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8* (&'(* &-).%&-/&7&/28:* 78%&8)&"-* &-* #($+&98:* 89)&7&)$* B51C* ,(.-* 6.8+2%./* 2+&-'* 8-*

899.:.%"6.).%4*1-")(.%*),"*+)2/&.+*3"2-/*8*(&'(*/.'%..*"3*78%&80&:&)$*0.),..-*&-/&7&/28:+*&-*

)(.*/&+)8-9.+*9"7.%./*)(%"2'("2)*)(.*/8$@*/.+#&).*)("+.*&-/&7&/28:+*0.&-'*("2+./*2-/.%*)(.*

+86.*9"-/&)&"-+* B@.)* 8:4@* ]I`Hb*]I`aC4*Q2%)(.%6"%.@* %.+.8%9(* +2''.+)+* )(8)* )(.%.* &+*78%&8)&"-*

86"-'*0.(87&"2%8:*%($)(6+*"3*98)+*)(%"2'("2)*)(.*/8$*Bf"(-+"-*.)*8:4@*`aLGb*R8-/8::*.)*8:4@*

`aL>b*R.3&-.))&*.)*8:4@*]I`dC4*

R.3&-.))&*.)*8:4*B]I`dC*+)2/&./*)(.*9(%"-")$#.*B/&2%-8:@*-"9)2%-8:@*.)94C*"3*/&33.%.-)*68668:&8-*

+#.9&.+*8-/*&/.-)&3&./*)(8)*)(.*&-).%&-/&7&/28:*78%&8)&"-*&-*0")(*"-+.)*"3*89)&7&)$*8-/*89)&7&)$*

#8)).%-+*,8+*(&'(*3"%*/"6.+)&9*98)+4*?.+#&).*%.#"%)&-'*)(8)*6"+)*%.+.8%9(*98)+*,.%.*-"9)2%-8:*

2-/.%* +)%&9):$* 9"-)%"::./* 9"-/&)&"-+@* 0")(* f"(-+"-* .)* 8:4* B`aLGC* 8-/* R8-/8::* .)* 8:4* B`aL>C*

"0+.%7./* )(8)*+"6.*98)+*,.%.*/&2%-8:*8-/*+"6.*.7.-*8%%($)(6&94*;(2+@*982)&"-* &+*-.././*

,(.-* 8-8:$+&-'* 89)&7&)$* "%* 0.(87&"2%8:* /8)8* 3%"6* '%"2#+* "3* 98)+4* ;(.%.3"%.@* 8* 6"%.*

8##%"#%&8).*8##%"89(*)"*%.+.8%9(&-'*98)*0.(87&"2%*68$*0.*8-*&-/&7&/28:&+./*8##%"89(@*,&)(*

.89(*98)*+.%7&-'*8+*&)+*",-*9"-)%":4*

>)<)@! P0&#-,&/(&,1(30$0-%-/-2*'&/(&##-'*&$*-,#(

1+* #%.7&"2+:$* .+)80:&+(./@* )(.* -8)2%8::$* "992%%&-'* :&'()E/8%A* 9$9:.* &+* 8-* &6#"%)8-)* 92.* )"*

,(&9(*8*/"6.+)&9*98)*.-)%8&-+*&)+*0.(87&"2%8:*%($)(6+4*^",.7.%@*)(.*#8)).%-*"3*)(.*:&'()E/8%A*

9$9:.*98-*3:29)28).*+&'-&3&98-):$*)(%"2'("2)*)(.*$.8%@*/.#.-/&-'*"-*)(.*:8)&)2/.*"3*)(.*:"98)&"-4*

<-*.F28)"%&8:* %.'&"-+@* )(.* 3:29)28)&"-* &+*6&-&68:@*02)*8+*"-.* )%87.:+* 32%)(.%*8,8$* 3%"6*)(.*

.F28)"%@*)(&+*3:29)28)&"-*0.9"6.+*6"%.*-")&9.80:.*8-/*.N)%.6.4*;(&+*3:29)28)&"-*&-*)(.*:&'()E

/8%A*9$9:.*&+*8-*&6#"%)8-)*/%&7.%*"3*)(.*+.8+"-+@*+"*&-*.F28)"%&8:*%.'&"-+*)(.%.*8%.*"3).-*+&6#:$*

,.)*8-/*/%$*+.8+"-+@*,(&:.*+#%&-'@*+266.%@*82)26-*8-/*,&-).%*0.9"6.*6"%.*8##8%.-)*,&)(*

&-9%.8+&-'*:8)&)2/.*BP&A"+*_*V(.%@*-4/4C4*

1*+)2/$*9"-/29)./*,&)(* &-/""%*%.+.8%9(*98)+*2-/.%*-8)2%8:* :&'()*9"-/&)&"-+*,&)(*9"-+)8-)*

).6#.%8)2%.* 8-/* %.:8)&7.* (26&/&)$@* %.#"%)./* )(8)* +.8+"-* ,8+* 8++"9&8)./* ,&)(* )(.* /8&:$*

/&+)8-9.* 9"7.%./* 0$* 98)+* B58%A.%* .)* 8:4@* ]I]]8C4* K8N&626* /&+)8-9.+* ,.%.* 9"7.%./* &-* 0")(*

+#%&-'*8-/*82)26-@*,(&:.*)(.*98)+*9"7.%./*)(.*:",.+)*/&+)8-9.*&-*,&-).%4*O&-9.*).6#.%8)2%.*

8-/* %.:8)&7.* (26&/&)$* ,.%.* 9"-+)8-)@* )(.* 6"+)* :&A.:$* )%&''.%* 3"%* 9(8-'.+* &-* 89)&7&)$@* 8+*

6.8+2%./*0$*/&+)8-9.*9"7.%./@*,8+*/8$:.-')(4*O&6&:8%*%.+2:)+*,.%.*%.#"%)./*3"%*3%..E%"86&-'*

#.)*98)*89)&7&)$*6.8+2%./*2+&-'*%8/&"E)%89A&-'*8-/*8*6"7.6.-)*+.-+"%c*51*,8+*(&'(.+)* &-*



!

! CH!

+#%&-'*8-/*82)26-@*8-/*:",.+)*:.7.:+*&-*,&-).%*B^"%-*.)*8:4@*]I``C4*;(.$*8:+"*+)2/&./*)(.*51*

"3* 3%..E%"86&-'*2-",-./* B+)%8$C* 98)+*8-/*%.#"%)./* )(.*(&'(.+)*51* &-*82)26-*8-/*,&-).%@*

,(&:.*&)*,8+*:",.+)*&-*+#%&-'*8-/*+266.%4*;(.$*8%'2./*)(8)*)(.*(&'(.%*51*"3*)(.*+)%8$*98)+*&-*

)(.*9":/.%*6"-)(+*,8+*/2.*)"*8-*&-9%.8+.*&-*.-.%'$*/.68-/+@*%.+2:)&-'*&-*&-9%.8+./*3"%8'&-'*

0.(87&"2%@*,(.%.8+*)(.*:",.%*51*"3*3%..E%"86&-'*#.)*98)+*,8+*)(.*%.+2:)*"3*)(.*#%"7&+&"-*"3*

3""/*8-/*+(.:).%4*Z)(.%*+)2/&.+@*(",.7.%@*(87.*%.#"%)./*3.,.%*+&'()&-'+*"3*3%..E%"86&-'*98)+*

&-*82)26-*8-/*,&-).%*)(8-*&-*+#%&-'*8-/*+266.%*Bg"+S9S$n+A&*.)*8:4@*]IIab*K.%o-&A*.)*8:4@*

]I]GC4*;(.*/&33.%.-9.+*&-*%.+2:)+*0.),..-*+)2/&.+@*9"2:/*0.*/2.*)"*/&33.%.-9.+*&-*)(.*6.)("/+*

2+./@*02)*8:+"*")(.%*389)"%+@*+29(*8+*)(.*.N#"+2%.*)"*,.8)(.%*"%*6.)."%":"'&98:*9"-/&)&"-+@*8-/*

)(.+.*+("2:/*0.*9"-+&/.%./4*

O.8+"-+*8%.*"3).-* 9(8%89).%&+./*0$*/&33.%.-)*6.)."%":"'&98:* 9"-/&)&"-+@* +29(*8+* 9(8-'.+* &-*

86"2-)*"3*#%.9&#&)8)&"-*8-/*).6#.%8)2%.4*Q.%%.&%8*.)*8:4*B]I`dC*%.#"%)./*)(8)*3%..E%"86&-'*#.)*

98)+*&-*P%8S&:*,.%.*6"%.*89)&7.*/2%&-'*)(.*/%$*+.8+"-*)(8-*)(.$*,.%.*/2%&-'*)(.*,.)*+.8+"-4*

O.7.%8:*")(.%*+)2/&.+*%.#"%)./*8*-.'8)&7.*9"%%.:8)&"-*0.),..-*%8&-*8-/*89)&7&)$*&-*/"6.+)&9*

98)+* Bg"+S9S$n+A&* .)* 8:4@* ]IIab* ^8%#.%@* ]IIHb* ^8+#.:* _* !8:(""-@* `aaGb* <S8,8@* `aLGC4* Q"%*

).6#.%8)2%.@*+"6.*+)2/&.+*%.#"%)./*8*#"+&)&7.*9"%%.:8)&"-*,&)(*51*Bg"+S9S$n+A&*.)*8:4@*]IIab*

^8+#.:*_*!8:(""-@*`aaGC@*,(&:.*")(.%+*%.#"%)./*8*-.'8)&7.*9"%%.:8)&"-*BO6&)*.)*8:4@*]I]]C4*<)*&+*

&6#"%)8-)* )"* -").* )(8)* )(.+.* +)2/&.+* ,.%.* 9"-/29)./* &-* /&33.%.-)* 9"2-)%&.+@* ,&)(* /&33.%.-)*

9:&68).+*8-/*).6#.%8)2%.*%8-'.+@*,(&9(*9"2:/*(87.*:./*)"*/&33.%.-)*%.+2:)+4**

!"#"9"#! <6(07*(;+/74;.%*5+(*)+,(%&+&6=;('6/6*. +

K"2:)&-'* &-* /"6.+)&9* 98)+* &+* 8* 9"-)&-2"2+@* 9$9:&98:* #%"9.++* "3* (8&%* %.#:89.6.-)* %.'2:8)./*

#%&68%&:$*0$*#(")"#.%&"/*BP8A.%@*̀ aH=b*̂ .-/%&A+*.)*8:4@*̀ aaHb*R$/.%@*̀ aHdC4*!8)+*+(",*8*6"+8&9*

#8)).%-*&-*,(&9(*3"::&9:.+*89)*&-/.#.-/.-):$@*%.+2:)&-'*&-*'%8/28:*+(.//&-'*%8)(.%*)(8-*8*+&-':.*

"07&"2+*6"2:)@*.-+2%&-'*)(.*98)*68&-)8&-+*8*32-9)&"-8:*9"8)*$.8%E%"2-/*BP8A.%@*`aH=b*R$/.%@*

`aHdC4*;(.*#($+&":"'&98:*6.9(8-&+6*/%&7&-'*)(&+*#%"9.++*&+*8*+&-':.@*8--28:*+&-2+"&/8:*9$9:.*

"3* 3"::&9:.* 89)&7&)$@* ,&)(* '%",)(* #.8A&-'* &-* +266.%* 8-/* %.89(&-'* 8* 6&-&626* &-* ,&-).%*

B^.-/%&A+*.)*8:4@*`aaHb*R$/.%@*`aHdC4*Q"::&9:.*89)&7&)$*%&+.+*,&)(* &-9%.8+&-'*/8$:.-')(@*02)* &+*

-.7.%*32::$*+$-9(%"-&S./@*8+*68-$*3"::&9:.+*%.68&-*/"%68-)*.7.-*/2%&-'*#.8A*'%",)(*BR$/.%@*

`aHdC4*;(&+*&-9"6#:.).*+$-9(%"-$*#%"/29.+*)(.*'%8/28:*-8)2%.*"3*6"2:)&-'*&-*/"6.+)&9*98)+4*

M(&:.*)(.*#($+&":"'&98:*#%"9.++*&+*8*+&-':.@*9"-)&-2"2+*8--28:*9$9:.@*)(&+*9$9:.*%.+2:)+*&-*),"*

/&+)&-9)*#.%&"/+*"3* &-9%.8+./*+(.//&-'@*,(&9(*98-*0.*/.+9%&0./*8+*8*0&8--28:*6"2:)4*;(.+.*



!

! CE!

#.%&"/+*9"%%.+#"-/*)"*)(.*+(.//&-'*"3*)(.*/.-+.%*,&-).%*9"8)*&-*+#%&-'*8-/*+266.%@*8-/*)(.*

%.#:89.6.-)*"3*)(.*:&'().%*+266.%*9"8)*&-*82)26-*8-/*,&-).%*BP8A.%@*`aH=b*^.-/%&A+*.)*8:4@*

`aaLb*R$/.%@*`aHdC4*1*:8%'.*#"%)&"-*"3*)(.*+(./*(8&%@*80"2)*),"E)(&%/+@*&+*&-'.+)./*/2%&-'*+.:3E

'%""6&-'*8-/*&+*:8).%*#8++./*&-*)(.*38.9.+*B^.-/%&A+*.)*8:4@*`aaLC4*5.%&"/+*"3*&-9%.8+./*(8&%*

:"++*/2%&-'*)(.*),"*#.8A*6"2:)&-'*#(8+.+*8%.*)(.%.3"%.*.N#.9)./*)"*/%&7.*8*9"%%.+#"-/&-'*%&+.*

&-*'%""6&-'*0.(87&"2%@*8::",&-'*98)+*)"*%.6"7.*:""+.*(8&%*8-/*68&-)8&-*9"8)*9"-/&)&"-4*

>)<)?! M:0(:-30(0,4*%-,30,$(

;(.*("6.*.-7&%"-6.-)*&+*9"6#:.N@*9"-+&+)&-'*"3*8*62:)&)2/.*"3*+)&62:&*)(8)*98-*#").-)&8::$*

833.9)*)(.*0.(87&"2%*"3*8*/"6.+)&9*98)4*<-*U.,*Y.8:8-/@*3"%*.N86#:.@*LGJ*"3*#.)*98)+*(87.*0")(*

&-/""%*8-/*"2)/""%*899.++@*,&)(*"-:$*̀ `J*:&7&-'*.N9:2+&7.*&-/""%+*B!"6#8-&"-*1-&68:+*U.,*

Y.8:8-/@*]I]IC4* <)* &+*'.-.%8::$*8++26./*)(8)*98)+*,&)(*"2)/""%*899.++*8%.*6"%.*89)&7.* )(8-*

&-/""%E"-:$*98)+* BR"9(:&)S@*]II>C@*8:)("2'(*)"*/8).@* )(.%.* &+*"-:$*"-.*+)2/$*"3*#.)*98)+* )(8)*

#%"7&/.+*F28-)&)8)&7.*/8)8*)"*+2##"%)*)(&+4*5&99&"-.*.)*8:4*B]I`GC*9"6#8%./*)(.*51@*6.8+2%./*

"0D.9)&7.:$*,&)(*8-*899.:.%"6.).%@*"3*#.)* 98)+*2-/.%* ),"*/&33.%.-)*("2+&-'*9"-/&)&"-+c*"-.*

'%"2#*,.%.*68&-:$*("2+./*&-/""%+*,&)(*"-.*("2%*"3*899.++*)"*8*'8%/.-*#.%*/8$@*,(&:.*)(.*

")(.%*'%"2#*(8/*3%..*899.++*)"*)(.*'8%/.-*/2%&-'*)(.*/8$*8-/*,.%.*A.#)*"2)+&/.*/2%&-'*)(.*

-&'()4*;(.*98)+*,&)(*)(.*'%.8).%*"2)/""%*899.++*(8/*(&'(.%*)")8:*51*)(8-*)(.*98)+*A.#)*68&-:$*

&-/""%+4* ^",.7.%@* 51* &+* 8* '.-.%8:* 6.8+2%.* 8-/* /".+* -")* '&7.* &-3"%68)&"-* 80"2)* +#.9&3&9*

0.(87&"2%+@*8-/*)"*/8).@*&)*&+*2-A-",-*(",*)(.+.*/&33.%.-)*("2+&-'*+&)28)&"-+*8%.*8++"9&8)./*

)"*)(.*89)&7&)$*02/'.)+*"3*#.)*98)+4**

1-")(.%* &6#"%)8-)* 8+#.9)* &-* )(.* :&3.* "3* #.)* 98)+* &+* )(.&%* +"9&8:* .-7&%"-6.-)4* ;(.* +"9&8:*

.-7&%"-6.-)*98-*9"-+&+)*"3*(268-+@*")(.%*98)+@*8-/j"%*")(.%*#.)*8-&68:+*B.4'4@*/"'+C4*O"6.*

%.+.8%9(* (8+* 0..-* 9"-/29)./* "-* 98)E98)* %.:8)&"-+(&#+@* 9"6#8%&-'* )(.* ,.::0.&-'* "3* 98)+* &-*

+&-':.E* 8-/* 62:)&E98)* ("2+.(":/+@* 8:)("2'(* %.+2:)+* 8%.* &-9"-+&+).-)* 8-/* +"6.)&6.+* .7.-*

9"-)%8/&9)"%$@*,&)(*(&'(*&-).%&-/&7&/28:*/&7.%+&)$*BQ&-A8*_*Q"%.68-EM"%+:.$@*]I]]b*Q"%.68-E
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!

! CI!

^8::@*`aaaC@*8-/* &-).%89)&-'*6"%.*,&)(*"-.*8-")(.%* )(8-*,&)(*2-%.:8)./*98)+* B58%A.%*.)*8:4@*
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)(8)*2-%.:8)./*98)+*&-*)(.*+86.*("6.*(8/*"7.%:8##&-'*9"%.*8%.8+*B("2+.*8-/*$8%/C*8-/*,.%.*
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2-%.:8)./*98)+*)&6.E+(8%.*%.+"2%9.+@*+29(*8+*387"2%./*%.+)&-'*+#")+@*)(.%.0$*87"&/&-'*9"-3:&9)*
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/.7.:"#./*8-/*68&-)8&-./*&-*+20):.*,8$+@*,(&9(*,.%.*-")*.8+&:$*/&+)&-'2&+(./*0$*)(.*(268-*
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M(&:.* )(.* /$-86&9+* "3* %.:8)&"-+(&#+* 0.),..-* 9"(80&)8)&-'* 98)+* (87.* 0..-* 8* 3"92+* "3*

0.(87&"2%8:*%.+.8%9(@*%.+.8%9(*&-)"*)(.*%.:8)&"-+(&#*0.),..-*,&)(*")(.%*("2+.(":/*6.60.%+@*
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)(8)*/&%.9):$*"0+.%7./*)(.*&-).%89)&"-*0.),..-*9"(80&)8)&-'*9"6#8-&"-*98)+*8-/*/"'+*3"2-/*

)(8)*98)+*,.%.*6"%.*:&A.:$*)"*0.*86&980:.*)",8%/+*/"'+*&3*)(.*3&%+)*.-9"2-).%*)""A*#:89.*,(.-*

)(.*98)*,8+*:.++*)(8-*+&N*6"-)(+*"3*8'.*BQ.2.%+).&-*_*;.%A.:@*]IILC4*;(.*+)2/$*8:+"*%.#"%)./*

)(8)* 0")(* 98)+* 8-/* /"'+* ,.%.* 80:.* )"* 2-/.%+)8-/* )(.* 0"/$* :8-'28'.* "3* )(.* ")(.%* +#.9&.+@*

/.+#&).*+"6.*"3*)(.*#"+)2%.+*(87&-'*8-*"##"+&).*6.8-&-'4**

;2%-&-'*)"*98)E(268-*&-).%89)&"-+@*629(*"3*)(.*.N&+)&-'*%.+.8%9(*3"92+.+*"-*(",*9"6#8-&"-*

8-&68:+*9"-)%&02).*)"*)(.*9(&:/i+*/.7.:"#6.-)*8-/*,.:38%.*Bg%".-.,"2/*.)*8:4@*]I]Gb*K.:+"-@*

`aaIC@* ,(&:.* +)2/&.+* 3%"6* )(.* #.%+#.9)&7.* "3* )(.* 98)* 8%.* +98%9.4* Z-.* "3* )(.* 3.,* +)2/&.+* )"*

8//%.++* )(&+@* &+* 8* +2%7.$E08+./*+)2/$*0$*^8%)* .)* 8:4* B]I`LC@*,(&9(* 3"2-/* )(8)* %.:8)&"-+(&#+*
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3"2-/*)(8)*8*98)E9(&:/*%.:8)&"-+(&#*,8+*#.%9.&7./*8+*:.++*833.9)&"-8).*)(8-*)("+.*0.),..-*98)+*

8-/*8/2:)+4*;(.*+)2/$*+2''.+)./*)(8)*)(.*0.(87&"2%*"3*)(.*98)*&+*"3).-*)(.*:&6&)&-'*389)"%@*,&)(*

#8%.-)+*%.#"%)&-'*)(8)*98)+*,.%.*:.++*833.9)&"-8).*)",8%/*9(&:/%.-*8'./*0.),..-*)(%..*8-/*3&7.*

)(8-*)",8%/*8/2:)+4*O29(*+&)28)&"-+*98-*9%.8).*9"-3:&9)@*8+*9(&:/%.-*+..A*833.9)&"-*,(&:.*98)+*

68$* #.%9.&7.* )(.&%* 8/78-9.+* 8+* )(%.8).-&-'* 8-/* %.+#"-/* 0$* ,&)(/%8,&-'* "%* 0.9"6&-'*

/.3.-+&7.4*;(&+*/$-86&9*98-*0.*-.'8)&7.*3"%*0")(*9(&:/*8-/*98)@*,&)(*)(.*9(&:/*389&-'*%.D.9)&"-*



!

! CG!

8-/*)(.*98)*.N#.%&.-9&-'*+)%.++4*;(.*+)2/$*&/.-)&3&./*+.7.%8:*%&+A*389)"%+*3"%*)(.+.*"2)9"6.+@*
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!
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!
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9"9"9"9! M7)6;;%*5+&74*)+9+
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7%3%47#$'#4*3']:'`'/+^'=%*R%%:')21%&3'A27')21%&&":<'72?:1'5.'

