1  Veol 23 0 

0 3 4 7' 0  235  30 0 5 6 Qdel 55 0 

0 5 6 '  9 0 235 48 0 8 Qcol 9 0 

0 8 6" 0 185  34  0 1 0  1 1  0 

0 1 0  1 1  1 2 '  0 2 3 5  30  0 1 3  1 4  Seal 1 5  0 

o 1 3  14 12"  0 2 1 5  36 0 1 6  1 7  Sdel 55 0 

0 1 5  24 0 180 34 0 1 8  19  0 

0 1 6  1 7  0 180 24 0 4 3 Zdel 55 0 

0 1 2 7 "  0 2 1 5  24 0 1 2 0 

o 1 8  1 9  0 1 80 20 0 24 Zeal 7 2 5  0 

0 25 0  90  � 
2370 342 

Table E . 6 :  Coord inatio n .  Fleet sizes: 9 (spl itt ing) ,  8 ( other 

forms) . 

Appendix E 

D istan ce 

26  

28  

34 

42 

30  

44 

34  

20 

30 

20 

1 6  

3 24 



( i i i )  Al l  other demands=80 

Route Load Distance 

0 20 21  0 230 

0 22  23  0 1 60 

0 1 8  1 9  0 1 60 

0 1 3  14  0 1 60 

0 1 0  1 1  0 1 60 

0 8 9 0  230 

0 1 5  1 2  0 1 60 

0 5 6 0 1 60 

0 3 4 0 1 60 

0 1 2 0 1 60 

0 7 25 0 1 60 

0 1 6  17 0 1 60 

0 24 0 80 

2 140 

Table E . 7 :  N o  coord ination . Fleet size = 7 .  

Sp litt ing 

26 

1 6  

20 

36 

30 

42 

34 

32 

30 

20 

1 6  

24 

§ 
332 

Other forms 

Route Load Distance Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

20 2 1  0 230 26 0 20 21 0 

22 23 0 1 60 1 6  0 22  23  0 

1 5  1 6  1 7 '  0 235 32 0 1 7  1 6  Sdel 75 0 

1 7 "  18 19  0 165  26 0 1 2  1 5  Scol 75 Rde l  150 0 

1 3  14 12' 0 235 36 0 1 3  14 Rcol 150 1 0  1 1  0 

1 0  1 1  12"  0 1 6 5  3 0  0 8 9 Ndel S 0 

8 9 0 230 42 0 5 6 Ncol 5 7 0 

5 6 7 '  0 235 36 0 3 4 0 

3 4 7 "  0 1 6 5  3 0  0 1 2 0 

1 2 0 1 60 20 0 24 25 0 

24 2 5  0 1 60 1 0  0 1 8  1 9  0 

2 140 304 

Table E . 8 :  Coord ination .  Fleet sizes: 8 (spl itt ing),  7 (other 

forms) .  

437 

D istance 

26 

1 6  

26 

34 

50 

42 

3 6  

30  

2 0  

1 0  

2 0  

3 1 0  



438 

(iv) A l l  other demands=70 

Route Load 

0 20 21 0 220 

0 22 23 0 140 

0 8 9 0 220 

0 3 4 7 0 2 1 0  

0 5 6 25 0 2 10 

0 1 0  1 1  1 2  0 2 1 0  

0 1 3  14 24 0 2 1 0  

0 1 5  1 6  17 0 2 1 0  

0 1 8  1 9  0 1 40 

0 1 2 0  140 

1 9 1 0  

Table E . 9 :  No  coord ination . Fleet s ize=7 .  

D istance 

26 

1 6  

42 

30 

32 

30  

36 

34 

20 

20 

286 

Appendix E 

No improvement by splitti ng .  Other forms of coord ination yield a fleet s ize of 8 .  

Route D istance 

0 20 2 1  Xdel 15 0 26  

0 22 23 Xdel 25 0 1 6  

0 3 4 7 rel 25 0 30  

0 8 9 rel 1 5  0 42 

0 5 6 25 0 32 

0 1 0  1 1  1 2  Tdel 25 0 30  

0 24 1 3  1 4  Tcol 65 2 0 40 

0 1 5  1 6  1 7  Xdel 25  0 34 

0 1 8  1 9  Xcol 65 1 0 38 

288 

Table E . 10 :  I mprovement by coord ination other than spl it  

de l ivery .  F leet size=8 .  



Cv) Al l  other demands=60 

Route Load D istance 

0 20 2 1  0 2 1 0  

0 22 23 0 1 20 

0 8 9 0 2 1 0  

0 3 4 7 0 1 80 

0 5 6 25 0 1 80 

0 1 0  1 1  1 2  0 180 

0 1 3  1 4  24 0 180 

0 1 5  1 6  1 7  0 1 80 

0 1 8  1 9  0 1 20 

0 1 2 0  1 20 

1 680 

Table E . 1 1 : No coord i nation . Fleet size = 7 .  

2 6  

1 6  

42 

30 

32 

30 

3 6  

34 

20 

20 

286 

No  i mprovement by spl itting .  Other forms of coordi nation yield a fleet size of 7 .  

Route Distance 

0 20 2 1  Xdel 25 0 26  

0 22 23 Xcol 25  1 2 0 34 

0 8 9 pdel 25 0 42 

0 1 0  1 1  1 2  Peal 25 5 6 0  50  

0 3 4 7  rei 55 0 30 

0 1 5  1 6  17 Teol 55 25 0 36 

0 1 3  14 24 0 36 

0 1 8  1 9  0 20 

274 

Table E . 1 2 :  I mprovement by coord ination other tha n  spl it 

de l ivery. Fleet size = 7 .  
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(vi ) All other demands = 50 

Route Load D istance 

0 20 21 0 200 26 

0 22 23 1 2 0 200 34 

0 3 4 7 25 0 200 30 

0 5 6 24 0 1 50 32 

0 8 9 0 200 42 

0 1 0  1 1  1 3  1 4  0 200 50 

0 1 6  1 7  1 8  1 9  0 200 30 

0 1 5  1 2  0 1 00 34 

1450 278 

Table E . 1 3 :  N o  coord ination . Fleet size=8 .  

Sp litt ing Other forms 

Route Load D istance Route 

0 20 2 1  0 200 26 o 20 21 Xdel 35 0 

0 22  23 1 2 0 200 34 o 22 23 Xeol 3 5 1 2 7 Mdel 20 

0 3 4 7 5 6 '  0 235 50  0 3 4 5 6 Meol 20 25 0 

0 8 9 6 "  0 2 1 5  48 0 8 9 pdel 35 0 

0 1 0  1 1  1 2  25 0 200 32 0 1 0  1 1  1 2  Peol 35 1 3  1 4  

0 1 3  14 24 0 1 50 36 0 24 1 5  1 6  1 7  0 

0 1 5  1 6  1 7  0 1 50 34 0 1 8  19  0 

0 1 8  1 9  0 100 20 

1450 280 

0 

0 

Appendix E 

D istance 

26 

42 

50 

42 

50 

34 

20 

264 

Table E . 14 :  Improvement by coord ination . Fleet size= 7 (spl itti ng )  

and  6 (other forms) .  



Med i um g rid 

maxVehCap=235,  maxVehDist=50 

The investigation involves a sing le depot located at  either D l  or D2 in  Figure E . 2 .  

1 0  l)------.---, 

8 

1 2  
1 3  

Figure E . 2 :  M ed ium density gri d .  

24 

22 0--+---; 

2 1  

L..-{1--'----(J 1 8  
1 7  

20 

Some coord ination sites are co- located with nodes, and denoted by " (node)" ,  as 

i ndicated in F igures E . 3  and E .4 .  



Depot at 01 

N 

Fig u re E . 3 :  Coord ination site locations used i n  i m p rovement by 

coord ination for system s  with depot at D 1 . The s ites a re generated 

with in the i m provement process and a re not pre-selected . 

The investigation includes systems of severa l nodes with demand 1 5 0  and a l l  other 

nodes with eq u a l  demand : 

• Al l  demands = 1 50 

• Demand ( 1 3 ) = Demand( 16 ) = Demand ( 1 8 ) = Demand ( 2 3 ) = 1 50 

• Demand ( 1 6 ) = Demand ( 1 9 ) = 1 50 

� Demand ( 1 3 ) = Demand ( 2 3) = 1 5 0 .  



All  demands= 1 50 

Route Load D istance 

0 1 0 1 50 2 

0 2 0 1 50 4 

0 3 0 1 50 4 

0 4 0 1 50 1 0  

0 5 0 1 50 28 

0 6 0 1 50 8 

0 7 0 1 50 1 0  

0 8 0 1 50 14  

0 9 0 1 50 20 

0 1 0  0 1 50 30 

0 1 1  0 1 50 24 

0 1 2  0 1 50 1 6  

0 1 3  0 1 50 24 

0 14 0 1 50 2 0  

0 1 5  0 1 50 1 6  

0 1 6  0 1 50 1 8  

0 1 7  0 1 50 26 

0 1 8  0 1 50 30  

0 1 9  0 1 50 30  

0 20 0 1 50 3 2  

0 2 1  0 1 50 24 

0 22  0 1 50 14 

0 23 0 1 50 32 

0 24 0 1 50 24 

0 2 5  0 1 50 20 

3750 480 

Table E . 1 5 :  N o  coord ination . Fleet size = 10 .  



444 

Route 

o 5 1 1 ' 0 

o 1 1 "  1 3  0 

o 4 1 2 '  0 

o 1 2" 17 0 

o 14 '  19 0 

o 14" 18 0 

o 1 5 '  2 0  0 

o 1 5 "  2 1  0 

o 22'  23 0 

o 22" 24 0 

o 2 5  0 

o 1 0  8' 0 

o 8"  9 0 

o 1 6  6' 0 

o 7 6"  0 

0 3 0  

0 2 0  

0 1 0  

Sp litt ing Other forms 

Appendix E 

Load D istance Route D istance 

235 30 0 5 Edel 85 0 28 

2 1 5  28 0 4 Eeol 65 1 1  0 1 0  

235 1 8  0 1 3 Eeol 20 Gdel l05 0 24 

2 1 5  26 0 1 2  Gcol l05  17 Kdel 40 0 30  

235 32 0 14  Kdel 85  0 20 

2 1 5  3 2  0 1 5  Keol 125  1 8  Lde/ 6o 0 3 2  

2 3 5  34 0 19 Leol 60 Ndel 145 0 34 

2 1 5  26 0 20 Ncol 145 21 Sdel 80 0 40 

235 32 0 22 Seol 80 23 Qdel 1 5  0 34 

2 1 5  24 0 24 Qeo/ I S  (25 )de I 100 0 28 

1 50 20 0 25 (25 )coI 100 10 (8)de I 35 0 34 

235 32 0 8 (8)de I 85 0 14 

2 1 5  2 0  0 9 RCOl 120 7 (7 )de I 55 0 22 

235 1 8  0 1 6  (7)eoI 5 5  (6 )deI 140 0 1 8  

2 1 5  1 0  0 6 (6)eoI 140 3 0 8 

1 50 4 0 1 2 0 Q 
1 50 

1 50 

4 

2. 
3750 392 

382 

Table E . 1 6 :  Improvement by coordination .  Fleet s ize = 9  (spl ittin g  

a n d  other  forms) . 



Demand ( 1 3 ) = Demand ( 1 6) = Demand(18) = Demand( 23) = lS0 

( i )  Al l  other demands= 100 

Route Load Distance 

0 5 1 1  0 200 

0 1 3  0 1 50 

0 4 1 2  0 200 

0 14 17 0 200 

0 1 8  0 1 50 

0 1 5  1 9  0 200 

0 20 2 1  0 200 

0 2 3  0 150  

0 24 25 0 200 

0 2 2  10 0 200 

0 1 6  0 150  

0 8 9 0 200 

o 6 7 0 200 

o 3 2 0 200 

0 1 0  1 00 

2700 

Table E . 17 : No  coord ination. Fleet size=7 .  

