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Abstract

The classification and counting of pollen is an important tool in the understanding of processes
in agriculture, forestry, medicine and ecology. Current pollen analysis methods are manual,
require expert operators, and are time consuming. Significant research has been carried out into
the automation of pollen analysis, however that work has mostly been limited to the
classification of pollen. This thesis considers the problem of automating the classification and

counting of pollen from the image capture stage.

Current pollen analysis methods use expensive and bulky conventional optical microscopes.
Using a solid-state image sensor instead of the human eye removes many of the constraints on
the design of an optical microscope. Initially the goal was to develop a single lens microscope
for imaging pollen. In-depth investigation and experimentation has shown that this is not
possible. Instead a computer microscope has been developed which uses only a standard
microscope objective and an image sensor to image pollen. The prototype computer microscope
produces images of comparable quality to an expensive compound microscope at a tenth of the

cost.

A segmentation system has been developed for transforming images of a pollen slide, which
contain both pollen and detritus, into images of individual pollen suitable for classification. The
segmentation system uses adaptive thresholds and edge detection to isolate the pollen in the

images.

The automated pollen analysis system illustrated in this thesis has been used to capture and
analyse four pollen taxa with a 96% success rate in identification. Since the image capture and
segmentation stages described here do not affect the classification stage it is anticipated that the

system is capable of classifying 16 pollen taxa, as demonstrated in earlier research.
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Preface

This research began as an investigation into a number of related fields, gradually gathering
structure as knowledge of theory and practicalities of the various fields, particularly optics, was
gathered. The aim of the project is to automate the classification and counting of pollen. This
thesis is one iteration of the product development cycle. The intention in a single iteration is that
it may deliver the intended results, but at worst it will make significant progress towards
achieving the aim. I believe that this research has resulted in a useful prototype system for
capturing pollen images, and a full system that will serve as a valuable basis for future

development.

This research encompasses a range of fields including optics, microscopy, image processing, and
programming. As a result it is not expected that the reader will be familiar with all of these
fields to a great depth. Therefore the background section of this thesis introduces relevant
information in each of the fields. That said, some fundamental background knowledge in the
following areas is expected:

e High school level optics, although a little revision is given in the background.

e A general understanding of image processing, as only the specific techniques used in the

segmentation are presented in the background.
e Basic programming, ideally with knowledge of C++ and MATLAB™,
e High-school level statistics, mostly for interpretation of the texture formulae, and the

mean and variance filter.

A paper detailing the results of the research into capture (sections 3 and 4) was submitted and
consequently presented as a poster presentation at the 2003 Image and Vision Computing New
Zealand Conference held at Massey University, Palmerston North, in November [1]. This was
very well received, and indeed several notable people remarked they while this idea had occurred

to them, they were not sure of its virtue or correctness, but are now convinced, and may consider

[1] C. A. Holdaway. R. M. Hodgson, “Reinventing the Microscope in the Age of Digital Imaging” in /mage and
Vision Computing New Zealand, 2003, pp.286-290.
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applying the idea at their establishments. Additionally a seminar was given to the IIST staff in
August detailing the progress made on the image capture research, and a short summary of my
research into Wavefront Coding was distributed to the IIST staff. The latter is attached at the
appendix of this thesis.

Automation of Pollen Analysis using a Computer Microscope - Craig Holdaway 2004 Page 3



Acknowledgements

My sincerest thanks goes to Professor Bob Hodgson, firstly for providing a project which I felt
was both interesting from a research perspective as well as having potential to produce
marketable results. Secondly, I would like to thank Professor Hodgson in his supervisory role
for his time, patience, knowledge and experience that were all invaluable in completing this

thesis. Thanks also to Juliet Newton for her administrative support.

Thank you to Dr. Donald Bailey for his assistance on many matters of image processing. Your

expertise was invaluable.

Thank you finally to the Pollen Research Group: Associate Professor David Fountain and
Professor John Flenley who provided me with slides and test equipment. Also thanks to Dr.
Yongping Zhang for his fantastic work on the classification, Phil Etheridge for his assistance

with understanding the classification, and Sophie Cremel for preparing some of the slides.