'' GCP! " \CP! " G(W!! " \(W!! "

6#*">%' EBGE!`!OBEN! &( IBAO!`!OBGC! &( CEBRL!`!ABON! #( COBLC!`!OBRA! #(
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)(.*(8%-.++E6"2-)./*9"::8%+*B^RQ*7%4*^OZKb*6*q*I4I``b*;80:.*G4HC4*<%%.+#.9)&7.*"3*6"2-)&-'*

:"98)&"-@*)(.*OZK*6"/.:+*#%"/29./*(&'(.%*.+)&68)./*#%"#"%)&"-+*"3*)&6.*+#.-)*"-*89)&7.*8-/*
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`=J*8-/*]LJ4*;(.*"7.%.+)&68)&"-*"3*.8)&-'*8-/*'%""6&-'*986.*8)*)(.*9"+)*)&6.*+#.-)*:$&-'*
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+2''.+)+*)(8)*/"6.+)&9*98)+*+#.-/*8##%"N&68).:$*]EGJ*"3*)(.&%*)&6.*"-*.8)&-'*BP.%).+.::&*.)*8:4@*
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8992%89$@*8+*.N#:8&-./*.8%:&.%4*
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"7.%3&))&-'4*Z7.%3&))&-'*"992%+*,(.-*8*6"/.:*3&)+*)(.*)%8&-&-'*/8)8*+"*,.::@*&)*:.8%-+*)(.*-"&+.*
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GC4*^",.7.%@*,(.-*0.(87&"2%8:*#%"#"%)&"-+*,.%.*/.).%6&-./*3"%*)(.*#.)*98)*/8)8+.)@*)(.*-.,*

6"/.:*#%./&9)./*#.)*98)+*+#.-)*]>J*"3*)(.&%*)&6.*"-*.8)&-'*0.(87&"2%@*,(.%.8+*)(.*":/*6"/.:*

#%./&9)./*>4>J4*1+*/&+92++./*&-*!(8#).%*G@*)&6.*+#.-)*"-*.8)&-'*(8+*9"-+&+).-):$*0..-*%.#"%)./*

)"*0.*8%"2-/*G*)"*=J4*!"-+&/.%&-'*)(.*"7.%.+)&68)&"-*"3*)(.*-.,*6"/.:*3"%*.8)&-'*0.(87&"2%@*

)(.*":/*6"/.:*,8+*+.:.9)./*3"%*)(.*9:8++&3&98)&"-@*8-/*+20+.F2.-)*#%"#"%)&"-*/.).%6&-8)&"-@*

"3*)(.*#.)*98)*0.(87&"2%+4*

C)@)>! 9-3;&%*,2($:0("0:&4*-7%(-6(%0#0&%':(&,1(;0$('&$#(

R.+2:)+*3"%*)(&+*+.9)&"-*8%.*#%.+.-)./*8+*)(.*+.8+"-8:*6.8-*{*+)8-/8%/*.%%"%*BO\C*8+*/.).%6&-./*

,&)(*)(.*9:8++&3&98)&"-*6"/.:4*;(.*3&-8:*/8)8+.)*9"-)8&-./*%.+.8%9(*98)+*B-*q*HC@*&-/""%*#.)*98)+*

B-*q*`IC*8-/*3%..E%"86&-'*#.)*98)+*B-*q*`LC4*;(.*#%.+.-)./*78:2.+*%.3:.9)*9"6#8%&+"-+*"3*)(.*

6.8-*)&6.*+#.-)*&-*+(",&-'*89)&7.*0.(87&"2%+*89%"++*),"*#.%&"/+*%8)(.%*)(8-*982+8:*.33.9)+*

"3*+.8+"-4*

;(.*78%&8-9.* &-* )&6.*+#.-)*.N(&0&)&-'*89)&7.*0.(87&"2%+*.N#:8&-./*0$*)(.*6"/.:* &6#%"7./*

,(.-*&-9:2/&-'*0")(*98)*8+*)(.*%8-/"6*.33.9)*B6*q*I4IIdC*8-/*)(.*&-).%89)&"-*"3*+.8+"-*ã*("2+&-'*

8+*8*3&N./*.33.9)*B6*q*I4II]C4*;(.*3&N./*.33.9)*"3*+.8+"-*ã*("2+&-'*8:"-.*.N#:8&-./*]]4aJ*"3*)(.*

78%&8-9.@*8-/*)(.*9"60&-8)&"-*"3*)(.*3&N./*8-/*%8-/"6*.33.9)+*.N#:8&-./*>a4LJ4*U"*/&33.%.-9.*

,8+*+..-*&-*)&6.*+#.-)*+(",&-'*89)&7.*0.(87&"2%+*0.),..-*+266.%*8-/*,&-).%*.&)(.%*86"-'*

)(.*%.+.8%9(*B]4I*{*I4GdJ*8-/*]4]*{*I4>=J@*%.+#.9)&7.:$b*6*x*I4I>C*"%*&-/""%*#.)*98)+*B]4I*{*I4GdJ*

8-/*]4]*{*I4]GJ@*%.+#.9)&7.:$b*6*x*I4I>b*Q&'2%.*>4]C4*<-*8//&)&"-@*)(.%.*,.%.*-"*/&33.%.-9.+*&-*

89)&7.*0.(87&"2%+*0.),..-*)(.*%.+.8%9(*8-/*&-/""%*#.)*98)+*&-*.&)(.%*+.8+"-*B6*x*I4I>C4*Q%..E

%"86&-'*#.)*98)+*+#.-)*6"%.*)&6.*89)&7.*&-*+266.%*BG4a*{*I4GaJC*)(8-*&-*,&-).%*B]4H*{*I4GGJb*



!

!
!
CCR!

6* Ä* I4II`C4* ?2%&-'* +266.%@* 3%..E%"86&-'* #.)* 98)+* 8:+"* +#.-)* 6"%.* )&6.* 89)&7.* )(8-* 0")(*

%.+.8%9(*B6*q*I4II=C*8-/*&-/""%*#.)*98)+*B6*Ä*I4II`C4*<-*,&-).%@*(",.7.%@*-"*/&33.%.-9.+*&-*89)&7.*

0.(87&"2%+*B6*x*I4I>C*,.%.*"0+.%7./*0.),..-*("2+&-'*9"-/&)&"-+4*

!
P"<?7%'-.+.'6>%74<%'*")%'3J%:*'2:'=%$4>"2?73']#&433"A"%1'R"*$'*$%')21%&^'4#7233'*R2'J%7"213'R"*$":'
4'8%47']3?))%7'4:1'R":*%7^'2A'7%3%47#$'#4*3']:'`'H'#4*3'"'9'R%%S3'J%7'J%7"21^V'":1227'J%*'#4*3']:'`'/,'
#4*3'"'/'R%%S'J%7'J%7"21^V'4:1'A7%%Q724)":<']:'`'/@'#4*3'"'/'R%%S'J%7'J%7"21^'J%*'#4*3.'&' ('_"*$":'4'
=%$4>"2?7V'=473'R"*$'1"AA%7%:*'3?J%73#7"J*3'1"AA%7'3"<:"A"#4:*&8']='k',.,-^.'



!

!
!

CCL!

!

;(.*78%&8-9.*&-*)&6.*+#.-)*.8)&-'*.N#:8&-./*0$*)(.*6"/.:*/&/*-")*&6#%"7.*,(.-*.&)(.%*98)*

,8+*&-9:2/./*8+*8*%8-/"6*.33.9)*"%*)(.*&-).%89)&"-*"3*+.8+"-*ã*("2+&-'*,8+*&-9:2/./*8+*8*3&N./*

.33.9)*B6*x*I4I>C4*;(.*6"/.:*,&)(*)(.*%8-/"6*.33.9)*"3*98)*8-/*&-).%89)&"-*.N#:8&-./*]`4]J*"3*
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]4LLJb*6*q*I4IaLC4*U"*/&33.%.-9.*,8+*"0+.%7./*3"%*)&6.*+#.-)*+&))&-'*0.),..-*"-.E*8-/*),"E*

BGH4>J*±*G4]dJC@*8-/*),"E*8-/*)(%..E98)*("2+.(":/+4*<-/""%E("2+./*98)+*).-/./*)"*+#.-/*6"%.*

)&6.*+&))&-'*B=`4`J*±*G4>GJC*)(8-*3%..E%"86&-'*#.)*98)+*BG=4`J*±*]4GHJb*6*q*I4IH]C@*8-/*98)+*&-*

9(&:/E3%..* ("2+.(":/+* ).-/./* )"* +#.-/* 6"%.* )&6.* +&))&-'* B=I4`J* ±* ]4HdJC* )(8-* 98)+* &-*

("2+.(":/+*,&)(*8)*:.8+)*"-.*9(&:/*#%.+.-)*B]a4]J*±*G4H]Jb*6*q*I4Id=C4*Q"::",&-'*8*089A,8%/+*

+).#,&+.*#%"9./2%.@*)(.*3&-8:*gXKK*&-9:2/./*)(.*-260.%*"3*98)+*&-*)(.*("2+.(":/*8-/*)(.*

#%.+.-9.*"3*9(&:/%.-4*!8)+*&-*)(%..E98)*("2+.(":/+*+#.-)*6"%.*)&6.*+&))&-'*)(8-*98)+*&-*+&-':.E

98)*("2+.(":/+*B6*q*I4I]`C4*U"*/&33.%.-9.+*&-*)&6.*+#.-)*+&))&-'*,.%.*"0+.%7./*0.),..-*98)+*&-*

"-.E*8-/*),"E98)@*8-/*),"E*8-/*)(%..E98)*("2+.(":/+4*<-*)(.*3&-8:*6"/.:@*&-9:2+&"-*"3*)(.*3&N./*

.33.9)*+&'-&3&98-):$*&6#%"7./*)(.*6"/.:*B6*q*I4I`dC4*;(.*3&N./*.33.9)+*8:"-.*.N#:8&-./*Gd4dJ*"3*

)(.*78%&8-9.@*,(&:.*&-9:2+&"-*"3*98)*8+*8*%8-/"6*.33.9)*/&/*-")*&6#%"7.*)(&+*8)*8::*BGd4dJC4*



!

!
!

CAG!

04=&%' -.D.' C%3?&*3' 2A' I;!!3' %K4)":":<' $2?3%$2&1' 4:1' 32#"4&' >47"4=&%3' 4332#"4*%1' R"*$' 3"**":<'
=%$4>"2?7V'43'#&433"A"%1'R"*$'*$%')21%&.'N7%3%:*%1'47%'*$%'%3*")4*%3']!! ^V'F-j'#2:A"1%:#%'":*%7>4&'
]GB^V'=Q>4&?%3'4:1'7%A%7%:#%'#4*%<278.'Z3*")4*%3'47%'J7%3%:*%1'2:'*$%'&2<"*'3#4&%.'

O47"4=&%' Z3*")4*%' F-j'GB' =Q>4&?%' C%A%7%:#%'#4*%<278'
Z*%2(&%(.6+TUMM0 +

9%,&1*! QOBAA! zQOBIG=!OBCA{! OBCNN! S'*#%)!
"3%!3)1/(!Z-'*%,)\! OBCO! zQOBAH=!OBEA{! OBIIG! s/*'1)!
"3%!3)1/(!Z2/,+),#'5\! QOBOE! zQOBHA=!OBAI{! OBLOO! s/*'1)!
9%K! OBCA! zQOBAH=!OBEG{! OBIOI! >%/#%)%+!0,-%!
^1/&'*3! QOBHA! zQOBGG=!OBOH{! OBOGR! W)%%Q)1,0'*3!
T$'-+)%*! QOBHE! zQOBRI=!OBOA{! OBORE! 6)%&%*#!
>/0F%)!1.!5,#&!'*!
$1/&%$1-+!Z-'*%,)\! OBHC! zOBOC=!OBGO{! OBOHN! X*%!
>/0F%)!1.!5,#&!'*!
$1/&%$1-+!Z2/,+),#'5\! OBOO! zQOBAN=!OBAN{! OBNNG! X*%!
413&!'*!$1/&%$1-+! QOBAL! zQOBGE=!OBOL{! OBCHO! 6)%&%*#!

G%*(;+/4;.%2(&%(.6+TUMMO+^4/36&+78+'(.0+%*+,7406,7;)+[+=&606*'6+78+',%;)\&6*]+
>/0F%)!1.!5,#&!'*!
$1/&%$1-+!Z-'*%,)\!

OBHN! zOBCO=!OBGL{! OBOOL! X*%!

T$'-+)%*! QOBEI! zQOBLC=!QOBCO{! OBOCA! 6)%&%*#!
!

;(.* ! #* .+)&68).+@* a>J*9"-3&/.-9.* &-).%78:+* 8-/*6E78:2.+* 3"%* )(.*2-&78%&8).*gXKK*"3* )&6.*

+#.-)* "-* +)8-/&-'* 0.(87&"2%* 8%.* %.#"%)./* &-* ;80:.* >4H4* ;(.* 2-&78%&8).* gXKK+* &-/&98)./*

+&'-&3&98-)*8++"9&8)&"-+*,&)(*("2+&-'*B6*q*I4I`dC*8-/*#%.+.-9.*"3*9(&:/%.-*B6*q*I4II`C4*<-/""%E

("2+./*#.)*98)+*+#.-)*:.++*)&6.*+)8-/&-'*B`I4=J*±*I4HHC*)(8-*3%..E%"86&-'*98)+*B`=4IJ*±*̀ 4IIJC4*

!8)+*&-*9(&:/E3%..*("2+.(":/+*+#.-)*:.++*)&6.*+)8-/&-'*B`I4aJ*±*I4>IJC*)(8-*98)+*&-*("2+.(":/+*

,&)(*8)*:.8+)*"-.*9(&:/*#%.+.-)*B`H4dJ*±*]4GLJC4*;"*).+)*3"%*8-$*&-).%89)&"-*0.),..-*("2+&-'*

8-/*#%.+.-9.*"3*9(&:/%.-@*8*-.,*78%&80:.*,8+*9%.8)./@*8+*)(.*/8)8+.)*/&/*-")*9"-)8&-*8-$*&-/""%*

98)+*,(.%.*)(.%.*,8+*8)*:.8+)*"-.*9(&:/*#%.+.-)4*;(.*-.,*78%&80:.*9"-)8&-./*)(%..*98).'"%&.+c*

9(&:/E3%..*&-/""%*B%.3.%.-9.*98).'"%$C@*9(&:/E3%..*3%..E%"86&-'*8-/*3%..E%"86&-'*,&)(*8)*:.8+)*

"-*9(&:/*#%.+.-)4*;(.*3&-8:*6"/.:*&-9:2/./*)(&+*-.,*78%&80:.@*8-/*8*+&'-&3&98-)*8++"9&8)&"-*,8+*

"0+.%7./*B6*q*I4IIGC4*Q%..E%"86&-'*#.)*98)+*&-*("2+.(":/+*,&)(*8)*:.8+)*"-.*9(&:/*#%.+.-)*+#.-)*

6"%.*)&6.*+)8-/&-'*B`d4=J*±*`4HHJC*)(8-*&-/""%*98)+*:&7&-'*&-*9(&:/E3%..*("2+.(":/+*B`I4=J*±*

I4H=Jb*6*q*I4IIGC4*Q%..E%"86&-'*#.)*98)+*&-*9(&:/E3%..*("2+.(":/+*).-/./*)"*+#.-/*:.++*)&6.*

+)8-/&-'*B``4dJ*±*I4HHJC*)(8-*3%..E%"86&-'*98)+*&-*&-*("2+.(":/+*,&)(*9(&:/%.-4*U"*/&33.%.-9.*

,8+*"0+.%7./*0.),..-*&-/""%*8-/*3%..E%"86&-'*#.)*98)+*&-*9(&:/E3%..*("2+.(":/+4*<-*)(.*3&-8:*

6"/.:@* )(.* 3&N./* .33.9)+* 8:"-.* .N#:8&-./* ]>4`J* "3* )(.* 78%&8-9.* B6* q* I4IIGC4* ;("2'(* -")*



!

!
!
CAR!

+&'-&3&98-)@*&-9:2+&"-*"3*98)*8+*8*%8-/"6*.33.9)*&-9%.8+./*)(.*78%&8-9.*.N#:8&-./*0$*)(.*6"/.:*

)"*GI4aJ4*

04=&%'-.H.'C%3?&*3'2A'I;!!3'%K4)":":<'$2?3%$2&1'4:1'32#"4&'>47"4=&%3'4332#"4*%1'R"*$'3*4:1":<'
=%$4>"2?7V'43'#&433"A"%1'R"*$'*$%')21%&.'N7%3%:*%1'47%'*$%'%3*")4*%3']!! ^V'F-j'#2:A"1%:#%'":*%7>4&'
]GB^V'=Q>4&?%3'4:1'7%A%7%:#%'#4*%<278.'Z3*")4*%3'47%'J7%3%:*%1'2:'*$%'&2<"*'3#4&%.'

O47"4=&%' Z3*")4*%' F-j'GB' =Q>4&?%' C%A%7%:#%'#4*%<278'
Z*%2(&%(.6+TUMM0 +

9%,&1*! OBCN! zQOBOE=!OBEA{! OBCOE! S'*#%)!
"3%!3)1/(!Z-'*%,)\! QOBCG! zQOBHN=!OBOR{! OBCRC! s/*'1)!
"3%!3)1/(!Z2/,+),#'5\! QOBOC! zQOBAC=!OBCL{! OBLLG! s/*'1)!
9%K! OBOE! zQOBAO=!OBAR{! OBRIE! >%/#%)%+!0,-%!
^1/&'*3! OBAN! zOBOI=!OBIH{! OBOCG! W)%%Q)1,0'*3!
T$'-+)%*! OBEH! zOBCL=!OBRC{! OBOOC! 6)%&%*#!
>/0F%)!1.!5,#&!'*!
$1/&%$1-+!Z-'*%,)\! QOBOR! zQOBAL=!OBCE{! OBIHE! X*%!
>/0F%)!1.!5,#&!'*!
$1/&%$1-+!Z2/,+),#'5\! QOBOE! zQOBAH=!OBCR{! OBRAE! X*%!
413&!'*!$1/&%$1-+! OBON! zQOBCG=!OBHH{! OBEIA! 6)%&%*#!

G%*(;+/4;.%2(&%(.6+TUMMO+H740%*5+"+B&606*'6+78+',%;)\&6*]+

^1/&'*3!"!T$'-+)%*!!
OBCA!
OBER!

zQOBCL=!OBEO{!
zOBAO=!OBRR{!

OBHLL!
OBOOC!

"F&%*#!
6)%&%*#!

!!"!*%?!<,)',F-%!?,&!5)%,#%+!,&!#$%)%!?%)%!*1!'*+11)Q1*-7!5,#&!'*!$1/&%$1-+&!?'#$!5$'-+)%*!
!

;(.* ! #* .+)&68).+@* a>J*9"-3&/.-9.* &-).%78:+* 8-/*6E78:2.+* 3"%* )(.*2-&78%&8).*gXKK*"3* )&6.*

+#.-)*"-*+9%8)9(&-'*0.(87&"2%*8%.* %.#"%)./* &-*;80:.*>4L4*;(.*2-&78%&8).*gXKK+* &-/&98)./*

)%.-/+*3"%*)(.*8++"9&8)&"-*,&)(*+.8+"-*B6*q*I4IaHC*8-/*-260.%*"3*98)+*&-*)(.*("2+.(":/*B#*q*

I4IadC4*!8)+*).-/./*)"*+#.-/*6"%.*)&6.*+9%8)9(&-'*&-*+266.%*BI4`=J*±*I4I]JC*)(8-*&-*,&-).%*

BI4``J*±*I4I]JC4*;("2'(*8*)%.-/*,8+*"0+.%7./*3"%*)(.*8++"9&8)&"-*,&)(*-260.%*"3*98)+*&-*)(.*

("2+.(":/@*)(.*#8&%,&+.*9"6#8%&+"-*/&/*-")*%.7.8:*8-$*)%.-/+*0.),..-*("2+.(":/+*,&)(*"-.@*

),"*"%*)(%..*98)+4*

! '



!

!
!

CAL!

04=&%'-.@.'C%3?&*3'2A'I;!!3'%K4)":":<'$2?3%$2&1'4:1'32#"4&'>47"4=&%3'4332#"4*%1'R"*$'3#74*#$":<'
=%$4>"2?7V'43'#&433"A"%1'R"*$'*$%')21%&.'N7%3%:*%1'47%'*$%'%3*")4*%3']!! ^V'F-j'#2:A"1%:#%'":*%7>4&'
]GB^V'=Q>4&?%3'4:1'7%A%7%:#%'#4*%<278.'Z3*")4*%3'47%'J7%3%:*%1'2:'*$%'&2<"*'3#4&%.'

O47"4=&%' Z3*")4*%' F-j'GB' =Q>4&?%' C%A%7%:#%'#4*%<278'
Z*%2(&%(.6+TUMM0 +

9%,&1*! QOBAI! zQOBIG=!OBOI{! OBONR! S'*#%)!
"3%!3)1/(!Z-'*%,)\! QOBOI! zQOBEG=!OBHE{! OBRLR! s/*'1)!
"3%!3)1/(!Z2/,+),#'5\! OBOG! zQOBAL=!OBEC{! OBRCE! s/*'1)!
9%K! QOBCO! zQOBIA=!OBHH{! OBGEN! >%/#%)%+!0,-%!
^1/&'*3! OBCH! zQOBAN=!OBIL{! OBIAN! W)%%Q)1,0'*3!
T$'-+)%*! QOBCH! zQOBIL=!OBAN{! OBIIG! 6)%&%*#!
>/0F%)!1.!5,#&!'*!
$1/&%$1-+!Z-'*%,)\!

QOBHC! zQOBGN=!OBOI{! OBONG! X*%!

>/0F%)!1.!5,#&!'*!
$1/&%$1-+!Z2/,+),#'5\!

QOBAE! zQOBIR=!OBCO{! OBCIL! X*%!

413&!'*!$1/&%$1-+! QOBOL! zQOBIH=!OBHG{! OBRHH! 6)%&%*#!
!

!(8-'.+*&-*)&6.*+#.-)*.8)&-'@*:&)).%&-'*8-/*:$&-'*,.%.*-")*8++"9&8)./*,&)(*8-$*78%&80:.+*B+..*

1##.-/&N*|[*3"%*)80:.+*9"-)8&-&-'*)(.*gXKK*%.+2:)+C4*

C.>! B3,4=,,3'*&
Q"%.68-EM"%+:.$*8-/*Q8%-,"%)(*B]I`aC*&/.-)&3&./*+20+)8-)&8:*'8#+*&-*"2%*A-",:./'.*"3*(",*

#.)* 98)+* %.+#"-/* 8-/* &-).%89)* ,&)(* )(.&%* 62:)&389)"%&8:* ("6.* .-7&%"-6.-)4* P$* 8##:$&-'* 8*

78:&/8)./*689(&-.*:.8%-&-'*6"/.:*)"*F28-)&3$*0.(87&"2%*3%"6*899.:.%"6.).%*/8)8*"3*#%&78).:$*

",-./*98)+@*)(&+*+)2/$*8&6./*)"*0%&/'.*)(&+*'8#*8-/*#%"7&/.*"0D.9)&7.@*F28-)&)8)&7.*/8)8*"-*

)(.* &-3:2.-9.* "3* ("2+.(":/* 8-/* .-7&%"-6.-)8:* 389)"%+* "-* 3.:&-.* 0.(87&"2%4* ;(.* 3&-/&-'+*

/.6"-+)%8).*(",*)(.*0.(87&"2%*"3*98)+*9(8-'.+* &-*%.+#"-+.*)"*8'.@*+"9&8:*9"6#:.N&)$@*8-/*

("2+&-'*9"-/&)&"-+@*9"-3&%6&-'*+.7.%8:*($#")(.+.+*8-/*"33.%&-'*-.,*&-+&'()+*&-)"*)(.&%*:&7.+*

&-*/"6.+)&9*+.))&-'+4*

;(.*9"6#8%&+"-*0.),..-*%.+.8%9(*98)+*8-/*#.)*98)+*%.7.8:./*0")(*/&33.%.-9.+@*02)*8:+"*+"6.*

+&6&:8%&)&.+@*&-*0.(87&"2%*)(8)*%.3:.9)*0")(*("2+&-'*9"-/&)&"-+*8-/*)(.*0%"8/.%*.-7&%"-6.-)8:*

9"-).N)4*1*3"2-/8)&"-8:*+&6&:8%&)$*"0+.%7./*89%"++*8::*#"#2:8)&"-+@*3%"6*3.%8:*98)+*)"*%.+.8%9(*

98)+*&-*9":"-&.+*8-/*#.)*98)+*&-*("6.+@*&+*)(.*#%.+.-9.*"3*8*9%.#2+92:8%@*"%*0&6"/8:@*#8)).%-*&-*

89)&7&)$4*O)2/&.+*"3*3.%8:*98)+*9"-+&+).-):$*%.#"%)*89)&7&)$*#.8A+*-.8%*/8,-*8-/*/2+A@*8*%($)(6*

0.:&.7./*)"*0.* &-(.%&)./* 3%"6*)(.&%*,&:/*8-9.+)"%+*8-/*+$-9(%"-&+./*,&)(*#%.$*878&:80&:&)$*

BV"-.9-$@*`aLHb*X87.%$*.)* 8:4@* ]I]IC4* <-* :&-.*,&)(* )(&+@* )(.* 92%%.-)* +)2/$*9"-3&%6+* )(8)* )(&+*

32-/86.-)8:*0&":"'&98:*%($)(6*#.%+&+)+*)(%"2'(*/"6.+)&98)&"-c*)(.*0&6"/8:*#8)).%-*"0+.%7./*



!