Sp l itting 

32 

24 

18 

28 

30 

32 

32 

32 

26 

32 

1 8  

2 0  

1 0  

6 

;2 
344 I 

Other forms 

Route Load Distance Route 

o 5 1 1  4 '  0 235  32 0 5 1 1  Edel 35 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4" 1 3  0 2 1 5  24 

1 2  17 0 200 26 

1 5' 14 19 0 235 32 

1 5" 1 8  0 2 1 5  32 

20 21 0 200 32 

22' 23 0 2 1 5  3 2  

22" 2 4  25 0 235 26 

1 0  8 0 200 34 

9 7 6 '  0 235  20 

1 6  6" 0 2 1 5  1 8  

2 3 0 200 6 

1 0 1 00 :2 
2700 3 1 6  

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Edel 3 S  1 2  1 7  0 

4 Ecol 70 1 3  0 

14 15  Kdel 3 5  0 

19 KCOl 35 1 8  0 

20 2 1  pdel 35 0 

23 PCOl 3S 24 0 

22 2 5  0 

8 9 cdel 35 0 

1 6  CcOl 35 7 0 

6 3 0  

1 0  2 0 

1 0 

Table E . 18 :  Improvement by coordination . Fleet size=8 .  

Distance 

32 

28 

24 

20 

42 

32 

3 8  

20 

20 

1 8  

8 

32 

;2 
3 1 6  
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( i i )  A l l  other demands=90 

Route Load Distance 

0 5 1 1  0 1 80 3 2  

0 1 3  0 1 50 24 

0 4 1 2  0 180 1 8  

0 14 1 5  0 1 80 20 

0 1 7  1 9  0 180 38 

0 1 8  0 1 50 3 0  

0 20 2 1  0 180 32 

0 23 0 1 50 32 

0 24 25 0 180 20 

0 2 2  1 0  0 180 32 

0 8 9 0  180 2 0  

0 1 6  0 1 5 0  1 8  

0 6 7 0 180 10 

0 3 2 0 180 6 

0 1 0 9 0  � 
2490 334 

Table E . 1 9 :  N o  coord ination . Fleet size = 8 .  

S p litt ing 

Route load Distance 

0 5 1 1  1 2' 0 235 32 

0 1 3  1 2" 0 1 8 5  2 4  

0 14 1 7  0 1 80 28 

0 4 1 0 180 10 

0 1 5  1 9  0 1 80 3 2  

0 1 8  0 1 50 30 

0 20 2 1  0 180 32 

0 22'  2 3  0 235  32 

0 22"  25 24 0 1 8 5  2 0  

0 1 0  8 0 180 32 

0 9 7 6' 0 235 20 

0 16 6" 0 185 18 

0 2 3 0  180 § 
2490 3 1 6  

Other forms 

Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  Edel 55 0 

4 Ecol 55 1 3  0 

1 5  

1 9  

1 2  

20 

23 

2 2  

1 0  

3 

9 

6 

1 

14 Kdel 55 

KWI 55 1 8  

1 7  0 

2 1  pdel 55 

0 

0 

0 

Peol 55 24 0 

2 5  0 

8 Ddel 55 0 

Dcol 55 16 0 

7 0 

2 0 

0 

Appendix E 

D istance 

32 

24 

20 

36 

26 

32 

34 

2 0  

32 

1 8  

20 

8 

� 
304 

Table E .20 : Improvement by coord ination .  Fleet size=8  (spl itt ing 

and other forms) .  



( i i i )  Al l  other  demands=80 

Route Load D istance 

0 5 1 1  0 1 60 

0 4 1 3  0 230 

0 1 2  1 7  0 1 60 

0 14  15  0 1 60 

0 1 8  19  0 230 

0 20 21 0 1 60 

0 23 24 0 230 

0 22 25 0 1 60 

0 1 0  8 0 160 

0 1 6  9 0 230 

0 7 6 0 1 60 

0 3 2 0 1 60 

0 1 0 80 

2280 

Table E . 2 1 : No coord ination . Fleet size =8 .  

Sp litt ing 

32 

24 

26 

20 

36 

32 

34 

20 

34 

24 

10 

6 

� 
300 

Other forms 

Route Load Distance Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  4 '  0 235 32 

4" 13 12 0 235 24 

14 '  1 8  1 7  0 235 34 

1 5  14" 19  0 235 32 

20 21 0 1 60 3 2  

2 2 '  23 2 4  0 235 34 

22" 25 10 0 235 32 

2 3 0  1 60 6 

8 9 7 '  0 235 20 

16 7"  6 0 235 1 8  

1 0 80 � 
2280 266 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  Edel 75 0 
4 Eeol 7 5  1 3  1 2  
1 7  1 8  Kdel 5  0 

0 

1 5  14 Keol 5 1 9  0 

Tdel 75 2 1  20 0 

22 Teol 75 23 24 0 

25 10  (8)deI 7 5  0 

8 (8)eoI 7 5  9 7 0 

1 6  6 0 

3 2 0 

1 0 

Table E . 22 :  Improvement b y  coordination . Fleet size = 7 .  

D istance 

32 

24 

32 

32 

32 

3 6  

32 

20 

18 

6 

� 
266 
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( iv)  A l l  other demands=70 

Route Load Distance 

0 5 1 1  4 0 210  

0 1 3  1 2  0 220 

0 1 4  1 5  19  0 2 1 0  

0 1 7  1 8  0 220 

0 20 21  0 140 

0 23 24 0 220 

0 22 25 10 0 2 1 0  

0 1 6  9 0 220 

0 8 7 6 0 2 1 0  

0 1 2 3 0  2 1 0  

2070 

Table E .23 : No coord ination . Fleet size = 7 .  

32 

24 

32 

32 

32 

34 

32 

24 

1 6  

� 
266 

Sp litt ing Other forms 

Route Load D istance Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

l '  5 1 1  4 0 235 32 0 ( 1  )de l  5 1 1  4 0 

1 "  1 3  1 2  0 235  24 0 ( 1  )de l  1 3  1 2  0 

1 '" 14  1 5  1 9  0 235 32 0 ( 1  )del 14 1 5  1 9  0 

1 "" 1 7  1 8  0 225 32 0 ( l )col 17 18 0 

2 3 0  140 6 0 2 3 0  

20 2 1  0 140 32 0 20 2 1  0 

23 24 0 220 34 0 2 3  24 0 

2 2  2 5  10  0 2 10 32 0 22 25 1 0  0 

1 6  9 0 220 24 0 1 6  9 0 

8 7 6  0 2 1 0  1 6  0 8 7 6 0 

2280 266 

Table E . 24 :  Improvement by coord ination .  Fleet size = 7 .  

Appendix E 

D istance 

32 

24 

3 2  

32 

6 

32 

34 

32 

24 

1 6  

266 



(v)  A l l  other  demands= 60 

Route Load D istance 

0 5 1 1  4 0 180 

0 1 3  1 2  0 2 1 0  

0 1 7  1 8  0 2 1 0  

0 14 1 5  1 9  0 180 

0 20 21 0 120 

0 23 24 0 2 1 0  

0 22 25 10  0 1 80 

0 1 6  9 0 2 1 0  

0 8 7 6 0 1 80 

0 1 2 3 0 180 

1 860 

Table E . 2 5 :  No coord ination . Fleet size = 7 .  

Sp litt ing 

30 

24 

32 

32 

3 2  

34 

32 

24 

1 6  

� 
264 

Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

l ' 5 1 1  4 0 235 

1 "  1 3  1 2  0 2 1 5  

1 7  1 8  0 2 1 0  

14  15  1 9  0 1 80 

20 2 1 0 1 20 

23 24 0 2 1 0  

2 2  25 10 0 180 

1 6  9 0 2 1 0  

8 7 6 0 1 80 

2 3 0 1 20 

1860 

30 0 

24 0 

32 0 

3 2  0 

32 0 

34 0 

32 0 

24 0 

1 6  0 

§ 
262 

4 5 1 1  Ed el 55 0 

1 3  Eeol 55 1 2  1 7  

14  1 5  Keol 20 20 

1 8  1 9  0 

22 Teol 15  25  10 

23 24 0 

9 1 6  Beol lO 7 0 

6 3 2 0 

1 0 

Kdel 20 0 

2 1  �e1 15 

8 Bde l lO 0 

0 

Table E .26 : Improvement by coord ination .  Fleet size = 7  (spl itti ng 

and other forms) .  

Dist 

30 

36 

3 8  

3 6  

34 

34 

2 6  

1 0  

1 
246 
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(vi)  A l l  other demands = 5 0  

Route Load 

0 4 5 1 1  0 1 50 

0 1 1 3  0 200 

0 1 8  19  0 1 00 

0 1 4  1 5  1 7  1 2  0 200 

0 23 24 0 200 

0 20 21 25 22  0 200 

0 1 0  9 8 3 0 200 

0 1 6  2 0 200 

0 7 6 0  200 

1650 

Table E . 27 : No coord ination . Fleet size = 7 .  

Sp l itting 

D istan ce 

30 

24 

36 

28 

34 

38 

36 

20 

1 2  

258 

Other forms 

Appendix E 

Route Load D ist Route D ist 

0 

0 

0 

0 

0 

0 

0 

0 

4 5 1 1  1 2  l '  0 235 

1 3  1 7  1 "  0 235 

18 1 9  1 ' "  0 230 

14  15 20 2 1  22' 0 235 

22"  23 24 0 235 

22 ' "  25 10 9 8 0 230 

16 7 0 1 00 

6 3 2 0  1 50 

1650 

32 0 

34 0 

3 6  0 

40 0 

34 0 

38 0 

1 8  0 

1 0  0 

242 

4 5 

1 3  

1 5  

20 

22 

1 1  pel 35 1 2  0 

Feol 35 1 7  14 Udel 20 

Ucol 20 1 9  1 8  0 

2 1  2 4  2 5  (25)deI 35 

23 (25)cOI 35 1 0  0 

9 8 7 6 (3 )deI 35 0 

1 6  3 

1 0 

(3 )COI 35 2 0 

0 

0 

Table E . 28 :  Improvement by coord ination . Fleet size = 6  (spl itti ng 

and other forms) .  

3 2  

36 

38 

40 

48 

20 

20 

2 
236 



Demand ( 1 6) = Demand ( 19 ) = 1 50 

( i )  Al l  other demands = 1 00 

Route 

0 5 1 1  0 

0 1 3  1 2  0 

0 1 7  1 8  0 

0 1 4  1 5  0 

0 1 9  0 

0 1 4 0  

0 20 2 1  0 

0 23 24 0 

0 22 2 5  0 

0 1 6  0 

0 8 9 0 

0 6 7 0 

0 3 2 0 

0 1 0  0 

Load Distance 

200 3 0  

2 0 0  24 

200 32 

200 2 0  

1 50 30 

200 1 0  

200 32 

200 34 

200 2 0  

1 50 1 8  

200 2 0  

2 0 0  1 2  

200 6 

1QQ 30 

2600 3 1 8  

Table E . 29 : No coord ination . Fleet size:::? 