Automation of Pollen Analysis using a Computer Microscope - Craig Holdaway 2004 Page 4



1 INTRODUCTION

Table of Contents

10

L2l SCOPR s s s oo iy oo s i S S R S N o o o S S i S i e
15 2 I oy T o L N e SN ————————————

2  BACKGROUND

.10
11
11
12
13

2.1 L L W B
22 8158 (678 1% | U9f :Tok: ala] o N NN SO PP USROS SRS O T PRSP
23 (0122 (0] 0 hIT ¢ .0 e R T Ter 0 TANUDI. N SN SO O N

23d  CHAFACICHISIIES comminsmnissnmm i omm ea oeim aos sSa ada AR  s ER EN  EA SA  a a RA

15

15
17
17
20
20

2.3 2 The MIcroseope:::ssasismmmmmimiinmmm s s e e v v s i s 21

2.5 IMAGING PRIOGESEING e omsinis i bissi s savausns 5o v v s i s S s s s i 5o 5555 S s Vo A Pt

2D
24

L I I £ T Tl g T S S —— 24

2.5.2  Segmentation

2.6 PRIOR R ES BARCH &t i i S e i e S e L LT

3 CAPTURE - ANALYSIS

....................................................................................................................................... 25

26

28

3] SPECIMEN PREPARATION 5500 xmmsosssssissassicvivaa s iss s mvin oo ins s sssion st s s s easess s oo s sass b s s basbrssn s o

28

Sl T B T I s s o B B R B A S VR 28
B L2 ATIRTIIIIVES. ..o evomenimeisnsssnsts s s msa s s st s o et S s R R R S A A s S e A P P 29

3.2 ANALYSIS OF CURRENT OPTICAL CAPTURE SYSTEMS.ccitieiiisasssciivasiessivsmnasssssssissesssissnsssssissasinsanssssnsesisesses 30

3.2.1  Confocal Microscope

3.2.2 Conventional Microscope with a Camera Attachment

323 Intel Toy MICroReopE — OIXT o vimsmmiismsian i S oo o T oA S TR SR A P 31
HZd  avEIont Coting o mmamt e e T T T S T e S 32
3.3 T S TR, s oscncnriesn e 0 o s S X D T 0 e R A S A RS  S o Ol 33
FeFd: TS st s B e S S A Ol 5% 33

3.3.2  Breaking away from Human Constraints

34 THE DESIGN OF A SINGLE LENS MICROSCOPE FOR USE WITH AN IMAGE SENSOR .ccooiiiiiiiiiiiineesieiaeeesnsnnnnns

37

Idd  BasiC Paramelers.iivicivimnsmmsm i i e e 37
S5 0 DI Ty 1 B S SN SRS e S S B S RO SR SIS N 38

3.4.3  Experiments to Determine Resolution

Automation of Pollen Analysis using a Computer Microscope - Craig Holdaway 2004



3.4.4  Identifying and Quantifying the sources of Image Degrad@tion ...............c.cccoccocvviiiviiinniiiiinniicninns
3.5 N G LT S O i i 5 N s e U o N S s e e
3.5.1 Feasibility of a Single Lens MiCFOSCOPE.........c..cvccueiivreveiiiiiisiisescsesssesiesssssesssssasessaessesesaasssssesaesssesens
FoED  ATEBIRONVES i it s a0 s R S e iy v g A s

4 IMAGE CAPTURE SYSTEM DESIGN

4.1 S R I A O B E T T B s ot oaocss i oA A e A A0 S A3 8 S T R A e o e (i PR AT S
4.2 CAMERA REGUIREMENTS et i s it b s i i v it oo diasaemissinse

4.3 SELECTING TLLUMINATION 1.vevvvieieesesseneseesseessesssssssssssssssssasssssssssssessnsssessssssessassosssssnsssssessssssssasssssnssssssasssss