!
!
CAN!

&-*0")(*%.+.8%9(*8-/*#.)*#"#2:8)&"-+*8##.8%+*)"*0.*#%&68%&:$*/%&7.-*0$*0.(87&"2%+*8++"9&8)./*

,&)(*#($+&98:*89)&7&)$*8-/*3../&-'@* %.3:.9)&-'* )(.* &-(.%&)./*-8)2%.*"3* )(.+.*#.8A+4*5%.7&"2+*

+)2/&.+*"-*&-/""%E("2+./*%.+.8%9(*98)+*8:+"*%.#"%)./*8*0&6"/8:*#8)).%-*/%&7.-*0$*#($+&98:*

89)&7&)$*8-/*.8)&-'*B58%A.%*.)*8:4@*]I`a@*]I]]8@*]I]]0C4*^",.7.%@*,(&:.*)(.*2-/.%:$&-'*%($)(6*

&+* +(8%./@* &)+* .N#%.++&"-* &+* +)%"-':$* &-3:2.-9./* 0$* )(.* .-7&%"-6.-)@* #8%)&92:8%:$* (268-*

&-3:2.-9.4**

;(.*89)&7&)$*"3*%.+.8%9(*98)+*,8+*+)%"-':$*+$-9(%"-&+./*,&)(*)(.*+9(./2:.+*"3*)(.&%*98%.)8A.%+@*

+(",&-'*8*#%"6&-.-)*#.8A*0.),..-*IHcII*8-/*`]cII*)(8)*9"&-9&/./*,&)(*/8&:$*9:.8-&-'*8-/*

3../&-'*%.'&6.+4*1*+&6&:8%*#%":"-'./*6"%-&-'*#.8A*8-/*+.9"-/*:.++*#%"-"2-9./*#.8A*8%"2-/*

+2-+.)*(87.*#%.7&"2+:$*0..-*"0+.%7./* &-* )(.*+86.*#"#2:8)&"-*"3*%.+.8%9(*98)+* BO6&)*.)*8:4@*

]I]]C4*1*+)2/$*,&)(*#.)*98)+*3"2-/*)(8)*&-/""%E("2+./*98)+*,&)(*"-.*("2%*"3*'8%/.-*899.++*

#.%* /8$* ,.%.* 6"%.* 89)&7.* ,(.-* )(.&%* ",-.%+* ,.%.* 8)* ("6.@* ,(.%.8+* )(.* 98)+* ,&)(* 6"%.*

.N).-+&7.*8-/*2-%.+)%&9)./*"2)/""%*899.++*,8+*#%&68%&:$*-"9)2%-8:*8-/*68&-)8&-./*8*%"02+)*

/8&:$*89)&7&)$*&-/.#.-/.-)*"3*)(.*+9(./2:.*"3*)(.*",-.%*B5&99&"-.*.)*8:4@*]I`GC4*<-*)(.*92%%.-)*

+)2/$@*)(.*3%..E%"86&-'*#.)*98)+*+(",./*8*9:.8%*0&6"/8:*#8)).%-*8:&'-&-'*,&)(*/2+A*8-/*/8,-*

&-*0")(*+266.%*8-/*,&-).%4*<-/""%*98)+*8:+"*/&+#:8$./*8*0&6"/8:*%($)(6@*)("2'(*&)*,8+*6"%.*

#%"-"2-9./*&-*,&-).%*)(8-*&-*+266.%4*;(.*,&-).%*#.8A+*68$*(87.*0..-*%.&-3"%9./*0$*)(.*

"7.%:8#*0.),..-*+2-%&+.j+2-+.)*8-/*)$#&98:*",-.%*,"%A*+9(./2:.+@*+2''.+)&-'*)(8)*-8)2%8:*

9%.#2+92:8%*).-/.-9&.+*8-/*(268-*%"2)&-.+*89)./*&-*9"60&-8)&"-4*<-*+266.%@*),"*.7.-&-'*

#.8A+*,.%.*7&+&0:.@*"-.*8:&'-&-'*,&)(*",-.%*%.)2%-*)&6.+*8-/*)(.*")(.%*,&)(*+2-+.)@*&-/&98)&-'*

)(8)* 0")(* &-(.%&)./* %($)(6+* 8-/* ",-.%* #%.+.-9.* &-3:2.-9./* 89)&7&)$4* ;(.* ,.8A.%* "7.%8::*

0&6"/8:&)$*&-*+266.%*68$*32%)(.%*%.3:.9)*+.8+"-8:*9(8-'.+*&-*("2+.(":/*%"2)&-.+@*+29(*8+*

+9("":*(":&/8$+@*,(.-*98)+*8%.*.N#"+./*)"*6"%.*3%.F2.-)*(268-*&-).%89)&"-*)(%"2'("2)*)(.*

/8$4**

;(.* )&6.* 8::"98)./* )"* 68&-).-8-9.* 0.(87&"2%+@* +#.9&3&98::$* '%""6&-'* 8-/* +9%8)9(&-'@* 8:+"*

%.7.8:./* 8* 9:.8%* 9"-)%8+)* 08+./* "-* .-7&%"-6.-)8:* .N#"+2%.@* /&%.9):$* :&-A&-'* 0.(87&"2%* )"*

2-/.%:$&-'*#($+&":"'&98:*9$9:.+4*1*#%"-"2-9./*+&6&:8%&)$*,8+*3"2-/*0.),..-*%.+.8%9(*98)+*

8-/* 3%..E%"86&-'* #.)* 98)+@* 0")(* "3* ,(&9(* +#.-)* +&'-&3&98-):$* 6"%.* )&6.* '%""6&-'* 8-/*

+9%8)9(&-'*&-*+266.%*)(8-*&-*,&-).%4*;(&+*#8)).%-*+)%"-':$*9"%%.:8).+*,&)(*)(.*-8)2%8:*(8&%*

'%",)(*8-/*+(.//&-'*9$9:.*&-*/"6.+)&9*98)+@*,(&9(*&+*#%&68%&:$*/%&7.-*0$*#(")"#.%&"/*BP8A.%@*

`aH=b*^.-/%&A+*.)*8:4@*`aaHb*R$/.%@*`aHdC4*1+*98)+*+(./*)(.&%*/.-+.%*,&-).%*9"8)*&-*%.+#"-+.*)"*



!

!
!

CHO!

&-9%.8+&-'*/8$:&'()*("2%+*8-/*).6#.%8)2%.+@*'%""6&-'*89)&7&)$*:"'&98::$*&-9%.8+.+*)"*68-8'.*

)(.*6"2:)4*!"-7.%+.:$@*&-/""%E"-:$*#%&78).:$*",-./*98)+*/&/*-")*+(",*)(&+*+.8+"-8:*#8)).%-4*

;(.&%*:89A*"3*.N#"+2%.*)"*-8)2%8:@*3:29)28)&-'*:&'()*9$9:.+*8-/*).6#.%8)2%.+@*9"2#:./*,&)(*)(.&%*

.N#"+2%.*)"*8%)&3&9&8:*:&'()&-'*&-*,&-).%@*:&A.:$*/&+%2#)+*)(.*.-7&%"-6.-)8:*92.+*)(8)*)%&''.%*8*

#%"-"2-9./*+.8+"-8:*6"2:)4*1+*8*%.+2:)@*)(.$*/"*-")*(87.*)(.*+86.*#($+&":"'&98:*-../*)"*'%",*

8*)(&9A*,&-).%*9"8)@*8-/*)(.&%*'%""6&-'*0.(87&"2%*%.68&-+*%.:8)&7.:$*9"-+)8-)*)(%"2'("2)*)(.*

$.8%4*<)*&+*8:+"*#"++&0:.*)(8)*",-.%+*8&/*)(.*6"2:)&-'*"3*)(.&%*&-/""%E("2+./*98)+*0$*6.8-+*"3*

0%2+(&-'@*:",.%&-'*)(.*&-9%.8+./*-../*3"%*+.:3E'%""6&-'*/2%&-'*)(.*6"2:)4*<-).%.+)&-':$@*)(.*

%.+.8%9(*98)+*+#.-)*+&'-&3&98-):$*6"%.*)&6.*'%""6&-'*9"6#8%./*)"*.7.-*)(.*3%..E%"86&-'*#.)*

98)+4*;(&+*68$*0.*.N#:8&-./*0$*)(.&%*("2+&-'*9"-/&)&"-+b*2-:&A.*3%..E%"86&-'*#.)*98)+*,("*98-*

%.)%.8)* &-/""%+*/2%&-'* &-9:.6.-)*,.8)(.%@* )(.* %.+.8%9(* 98)+*,.%.* .N#"+./* )"* )(.*"2)/""%+*

$.8%E%"2-/4*;(&+*9"-+)8-)*.N#"+2%.*68$*-.9.++&)8).*8*)(&9A.%*/.-+.%*9"8)*3"%*&-+2:8)&"-@*,(&9(*

&-*)2%-*%.F2&%.+*6"%.*&-).-+&7.*'%""6&-'*)"*68&-)8&-*/2%&-'*)(.*6"2:)4*

;(.+.* 9(8-'.+* &-* 89)&7.* 8-/* 68&-).-8-9.* 0.(87&"2%+* 8%.* &-)%&-+&98::$* :&-A./* )"* )(.* )&6.*

8::"98)./*3"%*%.+)@*'"7.%-./*0$*)(.*#%&-9&#:.*"3*8*3&-&).*)&6.*02/'.)4*M(.-*8*98)*+#.-/+*:.++*

)&6.*"-*"-.*0.(87&"2%@*&)*62+)*+#.-/*6"%.*)&6.*"-*8-")(.%4*;(&+*,8+*9:.8%:$*/.6"-+)%8)./*

&-*)(.*3%..E%"86&-'*98)+@*,("+.*%./29./*,&-).%*89)&7&)$*9"%%.+#"-/./*,&)(*8*68%A./*&-9%.8+.*

&-* :$&-'*0.(87&"2%@* %.#%.+.-)&-'*8-*.-.%'$*9"-+.%78)&"-*+)%8).'$* )"*9"#.*,&)(* )(.* )(.%68:*

9(8::.-'.+*"3*,&-).%4*<)*&+*($#")(.+&+./*)(8)*)(.*%./29)&"-*&-*89)&7.*0.(87&"2%*&+*)(.*%.+2:)*"3*

98)+* +#.-/&-'* 6"%.* )&6.* &-/""%+@* #%&"%&)&+&-'* )(.%68:* 9"63"%)@* 8+* (8+* 0..-* #%.7&"2+:$*

%.#"%)./* &-* 3%..E%"86&-'* #.)* 98)+* B^"%-* .)* 8:4@* ]I``C4* ;(.* %.+.8%9(* 98)+* +(",./* 8* +&6&:8%*

#8)).%-@*+#.-/&-'*6"%.*)&6.*:$&-'*/",-*&-*,&-).%@*6"+)*:&A.:$*,&)(&-*)(.&%*+:..#&-'*0"N.+@*

,(&9(*#%"7&/./*+(.:).%*8-/*&-+2:8)&"-4*<-).%.+)&-':$@*0")(*%.+.8%9(*8-/*3%..E%"86&-'*98)+*8:+"*

+#.-)*6"%.* )&6.*.8)&-'* &-*,&-).%* )(8-* &-* +266.%@* +2''.+)&-'*(&'(.%* .-.%'$*/.68-/+* 3"%*

)(.%6"%.'2:8)&"-4* !"%%.+#"-/&-':$@* 3%..E%"86&-'* 98)+* .N(&0&)./*&-9%.8+.+* &-* 0")(* 0"/$*

,.&'()*8-/*0"/$*9"-/&)&"-*+9"%.*/2%&-'*,&-).%4*;(.+.*3&-/&-'+*#%"7&/.*#($+&":"'&98:*+2##"%)*

3"%* )(.* 0.(87&"2%8:* #8)).%-+* "0+.%7./@* &-/&98)&-'* )(8)* )(.* %./29./* 89)&7&)$* 8-/* &-9%.8+./*

3../&-'* &-*,&-).%*68$*9"-)%&02).* )"*+.8+"-8:*'8&-+* &-*0"/$*68++*8-/*9"-/&)&"-4*^",.7.%@*

982)&"-* &+* ,8%%8-)./* ,(.-* &-).%#%.)&-'* )(&+* %.+2:)c* )&6.* +#.-)* .8)&-'* /".+* -")* -.9.++8%&:$*

.F28).*)"*)(.*F28-)&)$*"3*3""/*9"-+26./*"%*89)28:*.-.%'$*&-)8A.4*<-/&7&/28:*98)+*68$*.8)*8)*

/&33.%.-)* %8).+* "%* )8A.* :8%'.%* "%* +68::.%* 0&).+@* +"* 32%)(.%* %.+.8%9(* &+* -.././* )"* 9:8%&3$* )(&+*



!

!
!
CHC!

%.:8)&"-+(&#4*;(.*8++"9&8)&"-*,8+*6"%.*#%"-"2-9./*&-*)(.*%.+.8%9(*98)+@*#"++&0:$*0.982+.*)(.$*

:89A./*)(.*"#)&"-*"3*%.)%.8)&-'*&-/""%+*3"%*,8%6)(@*2-:&A.*)(.*3%..E%"86&-'*98)+4*;"'.)(.%@*

)(.+.* #8)).%-+* (&'(:&'()* (",* 0.(87&"2%8:* )%8/.E"33+* &-* 89)&7&)$@* %.+)@* 8-/* 3../&-'* %.3:.9)*

8/8#)&7.*+)%8).'&.+*)"*68&-)8&-*.-.%'$*08:8-9.*&-*9":/.%*9"-/&)&"-+4*

5%.7&"2+* +)2/&.+* 2+&-'* 899.:.%"6.).%+* (87.* +(",-* )(8)* "7.%8::* #($+&98:* 89)&7&)$* &-* 98)+*

/.9:&-.+*,&)(*8'.@*8+*6.8+2%./*0$*89)&7&)$*9"2-)+4*BU8&A*.)*8:4@*]I`LC*%.#"%)./*8*dpHJ*$.8%:$*

%./29)&"-*&-*/8&:$*89)&7&)$@*8:)("2'(*)(.&%*+86#:.*,8+*%.:8)&7.:$*+68::*B-*q*`aC*8-/*+A.,./*

)",8%/+*$"2-'.%*98)+*B6.8-*8'.*=4d*$.8%+C4*O&6&:8%:$@*BO6&)*.)*8:4@*]I]]C*3"2-/*)(8)*%.+.8%9(*

98)+*&-*)(.*A&)).-*BIpd*6"-)(+C*8-/*D2-&"%*BH*6"-)(+p]*$.8%+C*8'.*'%"2#+*,.%.*6"%.*89)&7.*

)(8-*98)+*&-*)(.*#%&6.*BGpd*$.8%+C@*68)2%.*BHp`I*$.8%+C@*8-/*+.-&"%*B``p`=*$.8%+C*'%"2#+@*,&)(*

-"*/&33.%.-9.+*"0+.%7./*86"-'*)(.*":/.%*'%"2#+4*<-*)(.*92%%.-)*+)2/$@*8*9"6#8%80:.*#8)).%-*

,8+*"0+.%7./*&-*#.)*98)+c*D2-&"%+*BH*6"-)(+p]*$.8%+C*+#.-)*+&'-&3&98-):$*6"%.*)&6.*"-*89)&7.*

0.(87&"2%+*)(8-*0")(*#%&6.*BGpd*$.8%+C*8-/*68)2%.*BHp`I*$.8%+C*98)+@*,(&:.*89)&7&)$*:.7.:+*/&/*

-")*/&33.%*0.),..-*#%&6.*8-/*68)2%.*&-/&7&/28:+4*P.$"-/*:"9"6")"%*89)&7&)$@*8'.*8:+"*).-/./*

)"*0.*-.'8)&7.:$*8++"9&8)./*,&)(*)&6.*+#.-)*'%""6&-'@*,(&9(*68$*32%)(.%*9"-)%&02).*)"*)(.*

"7.%8::*/.9:&-.* &-*89)&7&)$*,&)(*8'.4*;(&+*8:&'-+*,&)(*#%.7&"2+*.7&/.-9.*)(8)*'%""6&-'*8-/*

+9%8)9(&-'*98-*#%"/29.*(&'(*89)&7&)$*9"2-)+*B1-/%.,+*.)*8:4@*]I`>b*X8+9.::.+*.)*8:4@*]IILC*8-/*

)(8)*",-.%+*"3).-*%.#"%)*%./29./*'%""6&-'*&-*":/.%*98)+*BO"%/"*.)*8:4@*]I]IC4*;"'.)(.%@*)(.+.*

3&-/&-'+*+2''.+)*)(8)*8'.E%.:8)./*/.9%.8+.+*&-*"7.%8::*89)&7&)$@*%.9"%/./*0$*899.:.%"6.).%+@*8%.*

:&A.:$*/%&7.-*0$*/.9:&-.+*&-*0")(*:"9"6")"%*8-/*'%""6&-'*0.(87&"2%+4*<6#"%)8-):$@*%./29./*

'%""6&-'*&-*":/.%*98)+*68$*(87.*#%89)&98:*&6#:&98)&"-+*3"%*98%.)8A.%+@*8+*+.-&"%+*B``p`=*$.8%+C*

8-/* '.%&8)%&9+* BÇ`>* $.8%+C* 68$* %.F2&%.* 8//&)&"-8:* '%""6&-'* 8++&+)8-9.@* +29(* 8+* %.'2:8%*

0%2+(&-'@*)"*68&-)8&-*9"8)*9"-/&)&"-*8-/*+A&-*(.8:)(4*

;(.*/"6.+)&9*.-7&%"-6.-)*&+*8*9"6#:.N*.9"+$+).6*)(.*0.(87&"2%*"3*8*98)*&+*-")*"-:$*+(8#./*

0$*#($+&98:* 389)"%+*02)*8:+"*0$*)(.* &-)%&98).*+"9&8:*/$-86&9+*"3* )(.*("2+.(":/4*;(.*92%%.-)*

+)2/$i+*3&-/&-'+*8:&'-*,&)(*:&).%8)2%.*+2''.+)&-'*)(8)*)(.*#%.+.-9.*"3*")(.%*98)+*8-/*9(&:/%.-*

+&'-&3&98-):$* 8:).%+* 8* 98)e+* /8&:$* )&6.* 02/'.)@* #8%)&92:8%:$* )(.* 08:8-9.* 0.),..-* %.+)&-'* 8-/*

7&'&:8-)*0.(87&"2%+4*^",.7.%@*&-).%#%.)&-'*)(.+.*9(8-'.+*%.F2&%.+*98%.32:*9"-+&/.%8)&"-@*8+*8*

+)8)&+)&98::$*+&'-&3&98-)*8++"9&8)&"-*/".+*-")*8:,8$+*.F28).*)"*8*-.'8)&7.*&6#89)*"-*,.:38%.4*

?"6.+)&9*98)+*(87.*)(.*98#89&)$*3"%*+"9&8:*:&7&-'@*02)*9"(80&)8)&"-*&-*62:)&E98)*("2+.(":/+*98-*

&-)%"/29.*+"9&8:*9(8::.-'.+@*"3).-*+).66&-'*3%"6*9"6#.)&)&"-*"7.%*%.+"2%9.+*B!8%:+).8/*.)*8:4@*



!

!
!

CHA!

`aaGb*R86"+*.)*8:4@*]I`GC4*<-*)(.*92%%.-)*+)2/$@*)(.*-260.%*"3*98)+*&-*8*("2+.(":/*+&'-&3&98-):$*

&-3:2.-9./*)&6.*+#.-)*+&))&-'@*,&)(*98)+*&-*)(%..E98)*("2+.(":/+*+#.-/&-'*6"%.*)&6.*+&))&-'*

)(8-*)("+.*&-*+&-':.E98)*("6.+4*;(&+*0.(87&"2%*:&A.:$*%.3:.9)+*&-9%.8+./*7&'&:8-9.*8-/*8*-../*

)"*6"-&)"%*9"-+#.9&3&9+*)"*-87&'8).*+"9&8:*"%/.%*&-*8*+#8)&8::$*:&6&)./*.-7&%"-6.-)4*^",.7.%@*

:&-A+* 0.),..-* '%"2#* +&S.* 8-/* #($+&":"'&98:* +)%.++* 8%.* 9"6#:.Nc* +)2/&.+* 6.8+2%&-'* 3.98:*

':29"9"%)&9"&/* 6.)80":&).+* (87.* -")* 3"2-/* 9"-+&+).-)* /&33.%.-9.+* &-* 08+.:&-.* +)%.++* :.7.:+*

0.),..-* +&-':.E* 8-/* 62:)&E98)* ("2+.(":/+* BQ&-A8* _* Q"%.68-EM"%+:.$@* ]I]]b* R86"+* .)* 8:4@*

]I`GC4*R.+.8%9(*&-*#.)*98)+*(8+*32%)(.%*(&'(:&'()./*)(8)*+"9&8:*"2)9"6.+*/.#.-/*"-*389)"%+*+29(*

8+*.8%:$*+"9&8:&+8)&"-@*386&:&8%&)$@*8-/*%.:8)./-.++*BP%8/+(8,*_*^8::@*`aaab*Q&-A8*_*Q"%.68-E

M"%+:.$@*]I]]b*V8%+(*_*;2%-.%@*`aLLC4*R.:8)./*98)+*).-/*)"*&-).%89)*6"%.*3%.F2.-):$*8-/*(87.*

"7.%:8##&-'*("6.*%8-'.+@*,(.%.8+*2-%.:8)./*98)+*)&6.E+(8%.*%.+"2%9.+*8-/*68&-)8&-*#8%)&8:*

+#8)&8:* +.#8%8)&"-* )"* %./29.* 9"-3:&9)* BP8%%8))@* `aaHb* P.%-+).&-* _* O)%89A@* `aadC4* Z7.%8::@* )(.*

&-9%.8+./*+&))&-'*"0+.%7./*&-*62:)&E98)*("2+.(":/+*:&A.:$*%.#%.+.-)+*8*:",E.-.%'$*0.(87&"2%8:*

+)%8).'$*3"%*68-8'&-'*9"6#:.N*+"9&8:*/$-86&9+*%8)(.%*)(8-*8*/&%.9)*&-/&98)"%*"3*9"6#%"6&+./*

,.:38%.4*

;(.*#%.+.-9.*"3*9(&:/%.-*&-*("2+.(":/+*(8/*8*9:.8%*&6#89)*"-*98)*0.(87&"2%@*&-3:2.-9&-'*0")(*

#"+)2%8:*8-/*68&-).-8-9.*89)&7&)&.+4*<-*("6.+*,&)(*8)*:.8+)*"-.*9(&:/@*98)+*+#.-)*6"%.*)&6.*

+)8-/&-'* 8-/* ).-/./* )"* +#.-/* :.++* )&6.* '%""6&-'@* +2''.+)&-'* 8* +(&3)* )",8%/+* (.&'().-./*

8:.%)-.++* "%* %.8/&-.++* )"* %.89)* )"* 2-#%./&9)80:.* &-).%89)&"-+* B^8%)* .)* 8:4@* ]I`LC4* R./29./*

'%""6&-'@*)$#&98::$*#.%3"%6./*,(.-*8*98)*3..:+*%.:8N./@*32%)(.%*+2##"%)+*)(.*&-).%#%.)8)&"-*

)(8)* 98)+* 68$* .N#.%&.-9.* +2+)8&-./* 8%"2+8:* &-* )(.* #%.+.-9.* "3* 9(&:/%.-4* ^",.7.%@* 8-*

8:).%-8)&7.* #.%+#.9)&7.* &+* )(8)* 9(&:/%.-* #%"7&/.* /$-86&9* .-7&%"-6.-)8:* .-%&9(6.-)@*

#%"6#)&-'*92%&"+&)$*8-/*.-'8'.6.-)*%8)(.%*)(8-*+)%.++4*O2%7.$E08+./*+)2/&.+*&-/&98).*)(8)*

98)+*8%.*"3).-*#.%9.&7./*8+*:.++*833.9)&"-8).*)",8%/+*9(&:/%.-*)(8-*8/2:)+@*#8%)&92:8%:$*$"2-'.%*

9(&:/%.-* BGE>* $.8%+C@* ,(&9(* 68$* '.-.%8).* 9"-3:&9)* 8-/* 833.9)* )(.* ,.:38%.* "3* 0")(* #8%)&.+*

Bg%".-.,"2/*.)*8:4@*]I]Gb*^8%)*.)*8:4@*]I`Lb*K.:+"-@*`aaIC4*<-*)(.*#%.+.-)*+)2/$@*9(&:/%.-*,.%.*

/.3&-./*0%"8/:$*8+*8-$*("2+.(":/*6.60.%*2-/.%*`L*$.8%+*"3*8'.4*;(&+*,&/.%*'%"2#&-'*68$*

(87.*68+A./*8'.E+#.9&3&9*8++"9&8)&"-+*+2''.+)./*&-*)(.*:&).%8)2%.@*+&-9.*"-:$*8*:&6&)./*-260.%*

"3*("2+.(":/+*9"-)8&-./*9(&:/%.-*&-*.89(*/.7.:"#6.-)8:*+)8'.4*Q2)2%.*%.+.8%9(*,&)(*:8%'.%*

+86#:.+*8-/*3&-.%*8'.*/&+)&-9)&"-+*,&::*0.*&6#"%)8-)*3"%*/&+.-)8-':&-'*,(.)(.%*98)*0.(87&"2%*

/&33.%+*89%"++*9(&:/*/.7.:"#6.-)8:*+)8'.+4*



!