Sp litt ing 

Route Load D ist 

0 5 1 1  4' 0 235 30 

0 4" 1 3  1 2  0 235 24 

0 4"' 1 7  1 8  0 230 34 

0 1 5' 19 0 235  32 

0 1 5" 14 1 0 2 1 5  20 

0 2 0  2 1  0 200 32 

0 23 24 0 200 34 

0 2 2  2 5  0 200 2 0  

0 1 6  3 '  0 235  18  

0 8 9 3" 0 2 1 5  20 

0 7 6 0 200 12 

0 2 1 0  0 200 32 

2600 308 

Other forms 

Route 

0 

0 

0 

0 

0 

0 

0 

5 1 1  Cdel 35 0 

1 3  1 2  Cdel 35  0 

4 Ceol 70 1 7  1 8  0 

14 1 5  Mdel 35 0 

1 9  Meol 35 2 1  Sdel 20 

20 23 Sdel 35 0 

2 5  24 Sdel 35 0 

0 

0 22 Seol 90 1 0  8 Ddel 25 

0 1 6  Ddef 85 0 

o 9 Deal 100 7 6 0  

o 3 2 0 

o 1 0 

D ist 

30 

24 

34 

22 

38 

42 

26 

0 34 

1 8  

2 0  

6 

Z 
296 

Table E . 3 0 :  Improvement by coordination.  Fleet size=8  (spl itt ing )  

and ? (other  forms) .  
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( i i )  A l l  other demands=90 

Route Load Distance 

0 1 6  0 1 50 

0 1 9  0 1 50 

0 5 1 1  0 180 

0 4 1 3  0 180 

0 1 1 2  0 1 80 

0 1 5  14 0 1 80 

0 1 7  1 8  0 1 80 

0 2 1  20 0 180 

0 23 24 0 1 80 

0 22 25 0 1 80 

0 1 0  0 90 

0 8 9 0 180 

0 6 7 0 1 80 

0 2 3 0 1 80 

2370 

Table E . 3 1 : No coord ination . Fleet size = 7 .  

Sp li tt ing 

18 

30 

30  

24 

1 6  

20 

32 

32 

34 

20 

30 

20 

1 2  

Q 
324 

Other forms 

Route Load D ist Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  4' 0 235 30 

4" 13 12 0 2 1 5  24 

i s' 19 0 235 30 

17 18 14 '  0 235 34 

2 1  20 15"  14"  0 220 38 

22'  23 24 0 235 34 

22"  25 1 0  0 2 1 5  3 2  

8 9 7 '  0 235 20 

16 7 "  6'  0 235 1 8  

6"  3 2 0 220 1 0  

1 0 90  2 
2370 272 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  Ed el 55 0 

4 Eeol 55 1 3  1 2  
1 5  1 4  Udel 55 0 

1 7  1 8  Udel 5 5  0 

0 

1 9  UCal 20 2 1  0 

Rdel 55 24 23 0 

22 Reol 55 25 10  0 

8 9 cdel 55 0 

1 6  Ceol 55 7 (6)d eI 50 

6 (6)coI 50 3 2 0  

1 0 

Table E .  32 :  I mprovement by coordination . Fleet size= 7 .  

0 

Appendix E 

Dist 

30 

24 

20 

32 

48 

34 

32 

20 

1 8  

1 0  

2 
270 



( i i i )  Al l  other demands=80 

Route load D istance 

0 5 1 1  0 1 60 

0 1 3  4 0 1 60 

0 1 2  1 7  0 1 60 

0 14  15  0 1 60 

0 1 8  19  0 230 

0 20 21 0 1 60 

0 22 23 0 1 6 0  

0 24 25 0 1 60 

0 1 0  8 0 1 60 

0 9 1 6  0 230 

0 7 6 0 1 60 

0 2 3 0 1 60 

0 1 0 80 

2 140 

Table E . 33 : No coord ination . Fleet size = 8 .  

Sp li tt ing 

30 

24 

26 

20 

36 

32 

32 

26 

32 

24 

12 

6 

.2 
302 

Other forms 

Route load D ist Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  4' 0 235 

4" 13 1 2  0 1 65 

1 7  14 15 '  0 235 

1 5/1 18  19  0 235 

2 1  20 22' 0 235 

22"  23 24 25 '  0 235  

25 /1 1 0  8 3' 0 235  

9 1 6  0 230 

7 6 3 "  0 1 7 5  

1 2 0 1 60 

2 140 

30 0 

24 0 

28 0 

38 0 

34 0 

26  0 

34 0 

24 0 

1 2  0 

§ 0 

256 0 

5 1 1  Edel 75 0 

4 Eeol 75 13  12 

1 7  18 Kdel 75 

1 5  14 Keol 75 

re' 7S 21 20 

0 

19  

0 

0 

0 

22  Teol 7S 23 24 0 

2 5  1 0  (8)  0 

8 (8)co1 75 9 7 0  

1 6  6 0 

3 2 0 

1 0 

Table E . 34 :  Improvement by coord ination .  Fleet size = 7 .  

D ist 

30  

24  

32 

3 2  I 
32 

3 6  

32 

20 

1 8  

6 

.2 
264 



454 

(iv) All other demands=70 

Route Load D istance 

Route 

0 5 1 1  1 3  0 2 1 0  

0 4 1 2  1 7  0 2 1 0  

0 1 1 4  1 5  0 2 1 0  

0 1 8  19 0 220 

0 20  2 1  22 0 2 1 0  

0 23  24  25 0 2 1 0  

0 1 0  8 3 0  2 1 0  

0 9 1 6  0 220 

0 7 6 2 0 2 10 

1 9 1 0  

Table E . 35 : No coord ination .  Fleet size=7 .  

Sp l itting 

Load D ist Route 

o 5 1 1  1 3  4' 0 235 34 o 5 1 1  

34 

28 

20 

36 

34 

3 6  

32  

24 

1 0  

2 54 

Other forms 

13 ( 1 2 )deI 25 0 

Appendix E 

Dist 

34 

0 4" 1 2  1 7  14'  0 2 3 5  30 0 4 12 ( 1 2 )eoI 25 1 7  ( 1 4 )deI 50 0 28 

0 

0 

0 

0 

0 

0 

0 

14" 1 8  1 9  0 235  36 0 1 5  14 ( 14 )eoI 50 20 2 1  0 

14'" 1 5  20 2 1  22'  0 235 40 0 1 8  19 0 

22" 23 24 2 5  0 235 3 6  0 Rdel 25 23 24 25 0 

22 ' " 1 0  8 3 0 235 32  0 22  Reol 25 10 8 Dde' 5O 0 

9 

7 

1 

1 6  0 220 24 0 9 1 6  0 

6 2 0 2 1 0  1 0  0 7 6 Deol 3 2 0  

0 70 � 0 1 0 

1 9 1 0  244 

Table E . 36 :  I mp rovement by coord ination . Fleet size = 7 .  

34 

36 

36 

34 

24 

1 0  

� 
238 



Appendix E 

(v)  A l l  other demands=60 

Route 

0 5 1 1  1 3  

0 4 1 2  1 7  

0 1 14  15  

0 18 19  0 

0 20 21 22 

0 23 24 25 

0 10  8 3 0 

0 9 1 6  0 

0 7 6 2 0  

Load Distance 

0 1 80 34 

0 1 80 28 

0 180 20 

210 36 

0 1 80 34 

0 180 36 

180 32 

2 1 0  24 

180 10  

1 680 254 

Table E . 37 :  N o  coord ination . Fleet size=7 .  

Spl itt ing Other forms 

Route Load Dist Route 

0 5 1 1  1 3  4'  0 235 34 o 5 1 1  1 3  ( 1 2 )deI 55 0 

0 4" 1 2  1 7  14 15 '  0 235 30 0 4 1 2 ( 1 2 )coI 55 17  14 ( 1 5 )del 50 

0 1 5 "  18 19  0 220 38 0 1 5  ( 1 5 )coI 50 18 19 Mdel 15 0 

0 1 6  7 6 '  0 235 18 0 1 Mcol 15 2 1  20 23 Rdel 20 0 

0 

0 8 9 6 "  3 0 2 1 5  2 0  0 22 Rcol 20 24 25  10  (3 )deI 15 0 

0 

0 

0 

2 1 0 1 20 6 0 1 6  7 (3 )deI 25 0 

20 2 1  2 3  2 2 '  0 235 42 0 8 9 6  (3 )coI 40 3 0 

22" 24 25 1 0  0 185 38 0 1 2 0  

1 680 226 

Table E . 38 :  I mprovement by coord ination . Fleet size = 6 .  

455 

Dist 

34 

28 

38 

42 

38 

18 

20 

Q 
224 



456 

(vi) A l l  other demands = 50 

Route Load 

0 5 1 1  1 3  4 0 200 

0 1 2  1 7  1 4  1 5  0 200 

0 1 8  1 9  0 200 

0 2 1  20 23 24 0 200 

0 22  25  10  8 0 200 

0 9 1 6  0 200 

0 6 7 3 2 0  200 

0 1 0 50  

1450  

Table E .39 : No coord ination .  Fleet size = 6 .  

Sp li tt ing 

D istance 

34 

28 

36 

44 

34 

24 

1 2  

2-
214 

Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 

5 1 1  1 3  4 l '  0 235 34 0 4 5  1 1  1 3  ( 1 2 )deI 35 0 

1 "  1 2  1 7  1 4  1 5  0 2 1 5  28 o 12 ( 1 2 )eoI 35 1 7  18 14  

Udel 20 0 

1 8  1 9  0 200 36 0 3 1 Ueol 20 1 9  0 

2 1  20 23 24 22' 0 235  44 0 2 1  20 23 24 Rdel 35 0 

2 2 "  2 5  1 0  8 7 6 ' 0 2 3 5  3 6  0 22 Reol 35 25 1 0  8 3 0 

9 1 6  6 "  0 230 24 0 9 1 6  0 

2 3 0  1 00 § 0 7 6 0  

1450 208 

Table E . 40 :  I mprovement by coord ination . Fleet size = 6 .  

Appendix E 

D ist 

34 

1 5  34 

34 

44 

34 

24 

1 0  

214 



Demand ( 1 3) = Demand(23) = 150 

( i )  Al l other demands = 1 00 

Route 

0 5 1 1  0 

0 1 3  0 

0 4 1 2  0 

0 1 1 7  0 

0 1 4  1 5  0 

0 1 8  1 9  0 

0 2 0  2 1  0 

0 23 0 

0 22 0 

0 24 2 5  0 

0 1 0  8 0 

0 1 6  9 0 

o 6 7 0 

o 3 2 0 

Load Distance 
-- - - .-- � -

200 30 

1 50 24 

200 1 8  

200 26 

200 20 

200 36 

200 32 

1 50 3 2  

1 0 0  1 4  

200 26 

200 34 

200 24 

200 jJ 200 

3�2 2600 

Table E .41 : No  coord ination . Fleet size=8 .  

Spl itting Other forms 

Route Load Dist Route 

0 5 1 1  4' 0 235 30 o 5 1 1  (4 )aeI 35 0 

0 1 3  4 "  0 2 1 5  24 0 4 (4 )col 35 1 3  0 

0 1 2  1 7  0 200 26 0 1 2  1 7  0 

0 14 15  0 200 20 0 1 5  1 4  0 

0 1 8  1 9  0 200 36 0 1 8  1 9  0 

0 2 0  2 1  0 200 32 0 20 2 1  ( 22)deI 3 5  0 

0 22'  23 0 235 32 0 22 ( 22)coI 35 23 0 

0 22" 2 5  24 0 2 1 5  26 0 24 25 0 

0 1 0  8 0 200 34 0 1 0  8 Ddel 35 0 

0 1 6  9 0 200 24 0 1 6  9 Ddel 35 0 

0 7 6 0 200 10 0 7 6 Dcol 70 3 0 

0 3 2 0 200 6 0 2 1 0  

0 1 0 100  .2 
2600 302 

Table E .42 : Improvement by coord ination . Fleet s ize=8 .  

Dist 

30 

24 

26 

20 

36 

34 

32 

26 

34 

24 

1 0  

Q 
302 



458 

( i i )  A l l  other demands=90 

Route Load Distance 

0 5 1 1  0 180 

0 1 3  0 1 50 

0 4 1 2  0 180 

0 1 1 7  0 1 80 

0 14 1 5  0 180 

0 1 8  19  0 180 

0 20 21 0 1 80 

0 2 3  0 1 50 

0 22 0 90 

0 24 25 0 1 80 

0 1 0  8 0 180  

0 1 6  9 0 1 80 

0 6 7 0 1 80 

0 3 2 0  180 

2370 

Table E A3 :  N o  coord ination . Fleet size=8 .  