4.3.1 Optical Wavelength

A I R DTl T i T o O N o I e T S T R S S R
44 MECHANICAL DISCUSSION ....ccciiiiiiieiiisiessmssssssessssssemesissesmessassessssisssssssessssssssssssssssessasssssassssasssssssasssnsssnnsss
4.5 FINAL DESIGN OF A COMPUTER MICROSCOPE ....ccciiviiiieiiumsiiieiessmrsnssanssssesinesssssssiasssssisesssasasasssssnsassnssnnssss

5 SEGMENTATION

.63
)
..66

5.1 S N N T LI B N TR TN ETIE oiminsnessman ot e 8 AR e S e R S S P s S PR AN
Bl DR R IS s s A S s G 5 S e S L i
S L2 Stene ABUIISIS v is s s s AR S RS A S R A R
5.2 T T AP PIOATRIES o osiirmiscosnsoss ey mpanisbs e b S s o K e b SRR A A S R S8
Nl BaSTE MEtHOUS vz s s A e SN DS R A
§.2.3  Oplical Densily SUB=SCOTIONINE ciswsnomssmvsmissmmvensis o s s s caiosssss oo s s SRS 1k S35 e A Re A Hl S

5.2.4  Initial Approaches: Summary

53 DDEEPER ATNALYSIS vvvvevrirsenssesersrsisasssssssnssrsnsssesnnensssssbsshyssssisasmes s sssessssssssssssss s sssnssssssssseassssasssnesssanssostoss

5.3.1  Test Image Statistics

5.3.2  Mean and Variance Filter

3.3.3 Edge Statistics and ERRGNCEMERIS ... esmimesssomsnssonsnssspsosssrsnsssssssnnsnsassssnusssnsssnssss

5.3.4  Region Matching

54 EINALALGORITHM ocinaismimimmm s e i si s

6 INTEGRATION

o |

gD

.81

6.1 ANALYSIS OF OPERATOR INTERACTION wuucvisivaiimsinsvivasvis ittt isavs s iovabe soas sovessrisimnssss s snniidn

6.1.1  Full Automation

612 Calibration b EXUMDIE. ..o s s s s st e sy

6.1.3  Summary
6.2 CLASSIFICATION
6.3 INTEGRATION

6.3.1  Testing

Automation of Pollen Analysis using a Computer Microscope - Craig Holdaway 2004

............................. 85

.47
wil
1
wF

53

oD
.60
.62

62

67

.67
.67

68

71
73
74
75

75
75
78
79

84

84



B:3:2 R o i i R R R R R T S e S T A O
6.4 CONCLUSIONS AND: RECOMMENDIATIONS ovrscsssssssssssssssssssssssosssmssasivmsssnssususssssenssnnsdsnpisossnmsspnsonssssisnsumssons D1
91

6.4.2  SEZMENIALION.............oeeeeereeieieririertsiee e e ssas s as s s stsese e s asssebsssesbasasssasse s b aasesbesbassseseerasnsssesbaestessanssssenne DD

043 ClOSSIICHIION  cissrmsmsrssssssrmmsnnims e srs b s R ST S B S R R PR S S WO SR R SRR 93

i T aP I o s e a0 A S oo T S B R e e e e s 93

G4 COBEIUSTON: o crr onpsarsssmarsmesmesmsssoznssnsssnssnsasns bxs o kAR e AR S SR R SRR S S £ ¥ EYR SR PAS SO A FR BT R S EAR S AT 94

o I G T o,

7  APPENDICES 98

Tondd SOUREE CODE s, uunstrsevens vavesssnssssvssnsess s s st s S5m0 155 S S50 VSR SN S RS SFE D
Tl - BaSIOMEIROUS oo cimvetina s s o o e s s e e B s el st
ZiliZ  Teature BIHING . . cocmmmmsionimirmsmarissmmh aspns s s ST A A P AR SRR SRR SR S SRR RS AR PR S AR B AL ARS8 S 515 T
Tl (CDECHE IVBIE cosomsnunsynsasyenomses e oot e R A S D P S T SO 105
Tl MEarER Vot A8 P IIOF e oy s e S S T s s s 108
7.5 EdGE DELECHION .........nooeeeeereivicreiierevieeeeeresiees e esnssnsensen s evnsssseseensenstesrnsrnssseessssnsesrnesssesseesasessesrneeneeses 4 08
7.1.6  Complete Segmentation Algorithm.......... T 109
L7 Traingand Testing Systems (V2:01) v s s s s i i 111
7.1.8  Complete Integration Algorithm (v2.02).................... . . ORI S e 115