!
!
CHH!

1:)("2'(* &-).%89)&"-+* 0.),..-* 98)+* 8-/* /"'+* &-* +(8%./* ("2+.(":/+* 8%.* :.++* ,.::E+)2/&./@*

.N&+)&-'*.7&/.-9.*+2''.+)+*)(8)*9"(80&)8)&"-*/".+*-")*&-(.%.-):$*/&+%2#)*)(.*98)i+*)&6.*02/'.)4*

<-*)(.*92%%.-)*+)2/$@*)(.*#%.+.-9.*"3*8*/"'*,8+*-")*8*+&'-&3&98-)*#%./&9)"%*"3*)&6.*+#.-)*+&))&-'@*

+)8-/&-'@*"%*'%""6&-'@*+2''.+)&-'*)(8)*/"'*#%.+.-9.*8:"-.*/".+*-")*+)%"-':$* &-3:2.-9.*98)*

0.(87&"2%4*5%&"%*%.+.8%9(*&-/&98).+*)(8)*.8%:$*.N#"+2%.*&+*9%&)&98:c*98)+*8%.*6"%.*:&A.:$*)"*0.*

86&980:.*)",8%/+*/"'+*&3*)(.*3&%+)*.-9"2-).%*"992%+*0.3"%.*+&N*6"-)(+*"3*8'.@*8-/*0")(*+#.9&.+*

8%.*98#80:.*"3* &-).%#%.)&-'*.89(*")(.%i+*0"/$*:8-'28'.@*.7.-*,(.-*#"+)2%.+*(87.*"##"+&).*

6.8-&-'+*BQ.2.%+).&-*_*;.%A.:@*]IILC4*;(.+.*"0+.%78)&"-+*&-/&98).*)(8)*9"(80&)8)&"-*,&)(*/"'+*

98-* 0.* 68-8'./* +299.++32::$@* 02)* "2)9"6.+* :&A.:$* /.#.-/* "-* &-/&7&/28:* ).6#.%86.-)@*

+"9&8:&+8)&"-*(&+)"%$@*8-/*("2+.(":/*68-8'.6.-)*+)%8).'&.+*)(8)*8::",*98)+*899.++*)"*+83.@*/"'E

3%..* +#89.+4* K"%.* %.+.8%9(* &+* ,8%%8-)./* )"* 2-/.%+)8-/* )(.* -28-9./* /$-86&9+* "3* 98)E/"'*

%.:8)&"-+(&#+*8-/*)(.&%*&6#:&98)&"-+*3"%*3.:&-.*,.:38%.4*

M(&:.* )(&+* +)2/$*#%"7&/.+*78:280:.* &-+&'()+* &-)"* )(.* :&7.+*"3*#.)* 98)+@* &)+* 3&-/&-'+*62+)*0.*

&-).%#%.)./*&-*:&'()*"3*+.7.%8:*6.)("/":"'&98:*:&6&)8)&"-+4*;(.*6"+)*+&'-&3&98-)*"3*)(.+.*&+*)(.*

8##:&98)&"-*"3*8*689(&-.*:.8%-&-'*6"/.:*)%8&-./*"-*%.+.8%9(*98)+*&-*8*+.6&E"2)/""%*9":"-$*)"*

8* #"#2:8)&"-* "3*#.)* 98)+* &-* 6"%.* 9"6#:.N* 8-/* 78%&80:.* ("6.* .-7&%"-6.-)+4* ;(.* R8-/"6*

Q"%.+)* 6"/.:* ,8+* 78:&/8)./* "-* )(.+.* %.+.8%9(* 98)+@* 89(&.7&-'* 8-* "7.%8::* 8992%89$* "3*

8##%"N&68).:$*HGJ*8-/*8-*Q`E+9"%.*"3*dLJ4*^",.7.%@*)(.*/"6.+)&9*+.))&-'*&-)%"/29.+*389)"%+*

8-/*0.(87&"2%8:*9"-).N)+*)(8)*,.%.*-")*#%.+.-)*&-*)(.*)%8&-&-'*.-7&%"-6.-)@*,(&9(*#%.+.-)+*

9%&)&98:*9(8::.-'.+*)"*)(.*#.%3"%68-9.*"3*)(.*6"/.:4*;(.*8992%89$*"3*8*6"/.:*&+*/.#.-/.-)*"-*

)(.*.-7&%"-6.-)*&-*,(&9(*&)*,8+*)%8&-./@*8-/*&)+*#.%3"%68-9.*68$*/.9:&-.*,(.-*8##:&./*)"*8*

-.,*9"-).N)*BR8+)*.)*8:4@*]I]IC4*;(.*("6.*.-7&%"-6.-)*9"-)8&-+*0.(87&"2%+*)(.*6"/.:*,8+*-")*

)%8&-./* "-* B.4'4@* +#.9&3&9* )$#.+* "3* #:8$@* 9"6#:.N* +"9&8:* &-).%89)&"-+C@* ,(&9(* 68$* 0.*

6&+9:8++&3&./* &-)"* "-.* "3* )(.* .N&+)&-'* .&'()* 98).'"%&.+4* ;(&+* :&6&)8)&"-* ,8+* /.6"-+)%8)./*

#%89)&98::$*,(.-*8//%.++&-'*)(.*#"+)2%8:*/&33.%.-9.+*&-*.8)&-'*0.(87&"2%*0.),..-*)(.*%.+.8%9(*

8-/*#.)*98)+4*<-*)(.*%.+.8%9(*+.))&-'@*98)+*8).*3%"6*0",:+*#:89./*"-*)(.*3:""%*"3*)(.&%*&-/&7&/28:*

3../&-'*98'.+@*8*#"+)2%.*)(8)*#%"7./*)"*0.*2-&F2.*)"*)(8)*+.)2#4*R.9"'-&+&-'*)(&+*/&+9%.#8-9$@*

8-*8)).6#)*,8+*68/.*)"*%.)%8&-*)(.*6"/.:*2+&-'*-.,*/8)8*98#)2%./*3%"6*%.+.8%9(*98)+*.8)&-'*
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The Use of Triaxial Accelerometers and Machine Learning
Algorithms for Behavioural IdentiÞcation in Domestic Cats
(Felis catus): A Validation Study

Michelle Smit * , Seer J. Ikurior, Rene A. Corner-Thomas , Christopher J. Andrews , Ina Draganova
and David G. Thomas

School of Agriculture and Environment, Massey University, Palmerston North 4410, New Zealand
* Correspondence: m.smit@massey.ac.nz

Abstract: Animal behaviour can be an indicator of health and welfare. Monitoring behaviour through

visual observation is labour-intensive and there is a risk of missing infrequent behaviours. Twelve

healthy domestic shorthair cats were Þtted with triaxial accelerometers mounted on a collar and

harness. Over seven days, accelerometer and video footage were collected simultaneously. IdentiÞer

variables (n = 32) were calculated from the accelerometer data and summarized into 1 s epochs.

Twenty-four behaviours were annotated from the video recordings and aligned with the summarised

accelerometer data. Models were created using random forest (RF) and supervised self-organizing

map (SOM) machine learning techniques for each mounting location. Multiple modelling rounds

were run to select and merge behaviours based on performance values. All models were then tested

on a validation accelerometer dataset from the same twelve cats to identify behaviours. The frequency

of behaviours was calculated and compared using Dirichlet regression. Despite the SOM models

having higher Kappa (>95%) and overall accuracy (>95%) compared with the RF models (64Ð76%

and 70Ð86%, respectively), the RF models predicted behaviours more consistently between mounting

locations. These results indicate that triaxial accelerometers can identify cat speciÞc behaviours.

Keywords: domestic cat; accelerometer; random forest; self-organizing map; behaviour classiÞcation

1. Introduction

Animal behaviour can provide a reliable and non-invasive indication of animal health
and welfare. In domestic cats (Felis catus), behavioural changes can indicate the presence
of illness, pain, or distress [1]. Behavioural monitoring of pet cats is often carried out by
their owner(s). However, owner observation is subjective, and they cannot monitor their
pets continuously, and they may therefore miss early and subtle signs of illness. This is
exacerbated by the fact that changes in behaviour in response to illness and/or pain can
often be subtle and well disguised by the cat [ 1]. In addition, any behavioural research
trial using traditional methods, scoring behaviour manually either directly or from video
recordings, is labour-intensive. Accelerometers are a promising tool to help continuously
monitor the behaviour of animals, including domestic cats.

To date, few studies in domestic cats have used accelerometer data from non-commercial
triaxial accelerometers to distinguish between or identify specific behaviours [ 2,3]. Accelerom-
eters can measure body movement in terms of acceleration in one to three orthogonal planes:
craniocaudal (surge; forwards/backwards), mediolateral (sway; left/right), and dorsoventral
(up/down) [ 4]. Measuring these accelerations in multiple directions allows detection of
both dynamic (motion) and static (gravity) accelerations [ 4,5]. Watanabe et al. [3] were able
to successfully distinguish drinking (100% accuracy), eating (68% accuracy), trotting (78%
accuracy), and galloping (71% accuracy) in a single domestic cat using only acceleration
data along the craniocaudal plane (forwards/backwards). Galea et al. [ 2] successfully built
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two identifying models for twelve different behaviours from triaxial acceleration data from
ten domestic cats, using random forest (RF) and self-organizing maps (SOM).

The location of the accelerometer on the animal is an important factor to consider.
Aspects to consider when determining the attachment site include the animal species,
potential effects of attachment site on behaviour, behaviours that are of interest in the
study, and rigidity of the attachment of the accelerometer on a site [ 4,6]. For example, an
accelerometer attached to the back of an animal is less likely to register Þne-scale head
movements involved in eating behaviour which may be detectable by a collar-mounted ac-
celerometer [4]. In domestic cats, the most commonly used site of accelerometer attachment
is a collar with the device positioned ventrally. Attachment to a collar, however, can result
in rotation of the accelerometer and residual movement (i.e., movement of the device after
the physical movement stops) which is dependent on the looseness of the collar, weight of
the accelerometer, and the animalÕs behaviour [4,6]. A greater model accuracy was found
in dogs for accelerometers attached to a harness than a collar [7]. It is therefore important
to identify behaviours of interest before determining the accelerometer placement location.

To be able to identify behaviours using accelerometer data, machine learning (ML)
techniques are often used to build classifier models. Depending on the dataset, some ML
techniques might be a better fit than others. Nathan et al. [ 8] reported that the random
forest (RF) ML technique had the highest accuracies for identifying behaviour of free ranging
griffon vultures from accelerometer data. In that study, the accuracies of five frequently used
supervised ML techniques were compared: linear discriminant analysis (LDA), support vector
machines (SVM), classification and regression trees (CART), random forests (RF), and an
artificial neural network (ANN) [ 8]. Galea et al. [2] compared SOM with RF and found that
SOM had a higher overall accuracy than RF (99.6% vs. 98.9%, respectively) for behaviour
classification of domestic cats wearing a harness-mounted accelerometer.

In the present study, commercially available accelerometers were attached to domestic
cats on both a collar and a harness, to capture movement data needed to build behaviour
identiÞer models. The aim of the current study was to compare model performance between
the two sites of attachment, (collar and harness) and two machine learning techniques
(RF and supervised SOM). It was hypothesised that both RF and SOM models of harness-
mounted accelerometer data would have better overall performance, or ability to identify
behaviour, when compared with models of the collar-mounted accelerometer, due to the
greater rigidity of the harness-mounted accelerometer reducing the risk of individual and
residual device movement. However, given that the collar-mounted accelerometer was
expected to be more likely to detect Þner-scale head movements, it was expected that the
model of the collar-mounted accelerometer would have higher accuracy in detecting eating
behaviour than harness-mounted accelerometer models. Furthermore, as the SOM model
had higher overall performance compared with the RF model in the study by Galea et al. [ 2],
it was also hypothesised that in the current study SOM models would have higher overall
performance compared with the RF model.

2. Materials and Methods

The study was conducted at the Massey University Centre for Feline Nutrition, Palmer-
ston North, New Zealand (latitude 40 ! 23" S, longitude 175! 36" E) between 30 June and
7 July 2021. This study was approved by the Massey University Animal Ethics Committee
(MUAEC 21/23).

2.1. Animals and Design

The study comprised two phases: habituation and data collection. For the habituation
phase, 16 healthy desexed male (n = 7) and entire female (n = 9) domestic shorthair cats
aged from 2.3 to 4.4 years (mean± SD, 2.64± 0.62 years) and weighing between 2.6 to
5.2 kg(3.93± 0.89 kg) were assessed for inclusion in the study. The habituation phase lasted
for Þve weeks: four weeks for habituation to the cat harness and one week for habituation
to the accelerometers attached to both a collar and harness. Cats were already accustomed
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to wearing collars and thus relatively little habituation was needed for accelerometer
attachment. However, three cats did not habituate to the harness and one cat persisted
in biting the harnesses of other cats, thus these animals were removed from the study. A
subset of twelve desexed male (n = 5) and entire female (n = 7) cats aged from 2.3 to 4.4
years (mean± SD, 2.75± 0.69 years) and weighing between 2.6 to 5.1 kg (3.85± 0.82 kg)
who had successfully completed the habituation period were included in the data collection
phase. During data collection, each cat wore two accelerometers, one attached to a collar
and one to a harness, for seven consecutive days. During the same seven days, cats were
under continuous video surveillance. Throughout both phases of the study, cats were
housed in two semi-outdoor colony cages (Figure 1), fed a complete and balanced [9]
commercial canned diet (Heinz WattieÕs Ltd., Hastings, New Zealand), and had ad libitum
access to water.

Figure 1. Colony cages as seen from the side (left ) and front ( right ), measuring 1400 mm ! 2400 mm
! 4400 mm.

2.2. Data Collection

Cats were Þtted with a collar and harness to which an ActiGraph wGTX-BT accelerom-
eter (weighing 19 g and measuring 33 mm ! 46 mm ! 15 mm) was attached (ActiGraph,
Pensacola, FL, USA). On the collar the accelerometer was positioned ventrally (Figure 2a),
and on the harness it rested on the left shoulder blade (Figure 2b). The orientation of
the accelerometers was uniform across all cats for each mounting location. For the collar-
mounted accelerometer, the orientation of the X, Y, and Z axes were lateral, dorso-ventral,
and cranio-caudal, respectively, whereas for the harness-mounted accelerometer the orien-
tation of the X, Y, and Z axes were cranio-caudal, dorso-ventral, and lateral, respectively.
Acceleration data were sampled at a frequency of 30 Hz (raw acceleration data), with a
dynamic range of ± 8 g. For each cat, a unique pattern of reßective tape was placed on the
two accelerometers to allow cat identiÞcation under infrared light.

Figure 2. Placement and orientation of the ActiGraph wGT3X-BT accelerometer on a (a) collar and
(b) harness.
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Cats were Þlmed in real time using a 4K Swann¨ security camera system (Swann
Communications USA, Santa Fe Springs, CA, USA) capable of automatically switching
between natural and infrared light, enabling continuous observation under natural light
and dark conditions. A selection of active (climbing, jumping, Þghting, playing, rolling,
rubbing, running, trotting, walking), inactive (lying, sitting, standing), maintenance (dig-
ging, drinking, eating, grooming, littering, scratching, shaking), and other (other, out of
sight, allogrooming, human contact) behaviours were then retrospectively scored using
BORIS [10] by a single scorer (Table 1). Behaviours were scored continuously and were
then exported using a one-second (s) time interval. For all cats, behaviour was scored for
the Þrst day of data collection, between 09:00 AM and 02:00 PM, when cats were expected
to show the largest range of behaviours because of the presence of staff and feeding within
those hours.

Table 1. Ethogram including deÞnitions for scored behaviours.

Behaviour Description

Active

Climbing [ 11] Cat ascends and/or descends a vertical object or structure.
Jumping horizontal Cat leaps from one point to another horizontally.
Jumping vertical Cat leaps from one point to another vertically.

Fighting [ 12]
Cat engages in aggressive physical combat with another cat. Piloerection generally present of tail and
back fur.

Playing [ 12]
Cat interacts with a (cat) toy or with another cat in a non-aggressive manner. Ears generally point
forward, inverted U-shape of tail. Piloerection generally absent.

Rolling [ 11]
Cat rotates its body from side to side while lying on a horizontal surface. During the roll, when the
cat is on its back, the belly is exposed, and all paws are in the air.

Rubbing Cat rubs body against a surface or object.
Running [ 12,13] Forward locomotion at a fast gait. Four-beat, asymmetric gait. Has a suspension phase. Fastest gait.

Trotting [ 12,13]
Forward locomotion at a swift gait performed. Two-beat, symmetric movement. Body is supported
by two diagonal legs during contact with ground. Intermediate gate.

Walking [ 12,13]
Forward locomotion at a slow gait. Four-beat, symmetric movement with limbs moving sequentially.
Includes slow walk (three or four feet contact ground during any one phase), fast walk (two or three
feet contact ground during any one phase). Slowest gait.

Inactive

Lying [ 11]
Body of the cat is in a horizontal position on a horizontal surface. Cat can be lying on its side, back,
belly, or curled up.

Sitting [ 11]
Cat is in an upright position, with the hind legs ßexed and under the body, and with front legs
extended and straight at the front of the body.

Standing [11] Cat is immobile and supporting the body with extended legs and all paws touching the surface.

Maintenance

Digging [ 11] Cat breaks up or moves substrate around with either one of its front paws.
Drinking [ 11] Cat ingests water by lapping up with the tongue.
Eating [11] Cat ingests food by chewing with the teeth and swallowing.

Grooming [ 11]
Cat cleans itself by either licking, scratching, biting, or chewing the fur on its body. Includes the
licking of a front paw and wiping it over its own head.

Littering Cat urinates or defecates.
Scratching [11] Cat scratches its body using the claws of its hind paw.
Shaking [11] Cat rotates its abdomen or head rapidly from side to side.

Other

Other Any behaviour that does not Þt into one the behaviours included in this ethogram.
Out of sight Cat is not visible to the observer.
Allogrooming [ 11] Cat licks the fur on the head or body of another cat.
Human contact Cat is having direct contact with a human, either being petted or being held/carried.
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2.3. Model ClassiÞcation

All data computation and statistical analyses were carried out using RStudio ver-
sion 4.1.1 [14]. The R code, including R packages used, has been published in a GitHub
repository [ 15].

2.3.1. Intra-Rater Reliability

To test the intra-rater reliability, a subset of Þve randomly selected 15 min video
recordings were scored for behaviour for a second time, with a time interval of six months
between the Þrst and second behaviour scoring. Intra-rater reliability was tested using the
Kappa coefÞcient (! ) with the R package ÔirrÕ [16]. Results for the Kappa coefÞcient were
interpreted according to Fleiss [ 17], where values > 0.75 indicated excellent agreement, 0.40
to 0.75 indicated fair to good agreement, and <0.40 indicated poor agreement.

2.3.2. Derivation IdentiÞer Variables

Raw acceleration data for each axis were exported from the devices using ActiLife
software (version 6.13.4; ActiGraph, Pensacola, FL, USA). Using RStudio v1.4.1 [14], a total
of 32 identiÞer variables were derived from the raw accelerometer data and summarized
into 1 s epochs (i.e., time interval): mean acceleration (X, Y, Z), sum acceleration (X, Y, Z),
minimum (min) acceleration ( X, Y, Z), maximum (max) acceleration (X, Y, Z), standard
deviation (sd) of acceleration (X, Y, Z), skewness (X, Y, Z), kurtosis (X, Y, Z), correlation
(XY, XZ, YZ), vector magnitude (VM; mean, sum, min, max, sd, skewness, kurtosis), and
overall dynamic body acceleration (ODBA; see Table 2 for detailed description of each
identiÞer variable).

Table 2. Description of identiÞer variables.

IdentiÞer Variable Description

Mean
Mean, calculated for every second using the raw acceleration data (30 measures
per second).

Sum
Sum, calculated for every second using the raw acceleration data.

Sum(Axis) =
N
!

i= 1
Axisi

Minimum (min) Minimum value of every 30 measures within each second.
Maximum (max) Maximum value of every 30 measures within each second.
Standard deviation (sd) Measures the spread of the data.
Skewness Asymmetry of the distribution.
Kurtosis Weight of the tails relative to a normal distribution.
Vector magnitude (VM) VM =

!
X2 + Y2 + Z2

Overall dynamic body acceleration (ODBA) ODBA =
N
!

i= 1
|DBAX | + |DBAY| + |DBAZ |

Dynamic body acceleration (DBA) 1 DBA = Sumaxis " moving average

1 Accelerometer data from each axis were individually smoothed using the moving average over 1 s. The DBA
was not included as an identiÞer variable.

2.3.3. Building Behaviour IdentiÞer Models

Before building the models, behaviours that were not observed and behaviours clas-
siÞed as ÒotherÓ or Òout of sightÓ, were removed from the dataset. Two ML techniques
were used to build identiÞer models to identify behaviours in domestic cats: (I) RF and
(II) supervised SOM. RF is a ML technique that builds a multitude of decision trees and
combines the output at the end [ 18]. SOM is a ML technique that produces two-dimensional
maps, usually a grid of nodes, of multi-dimensional and complex data, where nodes that
are similar are located close to each other [19]. A model was made with each modelling
technique for each mounting location: RF for collar (CRF) and harness (HRF) and SOM for
collar (CSOM) and harness (HSOM).