Sp litt ing 

30 

24 

1 8  

2 6  

2 0  

36 

3 2  

32 

14  

26  

34  

24 

1 0  

.Q 
332 

Other forms 

Route Load Dist Route 

0 5 1 1  l '  0 235 30  o 5 1 1  Edel s s  0 

0 1 3  4 '  0 235 24 o 4 Eeol 5 5  1 3  ( 1 2 )deI SO 0 

Appendix E 

D ist 

30 

24 

0 4" 1 2  1 7  14'  0 235 30  o 12  ( 1 2)eoI 50 17  14  ( 1 5)de I 1 5 0 28 

0 

0 

0 

0 

0 

0 

0 

0 

14"  18 1 5  0 220 34 

19 20 2 1 '  0 235  38 

2 1 "  23 22' 0 235 38 

22" 25 24 0 220 26 

1 0  8 3' 0 235 34 

9 1 6  6 '  0 235 24 

7 6"  0 1 2 5  1 0  

1 "  2 3"  0 1 60 .8 
2370 296 

o 1 8  19  ( 1 5 )deI 5 5  0 

0 

0 

0 

0 

0 

0 

0 

1 5  Zco l 70 20 2 1  

22  Teol 23 0 

24 25 0 

1 0  8 Ddel 55 

1 6  9 Dcol 5 5  
7 6 0 

1 2 0  

0 

3 0 

Tde' 35 0 

Tab le  E A4 :  Improvement by coord ination .  Fleet size = 8 .  

38 

34 

34 

26 

34 

24 

1 0  

.Q 
288 



(Hi)  All other demands=80 

Route Load D istance 

0 5 1 1  0 1 60 

0 1 3  4 0 230 

0 1 2  1 7  0 1 60 

0 1 5  14 0 1 60 

0 1 8  19  0 1 60 

0 20 21 0 1 60 

0 22 23 0 230 

0 24 2 5  0 1 60 

0 1 0  8 0 1 60 

0 1 6  9 0 1 60 

0 6 7 0 1 60 

0 3 2 0 1 60 

0 1 0 80 

2 140 

Table E .45 : No coord ination . Fleet size=8 .  

Sp l itt ing 

30 

24 

26 

20 

3 6  

32 

32 

26 

32 

24 

12 

6 

2 
302 

Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  4 '  0 235 30 

4" 13 1 2  0 235 24 

1 5' 1 7  1 8  0 235  34  

1 5" 14 1 9  l '  0 235 32 

20 2 1  22'  0 235 34 

22"  23 24 0 235 34 

2 5  10 8' 0 235 34 

8" 9 1 6  7 '  0 235 24 

7"  6 3 1 "  0 180 12 

2 0 80 1: 
2 140 262 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  Gdel 7 5  0 

1 3  1 2  Geol 75 4 0 

1 7  14 ( 1 5 )deI 75 0 

1 5  ( 1 5 )eol 75 1 8  1 9  Mdel 70 0 

1 Meol 70 20 2 1  Sdel 6 5  0 

23 24 sdel S 0 

22 Seol 70 2 5  1 0  (8)deI 65 0 

8 (8)eoI 55 9 1 6  Ddel 60 0 

3 Deol 60 6 7 0  

2 0 

Table E .46 :  Improvement by coordination .  Fleet size = 7  (spl itting )  

and 6 (other  forms) . 

Dist 

30 

26 

28 

38 

32 

34 

36 

24 

10 

� 
262 



460 

( iv)  A l l  other demands= 70 

Route 

0 5 1 1  

0 1 3  1 2  

0 1 7  1 8  

0 14  15  

0 20 21 

0 23 24 

0 2 5  1 0  

4 0 

0 

1 9  0 

1 0 

22 0 

0 

3 0 

0 8 9 1 6  0 

0 7 6 2  0 

Load 

210  

220 

2 1 0  

2 1 0  

210  

220 

2 1 0  

2 1 0  

210  

1 9 1 0  

Table E ,47 : No coord ination . Fleet size = 6 .  

D istance 

30 

24 

38 

20 

34 

34 

32 

24 

12 

248 

Sp l itting Other forms 

Route Load 

0 5 1 1  4 0 2 1 0  

0 1 3  1 2  0 220 

0 14 '  1 7  1 8  1 9  0 235  

0 14" 1 5  2 0  2 1 '  0 235 

0 2 1 "  23 22 '  0 235 

0 22"  24 25 1 0  0 2 1 5  

0 8 9 16 0 2 1 0  

0 7 6 3 0 2 1 0  

0 1 2 0 140 

1 9 1 0  

D ist 

30 

24 

40 

38 

38 

38 

24 

1 0  

§ 
248 

Route 

0 Jde l 2 5  5 1 1  4 0 

0 

0 

0 

0 

0 

0 

0 

0 

1 3  1 2  0 

Udel 25 1 5  14 

1 8  1 9  Ucol 2 5  

20 2 1  2 2  0 

23 24 0 

2 5  10  8 0 

9 1 6  7 0 

6 3 2 0 

1 7  0 

Jcol 2 5  1 0 

Appendix E 

Dist 

30 

24 

28 

3 6  

34 

34 

34 

24 

1 0  

2 54 

Table E ,48 : Improvement by coordination . Fleet s;ze = 6  (sp litting)  

and no improvement (other forms) .  



Cv)  Al l other demands=60 

Route Load 

0 5 1 1  4 0 180 

0 1 3  1 2  0 2 1 0  

0 1 7  18 19  0 180 

0 14 1 5  1 0 180 

0 20 21 0 1 20 

0 23 24 0 2 1 0  

0 22 25 10  0 180 

0 3 8 9  0 180 

0 1 6  7 6 0 180 

0 2 0 60 

1 680 

Table E .49 : No coord ination . Fleet size = 6 .  

Sp li tt ing 

Route Load Dist Route 

o 5 1 1  1 3 '  0 235 30 0 4 5 

D istance 

30  

24 

38 

20 

32 

34 

32 

20 

1 8  

1: 
252 

Other forms 

1 1  Gdel 55  0 

0 4 1 3" 1 2  1 7  l '  0 235 24 0 1 3  Geol 55  1 2  1 7  Kdel 20 

0 

0 

0 

0 

0 

0 

1 5 ' 14 18 1 9  1 "  0 

1 ' " 1 5" 20 21  

2 3  24 25 '  0 

25 "  1 0  8 3 

9 1 6  7 0 

6 2 0  

0 

22 0 

235 38 0 

225 36 0 

235 36 0 

2 1 5  34 0 

1 80 24 0 

1 20 1 0  0 

1 680 232 

1 5  14 Keol 20 18 1 9  

20 2 1  Rdel 55 22 0 

23 24 Reol ss  25 0 

1 0  9 8 Ddel 55  0 

3 Deol 55 6 7 16 0 

2 0 

Table E . 50 :  I mprovement by coord ination . Fleet size = 6 .  

0 

Dist 

30 

0 38 

38 

34 

38 

36 

20 

1: 
238 



462 Appendix E 

(v i )  A l l  other demands = 50 

Route Load 

0 4 5  1 1  1 2  0 200 

o 13 1 0 200 

0 14 17 18 1 9  0 200 

0 1 5  20 2 1  2 2  0 200 

0 23 0 1 50 

0 24 25 1 0  0 1 50 

0 7 1 6  9 8 0 200 

0 6 3 2 0 1 50 

1450 

Table E . 51 : No coord i nation . Fleet size = 6 .  

Sp litt ing 

Distance 

32 

24 

40 

36 

32 

26 

24 

1 0  

224 

Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 

4 5 1 1  1 2  l '  0 

1 "  1 3  3 0 

1 5 ' 14 17 18 19  0 

1 5" 20 2 1  2 5  2 2  0 

23 24 0 

1 6  9 7 6 0 

1 0  8 2 0  

235  32 0 

2 1 5  2 6  0 

2 1 5  40 0 

235  40  0 

200 34 0 

200 24 0 

1 50 34 0 

1450 230 

4 5 

1 3  

1 5  

2 2  

24 

1 6  

1 0 

1 1  pel 35 12 0 

Fcol 35 1 7  14 ( 1 5 )de' 2O 

( 1 5 )coI 20 18 1 9  20 2 1  

2 3  Qdel 35 0 

Qcol 3 5 25 10 9 8 Ddel 20 

7 6 Dcol 20 3 2 0 

Table E . 52 :  Improvement by coord ination .  Fleet s ize = 6 .  

D ist 

34 

0 36 

0 46 

32 

0 46 

20 

2, 
216  



Depot at 02 

(3) 

D 
E 

G 

F 

H 
13 

R 

�---r=---==I---Q 

( 14) L 
'----o-t'----o 1 8  

1 7 

K 

20 p 

Figure E A :  Coord ination site locations used i n  improvement by 

coordination for systems w ith depot at D2.  The s ites a re generated 

with in the improvement process and a re not pre-selected . 

The investigation inc ludes systems of several nodes with demand 1 5 0  and a l l  other  

nodes with equa l  deman d :  

- Al l  demands= 1 50 

- Demand ( 1 3 ) = Demand( 1 6 ) = Demand( 18 ) = Demand(23) = 1 50 

- Demand( 1 6 ) = Demand( 19 ) = 150  

• Demand ( 1 3 ) = Demand(23 ) = 150 .  



All demands: 150 

Route Load D i stance 

o 1 0 1 50 1 6  

o 2 0 1 50 1 4  

0 3 0 1 50 1 0  

0 4 0 1 5 0  2 0  

0 5 0 1 50 3 8  

o 6 0 1 50 6 

0 7 0 1 50 4 

0 8 0 1 50 8 

o 9 0 1 50 6 

0 1 0  0 1 50 2 8  

0 1 1  0 1 50 34 

0 1 2  0 1 50 2 6  

0 1 3  0 1 50 34 

0 1 4  0 1 50 3 0  

0 1 5  0 1 50 3 0  

0 1 6  0 1 50 4 

0 1 7  0 1 50 3 6  

0 1 8  0 1 50 4 0  

0 1 9  0 1 50 40 

0 2 0  0 1 50 46 

0 2 1  0 1 50 3 8  

0 2 2  0 1 50 28 

0 2 3  0 1 50 4 6  

0 24 0 1 50 3 8  

0 2 5  0 1 50 34 

Table E . 53 :  No coordination . Fleet size = 1 6 .  

I 
I 



Spl itting Other forms 

Route Load D istance Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 4 '  0 235 38 0 

1 1  4"  0 2 1 5  34 0 

1 2 '  1 3  0 235 34 0 

1 2 "  1 7  0 2 1 5  3 6  0 

14 '  1 8  0 235 42 0 

14" 19  0 2 1 5  42 0 

1 5 '  20 0 235  48 0 

1 5" 2 1  0 2 1 5  40 0 

22 '  23 0 235  46  0 

22"  24 0 2 1 5  38 0 

2 5  0 1 50 34 0 

9 '  1 0  0 235 28 0 

9 "  8 0 2 1 5  1 0  0 

3 '  1 0 235  16  0 

3 "  2 0 2 1 5  14  0 

7 '  6 0 235 6 0 

1 6  7 "  0 2 1 5  � 0 

3750 5 14 

5 Hdel 85 0 

1 1  Heol 65 1 3  0 

1 2  Hdel 45 (3 )de I 4o 0 

4 Heal 65 17  0 

1 8  Mdel 85 0 

1 9  Meol 8S 20 0 

14 Nde l 85 0 

1 5  Ncol 85 2 1  Qdel 20 

23 

22  

2 5  

1 0  

1 

2 

6 

9 

Qdel 65 0 

Qeol 24 (7 )deI 20 

Adel 8 5  0 

Aeal 8 0 

(3 )deI 85 0 

( 3 )coI 125 3 Vdel 60 

(7 )coI 80 7 0 

0 

1 6  0 

0 

0 

0 

Table E . S4 :  I mprovement b y  coord ination .  Fleet size =  1 2 .  