T2 REINVENTING THE MICROSCOPE IN THE AGE OF DIGITAL IMAGING «..cuviarieiniiinieeiris e e e eesreaseineeseeseesesees 125

T3 ANINTRODUCTION TOWAVEIRONT CORING G rimramain s amiissisims Ssaamnissnsng 130

7.4 o o I T T N e e 133

Automation of Pollen Analysis using a Computer Microscope - Craig Holdaway 2004 Page 7



List of Figures

Fiplire T Sy Tem COICPTROW s voussismsssmssorins somassoms o s sim e oo s o SR ST S T B s s s ol
Figure 2 Scanning Electron Microscope images of a Grass Pollen grain (left) and an Oak Pollen grain (vight) [] . 15
Figure 3 Compound Optical Microscope Images, with the background removed, of (left to right) Alopecurus

‘pratensis; Alnus; Cedrus, Acaeia dealbaia......c.cwiimmiinninmaninidimmmnmmissimsi e a0
Figure 4 Simple Plano-Convex Lens SYSTEM...........ccccvceieuiioeeiiieeeirieieiceieeeieesiieesaetaresssesesteessaesesesssesssessesssesessesseess 10
Fiairie S DD O FTEIL ousoinvesnsvisvossnisusmmenssssssmiciss s ot s o5 s os s b AH RS PR Ve A AR TR s
Figtive 0 Slide Soammimg B APl s R S R (S e o o S B s e e i DG
Figure 7 Intel Toy Computer MicroScope QX3 ........cccuvioiiiiiiiiiiieiiiieisiesescsne st seeece e sseessonestessssesssnnsassnesnssseses 3
Figure 8 Olympus BX2-51 in use (left) and cutaway (Yight) []......c.cooooiiniiiiiiiiiiiiiiciiiiniiicisicsseiceseecsiveneees 34
Figure 9 4 square from.an England FInder ... oiciiiimsiaiaimmioiniaiemmsivemis i s aamiiisni 38
FEEtre (1 sttty O SEEUD vt stnsssss s R AR s oA e s R et R i R B 39
Figure 11 The effect of applying a narrow-Band filler..............ccccoviierivicivinsieiiissrisiosessssenssassessssssssssassessssssesses 40
Figure 12 Experimental Setup..c..ccxiivimiiismmsmsimmmiim i dd
Figure 13 Sections (300 * 300 pixels) of Images Captured at 20x Magnification ...............cccocvvevvvvccvccncvnvccncceee. 44

Figure 14 Sections (300 * 300 pixels) of Images Captured at 16x MagnificQtion ................ccccooceiviiiciciicccinccen. 45
Figure 15 Sections (300 x 300 pixels) of Images Captured at 13x Magnification .............c.coccevvvevvrireeenienscnnannnans 46
Figure 16 Microscope Contrast Comparison. Left: 20x Setup. Right: Compound Microscope 40x..........c.coovvnunenn 47

Figire 17 3pherical Abervalion (§:8.) . vcrmmannimsimia amaissib s i ot s S s s 0
Figure 18 EXperiment@l SEHUP.............cco.covciiiiciiiiiiit ittt ettt sttt ettt e st ese st e eneese stsneeseasneenns D3

Figure 19 Sections(300 * 300 pixels) of images captured with a 10x Objective setup at a magnification of 12x...... 54
Figure 20 Sections(300 * 300 pixels) of images captured with a 40x Objective setup at a magnification of 46.5x... 55
Figure 21 Sections(300 x 300 pixels) of images captured with a 10x Objective setup at a magnification of 15x...... 56
Figure 22 Sections(300 % 300 pixels) of images captured with a 10x Objective setup at a magnification of 22x...... 57
Figure 23 Sections(300 x 300 pixels) of images captured with a 40x Objective setup at a magnification of 27x...... 58
Figure 24 Comparative Image Quality of images at different magnifications. All the images are scaled to 12x