The RF models were built using the R packages ÔcaretÕ [20] and ÔrandomForestÕ [21].
The default settings for the number of trees (n = 500) and the number of variables randomly
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sampled as candidate at each split (n =
!

nvariables) were used. The SOM models were built
using the R package ÔKohonenÕ (version 3.0.11) [22], with the number of times the dataset
was presented to the network set to the default setting (n = 100). Each model was built
using a subset (70%) of the complete dataset. The model was then used, and tested, to
identify the behaviour using the identiÞer variables of the remaining 30% of the complete
set. A confusion matrix was computed by comparing the identiÞed behaviours with the
observed behaviours.

2.3.4. Model Evaluation

Using the computed confusion matrix, behaviours for each model were labelled as true
positive (TP) when the behaviour was correctly identiÞed by the model, true negative (TN)
when the behaviour was correctly identiÞed by the model as not occurring, false negative
(FN) when the behaviour was observed but not identiÞed by the model, or false positive
(FP) when the behaviour was identiÞed by the model but was not observed. Using data
from the confusion matrix, the accuracy (Equation (1)), precision (Equation (2)), sensitivity
(Equation (3)), and speciÞcity (Equation (4)) were calculated for each behaviour:

Accuracy = (TP + TN)/(TP + TN + FP + FN), (1)

Precision = TP/(TP + FP), (2)

Sensitivity = TP/(TP + FN), (3)

SpeciÞcity = TN/(TN + FN). (4)

Overall model performance was determined by calculating the overall accuracy
(Equation (5)) and Kappa coefÞcient (! ; Equation (6)) [23]. Results for the Kappa coef-
Þcient were interpreted according to Fleiss [17].

Overallaccuracy = (TP + TN)/ (TP + TN + FP+ FN) (5)

ö! =

!

N "
k

!
i= 1

xii #
k

!
i= 1

(xi+ " x+ i )

"

/ N2 #
k

!
i= 1

(xi+ " x+ i ) (6)

Multiple identiÞer models were built for both the collar- and harness-mounted ac-
celerometer. For each model, the overall accuracy and estimated Kappa coefÞcient were
evaluated, and for each behaviour the sensitivity, speciÞcity, precision, and accuracy were
calculated. Behaviours with low values were clustered with the lbehaviour they were mis-
classiÞed as in the model if the behaviour belonged to the same category (active, inactive,
maintenance), or were removed if in a different category. The new model was then built,
and the overall accuracy and estimated Kappa coefÞcient were compared with the previous
model. This behavioural selection and clustering, hereafter referred to as the Ômodelling
roundÕ, continued until the overall accuracy and Kappa coefÞcient did not improve or until
only three behavioural categories remained: active, inactive, and maintenance.

2.4. Daily Activity Budgets and Dirichlet Regression

For accelerometer data not used to build the models, the behaviour of the cats was
determined using the Þnal models. Daily activity budgets (proportion of time spent show-
ing each behaviour) were calculated for each cat. Using the R package DirichletReg [24], a
Dirichlet regression with log link was performed as a function of mounting location (collar
and harness), modelling technique (RF and SOM), and the day of observation. A Dirichlet
regression allows for statistical testing between proportions [ 25]. The Dirichlet regression
was performed separately for each modelling round (MR).
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3. Results

From the 7 days of video footage from the 12 cats, a total of 166,754 s (! 46 h and
20 min; 3 h and 50 min per individual) of recordings were scored for behaviours. Of the
24 behaviours (Table1) scored in the video recordings, 4 behaviours (ÔrollingÕ, ÔrunningÕ,
ÔdrinkingÕ, and Ôhuman contactÕ) were not observed at any time and were therefore removed
before model building (Appendix A). Similarly, ÔÞghtingÕ (n = 10 s) and ÔplayingÕ (n = 1 s)
were removed due to their low occurrence. ÔJumping horizontalÕ (n = 53 s) and Ôjumping
verticalÕ (n = 186 s) were grouped into a single category ÔjumpingÕ (AppendixA). Seconds
(i.e., datapoints) where cats were identiÞed as Ôout of sightÕ (n = 38,395 s) and ÔotherÕ
(n = 4116 s), were also removed from the dataset. These changes resulted in a total of
124,230 datapoints which consisted of 15 different behaviours. Four modelling rounds
were conducted which resulted in a total of 16 different behavioural identiÞcation models
(Appendix A).

3.1. Intra-Rater Reliability

The intra-rater reliability, comparing the agreement between the Þrst and second
rounds of behaviour scoring of video data by the scorer, was tested and found to be
excellent (! = 0.93,p < 0.001).

3.2. Model Performance

It was observed that the initial models were overÞtted to behaviours with large num-
bers of datapoints (e.g., lying; Appendix A), therefore behaviours with large numbers of
datapoints were limited to n = 7000. For this reason, the numbers of datapoints for inactive
and maintenance were also limited to n = 5000 for the fourth and Þnal round of modelling
(Appendix A). Datapoints were limited by randomly selecting 7000 or 5000 datapoints for
each behaviour using the sample function in R.

The first modelling round included 15 behaviours which included climbing, jump-
ing, rubbing, trotting, walking, lying, sitting, standing, grooming, littering, digging, eating,
scratching, shaking, and allogrooming. In the first modelling round, the confusion matrices
showed that some behaviours were not identified by the models (true positive = 0), e.g., climb-
ing, digging, and allogrooming using the CRF model ( Supplementary Material Tables S1ÐS4).
Climbing, jumping, rubbing, digging, shaking, and allogrooming were removed before the
second modelling round because of their small sample size. Trotting was often misclassi-
fied as walking in both the CRF and HRF models of the first modelling round, and the
two were therefore merged into ÒactiveÓ (Supplementary Material Tables S1 and S2). Scratch-
ing was often misclassified as grooming in both the CRF and HRF models of the sec-
ond modelling round and was merged with grooming before the third modelling round
(Supplementary Material Tables S5 and S6). The remaining models identified all of the in-
cluded behaviours (Supplementary Material Tables S9ÐS16) with an accuracy " 0.75
(Supplementary Material S2 Tables S17ÐS20). The precision with which the models identified
each behaviour ranged from 0.25 to 1.00; however, precision could not be calculated for be-
haviours that were not identified by the models ( Supplementary Material S3 Tables S21ÐS24).
The sensitivity of the models that contained behaviours that could not be identified was
0.00 (Supplementary Material S4 Tables S25ÐS28). For behaviours that were identified by the
models, sensitivity ranged from 0.02 to 1.00. Precision and sensitivity decreased as the number
of false positives or false negatives, respectively, increased compared with the number of true
positives. Model specificities for identified behaviours were " 0.90, except for eating in the RF
models in the third modelling round, where the specificity was 0.72 for the CRF model, and
0.76 for the HRF model (Supplementary Material S5 Tables S29ÐS32).

Irrespective of mounting location, the overall performance values of the SOM mod-
els were higher than those of the RF models, with both Kappa and overall accuracy
values > 0.95for the SOM models (Table 3). The RF models generally showed fair to good
agreement (! between 0.40 and 0.75) between the observed and identiÞed behaviours. The
harness HRF models showed excellent agreement (! > 0.75) in the second and third mod-
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elling round (Table 3). For the RF models, both the Kappa and overall accuracy values were
higher for the HRF models than the collar CRF models in modelling rounds 1Ð3 (Table 3).
It was only in the fourth modelling round, containing only three behavioural categories,
that the CRF models outperformed the HRF models (Table 3). The overall performance
values for the CSOM and HSOM models were very similar, apart from modelling round
three, where the overall performance values for the HSOM model were higher than those
of the CSOM model (Table 3).

Table 3. Kappa and overall accuracy values for each modelling round, mounting location (collar and
harness), and modelling technique (random forest (RF) and self-organizing map (SOM)).

Modelling
Round

Kappa Overall Accuracy

RF SOM RF SOM

Collar
1 0.642 0.962 0.7 0.968
2 0.678 0.997 0.733 0.997
3 0.684 0.953 0.739 0.961
4 0.742 0.999 0.83 0.999

Harness
1 0.729 0.962 0.772 0.968
2 0.753 0.996 0.795 0.997
3 0.757 0.997 0.799 0.998
4 0.739 0.999 0.827 0.999

3.3. Daily Activity Budgets

Accelerometer data that were not used to build the models (a total of six days) were
used to identify the behaviour of each cat using each model in each modelling round. For
each model, the proportion of time spent showing each identiÞed behaviour was compared
using Dirichlet regression [ 25].

Models from the Þrst modelling round had low precision and sensitivity for iden-
tifying behaviours due to very low or zero true positives (climbing, jumping, trotting,
digging, shaking, allogrooming) due to either not being identiÞed or their very low
occurrence (Table 4). Behaviours with high values overall for performance, including
walking, lying, sitting, standing, grooming, eating, had varying results, depending on
the model. The most frequently identiÞed behaviours were lying (28.20Ð52.69%) and
sitting (18.74Ð28.93%; Table4). Grooming ranged from as low as 6.99% to as high as
20.69% and eating ranged from 3.32% to 22.67% (Table4). For the RF models, differ-
ences in mean daily percentages were found for lying ( p < 0.001), littering (p = 0.017),
and eating (p = 0.005) between the CRF and HRF models (Table4). For SOM models,
differences were found in walking, lying, sitting, standing, and grooming ( p ! 0.001 for
all; Table 4) between the CSOM and HSOM models. Comparing the modelling tech-
niques for the collar models (CRF and CSOM), the only behaviour that did not show
a difference was rubbing ( p = 0.104; Table4). Comparing the modelling techniques for
the harness models (HRF and HSOM), no differences were found for rubbing ( p = 0.472)
and walking ( p = 0.737; Table4). Most behaviours that showed no differences were be-
haviours with low precision and sensitivity ( Supplementary Material S3 Tables S21ÐS24
and Supplementary Material S4 Tables S25ÐS28).

Despite the high results for performance of littering in both the CSOM and HSOM
models and scratching in the HSOM model, these behaviours were not predicted at all in
the second modelling round, but were identiÞed by both the CRF and HRF models (Table 5).
Lying (29.17Ð52.52%) and sitting (17.47Ð28.57%) remained the most commonly identiÞed
behaviours in the second modelling round (Table 5). Eating (3.22Ð22.15%) and grooming
(7.15Ð18.91%) behaviours showed a wide range depending on the model used, which was
similar to the Þrst modelling round (Table 5). For the second modelling round, differences in
mean daily percentages were found between the CRF and HRF models for lying ( p < 0.001)
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and eating (p = 0.030; Table5). The identiÞed percentages of behaviours between the
CSOM and HSOM were different ( p < 0.05) for all behaviours that were identiÞed by the
models (Table 5). The CRF and CSOM models showed differences for active (p = 0.041),
lying ( p > 0.001), sitting ( p < 0.001), standing (p < 0.001), grooming (p = 0.019), and eating
(p = 0.004; Table 5). The HRF and HSOM models showed differences for active (p = 0.025),
lying ( p < 0.001), sitting (p < 0.001), grooming (p = 0.003), and eating (p < 0.001; Table5).

Table 4. Differences in mean ± standard error daily percentages of identiÞed behaviours between
models for modelling round 1.

CRF * HRF * CSOM * HSOM *

Climbing - 0.03± 0.01 - -
Jumping 0.01± 0.00 0.03± 0.01 - -
Rubbing 0.07± 0.01 0.11± 0.04 1.89± 0.43 0.42± 0.15
Trotting - - - -
Walking   2.51± 0.33 b 3.02± 0.38 b 0.45± 0.07 a 4.57± 0.58 b

Lying   52.69± 2.21 d 47.54± 2.80 c 28.20± 2.27 a 33.76± 2.04 b

Sitting   25.29± 2.45 c 28.93± 2.88 c 23.08± 2.79 b 18.74± 1.89 a

Standing   8.08± 1.18 b 8.16± 0.87 b 7.70± 3.16 a 8.83± 1.08 c

Grooming   6.99± 0.29 a 7.99± 0.31 a 15.92± 0.75 b 20.68± 1.50 c

Littering 0.06± 0.01 a 0.64± 0.25 b - -
Digging - 0.01± 0.00 - -
Eating   4.08± 0.45 b 3.32± 0.30 a 22.67± 1.56 c 12.99± 1.30 c

Scratching 0.20± 0.03 b 0.21± 0.03 b 0.08± 0.02 a -
Shaking 0.02± 0.00 0.01± 0.00 - -
Allogrooming - 0.01± 0.00 - -

aÐd Different superscripts within a behaviour indicate a signiÞcant difference ( p < 0.05).   Behaviour was signiÞ-
cantly affected by day ( p < 0.05). * CRF = Collar Random Forest, HRF = Harness Random Forest,CSOM = Collar
Self-Organizing Map, HSOM = Harness Self-Organizing Map.

Table 5. Differences in mean ± standard error daily percentages of identiÞed behaviours between
models for modelling round 2.

CRF * HRF * CSOM * HSOM *

Active   2.71± 0.37 c 3.22± 0.41 c 0.09± 0.01 a 2.64± 0.27 b

Lying 52.52± 2.37 d 47.73± 2.92 c 29.17± 1.85 a 38.00± 2.39 b

Sitting   25.35± 2.58 c 28.57± 3.01 c 24.46± 3.12 b 17.47± 1.96 a

Standing   7.95± 1.25 b 8.37± 0.93 b 3.99± 2.85 a 11.81± 1.29 b

Grooming   7.15± 0.31 a 8.07± 0.33 a 18.91± 0.89 b 16.14± 1.50 c

Littering 0.07± 0.02 0.62± 0.25 - -
Eating   4.05± 0.47 b 3.22± 0.31 a 22.15± 1.68 d 13.95± 1.30 c

Scratching 0.19± 0.03 0.20± 0.03 1.24± 0.42 -

aÐd Different superscripts within a behaviour indicate a signiÞcant difference ( p < 0.05).   Behaviour was
signiÞcantly affected by day ( p < 0.05). * CRF = Collar Random Forest, HRF = Harness Random Forest, CSOM =
Collar Self-Organizing Map, HSOM = Harness Self-Organizing Map.

The most frequently identified behaviours in the third modelling round remained lying
(27.82Ð53.21%) and sitting (20.66Ð28.04%), with grooming behaviour ranging from 7.59%
to 13.91% (Table6). As seen in the second modelling round, eating behaviour showed a
large range (3.28% to 26.79%; Table6). In the third modelling round, no differences in the
mean percentages of identified behaviours were found between the CRF and HRF models
(p > 0.05), whereas all behaviours differed between the CSOM and HSOM models (eating
p = 0.012, all other behaviours p < 0.001; Table6). Differences in mean daily percentages were
found between the CRF and CSOM models for active, lying, sitting, standing, grooming (all
p < 0.001), and eating (p = 0.002; Table6). For the HRF and HSOM models, differences were
found for active, lying, and sitting (all p < 0.001), and eating (p = 0.011; Table6).
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Table 6. Differences in mean ± standard error daily percentages of identiÞed behaviours between
models for modelling round 3.

CRF * HRF * CSOM * HSOM *

Active   2.70± 0.37 c 3.17± 0.40 c 0.10± 0.02 a 1.87± 0.21 b

Lying   53.21± 2.34 c 49.82± 2.85 c 27.82± 2.98 a 39.58± 2.00 b

Sitting   24.88± 2.58 b 27.35± 3.02 b 28.04± 3.40 c 20.66± 2.21 a

Standing   7.64± 1.30 b 7.92± 0.97 b 3.33± 2.76 a 9.57± 1.00 c

Grooming   7.59± 0.35 a 8.45± 0.35 a 13.91± 0.99 b 13.20± 1.55 a

Eating   3.98± 0.47 a 3.28± 0.31 a 26.79± 2.91 c 14.11± 1.47 b

aÐcDifferent superscripts within a behaviour indicate a signiÞcant difference ( p < 0.05).   Behaviour was signiÞ-
cantly affected by day ( p < 0.05). * CRF = Collar Random Forest, HRF = Harness Random Forest, CSOM = Collar
Self-Organizing Map, HSOM = Harness Self-Organizing Map.

For the fourth and Þnal modelling round, the behaviours present in the third mod-
elling round were merged into three main categories: active, inactive, and maintenance.
Inactive behaviour was the most commonly identiÞed behavioural category (51.16Ð84.46%),
followed by maintenance (10.90Ð34.06%) and active (3.64Ð14.78%; Table7). In the fourth
modelling round, no differences were found in mean daily percentages of active ( p = 0.898),
inactive (p = 0.574), and maintenance (p = 0.907) behaviours between the CRF and HRF
models (Table 7). For the SOM models, there was a difference in mean daily percentage be-
tween the CSOM and HSOM models for inactive behaviours ( p < 0.001; Table7). Differences
in mean daily percentages were found between the CRF and CSOM for all three categories,
which was also true between the HRF and HSOM (all p < 0.001; Table7).

Table 7. Differences in mean ± standard error daily percentages of identiÞed behaviours between
models for modelling round 4.

CRF * HRF * CSOM * HSOM *

Active 4.64± 0.49 a 5.20± 0.61 a 14.78± 2.09 b 10.81± 0.72 b

Inactive 84.46± 0.58 c 83.27± 0.57 c 51.16± 3.27 a 61.98± 2.30 b

Maintenance 10.90± 0.47 a 11.53± 0.46 a 34.06± 1.59 b 27.21± 2.35 b

aÐcDifferent superscripts within a behaviour indicate a signiÞcant difference ( p < 0.05). * CRF = Collar Random For-
est, HRF = Harness Random Forest, CSOM = Collar Self-Organizing Map, HSOM = Harness Self-Organizing Map .

The effect of day was included in the Dirichlet regression and showed that, in the Þrst
modelling round, day inßuenced the proportion of walking ( p < 0.001), lying (p = 0.004),
sitting ( p < 0.001), standing (p < 0.001), grooming (p < 0.001), and eating (p < 0.001) behaviour
(Table4). In the second modelling round, day inßuenced active ( p = 0.019), sitting (p < 0.001),
standing (p = 0.020), grooming (p = 0.027), and eating (p = 0.019; Table5). In the third
modelling round, day inßuenced active ( p = 0.017), lying (p = 0.025), sitting (p < 0.001),
standing (p = 0.014), grooming (p = 0.004), and eating (p = 0.011) behaviour (Table6). In
modelling round four, active ( p = 0.076), inactive (p = 0.766), and maintenance (p = 0.413)
were not inßuenced by day.

4. Discussion

The current study aimed to build a model to identify cat behaviour using accelerometer
data. Generally, the more classes that were included in a model, the lower the accuracy
of it. In the current study, the models for three behavioural classes (active, inactive, and
maintenance) had the highest accuracy (Table3). In the current study, similar behaviours
that were often misclassiÞed were merged (e.g., trotting and walking) or removed from the
model (e.g., digging). This reduction of behaviour classes lowers the risk of misclassiÞcation,
resulting in fewer false positives and false negatives, thereby increasing the accuracy.
Similar results were found in a study on cheetahs ( Acinonyx jubatus), where merging of
similar behaviours resulted in models with higher accuracy [ 13]. Another study, modelling
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behaviour using accelerometer data of oystercatchers (Haematopus ostralegus), found that
a model with three behaviour classes had a lower absolute cross-validation error than a
model with eight behaviour classes [ 26]. These results show that there is a trade-off between
a more representative model, including more behaviours, and accuracy. Despite decreasing
accuracy with increasing classes, all models in the current study had an accuracy ! 0.70.

Two modelling techniques, RF and SOM, and two mounting locations, collar and
harness, were compared. Early models (data not shown) were able to identify behaviours
that had relatively large sample sizes (e.g., lying), but had difÞculty with behaviours with a
sample size lower than 500 (e.g., climbing). In order to balance the dataset from which the
models were built, behaviours with a large sample size were limited to 7000 datapoints.
Despite this limit, the models from the Þrst round of modelling had difÞculty identifying
behaviours with a low sample size such as climbing (n = 32), jumping (n = 239), and trotting
(n = 308). Galea et al. [2] reported that SOM models of behaviours with a sample size
less than 2000 datapoints had lower accuracy, sensitivity, and precision compared with
behaviours with a sample size larger than 2000. Low sample sizes were the result of a
behaviour being displayed infrequently.

In the current study, most behaviours with low sensitivity and precision were those
that consisted of swift movements and/or behaviours of short duration (<one second). This
is in agreement with [ 27] who reported that models of data derived from collar-mounted
accelerometers attached to captive dingoes (Canis lupus dingo) had more difÞculty identi-
fying active behaviours consisting of swift movements performed over a short period of
time. Capturing swift and short duration movements is a challenge especially encountered
in small animal species, as movements are generally quicker than in larger animals [ 4].
A study using data from accelerometers attached to chipmunks ( Tamias), a small-bodied
animal (<100 g), found the lowest sampling frequency that resulted in negligible decrease in
accuracy was 20 Hz [28]. In the current study, jumping was often misidentiÞed as walking,
a behaviour that was often observed and identiÞed immediately before and after the jump.
In the current study, the shortest lasting behaviour (jumping) lasted for an average of 0.89 s
(results not shown). Accelerometer data were collected at 30 Hz and summarised into
one-second epochs, which could have led to the acceleration signature of very short-lasting
behaviours being lost in the signature of the behaviour immediately before or after they
occurred. Choosing an epoch length that resembled the length of these shorter behaviours
might help in the ability of models to identify them more accurately. In addition, a shorter
epoch could also increase the sample size of infrequent behaviours. While a smaller epoch
length can increase the sample size, it will increase the computational time to train and test
the models [27]. In the current study, the total number of observations (Appendix A) for
each short-lasting behaviour was very close to the total amount of time it was observed in
the video recordings. A one-second epoch is therefore thought to be small enough when
considering the behaviours included in the current study.

It was hypothesised that the harness-mounted accelerometer would have better per-
formance values compared with the collar. There was little difference in Kappa and overall
accuracy between the CSOM and HSOM models within each modelling round. However,
the majority of the RF models had higher performance values when data from devices
attached to a harness were compared with the collar. These results are in agreement with
a study with domestic dogs, where harness-mounted accelerometers resulted in models
where accuracy was higher (87Ð91%) than collar-mounted accelerometers (69Ð76%) [7].
One of the reasons cited for the higher accuracy of harness-mounted accelerometers com-
pared with collar-mounted ones was the Þrmer attachment the harness provided for the
device [7]. Collar attachment, in contrast, resulted in changes in device orientation and
residual movement [ 7]. For cats, it is challenging to obtain a Þrmer device attachment with
a collar, as securing the collar tightly might result in discomfort or injury [ 29]. Despite
the harness models generally having better performance compared with the collar models
when considering the RF modelling technique, the collar and harness models identiÞed
similar percentages of each behaviour within each behavioural round (Tables 4Ð7).
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In the current study, it was hypothesised that the models from the collar-mounted
accelerometers would be better for identifying more subtle behaviours such as eating
and drinking, as these behaviours are associated with head movement rather than body
movement. While drinking and eating behaviours have been successfully distinguished
using data from only one axis of an accelerometer attached to a collar on a single domestic
cat [3], different attachment methods (harness vs. collar) have not been compared for these
Þne-scale behaviours in domestic cats. In the current study, the differences in performance
values between the CSOM and HSOM models were very small, on average <1%. For the RF
models, however, the performance values of the harness model for eating behaviour were
always higher than those of the RF collar models. This could be the result of the design
of the feeding area in the colony cages (Figure 1). Cats were often observed to place their
front paws in the feeding tray, while their hind paws remained on the wooden walkway
surrounding the feeding tray, resulting in a forward tilted posture where the head and
shoulders were lower than their hips. This change in posture during eating is likely to
have resulted in a greater change in the orientation of the harness-mounted accelerometer
compared with the collar [ 7]. In a home situation it would be expected that food bowls
would be on the ground or slightly elevated and thus will not result in the cat being tilted
forward [ 30,31].