D istance 

38 

38 

28 

38 

44 

50 

32 

40 

46 

40 

34 

28 

1 6  

1 4  

6 

6 

� 

502 



466 

Demand( 1 3 ) = Demand { 1 6) = Demand {18) = Demand{23) = 150 

( i )  A l l  other demands= 1 00 

Route Load D istance 

0 5 1 1  0 200 4 0  

0 1 3  0 1 5 0  3 4  

0 1 2  1 7  0 200 36 

0 1 4  1 5  0 200 32 

0 1 1 9  0 200 42 

0 1 8  0 1 50 40 

0 3 4 0  200 20 

0 23 0 1 50 46 

0 2 0  2 1  0 200 46 

0 24 25 0 200 40 

0 2 22 0 200 28 

0 6 7 0  200 6 

0 1 0 8 0 200 2 8  

0 9 0 1 0 0  6 

0 1 6  0 1 5 0  .4 
2700 448 

Table  E . 5 5 :  No coord ination . fleet size = l 1 .  

Spl itting 

Route Load 

o 5 1 1  3 '  0 235 

0 1 3  4' 0 235 

0 4" 1 2  1 7  3" 0 235 

0 3 ' "  1 4  1 5  0 2 3 5  

0 1 19 3 .... 0 2 1 0  

0 1 8  2 '  0 235 

0 20 21 22'  0 235 

0 23 22"  0 2 1 5  

o 24 25 2 "  0 2 1 5  

0 6 7 0  200 

0 1 0  8 0 200 

0 9 0 100  

0 1 6  0 1 50 

2700 

Dist 

40 

34 

38 

32 

42 

44 

46 

46 

40 

6 

28 

6 

.4 
406 

Other forms 

Route 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  Hoe! j �  0 

1 3  HCOl 35 4 (3)deI 2o 

17 1 2  (3)deI 35 

1 19 (3)deI 35 0 

0 

1 4  1 5  (3)deI 35 0 

1 8  (3)deI 85 0 

2 0  2 1  pdel 35 0 

23 pdel 85 0 

0 

o 24 2 5  Ycol 1 20 22 (3  }co1 45 2 

(3 )col 1 15 3 0 

0 6 7 0  

0 1 0  8 0 

0 9 0 

0 1 6  0 

Table E . 56 :  Improvement by coordination . fleet size = 1 0 .  

Appendix E 

Dist 

40 

34 

36 

4 2  

32 

40 

46 

46 

46 

6 

2 8  

6 

.4 
406 



( i i )  A l l  other demands=90 

Route Load D istance 

0 5 1 1  0 1 80 40 

0 1 3  0 1 50 34 

0 4 1 2  0 1 80 28 

0 1 7  1 9  0 180 48 

0 1 8  0 1 50 40 

0 20 21  0 180 46 

0 22 24 0 180 38 

0 23 0 1 50 46 

0 25  2 0 180 34 

0 14 15 0 180 32 

0 1 3 0 1 80 1 6  

0 6 7 0  180 6 

0 9 0 90  6 

0 1 6  0 1 50 4 

0 1 0  8 0 18Q 28 

2490 446 

Table E . 57 :  N o  coord ination .  Fleet size= l 1 .  

Sp li tt ing Other forms 

Route Load D ist Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  4 '  0 235 40 0 5 1 1  Hdel 55 0 

1 3  4"  3 '  0 235 34 0 4 Heol 55 Jde l 50 1 3  0 

3 "  1 2  1 7  6 '  0 235 36 0 1 2  Jeol 50 1 7  Kdel 15 3 0 

l '  1 5  14  0 235 3 2  0 1 8  Kdel 20 ( 1  )de l  6 5  0 

6"  1 8  0 225 40  0 1 9  Keol 35 14 15 0 

7 1 9  1 "  0 2 1 5  42 0 20 21  Rdel 55 0 

20 2 1  2' 0 235 46 0 23 Reol 55 24 ( 1  )eol 65 1 0 

23 22' 0 235 46 0 22 25 0 

24 25 22" 2"  0 220 40 0 1 0  8 0 

1 0  8 0 180 28 0 1 6  0 

9 0 90 6 0 9 7 0 

1 6  0 1 50 '1 0 2 6 0  

2490 394 

Table E . 58 :  Improvement by coord ination .  Fleet size = 1 0  

(spl itting)  and 9 (other forms) . 

Dist 

40 

34 

38 

42 

44 

48 

50 

34 

28 

4 

1 0  

14 

386 



468 

( i i i )  Al l  other demands=80 

Route Load D istance 

0 5 1 1  0 1 60 40 

0 1 3  1 2  0 230 34 

0 1 4 0  1 60 20 

0 1 7  18 0 230 42 

0 14 1 5  0 160 32 

0 3 1 9  0 1 60 40 

0 20 2 1  0 1 60 46 

0 23 24 0 230 48 

0 22  25 0 1 60 34 

0 2 6 0  1 60 14  

0 8 1 0  0 1 60 28 

0 1 6  9 0 230 1 0  

0 7 0 80 1: 
2280 392 

Table E . 59 :  No coord ination . Fleet size = 1 0 .  

Spl itting  

Route Load D ist 

0 5 1 1  4' 0 235 40 

0 4 "  1 3  1 2  0 235 34 

0 1 7  1 8  1 4 '  0 235 44 

0 1 5  14" 19  0 235 44 

0 20 2 1  2' 0 235 46 

0 2" 23 24 0 235 48 

0 22 2 5  6' 0 235 34 

0 1 3 6 "  7 '  0 235 1 6  

0 1 0  8 7 "  0 170  30  

0 1 6  9 0 230 1 0  

2280 346 

Other forms 

Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  Hdel 75 0 
4 Heol 7S 1 3  1 2  0 

1 7  1 8  Kdel S 0 

1 5  14 Keol S 1 9  0 

20 2 1  Udel 7S 0 

23 24 Ucol 75 1 0 

22 25 ( 3)cteI 75 0 

6 2 (3)eoI 75 3 0 

7 0 

8 1 0  0 

1 6  9 0 

Table E .60 : I mprovement by coord ination . Fleet size=8 .  

Appendix E 

D ist 

40 

34 

42 

44 

46 

50 

34 

1 0  

4 

28 

1 0  

342 



( iv )  Al l  other demands=70  

Route Load D istance 

0 5 1 1  4 0 2 1 0  

0 1 3  1 2  0 220 

0 1 7  1 8  0 220 

0 14  15  1 9  0 210  

0 2 3  24 0 220 

0 2 20  2 1  0 2 1 0  

0 22 25 1 0 2 1 0  

0 9 1 0  8 0 2 1 0  

0 3 6 7  0 210  

0 1 6  0 1 50 

2070 

Tab le  E . 6 1 : No coord ination . Fleet size=8 .  

Sp litt ing 

40 

34 

42 

48 

48 

46 

36 

28 

1 0  

1 
336 

Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  4 3 '  0 235 

13 12 3 "  0 235 

17 18 3'" 0 235 

14  15  1 9  3 '"' 0 225 

23 24 0 220 

2 21 20  0 2 1 0  

40 0 

34 0 

42 0 

48 0 

48 0 

46 0 

5 1 1  4 (3 )deI 2 5  0 

1 3  1 2  (3 )deI 15 0 

1 7  18 ( 3 )de I 15  0 

14 1 5  19  (3)COI 45 

23 24 (3 )de I 15 0 

2 2 1  20  ( 3)deI 25 

3 

0 

22  25 1 0 2 1 0  3 6  0 22 25 1 (3)coI 50 6 0 

9 1 0  8 0 2 1 0  28 0 9 1 0  8 0 

6 7 0  140 6 0 7 1 6  0 

1 6  0 1 50 1 
2070 332 

Table E . 62 :  Improvement by coordination . Fleet size=8 .  

D ist 

40 

34 

42 

0 48 

48 

46 

36 

28 

� 
330 



470 

Cv) Al l other demands=60 

Route Load Distance 

0 5 1 1  4 0 180 

0 1 3  1 2  0 210  

0 1 7  1 8  0 2 1 0  

0 14  1 5  1 9  0 1 80 

0 2 3  24 0 2 1 0  

0 2 20 2 1  0 1 80 

0 22 25 1 0 180 

0 9 1 0  8 0 1 80 

0 3 6 7 0  1 80 

0 1 6  0 1 50 

1 860 

Table E .63 : No coord ination . Fleet size=8 .  

Sp li tt ing 

40 

34 

42 

48 

48 

46 

36 

28 

1 0  

1 
336 

Other forms 

Route Load D ist Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  4 3 '  0 235 

13 1 2  3" 0 2 1 5  

1 7  1 8  6 '  0 235 

14  15  1 9  6" 0 2 1 5  

2 3  24 7 '  0 235 

2 21  20 7"  0 2 1 5  

2 2  2 5  1 0 180 

9 1 0  8 0 180 

1 6  0 1 50 

1 860 

40 0 

34 0 

42 0 

48 0 

48 0 

46 0 

3 6  0 

28 0 

1 0 

326 

5 1 1  Jde l 5 5  12  0 

4 1 3  Jeol 5 5  1 7  Kdel 20 

1 8  19  Kcol 20 
3 1 1 5  0 

20 2 1  Qdel 5 5  

23 24 Qde l 2 5  

22 25 Qcol 80 

9 1 0  8 0 

1 6  0 

14 0 

2 0 

0 

6 7 0 

Table E . 64 :  Improvement by coordi nation . F leet size=8 .  

0 

Appendix E 

D ist 

42 

44 

48 

30  

46  

48 

36 

28 

1 
326 



(v i )  Al l  other demands = 5 0  

Route Load 

0 5 1 1  4 3 0 200 

0 1 2  1 3  0 200 

0 1 1 5  1 4  1 7  0 200 

0 1 8  1 9  0 200 

0 20 2 1  2 6 0 200 

0 23 24 0 200 

0 22 25  10 8 0 200 

0 1 6  9 0 200 

0 7 0 50 

1 65 0  

Table E . 65 :  No coord ination . Fleet size=7 .  

Sp l itting 

D istance 

40 

34 

40 

46 

46 

48 

38 

1 0  

1: 
306 

Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  4 3 7 '  0 235 40 0 5 1 1  4 Jdel 35 3 0 

1 2  1 3  7" 0 2 1 5  34 0 1 3  Jcol 35 1 2  1 7  Kde l 20 

1 15 14  1 7  6 '  0 235 40 0 1 8  1 9  Keol 20 14 0 

1 8  1 9  6 "  0 2 1 5  46 0 1 1 5  0 

20 2 1  22 2 0 200 48 0 20 2 1  Sd e l 35 22 2 

23 24 0 200 48 0 23 24 Seal 35 6 7 0  

9 8 1 0  2 5  0 200 40 0 25  10  8 9 0  

1 6  0 1 50 1: 0 1 6  0 

1650  300 

Table E . 6 6 :  I mprovement by coord ination . Fleet size=7 .  

0 

D ist 

42 

0 34 

46 

3 0  

48 

48 

40 

1: 
292 



472 

Demand ( 1 6) = Demand ( 19) = 150 

( i )  Al l other demands= 1 00 

Route Load Distance 

0 5 1 1  0 200 40 

0 1 3 4 0 200 34 

0 1 2  1 7  0 200 3 6  

0 1 1 8  0 200 42 

0 1 4  1 5  0 200 3 2  

0 1 9  0 1 50 4 0  

0 20 2 1  0 200 46 

0 2 3  24 0 200 48 

0 2 2  2 5  0 200 34 

0 10 8 0 200 28 

0 1 6  0 1 50 4 

o 2 3 0 200 14 

o 6 7 0 200 6 

o 9 0 100 Q 
2600 4 1 0  

Table E . 67 :  No coord ination . Fleet size = 1 0 .  