IGTTTTT ORI N svwsvsvovinanivisossmsasnsss imss ors e s e o S A R B A s S S b 59
Figure 25 Image captured at different optical magnifications having the same system magnification. .................... 61
Figure 26 Spectral Response of the CCD in the MI1024 CAMEHA c.....eeeeeeeareicieieriaesiaessesassesssssasesssnsserassssssessssnessmsens 63
Figure 27 Design of a Computer Microscope to optically magnify 12X .....ccoooovvoiiiiiieniiiieieie e ceseae e einas 66
Figure 28 Example images of Background and a Pollen GRaiN ............c..ooovooeeeeiiiiesiieee e sseesnsesannseennnes 69
Figure 29 Example images of POIen Grain CINSIOES ......cocueecveeeieeieeesiseieisasiseasessans st esasabesssesssssssssssssessasssesssssssssess 69
rigitre: 30 Example images Of ODtieal Bleols .. s s s s s o o e s s b o N T 70
Figure 31 EXQmPle iMaZES Of DEBFIS .......ooovieeeirieiieeieee et et eeiee e e eessss s astesseesraaesssesssaseassssenness e e sseese e sanaesseneenann 71
Figure 32 Three Pollen Types used in the test set (left to right): Fabaceae Sophora (2 pollen grains), Magnoliaceae
Michelia doltsopa (2 pollen grains), Lamiaceae SAIVIA.............ccc.cooiceieiiiiivieciiiiieieisiise e sireesessessasse s s esaesasennnsresssas 71
Figiire 33 Cross-3eotion of DACKOFOUNA . ccoesvvsssmurssssyssssosssssssiins sy easinmmssnsn e iessesssseissm s s s shiss ss s S5s s 76

Automation of Pollen Analysis using a Computer Microscope - Craig Holdaway 2004 Page §




Figure 34 Cross-section through-a Pollen Grain....xawewsasmssvasmsmssiismissas w07
Figure 335 (left to right) Original image; image with mean and variance filter applied. .............c.cccocvvcncriincinen. 80
Figure 36 (left to right) image with edge detection applied; consolidated edge detection image ...............c..cocu..... 80
Figure 37 (left to right) image after the AND operation; image after consolidation and removal of small regions. . 81
Figure 38 Segmentation AIGOFIIRIM .............coccoumvumeiiieiiiieeiiee et te et sbe s sbe e asssaesseseesranenbe st eneessannsenssenassasaens O
Figure 39 Image four from the development set: The final result with two pollen grains successfully identified, two

large non-pollen objects rejected, and one pollen grain incorrectly identified. ...........ccccoonovocceniicciincicciaceen. 83
Figuire 40 Classification SUB-SYSEEM .........ccoueieeeieeieestiiseeesseiseessesssesaraessssessssssssssesssasssassssasesasssessessseessnssssssesssnsasass OF
Figure 41 Automatic Pollen Classific@tion SYSIEM .........cccccoiiuiiiiiiiomimsiiaiioniasasesisiusssssssssbssssiasiasssasssassessussssssinsassassss OO
e o D R 0 s S e R A B e S o S S R e s 89
89
FEGUVe- 4 PIS PRLIIE .o ccusiinsanss oo vissainssis o S s e S s A s s )

Figuire 43 CYatREa dEaIDALA. .............cooveeeevecveiricrieeieeiieeseeeesieesseeseesasensesresbasensesesssesssessessa bt easeabsarsasseeenaesbessnsasses sen

Figure:45 Rumex oDIusifolius cuvsiiviimomniammmiam i simseniasssnmmnmnmsn g0

Automation of Pollen Analysis using a Computer Microscope - Craig Holdaway 2004 Page 9