As hypothesised, in the current study the SOM models had higher Kappa and overall
accuracy values compared with the RF models. These results are in agreement with
previous Þndings reported on domestic cats by [ 2], where the SOM model had a mean
accuracy of 99.6%, compared with the RF model of 98.9%. The mean accuracy of the RF
model as reported by [ 2] was higher than the overall accuracy reported in the current study
(70Ð83%). It should be noted, however, that mean accuracy and overall accuracy were
calculated differently, and cannot therefore be directly compared.

In addition to Kappa and overall accuracy to determine model performance, the cur-
rent study further evaluated the performance of the models. To date, rather than using
models on a new dataset and then comparing the results, the ability of models to identify
behaviours has been based on performance results, such as measures ofaccuracy [8,27]. In
the current study, all models were used to identify the behaviour of the same 12 domestic
cats, using accelerometer data that were not used in the training and testing of the model.
The results showed that the identiÞed behaviours, expressed as a percentage of total be-
haviour, were identiÞed more consistently with the RF models between mounting locations
and across modelling rounds than the SOM models.

A possible explanation for the seemingly poorer performance of the SOM models
when presented with a new dataset is overÞtting. OverÞtting occurs when a model Þts the
training data so well, it memorises noise in the dataset, leading to a model that does not
perform well on a new dataset [ 32]. There are different reasons why overÞtting might occur,
including a dataset that is too small and/or the presence of too many predictor variables,
making the model overcomplicated [ 32,33]. Galea et al. [2] tested how the accuracy of
the SOM changed with different sample sizes for the training dataset and reported that
the accuracy of the SOM plateaued after 20,000 samples. With the exception of the fourth
modelling round, the training dataset (70%) contained more than 20,000 samples, making
the size of the dataset sufÞcient according to results reported by [2]. Since the sample size
of the current study was probably sufÞcient, the most likely explanation for the overÞtting
of the SOM models is overcomplication of the models due to many predictor variables.
OverÞtting due to too many predictor variables can be avoided by either selecting fewer
predictor variables, or by increasing the sample size [ 32]. The predictor variables included
in the current study were based on the 26 predictor variables identiÞed as most effective
by [27] and the 31 used by [2]. The SOM models were simpliÞed to as few as four predictor
variables (mean for X, Y and Z, and ODBA), but this did not improve the results (results
not shown).

A supervised SOM is a type of artiÞcial neural network that consists of an input layer, a
single hidden layer, and an output layer in the form of a grid map consisting of neurons [ 34].
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There is a neighbourhood relationship between the neurons on the output grid map [ 34].
The neurons of the hidden layer are connected to the samples in the input layer through
weights, and weights are updated with each iteration [ 35]. Due to the neighbourhood
relationship between neurons, changes in the weight of one neuron will affect other neurons
in its neighbourhood [ 34]. Allende et al. [ 36] reported that SOMs are sensitive to outliers
because of how the changing weight of one neuron affects the neighbouring neurons. It is
reasonable to expect outliers in behavioural datasets, as behaviour can be very dynamic. A
cat sitting, for example, can sit completely stationary, but it might suddenly turn its head
back when it hears a noise, triggering the accelerometer due to the movement. In both
cases, the cat is identiÞed simply as sitting but will result in different accelerometer traces
where one might be identiÞed as an outlier. It is possible that the outliers of the dataset
not used to build the model included outliers that were different than those contained in
the training dataset. This could have led to the SOM being able to identify behaviours in
the training dataset with high accuracy but having problems with identifying behaviours
in a novel dataset. The SOM models could possibly be improved by distinguishing more
subtle differences in behaviour and posture, e.g., separately annotating sitting completely
stationary and moving the head around while sitting. It was decided not to re-watch the
video recordings to separately identify more subtle differences within a single behaviour,
as scoring behaviour is very labour-intensive, and the results show that the RF models
identify behaviours consistently across mounting locations and are the best Þt for the
dataset generated in this study.

Literature on the activity budget of domestic cats is limited and results cannot be
compared directly due to differences in housing conditions, behaviours, and sampling
method. Despite these differences, the time domestic cats spent on eating behaviours was
surprisingly consistent, with daily time spent eating being approximately 2Ð3% [ 37Ð40].
The RF models showed that in the current study cats spent between ~3% and ~4% of
their time eating, whereas this ranged between ~13% and ~28% when identiÞed with the
SOM models. Not only did the RF models identify behaviour more consistently between
mounting locations, but they also identiÞed eating behaviour with a similar percentage
as reported in the literature. This further supports the choice of RF models for the dataset
generated in the current study.

The present study provided an insight into the activity budgets of colony-housed cats.
Irrespective of modelling technique used or mounting location, cats spent the majority
of their time inactive. The RF models identiÞed that inactive behaviours accounted for
between ~83% and ~86% of all behaviours. This was greater than the ~62% observed in
farm cats [40], but comparable to that observed in privately owned cats (~84%) [ 39]. The
difference in the percentage of inactive behaviours between these studies is probably due
to the farm cats having the ability to roam around the farm and hunt for prey, whereas the
cats in the current study had limited opportunity to roam and had a consistent ad libitum
food source. Panaman [40] reported that four of the Þve farm cats were active hunters,
which resulted in active behaviours (hunting and travelling) being observed for ~18% of
their day, whereas the colony-housed cats were active (walking, trotting) for only ~3Ð5% of
their time when the RF models were used.

5. Conclusions

The current study successfully produced identiÞcation models using accelerometer
data to identify cat behaviour, paving the way to make behavioural studies in domestic cats
less labour-intensive in the future. A trade-off was found between the number of behaviours
included in the model and accuracy; however, the accuracy for all models, including
the models with 15 behaviours, was ! 0.70. Despite the higher performance values of
the SOM models, the RF models appear to predict cat behaviour more consistently. No
differences in performance values between the collar and harness were found. Performance
values, especially sensitivity and precision, of less frequent behaviours can be improved
by increasing the sample size in future studies. The current study also provided valuable
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information about activity budgets of colony-housed cats which spent most of their time
inactive. More research is advised to examine the potential for accelerometers and machine
learning to monitor behavioural changes in cats to allow health monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/s23167165/s1 , Supplementary Material S1: Confusion matrices of
identification models; Supplementary Material S2: Accuracies of identification models; Supplementary
Material S3: Precisions of identification models; Supplementary Material S4: Sensitivities of identification
models; Supplementary Material S5: Specificities of identification models.
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Appendix A

Figure A1. Process of behavioural selection before and between modelling building rounds. Be-
haviours marked in red were removed. Red arrows indicate the combining of behaviours into new
or existing categories. The Þrst two columns show the deletion and merging of behaviours before
the Þrst modelling round. The number of observations per behaviour is stated in brackets under the
behaviour (n in seconds), and the total number (in seconds) of all behavioural observations is at the
top of each column.
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Article

Longitudinal Study on the Effect of Season and Weather on the
Behaviour of Domestic Cats ( Felis catus)
Michelle Smit * , Christopher J. Andrews , Ina Draganova , Rene A. Corner-Thomas and David G. Thomas *

School of Agriculture and Environment, Massey University, Palmerston North 4410, New Zealand;
c.j.andrews@massey.ac.nz (C.J.A.); i.draganova@massey.ac.nz (I.D.); r.corner@massey.ac.nz (R.A.C.-T.)
* Correspondence: m.smit@massey.ac.nz (M.S.); d.g.thomas@massey.ac.nz (D.G.T.)

Simple Summary: This study explored how seasonal and weather variations inßuence
domestic cat behaviours. Using accelerometer data and a validated machine learning
model, eight behavioursÑactive, eating, grooming, littering, lying, scratching, sitting,
and standingÑwere tracked in seven research cats over 13 weeks throughout the year,
alongside concurrent weather data collection. Generalised linear mixed models revealed
seasonal differences for eating, grooming, littering, lying, scratching, and sitting but not
for active behaviours or standing. A higher temperature humidity wind index and longer
daylength increased time spent eating, lying, and standing while reducing time spent active,
grooming, littering, and sitting. More rain led to less time grooming and scratching. These
Þndings highlight seasonality in cat behaviours, inßuenced by weather conditions, and can
aid in providing guidance to cat facility managers as to when additional resources could be
beneÞcial, such as brushing cats in times when grooming and scratching are increased.

Abstract: To date, little is known about seasonal changes in speciÞc cat behaviours, and
how these are affected by weather patterns. Using accelerometer data and a validated
machine learning model, behaviours including being active, eating, grooming, littering,
lying, scratching, sitting, and standing were quantiÞed for seven research cats for a total
of 13 weeks spread over one year, with weather data being collected simultaneously.
Generalised linear mixed models were used to statistically test for seasonal differences
in proportional behavioural data and how behaviour was affected by weather variables.
Seasonal differences were found for time spent eating (p < 0.001), grooming (p < 0.001),
littering ( p = 0.037), lying (p < 0.001), scratching (p < 0.001), and sitting (p < 0.001) but not for
active behaviours and standing ( p > 0.05). A positive interaction effect of the temperature
humidity wind index and daylength was found for time spent eating, lying, and standing
(all p < 0.001), while it was negative for active (p < 0.001), grooming (p < 0.001), littering
(p = 0.004), and sitting (p < 0.001). Rainfall negatively affected grooming (p = 0.023) and
scratching (p = 0.037). These Þndings highlight seasonality in cat behaviours, inßuenced by
weather conditions.

Keywords: feline; domestic cat; research cat; seasonal behaviour; weather

1. Introduction
Any living individual displays at least one behaviour at any given time, which is a

response to either internal or external stimuli, or a combination of both [ 1]. Domestic cats
can be exposed to a range of external stimuli that differ based on how they are housed.
A recent large-scale study across Europe, North America, Australia and, New Zealand

Animals 2025, 15, 637 https://doi.org/10.3390/ani15050637
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reported that approximately 59% of pet cats had access to the outdoors [2]. In New Zealand,
an estimated 83% (~1 million) of pet cats have outdoor access [3], where they are exposed
to seasonal and meteorological changes (i.e., weather patterns). To date, little is known
about how these changes might affect the behaviour of domestic cats.

Seasons are characterised by differences in daylength and weather. The natural lightÐ
dark cycle plays a key role in the timing of peak activity of organisms [ 4,5], including
domestic cats [6Ð8]. Daylength also plays a role in seasonal activity, with [ 9] reporting that
indoor research cats, housed under natural light conditions and constant temperature and
relative humidity, travelled greater distances in both spring and autumn than in winter.
Other studies also reported differences in activity between seasons, although this differed
between housing conditions. Free-roaming cats have been shown to be more active in
spring and summer than in autumn and winter [ 10Ð12]. These studies, however, did
not distinguish between pet, stray, or feral cats, and did not attempt to identify speciÞc
behaviours. Horn et al. [ 13] compared the activity of unowned free-roaming cats to that
of free-roaming pet cats and found contrasting results. Unowned cats were most active in
autumn and winter, while pet cats were more active in spring and autumn. They attributed
these differences to higher energy demands during the colder months in the unowned cats,
while pet cats appeared to prioritise comfort, avoiding extreme hot and cold conditions.
While seasonal data can provide valuable insights, utilised alone it does not speciÞcally
indicate which weather variable might play a role in behavioural changes.

In free-roaming cats, activity has been reported to be positively and negatively cor-
related with temperature and rain, respectively [ 10Ð12]. Konecny et al. [14] reported the
lowest activity in feral cats was around midday when the ambient temperature was at its
highest. While Izawa [ 15] also reported a negative correlation between temperature and ac-
tivity during the day, this correlation was positive during the night. A questionnaire-based
study, including both indoor-only and free-roaming pet cats, found that extreme weather
events affected speciÞc behaviours of pet cats [16]. Sudden decreases in temperature were
associated with an increase in eating behaviour, whereas intake decreased in hot weather
(temperature not speciÞed). There was, however, a lack of detail on what constituted
excessively hot temperatures, and owner-reported data are subjective [16].

Current knowledge of the effects of season and weather changes on cat behaviour
have primarily come from activity studies using visual observation, radio tracking, Global
Positioning Systems (GPS), or accelerometers. While these studies can provide valuable
insights into activity patterns, they do not capture the full range of behaviours that cats
display. Traditionally, for behavioural studies, researchers have relied on direct observation
of the animal(s) and manual recording of behaviours using an ethogram [ 17,18]. Though
effective, direct observation is labour intensive, limited by the ability of the observer to
continuously monitor animals for long periods or in challenging environments, and is
subjective [17,18]. The emergence of video recording devices has allowed more detailed
behaviour capture and analysis to occur, with the ability to pause and review footage
multiple times, thereby limiting the effect of observer fatigue [ 18]. In addition, video
recording, when operated from a distance or remotely, can limit the potential effect of
the presence of an observer on animal behaviour [18]. Scoring behaviour from video
recordings, however, remains labour intensive. In addition, several studies have reported
high interindividual variation in activity among domestic cats, despite being housed under
the same conditions [19Ð21]. The use of high-frequency accelerometer data in combination
with machine learning (ML) has emerged as an alternative, less labour-intensive tool to
classify animal behaviours.

Several studies have now validated ML models to continuously and objectively clas-
sify domestic cat behaviour from acceleration data, providing more comprehensive data
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than traditional observation methods [ 22Ð25]. Accelerometers and ML offer great potential
in studying behavioural responses to external stimuli, such as seasonal and weather-related
changes. A previous study examined the effects of season and housing conditions on
eight behaviours of pet cats, with behaviour being classiÞed using accelerometers and
machine learning (ML) [ 26]. In this study, pet cats with outdoor access showed lower
levels of active behaviours (walking and trotting) in winter than summer, whereas no
seasonal differences were observed among indoor-only pet cats. The remaining seven
behaviours (eating, grooming, littering, lying, scratching, sitting, and standing) were not
affected by season or housing but were inßuenced by other environmental factors, in-
cluding the presence of children and other cats. Previously validated ML models have
been used successfully in other animal species for behavioural studies, for example, chip-
munks (Tamiasspp.) [27], oystercatchers (Haematopus ostralegus) [28], and pumas (Puma
concolor) [29]. While these studies did not speciÞcally examine the effects of environmental
factors such as temperature, humidity, and rainfall on animal behaviour, they illustrated
the power of accelerometery and machine learning for studying animal behaviour. The
current study aimed to investigate seasonal domestic cat behavioural patterns, quantiÞed
using accelerometer data and a model previously validated by the same authors [ 24], and
the inßuence of weather patterns on them, in a controlled environment.

2. Materials and Methods
This study was conducted at the Massey University Centre for Feline Nutrition,

Palmerston North, New Zealand (latitude 40 ! 23" S, longitude 175! 36" E). The study was
approved by the Massey University Animal Ethics Committee (MUAEC 22/23).

2.1. Animals and Housing

Eight healthy, desexed male (n = 4) and desexed female (n = 4) domestic shorthair cats
were group housed in a single semi-outdoor colony cage for a year (Figure 1). At the start
of the trial, the average ± SD age of the cats was 4.2± 0.8 years, and bodyweight was
4.2± 0.9 kg. The bodyweight of every cat was measured on a weekly basis throughout the
trial. Cats were fed a complete and balanced [30] commercial canned diet (Heinz WattieÕs Ltd.,
Hastings, New Zealand), and had ad libitum access to water for the duration of the study.
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Figure 1. Colony cages as seen from the side (left ) and front ( right ), measuring 1400# 2400# 4400 mm.
(Figure first published in [ 24]).
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2.2. Accelerometer Data Collection

ActiGraph ª wGTX-BT accelerometers (weighing 19 g and measuring 33 mm ! 46 mm
! 15; dynamic range ± 8 g; ActiGraph ¨ Pensacola, FL, USA) were positioned ventrally on a
collar (Figure 2a), with the orientation of the x-, y-, and z-axes laterally, dorso-ventrally, and
cranio-caudally, respectively (Figure 2b). Acceleration data were sampled at a frequency
of 30 Hz (deÞned as the raw acceleration data) and then downloaded and exported into
csv Þles using ActiLife software (version 6.13.4; ActiGraph ª , Pensacola, FL, USA). Raw
acceleration data were feature engineered to and summarised into 1 s epochs to obtain
the 32 variables required by the behaviour classiÞcation model as previously described
in [ 24]. Using the feature-engineered data, the behaviour of the cats was classiÞed using a
collar-based model previously validated by [ 24]. The model classiÞes behaviour for every
1 s datapoint and had an overall accuracy of ~73% and F1-score of ~68% and classiÞed
eight different behaviours: active (walking and trotting), eating, grooming, littering, lying,
scratching, sitting, and standing (see Table 1 for behaviour descriptions). This combination
of behaviours was selected due to their performance in the ML model and potential medical
relevance (e.g., scratching for dermatological problems) as described in [24]. Accelerometer
data were collected for seven consecutive days, every four weeks for a year, starting
in March 2023, and ending in February 2024 (Figure 3), capturing a total of 91 days of
accelerometer data per cat. Events that deviated from normal were noted, such as a social
disturbance resulting from a new individual being introduced to a pen, or groups of
students visiting for practical classes.
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Figure 2. (a) Placement and (b) orientation of the ActiGraph ª wGT3X-BT accelerometer on a collar.
(Figure Þrst published in [ 24]).

Table 1. Description of behaviours as identiÞed by the machine learning model. (DeÞnitions Þrst
described in [24] and adapted from [ 31], unless otherwise stated).

Behaviour Description

Active (walking
and trotting)

Walking: forward locomotion at a slow, four-beat and symmetric gait with limbs moving
sequentially. Includes slow walk (three or four feet in contact with the ground at any time)
and fast walk (two or three feet in contact with the ground at any time). Slowest gait.
Trotting: Forward locomotion with a swift, two-beat and symmetric gait. Body is
supported by two diagonal legs during contact with ground. Intermediate gait [ 32,33].

Eating
Cat ingests food (or other edible substances) by means of chewing with the teeth
and swallowing.

Grooming
Cat cleans itself by licking, scratching, biting, or chewing the fur on its body. May also
include licking of a front paw and wiping it over the head.

Littering Cat urinates or defecates.

Lying
CatÕs body is in contact with the ground in a horizontal position, including on its side, back,
belly, or curled in a circular formation.
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Table 1. Cont.

Behaviour Description

Scratching Cat scratches its body using the claws of its hind feet.

Sitting
Cat is in an upright position, with the hind legs ßexed and resting on the ground, while
front legs are extended and straight.

Standing
Cat is in an upright position and immobile, with all four paws on the ground and legs
extended, supporting the body.
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Figure 3. Timeline of data collection, including calendar year and week, trial week, and the season
(red = autumn, blue = winter, green = spring, yellow = summer).

2.3. Weather Data Collection

A Vantage Pro2ª ISS weather station (Davis Instruments, Hayward, CA, USA) located
at the Centre for Feline Nutrition ( ! 40.390344, 175.615829) collected hourly weather data
continuously from 1 March 2023 till 29 February 2024. The weather station was connected to
a solar panelled gateway EnviroMonitor System (Davis Instruments, Hayward CA, USA),
which sent hourly weather data via cellular connection to https://www.weatherlink.com/ ,
from which the hourly weather data were downloaded. Seven weather variables were
selected: average temperature (" C), minimum and maximum temperature ( " C), average
relative humidity (%), average temperature, humidity and windchill index (THW, " C),
average wind speed (m/s), and total rainfall (mm; Table 2). Four seasons were recognised:
autumn (MarchÐMay), winter (JuneÐAugust), spring (SeptemberÐNovember), and summer
(DecemberÐFebruary).

Table 2. Units and deÞnitions of selected weather variables.

Weather Variable Unit DeÞnition [ 34]

Temperature " C Average temperature over the 60 min period.

Minimum temperature " C
Minimum temperature recorded over the

60 min period.

Maximum temperature " C
Maximum temperature recorded over the

60 min period.

Relative humidity %
Average saturation of the air with water at its
current temperature over the 60 min period.

THW index " C

Average calculated temperature per 60 min period
that takes temperature, humidity, the heating effects
of sunshine, and cooling effects of the wind (wind
chill) into account to determine what it feels like in

the shade. 1

Rainfall mm The total rainfall recorded during the 60 min period

Wind speed m/s
The average wind speed recorded during the

60 min period.
1 THW index = heat index ! (1.072# wind speed) [ 35], with heat index determined based on [ 36,37].

The R package ÔsuncalcÕ [38] was used to obtain daily data on the exact times of light
phases based on the longitude and latitude coordinates of the weather station ( ! 40.390344,
175.615829). With these data, daylength was determined.
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2.4. Statistical Analyses

All data computation and statistical analyses were carried out using RStudio version
4.1.1 [39]. Statistical signiÞcance was deÞned asp ! 0.05, with a trend being 0.05 > p < 0.10.
All results are presented as the mean ± standard error of the mean (SEM).

2.4.1. Seasonal Differences

Following behaviour classiÞcation, the data were cleaned by removing acceleration
data from the times each cat was not wearing the collar. Seasons were assigned to the
individual datapoints in the dataset based on the calendar date. For each season, the
proportion of time each cat was classiÞed as exhibiting each behaviour was determined.
Outliers were identiÞed using boxplots and were removed if they occurred during a noted
event or disturbance. Generalised linear mixed models (GLMMs), using the R package
ÔglmmTMBÕ [40], with a beta distribution and logit link to account for the proportional
nature of the data, were used to statistically test the proportional behavioural data. Three
GLMMs were created for each behaviour: (1) a simple model with no predictors, (2) an
intermediate model with only cat as a random effect, and (3) a full model that included cat
as a random effect and the season as a Þxed effect as in Equation (1):

logit
!
µij

"
= ! 0 + ! 1Xij + uj (1)

where µij is the expected proportion of time cat j spends on the behaviour in observation i,
! 0 is the intercept, ! 1 is the Þxed effect of season,Xij is the categorical variable indication
season for observation i for cat j, and uj " N

!
0, " 2

"
is the random intercept for cat j to

account for individual differences.
The three models were compared with an ANOVA to determine which factors im-

proved the model, and the marginal and conditional R 2 of the full models were determined.
The marginal R2 value is the variance explained by only the Þxed effect, whereas the condi-
tional R2 value is the variance explained by both the random and Þxed effects. Bodyweights
were averaged over the seasons for each cat and analysed using a linear mixed-effects
model to determine seasonal differences. To determine differences between the seasons,
pairwise comparisons of estimated marginal means were conducted for each behaviour
and cat bodyweight using the R package ÔemmeansÕ [41]. A Tukey adjustment was used to
correct for multiple pairwise comparisons.

2.4.2. Effect of Weather Variables on Behaviour

Daily proportions for each behaviour were calculated using the cleaned dataset, and
daily averages for temperature (including minimum and maximum), relative humidity,
THW index, and wind speed, and the sum of rainfall were calculated. These daily averages
were merged with daily behavioural proportions based on date, and the effect of weather
conditions were statistically tested using a GLMM with a beta distribution and logit
link. Similar to the GLMM testing above, three GLMMs were performed, with the same
simple and middle models. The full model included cat as a random effect and weather
conditions as Þxed effects. The full model followed the same mathematical formulation
and assumptions as in Equation (1) but with the Þxed effects being weather variables.

The marginal and conditional R 2 values for each model were determined. The in-
clusion of weather conditions as Þxed effects was determined based on their correlation
coefÞcients, which were interpreted as deÞned by [42]. Weather data were scaled using the
scale function in R prior to statistical modelling.



!

ACI!
!
!

!
! !

Animals 2025, 15, 637 7 of 18

3. Results
Data collection originally scheduled for calendar week 43 (trial week 9) was postponed

by a week until week 44 due to illness of the researcher. One of the cats was humanely
euthanised due to an illness unrelated to the study; therefore, only data from seven cats
were included in the data analyses. One week of data was not collected for two cats, one in
trial week 9 and one in trial week 12, due to animal illness.