Splitting 

Route Load 

o 5 1 1  3 '  0 2 3 5  

o 4 1 3  3"  0 2 3 5  

0 3 '"  1 2 1 7  7'  0 2 3 5  

0 6' 1 1 8  0 2 3 5  

0 6" 14 1 5  0 2 3 5  

0 7" 6'"  1 9  0 2 3 5  

0 2' 20 2 1  0 2 3 5  

0 2 "  23 24 0 2 3 5  

0 21 1 1  22 2 5  7'" 0 2 3 5  

0 1 0  8 7 " "  0 2 3 5  

0 16 0 1 5 0  

0 9 0 100 

2600 

D ist 

40 

34 

3 6  

4 2  

3 2  

40 

46 

48 

34 

30 

4 

Q 
392 

Other forms 

Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  ( 3 )deI 3 5  0 

4 1 3  ( 3 )deI 35 0 

12 1 7  ( 3 )coI 65 3 

1 4  1 5  ( 3 )deI 3 5  0 

1 1 8  ( 3)deI 35 0 

1 9  

2 0  

2 2  

( 3 )coI 15 6 0 

2 1  Tdel 3 5  0 

25 rel 35 0 

0 

23 24 Tcol 70 2 ( 3 )coI 60 0 

9 7 0  

10 8 0 

16 0 

Table E . 68 :  I mprovement by coordination . Fleet size = 1 0 .  

Appendix E 

Dist 

40 

34 

36 

32 

42 

40 

46 

34 

48 

10 

28 

1 
394 



( i i )  A l l  other demands = 90 

Route Load Distance 

0 5 1 1  0 1 80 4 0  

0 1 3  4 0 180 34 

0 1 2  1 7  0 180 36 

0 14 1 5  0 180 32 

0 1 9  0 1 50 40 

0 1 1 8  0 1 80 42 

0 2 0  2 1  0 180 46 

0 23 24 0 180 48 

0 22 25 0 180 34 

0 1 0  8 0 180 28 

0 2 3 0  180 14 

0 6 7 0  180 6 

0 9 0  90 6 

o 1 6  0 1 50 � 
2370 4 10 

Table E . 6 9 :  N o  coord ination . Fleet size = 1 0. 

Splitting Other forms 

Route Load Dist Route D ist 

0 5 1 1  4' 0 235 40 0 5 1 1  Hoe, ,,,, 0 4 0  

0 4" 1 3  1 2  3 '  0 235  34 0 4 1 3  Heol 55 1 2  Edel 20 0 36 

0 3"  14 1 5  0 235 32 0 14 15  Ede! 55 0 32 

0 I '  1 7  1 8  0 235  42 0 1 7  1 8  Eeo! 3 5  1 0 44 

0 1 "  1 9  6 '  0 235 42 0 19 Ecol 40 2 3 0 44 

0 2 0  2 1  2 '  6"  0 235  46 0 2 0  2 1  Qdel 55 0 46 

0 23 24 2"  0 235 48 0 23 24 QCOl 55 22 0 50 

0 22 2 5  2 ' "  3 ' "  0 2 1 5  34 0 2 5  1 0  0 38 

0 1 0  8 0 180 28 0 8 9 0  1 0  

0 9 7 0  180 10 0 1 6  0 4 

0 1 6  0 1 50 � 0 6 7 0  Q 
2370 360 350 

Table E .70 : Improvement by coord ination . Fleet s ize = 9  (spl itting)  

and 8 (other forms) .  



474 

( i i i )  All other demands=80 

Route Load Distance 

0 5 1 1  0 1 60 

0 1 3 4 0 1 60 

0 1 2  1 7  0 1 60 

0 14 15  0 160 

0 1 8  1 9  0 230 

0 2 0  2 1  0 1 60 

0 23 24 0 1 60 

0 22 25 0 1 60 

0 1 0  8 0 1 60 

0 1 2 0  1 6 0  

0 3 6 0  1 60 

0 1 6  9 0 230 

0 7 0 80 

2 140 

Table E . 7 1 : No coord ination . Fleet size = 9 .  

40 

34 

36 

32 

46 

46 

48 

34 

28 

18 

10 

1 0  

1 
386 

Sp l itt ing Other forms 

Route Load Dist Route 

o 5 1 1  4' 0 235 40 0 5 1 1  Gael 7� 0 

0 4" 1 3  1 2  3 '  0 235  34 0 1 2  1 7  Gdel 75 0 

0 3 "  1 7  1 6' 0 2 3 5  3 8  0 4 1 3  GCO! 1 5  1 4  Ddel 65 0 

o 1 8  1 9  0 230 46 0 1 8  1 9  Ddel 5 0 

0 20 2 1  2' 0 235  46 0 2 0  2 1  Qde! 7 5  0 

0 23 24 2" 6" 7 '  0 235 48 0 2 3  2 4  Qde! 75 0 

0 22 2 5  7 "  0 1 8 5  3 4  0 2 2  25 Qeo! 150 2 Deol 70 1 3 0 

0 1 4  1 5  0 1 60 3 2  0 1 0  8 0 

0 1 0  8 0 1 60 28 0 1 6  9 0 

0 1 6  9 0 230 1 0  0 7 6 0  

2 140 356 

Table E .7 2 :  Improve ment by coordination . Fleet size=8 .  

Appendix E 

Dist 

40 

36 

48 

46 

46 

48 

34 

28 

10 

12 
342 



( iv )  Al l  other  demands=70  

Route 

0 5 1 1  1 3  0 

0 1 8  1 9  0 

0 4 1 2  1 7  0 

0 1 1 4  1 5  0 

0 23 24 25 0 

0 20 2 1  22 0 

0 1 0  8 7 0 

0 6 3 2 0 

I 0 1 6  9 0 

Load 

2 1 0  

220 

2 1 0  

2 1 0  

2 1 0  

2 1 0  

2 1 0  

2 1 0  

220 

1 9 1 0  

Distance 

44 

46 

38 

32 

50 

48 

30 

14 

1 0  

3 1 2  

Table E . 73 : No  coord ination . Fleet size=7 .  

Splitting Other forms 

Route Load Dist Route 
-

o 5 1 1  1 3  3' 0 2 3 5  44 0 5 1 1  1 3  ( 3)deI 25 0 

0 4 1 2  1 7  3 "  0 235  46 0 4 1 2  1 7  ( 3) deI 25 0 

0 1 8  19 2' 0 235  50  0 1 8  19 Udel 25 0 

0 1 14 1 5  2" 3' " 0 235 34 0 1 14 1 5  Udel 25 0 

o 23 24 2 5  2 '  0 2 3 5  50 0 3 ( 3)eoI 50 23 24 25 

0 20 2 1  22 2" 0 235  48 0 2 Ucol SO 22 21  2 0  0 

0 9 1 0  8 0 2 1 0  28 0 9 8 1 0  0 

0 7 6 0  1 40 6 0 7 6 0 

0 1 6  0 1 50 4 0 1 6  0 

1 9 1 0  3 1 0  

Table E . 74 :  I mprovement by coord ination . Fleet size = 7 .  

Dist 

44 

38 

46 

34 

0 50 

5 0  

28 

6 

4 
300 



476 

Cv) A l l  other demands=60 

Route Load Distance 

0 5 1 1  1 3  0 180 

0 1 8  1 9  0 2 10 

0 4 1 2  1 7  0 180 

0 1 1 4  1 5  0 180 

0 23 24 2 5  0 180 

0 2 0  2 1  22 0 180 

0 1 0  8 7 0 1 80 

0 6 3 2 0 180 

0 1 6  9 0 2 1 0  

1 680 

Table E . 7 S : No coord ination . Fleet size = 7 .  

S p litting 

44 

46 

38 

32 

5 0  

4 8  

30 

14 

1 0  

3 1 2  

Other forms 

Route Load Dist Route 

o 4' 5 1 1  1 3  0 235 44 o 5 1 1  1 3  Gdel 55 0 

0 

0 

0 

0 

0 

0 

0 

4" 1 2  1 7  3 6' 0 235 38 0 1 7  1 2  Gcol 55 4 3 Cdel 50 

1 1 4  1 5  6" 7' 0 235 3 2  0 1 1 4  1 5  Ccol 5 7 0 

1 8  1 9  7" 0 225  46 0 1 8  19 CCOl 35 6 0 

2' 22 2 1  2 0  0 235 48 0 22 Sdel 55 2 1  2 0  0 

2" 23 24 25 0 185 50 0 2 3  24 SCOl 55 25 2 0 

8 1 0  9 0 180 28 0 8 1 0  9 0 

1 6  0 1 5 0  .1 0 1 6  0 

1 680 290 

Table  E . 7 6 :  I mprovement b y  coord ination .  Fleet size = 7 .  

0 

Appendix E 

D ist 

44 

38 

32 

46 

48 

5 0  

28 

.1 
290 



Appendix E 

(v i )  A l l  other demands= 50 

Route 

0 5 1 1  

0 1 2  1 7  

0 1 9  14 

0 1 5  20 

0 22 25 

0 1 0  8 

0 1 6  9 

0 7 0 

Load 

1 3  4 0 200 

18 1 0 200 

0 200 

2 1  2 0 200 

24 23 0 200 

3 6 0 200 

0 200 

50 

1450 

Table E . 77 : No coord ination . Fleet size=6 .  

D istance 

44 

44 

42 

48 

50  

34 

1 0  

.4 
276 

Spl itt ing Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 

5 1 1  1 3  4 3' 0 235 44 0 5 1 1  1 3  4 Vdel 35 0 

1 2  1 7  18 1 3 "  6 '  0 235 44 0 1 Veal 35 1 2  1 7  1 8  

1 9  1 4  6" 0 230 42 0 19  Lcal 70 14 1 5  0 

1 5  20 2 1  2 7 '  0 235 48 0 3 2 2 1  20 pdel 35 0 
22 23 24 25 7" 0 2 1 5  5 0  0 22 23 24 25 Peal 35 
1 6  0 1 50 4 0 9 1 0  8 0 

9 1 0  8 0 1 50 28 0 1 6  7 0 

1450 260 

Table E . 78 :  Improvement by coord ination .  Fleet size=6 .  

Ldel 70 

6 0 

477 

Dist 

44 

0 44 

44 

46 

50 

28 

2 
262 



478 

Demand ( 1 3) = Demand( 23) = 150 

( i )  A l l  other demands= 1 00 

Route Load Distance 

o 5 1 1  0 200 

0 13 0  1 50 

0 4 1 2  0 200 

o 18 1 7  0 200 

o 1 19 0 200 

0 1 4  1 5  0 200 

0 20 2 1  0 200 

0 23 0 1 50 

0 24 25 0 200 

0 2 22 0 200 

0 1 0  8 0 200 

0 3 6 0  200 

0 1 6  9 0 200 

0 7 0 100  

2600 

Table E .79 : No coord ination . Fleet size = 9 .  

4 0  

34 

28 

42 

40 

32 

46 

46 

40 

28 

28 

10 

1 0  

� 
428 

Spl itting Other forms 

Route Load D ist 

0 5 1 1  4' 0 235  40 

0 4" 1 3  6' 0 235  34 

0 l '  1 2  1 7  0 235 38 

o 1 " 1 4  1 5  0 235  3 2  

0 1 ' " 18 1 9  0 230 46 

0 22' 2 1  2 0  0 235  48 

0 22" 23 6" 0 235 46 

0 6' "  24 25 0 235  40 

0 6""  3 2 0 225  1 4  

0 1 0  8 0 200 28 

0 1 6  9 0 200 1 0  

0 7 0 100  � 
2600 380 

Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  Hoe! 3� 0 

1 3  HCOl 35 4 0 

Edel 35 1 2  1 7  0 

Edel 35 14 15 0 

18 1 9  Ecol 70 1 
pdel 35 20 21 0 

pdel 55 23 0 

22 PCOl 90 24 25 

10 8 Bdel 35 0 

2 3 Bdel 35 0 

7 6 Beol 7O 9 0 

1 6  0 

0 

0 

Table E .80 : I mprovement by coordinatio n .  Fleet s ize = 8 .  

Dist 

40 

34 

36 

32 

48 

46 

46 

42 

28 

14 

14 

� 
384 

Appendix E 



( i i ) Al l  other demands=90 

Route Load Distance 

o 5 1 1  0 180 40 

0 1 3  0 1 50 34 

0 4 1 2  0 1 80 28 

0 1 8  1 7  0 180 42 

0 1 1 9  0 180 40 

0 14 1 5  0 180 32 

0 2 0  2 1  0 180 46 

0 23 0 1 50 46 

0 24 25 0 180 40 

0 2 22 0 180 28 

0 1 0  8 0 180 28 

0 3 6 0  180 10  

0 1 6  9 0 180 10 

0 7 0 90 .4 
2370 428 

Table E . 8 1 : No  coordination. Fleet size=9 .  

Spl itting 

Route Load 

0 5 1 1  3 '  0 235 

0 1 3  4' 0 235 

0 4" 1 2  1 7  l '  0 235 

0 1 8  1 9  1 " 3" 0 235  

0 14 1 5  3 ' "  2 '  0 2 3 5  

0 22'  2 1  2 0  0 235  

0 22" 2 3  2" 0 235  

0 2 ' " 24 2 5  0 185 

0 1 0  8 0 180 

0 1 6  9 0 180 

0 7 6 0  180 

2370 

Dist 

40 

34 

38 

46 

34 

48 

46 

40 

28 

1 0  

1 0  

3 74 

Other forms 

Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 1 1  Hoe, ss 0 

1 3  Heol 55 1 2  Vdel 50 

17 1 8  Kdel 55 0 

3 V col 50 1 9  6 0 

1 5  1 4  Keol 55 4 0 

20 2 1  Rdel 50 0 

23 Reol 50 24 Sdel 45 

2 22 Seol 45 25 0 

1 0  8 0 

1 6  9 0 

7 0 

Table E .82 : Improvement by coord ination .  F leet size=9 .  

479 

Dist 

40 

0 3 6  

42 

40 

36 

48 

0 50 

34 

28 

10 

.4 
368 



480 

( i i i )  Al l  other demands=80 

Route Load D istance 

0 5 1 1  0 1 60 

0 1 3  4 0 230 

0 1 2  1 7  0 1 60 

0 1 4  1 5  0 1 60 

0 1 8  1 9  0 1 60 

0 20 2 1  0 1 60 

0 23 24 0 230 

0 22  25 0 1 6 0  

0 1 0  8 0 1 60 

0 1 6  9 0 1 60 

0 1 2 0 1 60 

0 3 6 0 1 60 

0 7 0 80 

2 140 

Table E .83 : No coord ination . Fleet size = 8 .  

Sp l itting 

40 

34 

36 

32 

46 

46 

48 

32 

28 

1 0  

1 8  

1 0  

1 
386 

Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 

0 
0 

0 

5 1 1  4 '  0 235  40  

4"  1 3  1 2  0 235 34 

1 7  14'  15  0 235 40 

14"  18 1 9  l '  0 235 48 

20 2 1  22 '  0 235 48 

22"  23 24 0 235 48 

1" 2 25 0 1 70 38 

10  8 7'  0 235 3 0  
16  9 0 1 60 1 0  

7 "  6 3 0 1 6 5  1 0  

2 140 346 

0 

0 

0 

0 

0 

0 

0 

0 
0 

0 

5 1 1  Hdel 75 0 

1 3  1 2  Heol 75 4 

1 7  1 8  Lde l 75 0 

0 

1 9  LcOl 7 5 14 1 5  ( 1 )de I 70 

1 ( 1 )eoI 70 21 20 pdel 65 

24 25 Peol 65 22 0 

23 2 0 

9 8 (8)deI 75 0 

1 0  (8)eoI 75 6 7 0 

1 6  0 

Table E .84 : Improvement by coordination . Fleet size=8 .  

0 

0 

Appendix E 

D ist 

40 

36 

42 

44 

46 

40 

46 

1 0  

32 

1 
340 



( iv) Al l  other  demands=70  

Route Load Distance 

0 5 1 1  4 0 2 10 40 

0 1 3  1 2  0 220 34 

0 1 7  1 8  1 9  0 2 1 0  4 8  

0 1 14  1 5  0 2 1 0  32 

0 23 24 0 220 48 

0 20 2 1  2 0 2 1 0  4 6  

0 3 22 2 5  0 2 1 0  34 

0 1 6  6 7 0 2 1 0  1 0  

0 9 8 1 0  0 2 1 0  3 0  

1 9 1 0  322 

Tab le  E .85 : No coord ination . Fleet size=8 .  

Sp l itt ing Other forms 

Route 

0 

0 

0 

0 

0 

0 

0 

3' 5 1 1  4 0 

3 "  1 3  1 2  0 

3 ' "  1 7  18 1 9  0 

3 " 11 14 1 5  1 2 '  

2 "  2 3  24 0 

6 2'"  2 1  20 0 

2 " 11 22  25 10  0 

o 9 8 7 0 

o 1 6 0 

Load 

235 

235  

235  

0 220 

235 

235 

235 

2 1 0  

70 

1 9 1 0 

D ist 

40 

34 

48 

32 

48 

46 

38 

1 2  

.4 
302 

Route 

0 

0 

0 

0 

0 

0 

0 

( 3)deI 25 5 1 1  4 0 

( 3)deI 15 1 3  1 2  0 

(3 )deI 25 1 7  1 8 1 9  0 

1 14  1 5  (3 )coI 45 3 

23 24 pdel 15 0 

20 2 1  2 pdel 25 0 

6 (3)coI 20 Pcol 40 22 

0 9 8  7 0 

o 1 6  0 

Table E .86 : Improvement by coordination . Fleet size = 7 .  

0 

25 1 0  0 

D ist 

40 

34 

48 

32 

48 

46 

38 

1 2 

.4 
302 



482 

(v) Al l other demands=60 

Route Load Distance 

0 5 1 1  4 0 180 40 

0 1 3  1 2  0 2 1 0  34 

0 1 7  1 8  19  0 180 48 

0 1 1 4  1 5  0 1 80 32 

0 23 24 0 2 1 0  48 

0 20 2 1  2 0 1 80 46 

0 9 8 10  0 180 30 

0 3 22 2 5  0 1 80 34 

0 1 6  7 6 0 1 80 1 0  

1 680 322 

Table E .87 : No  coord ination . Fleet size=8 .  

Sp litting Other forms 

Route Load D ist Route 

0 l ' 4 5 1 1 0  235 42 0 Edel 5 5  4 5 11 0 

0 1 "  1 3  1 2  0 2 1 5  34 0 1 3  1 2 Eco! 35 1 0 

0 14 '  19  18 1 7  0 235 50  0 1 7  18 1 9  ( 14)deI 55 0 

Appendix E 

D ist 

40 

36 

50 

0 14"  1 5  20 2 1  3 '  0 235 50  0 14 ( 14 )COI 5 5  1 5 20 21 pdel 50  0 50 

0 

0 

0 

0 

23 24 3" 0 220 48 0 23 24 Peol 50 3 0 

22 25 2 0 1 80 34 0 2 22  2 5  0 

1 6  7 6 0 1 80 1 0  0 1 6  7 6 0 

9 8 1 0  0 180 30  0 9 8 10  0 

1 680 298 

Table E . 88 :  I mprovement by coord inatio n .  Fleet size = 7 .  

48 

34 

1 0  

3 0  

298 



Appendix E 

(v i )  A l l  other  demands = 50 

Route 

0 5 1 1  

0 1 3  1 2  

0 1 7  1 8  

0 1 9  20 

0 23 24 

0 22 25 

0 8 1 6  

0 1 6  0 

4 3 

0 

1 5  

2 1  

0 

10  

7 0 

Load Distance 

0 200 40 

200 34 

14  0 200 46 

2 0 200 50 

200 48 

9 0 200 38 

200 20 

50 1 
1450 280 

Table E . 89 :  No coord ination . Fleet size=7 .  

Sp l itting Other forms 

Route Load D ist Route 

0 5 1 1  4 3 l '  0 235 40 0 4 5 1 1  Jdel 35 12 0 

0 1 3  1 2  1 "  6 '  0 235 34 0 1 3  Jcol 3 5  1 3 (6  )del 20 

0 1 7  18 19  14 6"  7 '  0 235 50  0 1 7  18 19  14 (6)deI 3 5  
0 

0 

0 1 5  20 21 22 7" 0 235 50  0 1 5  20 21  22 (6)coI 5 5 6 

0 23 

0 7 ' "  

0 8 0 

24 2' 0 225 48 0 23 24 Udel 3s 0 

2"  2 5  10  9 1 6  0 235 42 0 9 8 10  2 5  Ucol 3 5  

50  10  0 1 6  0 

1450 274 

Table E . 90 :  I m provement by coord ination . Fleet size = 6 .  

2 0 

483 

Dist 

42 

34 

50 

7 0 50 

48 

40 

1 
268 
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Dense g rid 

maxVehCap=235,  maxVehDist = 50 

7 

t--

9 
10 v 

1 1  

8 

1 2  ( 

3 
4 � 
...0. 

5
.A 

6 
1-

1 3  

Figure E . 5 :  Dense g rid  layout.  
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:")23 

')22  

? 1 7  

The investigation includes systems of  several nodes with demand 150  and a l l  other  

nodes with equal  deman d :  

• A l l  demands= 1 5 0  

• Demand(9) = Demand(22) = 1 50 .  
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Figure E . 6 :  Coordination site locations on the dense g rid . The 

sites a re generated with i n  the i mprovement process and are not 

pre-selected . 
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All  demands= 150 

Route Load Distance 

0 1 0 1 50 1 0  

0 2 0 1 50 1 6  

0 3 0 1 50 20  

0 4 0 1 50 20  

0 5 0 1 50 1 4  

0 6 0 1 50 1 2  

0 7 0 1 50 20 

0 8 0 1 50 1 6  

0 9 0 1 50 26  

0 1 0  0 1 50 32 

0 1 1  0 1 50 3 6  

0 1 2  0 1 50 3 2  

0 1 3  0 1 50 14 

0 14 0 1 50 1 6  

0 1 5  0 1 50 1 2  

0 1 6  0 1 50 1 6  

0 1 7  0 1 50 30 

0 1 8  0 1 50 1 6  

0 1 9  0 1 50 1 2  

0 20 0 1 50 1 2  

0 2 1  0 1 50 1 0  

o 22 0 1 50 1 6  

o 2 3  0 1 50 24 

o 24 0 1 50 20 

o 25 0 1 50 1 0  

3750 462 

Table E . 9 1 : No  coord ination . Fleet size = 1 0 .  

Appendix E 



Splitt ing Other forms 

Route Load D istance Route 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 2 1 1 ' 0 235 38 0 1 0  Tdel 85 0 

1 1" 1 0  0 2 1 5  38 0 1 1  Teol 6S 14  0 

2 3' 0 235 20 0 1 2  �e1 85 0 

3"  4 0 2 1 5  22 0 1 5  Teal 65 1 7  0 

5 6' 0 235 1 6  0 1 6  Tcol 40 Qdel 40 0 

6 "  7 0 2 1 5  22 0 1 8  Zde l 85 0 

8 1 3' 0 235 20 0 1 9  Zeal 85 20 0 

9 1 3" 0 2 1 5  3 0  0 22 ydel 0 

14  1 5 '  0 235 18 0 2 1  Yea I 2 3  0 

1 5 "  1 6  0 2 1 5  1 6  0 24 Gdel 0 

1 7  18 '  0 235 30  0 25  Gco1 1 0 

1 8 "  19 0 2 1 5  1 6  0 2 Jde l 0 

20 21' 0 235 1 2  0 3 Jeol 4 0 

22 21"  0 2 1 5  1 6  0 5 Ldel 0 

23 25'  0 235 24 0 7 Leol 6 Qdel 20 0 

24 25" 0 2 1 5  20 0 8 Qde l 20 0 

1 0 1 50 1 0  0 9 Qeol 80 1 3  0 

3750 368 

Table E . 9 2 :  Improvement by coord ination . Fleet s ize =  8 .  