A small number of outliers were identiÞed in the dataset (Figure 4). Most identiÞed
outliers for grooming and scratching were found to belong to one cat: Cho. She was
diagnosed with seasonal allergies, and therefore, her grooming and scratching data were ex-
cluded from the data analyses. Large variations in many behaviours were observed among
all cats in trial week 5 when compared to other trial weeks ( Supplementary Material S1).
In that week, one cat was placed back into an incorrect pen, which appeared to impact
both its behaviour and that of the other cats in the study. For this reason, the behavioural
data of trial week 5 were removed from the dataset for all cats and excluded from data
analyses. The previously mentioned outliers were removed as they could have introduced
confounding effects. Large variations in behaviour were observed for Nimbus in trial week
10, but no events or disturbances were reported for that week, and, therefore, these data
were not removed (Supplementary Material S1 Figure S6). Table 3 shows the seasonal and
total amount of data included per cat in the Þnal data analyses, following the removal of
when cats were not wearing the collar and outliers as deÞned previously.

Table 3. Seasonal and total amount of days, hours, minutes, and seconds included per cat in the Þnal
data analyses.

Autumn Winter Spring Summer Total

Cho 1 20 days
00:41:13

19 days
00:24:24

20 days
00:07:44

17 days
00:01:42

77 days
00:15:03

George
23 days
00:00:00

20 days
00:43:59

21 days
00:00:00

18 days
00:14:59

82 days
00:58:58

Hagrid
23 days
00:00:00

20 days
00:00:00

21 days
00:00:00

17 days
00:17:59

83 days
00:17:59

Merry
23 days
00:00:00

20 days
00:00:00

21 days
00:00:00

17 days
00:44:59

82 days
00:44:59

Mrs. Norris
23 days
00:00:00

20 days
00:00:00

14 days
00:00:00

18 days
00:00:00

76 days
00:00:00

Nimbus
23 days
00:00:00

20 days
00:00:00

20 days
00:34:59

18 days
00:00:00

83 days
00:34:59

Scabbers
23 days
00:00:00

13 days
00:00:00

21 days
00:00:00

18 days
00:00:00

76 days
00:00:00

1 Seconds identiÞed as grooming or scratching behaviour were removed before calculating total days, hours,
minutes, and seconds of data included in data analyses.

3.1. Seasonal Differences

3.1.1. Bodyweight

Cats were weighed weekly (Figure 5), and their weights averaged per season of the
year. Six cats were included in the analysis due to weight loss in one cat (Mrs. Norris). No
signiÞcant differences in average bodyweight were identiÞed among seasons (4.2± 0.4 kg;
p > 0.05).
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Figure 4. Boxplots of weekly proportional behaviour data. ¥ indicate outliers and seasons are
indicated along the x-axis by colours: red = autumn, blue = winter, green = spring, yellow = summer.

3.1.2. Behaviours

Inclusion of cat as a random effect improved the active behaviours GLMM ( p = 0.003)
but not the GLMM of eating, grooming, littering, lying, scratching, sitting, and standing
(p > 0.05; Table 4). Inclusion of season as a Þxed effect improved the GLMM model for
eating (p < 0.001), grooming (p < 0.001), littering (p = 0.037), lying (p < 0.001), scratching
(p < 0.001), and sitting ( p < 0.001) but not for active behaviours and standing ( p > 0.05;
Table 4).
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Figure 5. Weekly bodyweight (kg), expressed per calendar week, of all individual cats included in the
study. Seasons are indicated along the x-axis by colours: red = autumn, blue = winter, green = spring,
yellow = summer.

Table 4. Marginal and conditional R-squared (R 2) values for each behaviour.

Behaviour
R2

Marginal 1 Conditional 1

Active 0.08 0.66 *
Eating 0.95 * 0.95

Grooming 0.41 * 0.81
Littering 0.25 * 0.38

Lying 0.88 * 0.93
Scratching 0.60 * 0.93

Sitting 0.94 * 0.94
Standing 0.13 0.50

1 Marginal R 2 = variance explained by the Þxed effects; conditional variance = variance explained by both the
Þxed and random effects [43]. * Indicates signiÞcant improvement of the model ( p < 0.001).

Cats were observed to spend the most time eating in spring (11.34 ± 0.48%), followed
by summer (9.52± 0.48%) and winter (7.73± 0.83%), and the least in autumn (1.73± 0.42%;
Figure 6a). Time spent eating was lower in autumn compared to the three other seasons
(p < 0.001) and was lower in winter than in both spring ( p < 0.001) and summer (p = 0.035).
A trend was found for the difference between spring and summer ( p = 0.057).

Cats groomed most in autumn (6.83 ± 0.47%), followed by winter (4.57 ± 0.70%),
spring (4.46 ± 0.56%), and summer (4.04± 0.47%; Figure6b). Time spent on grooming was
higher in autumn compared to all the other three seasons ( p < 0.001). A trend was found
for higher levels in winter compared to summer ( p = 0.083) and no differences were found
between spring and either winter or summer ( p > 0.05).

Cats littered most in autumn (0.046 ± 0.012%), followed by summer (0.022± 0.004%),
winter (0.017 ± 0.004%), and spring (0.013± 0.009%; Figure6c). Time spent littering was
higher in autumn compared to winter ( p = 0.022), spring (p = 0.002), and summer (p = 0.021).
No differences were found between winter, spring, and summer ( p > 0.05).
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Figure 6. Average time spent (a) eating, (b) grooming, ( c) littering, ( d) lying, ( e) scratching, (f ) sitting,
(g) active, and (h) standing in autumn, winter, spring, and summer. aÐcDifferent superscripts indicate
signiÞcant differences (p ! 0.05).

Cats spent most time lying in summer (60.33 ± 3.92%), followed by spring
(58.29± 3.37%), winter (52.88 ± 3.52%), and autumn (28.68± 3.93%; Figure6d). Time
spent on lying was lowest in autumn compared to all other seasons ( p < 0.001). A trend
was found for the difference between winter and summer ( p = 0.076), and no difference
was found between spring and summer ( p > 0.05).

Cats scratched most in autumn (0.16 ± 0.03%), followed by winter (0.05 ± 0.00%),
summer (0.04 ± 0.02%), and spring (0.03± 0.01%; Figure6e). Cats spent the most time
scratching in autumn compared to the other three seasons (p < 0.001). Scratching was
higher in winter compared to both spring ( p = 0.008) and summer (p = 0.014). No difference
was found between spring and summer ( p > 0.05).

Cats sat most in autumn (50.77± 3.73%), followed by winter (20.10 ± 1.14%), summer
(14.35± 0.97%), and spring (11.98± 1.61%; Figure6f). Cats spent more time sitting in
autumn compared to the other three seasons (p < 0.001). Cats spent more time sitting in
winter compared to both spring ( p < 0.001) and summer (p = 0.013) and no difference was
found between spring and summer ( p > 0.05).
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Despite not being signiÞcantly different, cats were observed to display active be-
haviours (walking and trotting) between 1.56 ± 0.54% (in summer) and 2.47± 0.27% (in
spring; Figure 6g) of their time, and cats stood between 9.15 ± 0.53% (in autumn) and
12.20± 1.38% (in winter) of their time (Figure 6h).

3.2. Effect of Weather Variables on Behaviours

Data on weather variations can be found in Supplementary Material S2. Correlation
coefÞcients between weather conditions and daylength are presented in Table 5. A very
high correlation was found between the THW index and temperature (0.99), and a high
correlation was found between temperature and relative humidity ( ! 0.71). Moderate
correlations were found between the THW index and relative humidity ( ! 0.64), daylength
and temperature (0.51), and daylength and the THW index (0.50). A low correlation was
found between wind speed and relative humidity ( ! 0.46). All other correlations were
negligible. Due to the moderate correlation between daylength and the THW index, these
were included in the model as an interaction. Thus, ÔTHW " daylengthÕ and rainfall were
included in the GLMM.

Table 5. Correlation matrix with correlation coefÞcients of weather conditions and daylength.

Temperature
Relative

Humidity
Wind Speed THW Index Rainfall Daylength

Temperature 1.00
Relative
humidity

! 0.71 1.00

Wind speed 0.27 ! 0.46 1.00
THW index 0.99 ! 0.64 0.15 1.00
Rainfall ! 0.04 0.16 0.08 ! 0.05 1.00
Daylength 0.51 ! 0.36 0.13 0.50 ! 0.04 1.00

For all behaviours, the inclusion of ÔTHW index " daylengthÕ and rainfall as Þxed
factors signiÞcantly improved the model ( p < 0.001; Table6). Inclusion of cat as a ran-
dom effect improved the model for all behaviours ( p < 0.001), except for sitting (p > 0.05;
Table 6). The variance explained by the model differed between behaviours, with the most
variance explained for lying (R 2

conditional = 0.68), sitting (R2
conditional = 0.61), and eating

(R2
conditional = 0.57; Table 6). The model explained < 0.50 of the variance for each of the

other behaviours. The ÔTHW index" daylengthÕ interaction had a signiÞcant effect on all
behaviours (p < 0.05; Table6). Both THW index and daylength were negatively correlated
with the time spent in active behaviours, grooming, littering, scratching, and sitting but
positively correlated with eating, lying, and standing. Rainfall negatively affected time
spent grooming ( p = 0.023) and scratching (p = 0.037), and a negative trend was found for
littering ( p = 0.053; Table6).

Table 6. R-squared (R2), estimates, andp-values for the effect of the THW index, daylength, and
rainfall on cat behaviour.

Behaviour
R-Squared

THW Index "
Daylength

Rainfall

Marginal 1 Conditional 1 Estimate 2 p-Value Estimate 2 p-Value

Active 0.03 * 0.46  ! 0.079 <0.001 ! 0.018 0.418
Eating 0.52 * 0.57  0.264 <0.001 0.001 0.959

Grooming 0.16 * 0.44  ! 0.087 <0.001 ! 0.043 0.023
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Table 6. Cont.

Behaviour
R-Squared

THW Index !
Daylength

Rainfall

Marginal 1 Conditional 1 Estimate 2 p-Value Estimate 2 p-Value

Littering 0.05 * 0.16  " 0.110 0.004 " 0.079 0.053
Lying 0.58 * 0.68  0.227 <0.001 " 0.034 0.225

Scratching 0.21 * 0.25  " 0.173 <0.001 " 0.082 0.037
Sitting 0.60 * 0.61 " 0.290 <0.001 " 0.032 0.345

Standing 0.06 * 0.30  0.097 <0.001 0.010 0.598
1 Marginal R 2 = variance explained by the Þxed effects; conditional = variance explained by both the Þxed and
random effects [43]. 2 Estimate based on the log odds ratio scale. * Indicates inclusion of Þxed effects signiÞcantly
improved the model ( p < 0.001).  Indicates inclusion of the random cat effect signiÞcantly improved the model
(p < 0.001).

4. Discussion
Longitudinal studies of animal behaviour have traditionally been challenging due

to their labour-intensive observational methods. Developing ML models to classify cat
behaviours from acceleration data has signiÞcantly reduced this and allowed for detailed
longitudinal behavioural studies. The semi-outdoor living conditions of the cats at the
Massey University Centre for Feline Nutrition, which exposes them to natural light and
weather conditions, provided an opportunity for a longitudinal study into the effects of
season and weather on cat behaviour.

In healthy individuals, changes in bodyweight are the result of an imbalance in energy
requirements and energy intake [ 44]. In this study, no seasonal differences in bodyweight
were observed, suggesting there was a balance between energy intake and requirements
throughout the year. By contrast, Bermingham et al. [ 45] observed a seasonal change in
bodyweight among cats housed in the same research facility, with bodyweight increasing
in the months leading up to winter and decreasing in spring.

Data on seasonal changes in the energy requirements of domestic cats are scarce and
contradictory. Kappen et al. [ 46] reported that indoor-housed research cats required a
lower energy intake during short-day (winter) compared to long-day conditions (summer)
to maintain their bodyweight. Similarly, Bermingham et al. [ 47] reported lower energy
requirements per kg of bodyweight in winter than in summer for older semi-outdoor-
housed research cats (~10 years) but not in younger cats (~3 years) housed either indoors or
semi-outdoors. When energy requirements were expressed per kilogram of lean body mass,
which closely reßects the amount of metabolically active tissue [ 44], seasonal differences
in the energy requirements were no longer observed in the older cats [ 47]. Among cats
fed ad libitum, bodyweight did not differ between winter and summer, regardless of
age and housing condition [ 47], suggesting energy requirements did not differ seasonally.
Conversely, Serisier et al. [48] reported that energy intake in research cats, housed both
indoors only and indoors/outdoors and fed ad libitum, was highest in in late autumn
and winter. Bodyweight, however, did not change signiÞcantly throughout the seasons,
suggesting a change in energy requirement with the seasons was driven by maintaining
body temperature or changes in physical activity (PA).

Kappen et al. [46] observed a lower PA (measured with an accelerometer) during
short-day conditions than long-day conditions, which could have contributed to the lower
energy requirements observed during the short-day conditions. Similarly, in the current
study, no differences in the amount of time spent on active behaviours were observed
between the seasons for cats fed ad libitum, which could explain their stable bodyweights
throughout the year. Neither [ 47] nor [ 48] measured PA, although [ 48] argued that the PA
of cats in their study remained constant throughout the study, as the housing conditions
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and periods for free and play activity remained constant. Differences in housing that could
have resulted in different energy requirements could be an explanation for the differences
in seasonal bodyweight change between the current study and those observed by [ 45], but
this is unlikely as they were housed similarly.

Another factor that can contribute to changes in energy requirements is thermoregu-
lation. Energy requirements increase with decreasing ambient temperatures in order for
animals to maintain their body temperature [ 44]. In evolutionary terms, increasing food
intake in anticipation of colder weather would be advantageous for survival, helping to
build energy reserves for times when food is scarce. Serisier et al. [48] found that ambient
temperature and daylength impacted food intake. In autumn, cats also grow a denser
fur coat in anticipation of colder weather, driven by a decrease in daylength and ambient
temperatures [49Ð51]; this requires additional energy expenditure. The discrepancies re-
ported for seasonal bodyweight changes in domestic cats could be due to different climatic
conditions across studies, or individual cat variability. When averaged, no seasonal trends
in bodyweight were apparent, but some individuals followed the pattern observed by [ 45],
whereas the opposite was seen for others. Reasons for the differences between individuals
in the present study are unknown but could be due to differences in individual activity
levels or their position in the hierarchy (in a colony setting) and therefore access to food.
Hierarchy was not determined in this study, and given the contradictory results and limited
data, more research into seasonal ßuctuations in energy requirements and bodyweight
is warranted.

The weather conditions in the current study, particularly the interaction of the THW
index and daylength, affected cat behaviour. Similar correlations between temperature,
rainfall, and daylength and domestic cat activity have been reported, with rainfall shown
to reduce cat activity [ 10,11,15,52]; however, rainfall had no effect on the time cats spent
on active behaviours in the current study. This difference in results may be due to the catsÕ
living conditions, given that this study utilised research cats that had limited space to roam,
whereas other published studies focused on free-roaming domestic cats. A previous study
in the same colony as the current study also found a negative relationship between rain and
PA measured with an accelerometer and expressed as counts [53]. It is likely this negative
relationship was the result of a decrease in grooming and scratching behaviour, both of
which were negatively affected by rainfall in the current study, as those have been reported
to lead to high activity counts by triggering the accelerometer [ 19].

While the present study found a negative relationship between the interaction of the
THW index and daylength on time spent on active behaviours, others have reported a
positive relationship [ 10,11]. Several factors could explain this difference. Izawa [ 15], for
example, reported that the relationship between cat activity and temperature was positive at
night but negative during the day. Environmental factors (time of day, temperature, relative
humidity, and rain) have been reported to account for more variance in overall activity in
a population with a larger proportion of feral cats (32.6%) compared to free-roaming pet
cats (14.9%), suggesting that feral cats are more sensitive to environmental conditions [11].
In the current study, the Þxed effects of THW index ! daylength and rainfall explained
only ~3% of the variation in time spent showing active behaviours, but this increased to
~46% when individual differences between cats were accounted for. These results suggest
there is a complex relationship between activity, the weather, and living conditions, which
may vary between individual cats. Additionally, weather conditions can change rapidly,
even within an hour. These short-term ßuctuations, however, were not captured in the
current study, as data were aggregated daily rather than hourly. Future research could
explore the relationship between domestic cat behaviour and weather conditions at an
hourly resolution to uncover the Þne-scale dynamics.
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5. Conclusions
This study showed that ML models paired with accelerometer data are powerful

tools for conducting detailed, longitudinal studies on cat behaviour. Weather conditions,
particularly the interaction between the THW index and daylength, signiÞcantly affected
cat behaviour, although individual differences between cats also accounted for a large
proportion of the variance. Seasonal shifts in grooming and scratching appeared to be linked
to seasonal hair growth cycles rather than environmental factors such as rainfall. In addition,
this study provided valuable insights into how disruptions, such as the reintroduction of an
absent cat, can disrupt behaviour patterns. Further research is needed into the relationship
between energy intake, weather conditions, and activity in domestic cats. This study also
showed the importance of reÞning the criteria for identifying outliers and understanding
their causes, which will increase the reliability of behavioural studies.

These Þndings underline the importance of considering both environmental and
individual factors when studying domestic cat behaviour, and although this study looked
at the effect of weather variables, other environmental factors should be considered, such
as different housing and social conditions. Future studies can apply the method to classify
domestic cat behaviour in other settings.

Supplementary Materials: The following supporting information can be downloaded at: https:

//www.mdpi.com/article/10.3390/ani15050637/s1 , Figure S1: Boxplots of daily proportional be-

haviour data for Cho; Figure S2: Boxplots of daily proportional behaviour data for George; Figure S3:

Boxplots of daily proportional behaviour data for Hagrid; Figure S4: Boxplots of daily proportional

behaviour data for Merry; Figure S5: Boxplots of daily proportional behaviour data for Mrs Norris;

Figure S6: Boxplots of daily proportional behaviour data for Nimbus; Figure S7: Boxplots of daily

proportional behaviour data for Scabbers; Figure S8: Change in daylength and monthly averages for

total rainfall, temperature ( ± minimum and maximum), THW index, relative humidity ( ± minimum

and maximum) and wind speed (+ maximum) from March 2023 till February 2024.
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How Lazy Are Pet Cats Really? Using Machine Learning and
Accelerometry to Get a Glimpse into the Behaviour of Privately
Owned Cats in Different Households
Michelle Smit , Rene A. Corner-Thomas * , Ina Draganova , Christopher J. Andrews and David G. Thomas

School of Agriculture and Environmental, Massey University, Palmerston North 4410, New Zealand;
m.smit@massey.ac.nz (M.S.)
* Correspondence: r.corner@massey.ac.nz

Abstract: Surprisingly little is known about how the home environment inßuences the behaviour

of pet cats. This study aimed to determine how factors in the home environment (e.g., with or

without outdoor access, urban vs. rural, presence of a child) and the season inßuences the daily

behaviour of cats. Using accelerometer data and a validated machine learning model, behaviours

including being active, eating, grooming, littering, lying, scratching, sitting, and standing were

quantiÞed for 28 pet cats. Generalized estimating equation models were used to determine the

effects of different environmental conditions. Increasing cat age was negatively correlated with time

spent active (p < 0.05). Cats with outdoor access (n = 18) were less active in winter than in summer

(p < 0.05), but no differences were observed between seasons for indoor-only (n = 10) cats. Cats living

in rural areas (n = 7) spent more time eating than cats in urban areas (n = 21;p < 0.05). Cats living in

single-cat households (n = 12) spent more time lying but less time sitting than cats living in multi-cat

households (n = 16; p < 0.05). Cats in households with at least one child (n = 20) spent more time

standing in winter ( p < 0.05), and more time lying but less time sitting in summer compared to cats in

households with no children ( n = 8; p < 0.05). This study clearly shows that the home environment

has a major impact on cat behaviour.

Keywords: domestic cat; feline; behaviour; home environment; accelerometry; machine learning

1. Introduction

The domestic cat (Felis catus) is one of most popular pets worldwide. In New Zealand,
there are over 1.2 million pet cats, of which 74% are considered to be family members by
their owners [ 1]. As every household is unique, the living conditions of pet cats can differ
markedly. New Zealand households, for example, often have more than one cat (38%), dogs
(10%), and/or children present [ 1]. In addition to this, cats are kept indoors only (11%),
outdoors only (5%), or have both indoor and outdoor access (83%) [1]. The environment a
cat is exposed to can therefore be composed of many different conditions that can affect the
animalÕs welfare [2,3].

The welfare of an animal has been deÞned as the state of the animal as it attempts to
cope with its environment [ 4]. In New Zealand, animal welfare is assessed using the Þve
domains model, which considers the domains of (1) nutrition, (2) environment, (3) health,
(4) behaviour, and (5) mental state [5]. One way to assess the welfare state of an animal is by
observing its behaviour. Behaviour has been deÞned as Òthe internally coordinated response
(actions or inactions) of whole living organisms (individuals or groups) to internal and/or
external stimuliÓ [6]. Thus, behavioural observations can provide valuable information on
an animalÕs welfare through the over- or under-expression of speciÞc behaviours. To be
able to use behavioural observations as an indicator for welfare, however, behaviours need
to be measured accurately to understand how they are affected by different stimuli.

Sensors2024, 24, 2623.https://doi.org/10.3390/s24082623 https://www.mdpi.com/journal/sensors
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Despite humans living with cats for approximately 9500 years [ 7], little is known
about how the home environment inßuences the welfare and behaviour of pet cats. Having
access to the outdoors is generally accepted as beneÞcial to the catÕs welfare. Indeed,
some studies have found that cats kept exclusively indoors show more behaviours that are
unacceptable to the owner (i.e., problem behaviours), with twice as much house soiling
behaviour reported by the owners [ 8,9]. A study has reported that cats were more sociable
when living in small families without children and had a higher quality of life score, based
on care, behaviour, and physical examination, when living with conspeciÞcs [ 10]. Thus, it
is quite clear that many environmental variables have the potential to inßuence behaviour.
However, it is unknown which factors inßuence which behaviours and how.

A recent review identiÞed that the majority of previous studies focussed on only one
variable to ensure that any differences between treatments or groups were most likely the
result of that variable [ 2]. While studies focussing on one variable can be beneÞcial to
identify variables in the environment that might inßuence the behaviour and welfare of
cats, it does not resemble the in-home situation, where the environment is multi-variate.
The review also noted that the majority of studies were completed outside the home
setting, such as shelters, catteries, or laboratories [2]. A shelter, cattery, or laboratory are
unlikely to resemble a home situation, and, therefore, results from these studies are not
necessarily transferrable.

It is not surprising that little is known about the effects of a complex environment on
cat behaviour. Behavioural studies are very labour-intensive and have traditionally been
conducted using observational methods by either scoring the behaviour in real time or from
video recordings [ 11]. When continuously scoring the behaviour of an animal, behaviours
can easily be missed, and only one animal per observer can be scored at a time. There
is also the risk of observer fatigue if behavioural scoring sessions are long. The majority
of studies reviewed by Foreman-Worsley and Farnworth [ 2] scored behaviour using scan
(i.e., instantaneous) sampling, which involves the observer recording the behaviour of an
individual animals at predetermined time intervals [ 12]. With this method, there remains a
risk of missing infrequent and/or short-lasting behaviours.

Accelerometers have been shown to have the potential to identify animal behaviour
when combined with machine learning techniques (see review by [ 13]). Watanabe et al. [14]
were the Þrst to use accelerometer data from a cat to identify four behaviours with an
accuracy > 65%. To date, three other studies have published validated machine learning
techniques which identify cat behaviours from accelerometer data. These studies created
a machine learning (ML) model with feral cats [ 15], with pet cats [ 16], and with colony
cats [17]. The model created by [14] used data from only one cat, and the models created
by [16] were created from data from a harness-mounted accelerometer. Few pet cats are
accustomed to wearing a harness, thus Smit et al. [17] created models for both a collar- and
a harness-mounted accelerometer. Creating a model to identify animal behaviour using
ML techniques from accelerometer data is labour-intensive, although once a good working
model has been created, identifying behaviours is quick and requires little labour.