D istance 

32 

42 

32 

32 

20 

16 

14  

16  

24 

20 

1 4  

1 8  

22 

14 

22 

1 6  

34 

388 
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Demand(9) = Demand(22) = 1 50 

( i )  A l l  other demands= 1 00 

Route Load Distance 

0 9 0 1 50 

1 0 22  0 1 50 

0 1 1  1 2  0 200 

0 1 0  8 0 200 

0 1 3  14 0 200 

0 1 5  1 6  0 200 

0 1 7  1 8  0 200 

0 1 9  20 0 200 

0 2 1  23 0 200 

0 24 25 0 200 

0 1 2 0 200 

0 3 4 0 200 

0 5 7 0 200 

0 6 0 1 00 

2 600 

Table E.93 : No coord ination . Fleet size = 7 .  

Sp l i tt ing 

26 

1 6  

38 

32 

20 

1 6  

30 

14  

24 

20 

1 6  

2 2  

22 

1 2  

3 08 

Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 
0 

0 

0 

0 

0 

9 1 3' 0 235 28 0 9 Ndel 85 0 

1 1  12 1 3 "  6 '  0 235  42  0 1 1  Ncol 85 10  rei 20 

1 0  14 1 5 '  0 235 38 0 1 2  14 re' 3S 0 

1 7  1 6  1 5" 0 235 30 0 1 7  1 6  rel 35 0 

1 5"' 18 1 9  0 230 1 2  0 1 3  Teol 90 1 5  xdel 2S 

8 7 6 "  0 235 26  0 1 8  1 9  xdel 35 0 

6"' 5 1 0 2 3 5  1 8  0 2 0  2 1  xdel 35 0 
6""  4 3 0 2 1 0  24 0 22 Xeol 95 23 Edel 80 

2 1 ' 22 0 235 1 6  0 24 Ecol 80 2 5  1 0 

20 23 2 1 "  0 2 1 5  2 6  0 Kdel 35 6 8 0 

2 5  24 0 200 20 0 Kdel 35 7 5 0 

2 0 1 00 1 6  0 2 3 KCOl 70 4 0 

2600 296 

Table E . 94 :  I mprovement by coord ination .  F leet size= 7 .  

0 

0 

0 

Appendix E 

Dist 

28 

40 

32 

30 

24 

1 6  

14  

24 

24 

1 8  

22 

30  

302  



( i i )  Al l  other demands = 90 

Route Load Distance 

0 9 0 1 50 

0 22  0 1 50 

0 1 1  1 2  0 180 

0 1 0  8 0 1 80 

0 1 3  14 0 180 

0 1 5  1 6  0 180 

0 1 7  1 8  0 180 

0 1 9  20 0 1 80 

0 2 1  23 0 180 

0 24 25 0 1 80 

0 1 2 0 1 80 

0 3 4 0 1 80 

0 5 7 0 1 80 

0 6 0 90 

2370 

Table E .95 : No coord ination . Fleet size=7 .  

26 

1 6  

38 

32 

20 

1 6  

30  

14  

24 

20 

1 6  

22 

22 

1 2  

308 

Sp litt ing Other forms 

Route Load Dist Route 

0 9 8 '  0 235 26  0 9 Ndel 85 0 

0 1 3  10  8"  6 '  0 235 14  0 1 0  Ncol 85 1 1  

0 1 1  1 2  1 5 '  0 235 40 0 1 5  Seol 35 1 4  

0 14  16  1 5 "  0 2 1 5  20 0 1 6  0 

0 1 7  1 8  19 '  0 235 30 0 1 7  18 Zdel 55 

0 19"  20 2 1  0 2 1 5  1 6  0 1 9  2 0  Zcol 40 

0 22 25 '  0 235 20 0 22  Zeol 15 2 5  

0 23 24 25" 0 1 8 5  26  0 23 24 Gdel 0 

0 3 4 0  1 80 22 0 Ddel 5 1 0 

0 6 "  7 5 0 1 90 24 0 3 4 Gcol 2 0 

0 1 2 0  180 1 6  0 8 7 Deal 6 0 

2370 254 

Table E .9 6 :  Improvement by coord ination . Fleet s ize =  6 .  

1 2  Sdel 50 

1 3  0 

0 

2 1  0 

0 

D ist 

28 

0 40 

22 

1 6  

30  

1 8  

2 0  

2 6  

1 8  

3 2  

30 

280 
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( i i i )  Al l other demands=80 

Route Load Distance 

0 1 2 0 160  

0 3 4 0 1 60 

0 5 6 0 1 60 

0 7 8 0 160 

0 9 1 0  0 230 

0 1 1  1 2  0 1 6 0  

0 1 3  1 4  0 1 60 

0 1 5  1 6  0 1 60 

0 1 7  1 8  0 1 60 

0 1 9  20 0 1 60 

0 2 1  22 0 230 

0 23 24 0 1 60 

0 2 5  0 80 

2 140 

Table E .97 : No coord ination . Fleet size = 6 .  

1 6  

22 

1 6  

24 

32 

38 

20 

1 6  

30  

1 4  

1 6  

26 

1 0  

280 

Sp l itt ing Other forms 

Route Load D ist Route 

0 l ' 2 3 0 235 20 0 1 2 Hdel 75 0 

0 1 "  4 5 6 '  0 235 24 0 3 4 Hdel 75 0 

0 6 "  7 8 1 3' 0 235 30 0 5 6 Heol 150 7 8 o pdel 65 

0 9 1 0  1 3" 0 235  32 0 1 3  Peol 65 1 1  1 2  Sdel 60 0 

0 1 3'"  1 1  1 2  14'  0 235 38 0 9 1 0  0 

0 14"  1 6  1 5  0 1 7 5  20 0 1 4  Seol 60 1 5  1 6  Vde l 55 0 

0 1 7  1 8  1 9' 0 235  30  0 1 7  1 8  Veol 55 1 9  0 

0 1 9" 20 21  0 1 6 5  1 6  0 20 2 1  0 

0 22  23 0 230 24 0 22 23 0 

0 24 2 5  0 1 60 20 0 24 2 5  0 

2 140 2 54 

Appendix E 

Dist 

1 6  

22 

0 32 

42 

32 

22 

34 

14 

24 

2 0  

258 

Table E .98 : I mprovement by coord ination .  F leet size = 6  (splitting )  

and 7 ( other forms ) .  



( iv)  A l l  other demands = 7 0  

Route Load 

0 9 8 0 220 

0 22 23 0 220 

0 2 3 4 0 210  

0 5 6 7 0 2 1 0  

0 1 0  1 1  1 2  0 2 1 0  

0 1 3  1 4  1 5  0 2 1 0  

0 1 6  1 7  1 8  0 2 1 0  

0 1 9  20  2 1  0 2 1 0  

0 24 25 1 0 2 1 0  

1 9 1 0  

Table E . 99 :  No coord in ation . Fleet size=6 .  

No advantage i n  spl itting .  

Other forms 

Route 

0 2 3 4 ( 1 )deI 25 0 

0 6 7 5 ( 1 )deI 25 0 

0 23 24 25 (1  ) col 50  1 0 

0 2 1  22 0 

0 8 9 0  

0 Udel 2S  1 0  1 1  1 2  0 

0 Udel 25 1 7  1 8  19  0 

0 1 3  14 Ucol 50 1 5  1 6  0 

0 20 0 

D istance 

26  

24 

22 

24 

40 

22  

30 

16 

24 

228 

D ist 

22 

26  

3 0  

1 6  

26 

40 

30 

28 

1 2  

230 

Table E . I00 : Improvement by coord ination other tha n  spl itting .  

Fleet size= 6 .  
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(v) Al l other demands= 60 

Route Load Distance 

0 1 3  9 0 2 1 0  3 0  

0 1 0  1 1  1 2  0 180 40 

0 8 7 6  0 180 26 

0 14  1 5  1 6  0 1 80 20 

0 1 7  1 8  1 9  0 1 80 30 

0 2 3 4 0 1 80 22 

0 22 20 0 2 1 0  1 8  

0 5 1 25 0 180 20 

0 2 1  23 24 0 1 80 26 

1 680 232 

Table E . 10 1 :  N o  coordination . Fleet s ize = 5 .  

Sp litt ing Other forms 

Route Load Dist Route 

0 

0 

0 

0 

0 

0 

0 

0 

8 9 13 '  0 235 30  0 8 9 Ndel 25 0 

1 3" 10  1 1  1 2  14 '  0 235 40 0 1 3  Neol 25 1 0  1 1  1 2  0 

14" 1 5  1 6  1 8  19 '  0 235 26 0 14  15  16  Vdel 0 

1 7  1 9 "  20 2 1  0 225 34 0 1 7  1 8  1 9  Veal 20 0 

22 23 0 2 1 0  24 0 22  2 1  0 

24 2 5  0 1 20 2 0  0 2 3  24 2 5  pel 0 

l '  2 3 4 0 235 22 0 4 3 2 Feal 1 0 

1 "  5 7 6 0 185 26  0 5 7 6 0  

1 680 222 

Table E . l02 : Improvement by coordination . Fleet size= 5 .  

Appendix E 

Dist 

28 

40 

22 

36 

1 6  

2 6  

26 

24 

218  



(vi ) Al l  other demands = 5 0  

Route Load Distance 

0 1 2 3 4 0 200 22 

0 6 5 7 8 0 200 28 

0 1 3  9 0 200 28 

0 1 0  1 1  1 2  1 4  0 200 40 

0 1 5  1 6  0 1 00 1 6  

0 1 7  1 8  1 9  2 0  0 200 32 

0 2 1  22 0 200 1 6  

0 23 24 25 0 150  26  

1450 208 

Table E . l0 3 :  No coordinatio n .  Fleet s ize = 5 .  

Sp litt ing Other forms 

Route Load D ist Route 

0 25 2 3 4 l '  0 235 24 0 8 Mde l 3 5 7 5 6  0 

0 1 "  5 7 8 6 0 2 1 5  30 0 1 3  Meol 35 9 1 0  rei 70 0 

0 1 3  9 0 200 26 0 1 1  1 2  1 4  Teol 20 16 1 5  0 

0 

0 

0 

0 

1 0  1 1  1 2  14  1 5' 0 235 42 0 1 7  18 19  20 0 

1 5" 1 6  1 7  1 8  1 9  0 2 1 5  3 0  0 22  2 1  0 

20 22 0 200 1 8  0 23 24 25 0 

24 23 2 1  0 1 50 26 0 1 2 3  4 0 

1450 1 96 

Table E . l04 : Improvement by coord ination . Fleet size= 5 .  

D ist 

28 

36 

42 

32 

1 6  

26 

22 

202 
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Appendix F 

ApPENDIX F 

DATA FOR EXAMPLES IN CHAPTER 6 

Standard layout 

7 

1 3  

8 

Fig u re F . l :  Example structure .  

maxVehDist=50 

maxVehCap=200 

495 



496 Appendix F 

Node locations and demands 

The depot is l ocated at [ 1 2 , 1 2 ] .  

Unless stated otherwise, the fol lowin g  node locations a n d  demands apply.  

Node Location Demand 

1 1 9  4 43 

2 1 7  1 5  1 66 

3 1 6  8 1 2  

4 1 8  1 4  28 

5 3 8 1 14 

6 1 8  1 8  1 19 

7 8 1 7  1 18 

8 2 4 3 

9 5 3 3 2  

1 0  8 1 8  1 7  

1 1  9 8 1 8  

1 2  1 6  1 0  63 

1 3  4 1 3  5 8  

1 4  1 3  7 200 

1 5  1 4  8 50 

Tab l e  F. l :  Node l ocations a nd demands. 
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