This study aimed to examine the effects of several environmental conditions (e.g.,
indoor vs. outdoor, dry vs. mixed diet, and the presence of other cats, dogs, and/or
children) and cat-speciÞc conditions (e.g., age group and sex of the cat) on the behaviour of
cats. Behaviours were quantiÞed using a previously validated ML model with an overall
accuracy of 73% [17]. This study also aimed to examine behavioural differences between
summer and winter, and to determine whether the combination of season and environment
affected the catsÕ different behaviours.
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2. Materials and Methods

The study was conducted in the Manawat øu-Whanganui region, New Zealand. The
study was approved by both the Massey University Human Ethics (MUHEC 4000025773)
and Animal Ethics Committees (MUAEC 22/24).

2.1. Owner and Cat Recruitment

Voluntary response sampling was used to recruit participants and their cat(s) by dis-
tributing ßyers to local veterinary clinics and throughout Massey University in Palmerston
North (Supplementary Materials S1). The ßyer referred participants to a questionnaire that
included questions about demographics, housing of the cat, and some general information
about the cat(s) (Supplementary Materials S2).

A total of 61 cat owners completed the questionnaire, which captured information on
89 cats. Cats were excluded from participation if the questionnaire was incomplete ( n = 15),
if they lived outside the Manawat øu-Whanganui region ( n = 13), or if cats fell outside the
age range of 1 to 10 years (n = 6). As some health conditions are known to affect behaviour,
cats were also excluded if they suffered from a mobility related illness (e.g., osteoarthritis),
a urinary tract and/or kidney disease, diabetes, and/or hyperthyroidism ( n = 4). After
excluding cats that did not meet the inclusion criteria ( n = 29), a total of 60 eligible cats
remained. The owners of these 60 cats were invited to participate in the trial. Participation
was voluntary, and owners were able to withdraw their cat(s) at any time.

2.2. Data Collection

Data were collected over two periods: summer (1 December 2022Ð28 February 2023)
and winter (1 June 2023Ð31 August 2023). An appointment was organised with each
participant, during which their cat(s) were weighed and assigned a body condition score
(BCS; 9-point scale) [18] by the same researcher for the whole study. Owners were also
asked whether they fed their cats a wet diet, dry diet, or a mix of a wet and dry diet.
Participating cats were Þtted with a quick release collar, to which an ActiGraph ª wGT3X-
BT (ActiGraph ª , Pensacola, FL, USA) accelerometer was attached (weighing 19 g and
measuring 33 mm ! 46 mm ! 15 mm). During each sampling period, owners habituated
their cats to wearing the collar with the accelerometer over a six-day period (Table 1),
followed by seven consecutive days of data collection. At the end of the data collection
period, collars and accelerometers were retrieved and raw triaxial acceleration data were
downloaded. If a cat lost its collar during the Þrst or second collection period, their data
were not included in the analysis.

Table 1. Training schedule for owners to habituate their cat(s) to wearing the collar with accelerometer,
followed by seven days of data collection.

Training Day

1 2 3 4 5 6
Day 7Ð14 data collection

2 h 4 h 6 h 8 h 24 h Off

Accelerometers were positioned ventrally on a collar (Figure 1a), with the orientation
of the X, Y, and X axis lateral, dorso-ventral, and cranio-caudal, respectively (Figure 1b).
Owners were given instructions on the orientation of the device, to ensure uniform attach-
ment across all participating cats. The ActiGraph ª wGT3X-BT has a dynamic range of ± 8 g.
Acceleration data were sampled at a frequency of 30 Hz (raw acceleration data), down-
loaded, and exported into csv Þles using the ActiLife software (version 6.13.4; ActiGraph ª ,
Pensacola, FL, USA).
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Figure 1. (a) Placement and (b) orientation of the ActiGraph ª wGT3X-BT accelerometer on a collar.

2.3. Statistical Analysis

Cat bodyweight and BCS were tested for differences between seasons (summer
and winter) using a paired t-test and Wilcoxon signed-rank test, respectively, using
RStudio v1.4.1 [19]. RStudio was also used to identify the behaviour of cats using the
previously validated random forest model which identiÞed eight behaviours: active, lying,
sitting, standing, grooming, littering, eating, and scratching [ 17]. The random forest model
required 32 identiÞer variables to be calculated in order to identify cat behaviours. These
identiÞer variables were derived from the raw acceleration data (30 Hz) and summarized
into 1 s epochs (Appendix A). Using the identiÞer variables and the previously validated
random forest model, the behaviours of the cats were identiÞed for each second of the day.
For each cat, hourly and weekly proportions of all behaviours were calculated to visualise
patterns in behaviour throughout the day.

The frequency of each behaviour was summed on a weekly basis for each cat and
merged with data from the questionnaire. The weekly summed frequency of behaviours
with variables obtained from the questionnaire was then exported into SPSS (version
29.0.0.0). The effects of different variables and their interactions on the assessed behaviours
were tested using generalized estimating equation (GEE) models. GEE models were
performed on the total weekly accelerometer count data (seconds) for each behaviour, with
individual cats being deÞned as the subject variable, and season deÞned as the within-
subject variable. It was assumed that the amount of each behaviour displayed by the cat in
summer did not affect the amount displayed in winter, and, therefore, the structure of the
working correlation matrix was set to independent. As count data were used for the GEE
models, a Poisson distribution with log as the link function was selected.

A total of nine variables were included in the analysis: season, sex of the cat, age
group, diet, housing, rural vs. urban, multi-cat vs. single-cat household, presence of at
least one dog, and the presence of at least one child (<18 years; Table2). The main effect of
all nine variables on each of the eight behaviours were tested (main effects GEE models).
A backwards stepwise procedure was followed, removing variables with a p-value > 0.10,
until only variables remained with p-values ! 0.10. Given that data were collected for each
cat in both summer and winter, the effects of the interaction of season with each of the
remaining eight variables for each behaviour were also tested (individual GEE models). For
each behaviour, interactions with a p-value ! 0.10 from the individual GEE models were
combined into a multi-interaction GEE model. The same backwards stepwise procedure,
as previously used for the main effects GEE, was then followed. For each behaviour,
variables that were retained following the backwards stepwise procedure for both the
main effects GEE model and multi-interaction GEE model were combined into multivariate
GEE models. Another backwards stepwise procedure was followed until only signiÞcant
variables remained (p < 0.05).
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Table 2. Variables extracted from the questionnaire, or collected during an appointment, and their cat-
egories.

Variable Categories

Season
Summer (DecemberÐFebruary)
Winter (JuneÐAugust)

Sex of cat

Entire female
Entire male
Neutered female
Neutered male

Age group [ 20,21]

Kitten (0Ð6 months)
Junior (7 monthsÐ2 years)
Prime (3Ð6 years)
Mature (7Ð10 years)
Senior (11Ð14 years)
Geriatric ( ! 15 years)

Diet
Dry
Wet (e.g., canned, pouched, or raw)
Mix (mix of dry and wet foods)

Housing

Exclusively indoors
Indoors with limited outdoor access (e.g., harnessed
walks, catio, or garden access)
Indoors with unlimited outdoor access
Exclusively outdoors
Other

Rural vs. urban
Rural
Urban

Multi-cat vs. single-cat
household

Multi
Single

Presence of at least
one dog

No (absent; no dog(s) in household)
Yes (present; at least one dog in household)

Presence of at least
one child (<18 years)

No (absent; no child(ren) in household)
Yes (present; at least one child in household)

3. Results

Of the 60 eligible cats identiÞed from the questionnaire, owners of 18 cats did not
respond to the invitation to participate in the study, resulting in a total of 42 cats that
participated in the Þrst collection period (summer). Of those 42, 5 lost their collars and
2 did not adapt to wearing the monitor and were thus excluded from the trial. In addition,
one cat was euthanized due to reasons unrelated to this study between the Þrst and second
collection period, one cat was withdrawn from the study by the owner, and two cats were
not booked in for the second collection period by the owner. The second collection period
therefore included 33 cats, of which 5 cats lost their collar, resulting in a Þnal sample size of
28 cats. Only data from these 28 cats were included in the data analysis.

Cats weighed less in summer (4.6 ± 0.15 kg) than winter (4.8 ± 0.17 kg;p = 0.015);
however, no difference was found in BCS (median = 6; p > 0.05). All cats that participated
in the study were desexed; therefore, hereafter they will be referred to as female and male.
The cats were fed either a dry diet or a combination of dry and wet diets (e.g., canned or
pouched). Of the eligible cats, cats were either housed indoors with unlimited outdoor
access (hereafter considered outdoor), or indoors with limited outdoor access (hereafter
considered indoor). In one household with two cats participating in the study, a child
was born between the Þrst and second collection, which transitioned these cats from a
child-free household to a household with a child. In one of the households, a second cat
was introduced between the Þrst and second collection period, resulting in a change in
classiÞcation from a single-cat to a multi-cat household (Table 3).
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Table 3. Number of cats for each variable for the summer and winter study periods.

Season Season

Summer Winter Summer Winter

Sex Housing
Female 17 17 Indoor 2 10 10
Male 11 11 Outdoor 2 18 18

Age group Number of cats in household
Junior 1 10 10 One 12 11
Prime 1 12 12 Two 9 10
Mature 1 6 6 Three 7 7

Coat length Dogs
Long 5 5 Absent 19 19
Short 23 23 Present 9 9

Environment Children (<18 years)
Rural 7 7 Absent 20 18
Urban 21 21 Present 8 10

1 Junior = 1Ð2 years, prime = 3 to <7 years, mature = 7 to <11 years.2 Indoor = cats with indoor only access,
Outdoor = cats having both indoor and outdoor access.

For each behaviour, the main (Table 4) and interaction effects (Table 5) were modelled,
and a backwards stepwise procedure was followed. The main effects and interactions with
a p-value ! 0.10 that were retained following the backwards stepwise procedure were
combined into multivariate GEE models, for which the results are shown. Percentages of
time spent exhibiting every behaviour are presented as mean ± standard error (SE).

Table 4. p-values of the interactions from the individual GEE models following a backwards stepwise
procedure. Only p-values < 0.10 are presented.

Behaviour

Active Eating Grooming Littering Lying Scratching Sitting Standing

Season" Sex of the cat NS NS 0.023 NS NS 0.079 NS NS
Season" Age group <0.001 NS NS 0.030 NS NS NS 0.002
Season" Diet NS NS NS 0.063 NS NS 0.055 NS
Season" Rural vs. urban NS <0.001 NS NS NS 0.013 NS NS
Season" Housing <0.001 NS NS NS NS NS NS NS
Season" Multi- vs. single-cat household NS NS NS NS 0.064 NS NS NS
Season" Dog(s) in household NS NS NS NS NS NS NS NS
Season" Child(ren) in household NS NS NS NS 0.006 NS 0.0016 <0.001

NS = not signiÞcant.

Table 5. p-values of the variables from the main effects GEE models following a backwards stepwise
procedure. Only p-values < 0.10 are presented.

Behaviour

Active Eating Grooming Littering Lying Scratching Sitting Standing

Season 0.006 NS 0.046 NS NS NS NS 0.082
Sex of the cat NS 0.017 NS NS 0.049 NS 0.090 NS
Age group <0.001 0.066 0.057 NS NS NS NS NS
Diet NS 0.017 NS NS 0.015 NS <0.001 NS
Rural vs. urban NS <0.001 NS NS 0.092 NS 0.027 NS
Housing <0.001 NS NS NS NS NS NS NS
Multi- vs. single-cat household NS NS NS NS 0.032 NS 0.006 NS
Dog(s) in household NS NS NS NS NS NS NS NS
Child(ren) in household NS 0.051 0.090 NS 0.005 NS 0.002 0.001

NS = not signiÞcant.

3.1. Active

Overall, cats were active for 2.8 ± 0.25% of their time. There was an interaction of
season" age (p < 0.001; Figure2a) and season" housing (p < 0.001; Figure2b) for active
behaviour. In summer, junior cats spent more time being active (4.2 ± 0.58%) compared to
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prime (2.7 ± 0.37%;p = 0.008), but not mature cats (2.5± 0.73%), while in winter junior
cats spent more time being active (3.5± 0.41%) than both prime (1.9 ± 0.27%;p < 0.001)
and mature cats (2.1± 0.24%;p = 0.002). No seasonal differences were found within age
groups (p > 0.05).
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Figure 2. Effect of interaction on the different domestic cat behaviours: ( a) season! age group
with J = Junior, P = Prime, M = Mature; ( b) season! housing; (c) season! Ôrural vs. urbanÕ;
(d) season! sex of the cat; (e) season! child(ren) in household. aÐcWithin a behaviour, bars with
different superscripts differ signiÞcantly ( p < 0.05). Superscripts above the columns in (a,b) are for
active behaviour.

Cats with outdoor access spent more time active in both summer ( p < 0.001) and
winter ( p < 0.047) than indoor cats (3.9± 0.39% vs. 2.0± 0.36% and 2.7± 0.33% vs.
2.2± 0.23%, respectively). While cats with outdoor access were less active in winter than
in summer ( p = 0.003), there were no seasonal differences in the time spent active for indoor
cats (p > 0.05).

3.2. Eating

Overall, cats spent 5.5± 0.46% of their time eating. There was an interaction of season
! Ôrural vs. urbanÕ (p < 0.001; Figure2c), whereby cats living in a rural environment
spent more time eating in both summer ( p < 0.038) and winter (p < 0.001) than urban
cats (6.4± 0.71%vs. 4.6± 0.58% and 9.6± 1.20% vs. 4.7± 0.93%, respectively). Rural
cats spent more time eating in winter than summer ( p < 0.001), but urban cats showed no
seasonal differences (p > 0.05).
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3.3. Grooming

Overall, cats spent 5.5± 0.30% of their time grooming. There was an effect from age group,
with junior cats grooming more than mature cats (6.3 ± 0.49% vs.5.0± 0.38%; p = 0.018). A
trend was found for the effect of children on the time spent grooming ( p = 0.096), with cats
spending more time grooming in households without children ( 5.8± 0.37%) than those with at
least one child (4.6± 0.39%).

An interaction effect of season ! sex of the cat was found on grooming behaviour
(p = 0.019; Figure2d), with male cats spending less time grooming in winter (4.7 ± 0.43%)
than summer (6.8 ± 0.86%;p = 0.006). No difference was observed between winter and
summer for female cats (5.4± 0.42% vs. 5.2± 0.50%;p > 0.05). In addition, within each
season, there was no difference in the time spent grooming between male and female
cats (p > 0.05).

3.4. Littering

Overall, cats spent little time littering (0.04 ± 0.01%). There was an interaction of sea-
son ! age (p < 0.001) whereby mature cats spent more time littering in winter (0.06± 0.01%)
than in summer (0.03 ± 0.01%;p = 0.039), and mature cats spent more time littering than
junior cats (0.02± 0.00%) in winter (p < 0.001). No differences in time spent littering were
found between summer and winter for junior (0.04 ± 0.02% vs. 0.02± 0.00%) and prime
cats (0.02± 0.01% vs. 0.02± 0.00%;p > 0.05).

3.5. Lying

Overall, cats spent 36.7± 1.47% of their time lying. Female cats spent more time lying
than male cats (37.9± 1.96% vs. 34.9± 2.19%;p = 0.046). Cats on a dry diet spent less
time lying than cats on a mixed diet (34.9 ± 2.50% vs. 38.5± 1.49%;p = 0.013). Cats in
multi-cat households spent less time lying (35.1 ± 1.41%) than cats in single-cat households
(39.6± 2.82%;p = 0.050). A trend was found for Ôrural vs. urbanÕ on time spent lying
(p = 0.096), with cats living rurally spending more time lying (40.4 ± 2.76%) than cats living
in an urban area (35.5± 1.68%).

There was an interaction effect of season! child(ren) in the household ( p = 0.011;
Figure 2e), whereby cats in households where at least one child was present spent more
time lying (41.4 ± 1.93%) than cats in households without children (33.2 ± 2.35%;p = 0.002)
in summer but not winter (38.0 ± 3.25 vs. 37.5± 3.71;p > 0.05). In addition, no differences
in time spent lying were found between seasons for cats in households with or without
children ( p > 0.05).

3.6. Scratching

Overall, cats spent very little time scratching themselves (0.12 ± 0.01%). There
was an interaction effect of season ! Ôrural vs. urbanÕ (p = 0.001), whereby cats that
lived rurally spent more time scratching in summer than in winter (0.16 ± 0.04% vs.
0.07± 0.02%;p = 0.003). In winter, rural cats also spent more time scratching than ur-
ban cats (0.07± 0.02% vs. 0.12± 0.02%;p = 0.031). No seasonal differences in time spent
scratching were found for cats living in an urban area (summer: 0.13 ± 0.02%, win-
ter: 0.12± 0.02%;p > 0.05).

3.7. Sitting

Overall, cats spent 36.6± 2.04% of their time sitting. Cats fed a dry diet spent more
time sitting (39.0 ± 3.59%) than cats on a mixed diet (34.2± 1.89%;p < 0.001). Cats in
a multi-cat household spent more time sitting (39.2 ± 2.38%) than cats in a single-cat
household (32.4± 3.22%;p = 0.005). While female cats sat less (35.5± 2.90%) than male
cats (38.2± 2.74%), this was only a trend (p = 0.092).

There was an interaction of season! Ôrural vs. urbanÕ (p = 0.048; Figure2c). Cats living in
a rural area spent more time sitting in summer ( 35.6± 3.06%) than in winter (24.3 ± 4.92%;
p = 0.042). No seasonal difference was found for urban cats (summer: 39.7± 2.89%;winter:
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38.0± 3.97%;p > 0.05). In winter, cats living rurally spent less time sitting than cats living in
an urban area (p = 0.008).

There was also an interaction of season! child(ren) in the household ( p = 0.006;
Figure 2e) whereby cats living in a household without children spent more time sitting in
summer (41.9± 2.73%) than in winter (36.5 ± 4.34%;p = 0.041). No seasonal difference was
found for sitting behaviour in households where there was at least one child present (sum-
mer: 30.5± 2.71%, winter: 31.0± 5.45%;p > 0.05). In summer, cats in a household without
children spent more time sitting than cats in a household with a child(ren) ( p < 0.001).

3.8. Standing

Overall, cats spent 12.7± 0.76% of their time standing. There was an interaction
of season! age (p = 0.002; Figure2a) whereby in summer, junior cats spent more time
standing (13.8 ± 1.84%) than mature cats (8.6± 0.64%;p < 0.001) and showed a trend of
standing more than prime cats (10.9 ± 0.80%;p = 0.066). In addition, mature cats spent less
time standing in summer than in winter (8.6 ± 0.64% vs. 13.4± 1.84%;p = 0.001), but there
were no differences among the other age groups.

There was also an interaction of season! child(ren) in the household ( p < 0.001;
Figure 2e), whereby cats in households with at least one child spent less time standing
in summer (13.4 ± 2.04%) than in winter (18.7 ± 2.59%;p = 0.005). However, there was
no seasonal difference for households without children (summer: 10.7 ± 0.78%, win-
ter: 11.4± 0.74%;p > 0.05). In winter, cats in households without children spent less time
standing than cats in households with at least one child ( p < 0.001), but in summer the
difference was only a trend ( p = 0.075).

3.9. Daily Pattern of Behaviour

In both summer and winter, there was a bimodal pattern of behaviour which was
driven by active and eating behaviours (Figure 3). In summer, peaks in active and eating
behaviours were observed between 05:00Ð09:00 and 20:00Ð23:00, while in winter these
peaks were between 06:00Ð08:00 and 16:00Ð19:00. In summer, between 1 December 2022
and 28 February 2023, the sun rose on 05:21 and 06:57, respectively, and set on 20:50 and
20:02, respectively [22]. In winter, between 1 June 2023 and 31 August 2023, the sun rose on
07:30 and 06:44, respectively, and set on 16:59 and 17:52, respectively [22].
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Figure 3. Daily behaviour patterns, expressed per hour, of all the domestic cats in summer and winter.

Cats which had both indoor and outdoor access showed a clear bimodal pattern of
behaviour in both summer and winter; however, the bimodal pattern was less prominent
in the summer for cats living indoors (Figure 4). Cats living in rural areas also showed a
more pronounced bimodal pattern of behaviour, particularly time spent active and eating,
than cats living in urban areas (Figure 5).
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Figure 4. Daily behaviour patterns, expressed per hour, of all the domestic cats in summer and winter
living either indoors or having both indoor and outdoor access (outdoor).
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Figure 5. Daily behaviour patterns, expressed per hour, of all the domestic cats in summer and winter
living either in rural or urban areas.
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4. Discussion

The aim of this study was to investigate the behaviour of privately-owned domestic
cats and determine how environmental conditions inßuence their behaviour. Foreman-
Worsley and Farnworth [ 2] identiÞed substantial gaps in our knowledge of how cats
respond and interact with their multifactorial home environment. By quantifying cat
behaviours, it is possible to determine which behaviours are affected by the home environ-
ment and what impact different aspects of this environment have on cats.

Studies on behavioural budgets in domestic cats are limited, and the studies available
differ in the methods used to collect behavioural data, the season(s) in which data were
collected, and housing conditions. In the current study, housing (indoors only vs. or indoor
with outdoor access) showed a signiÞcant interaction with the season for active behaviour.
As expected, time spent exhibiting active behaviour for indoor cats did not differ between
seasons, whereas cats with outdoor access were more active in summer (3.9%) than in
winter (2.7%). Two previous studies, both of outdoor colony housed cats, reported an
effect of environmental temperature and relative humidity on physical activity [ 23,24].
Cats in the present study were more active in summer, when temperatures are generally
higher than in winter. This was contrary to Þndings of the outdoor colony housed cats
where physical activity declined with increasing temperatures [ 23,24]. Studies on the effect
of weather on cat behaviour are scarce. Cats have a relatively high thermoneutral zone
(30Ð38! C; [25]), so cats may spend more time indoors in winter, possibly in front of a heat
source, where it is warmer. Indoor cats are likely less affected by outdoor weather, as factors
such as temperature and relative humidity are less likely to ßuctuate indoors. However, a
study assessing cat behaviour in response to extreme weather events, that included both
indoor only cats (53%) and cats with outdoor access (47%), reported that 75% of cat owners
perceived a decline in the level of activity during extreme hot weather events, while 66% of
cat owners reported a decline in the level of activity during extreme cold weather events [ 26].
Not all owners reported an effect of extreme heat or cold on the behaviour of their cat
during the study, which could be due to the effect of isolation and the presence or absence of
heating and/or cooling sources in the house, affecting temperature ßuctuations. It should
be noted that owner-based assessment is subjective. Another possible explanation for the
higher amount of time spent on active behaviours in summer than in winter by cats with
outdoor access is an increase in hunting behaviour in summer. Several studies have shown
that cats bring home more prey in summer than in winter [ 27Ð29], suggesting a higher
activity in summer than winter. However, no data on hunting behaviour were collected
during this study, so no further conclusions can be drawn. Galea et al. [ 16], however,
successfully identiÞed speciÞc hunting behaviours in domestic cats using accelerometry
and hunting behaviours. Thus, accelerometry and machine learning could prove a useful
tool for future studies regarding the hunting behaviour of domestic cats.

In the current study, indoor cats were signiÞcantly less active than cats with outdoor
access in both summer and winter. Berteselli et al. [30] reported that Þve indoor cats from
the same household were twice as active than cats in the current study. It should be noted,
however, that an observer was present in the house for behavioural observations in the
study by [ 30], which could have inßuenced the behaviour of the cats. Smit et al. [ 24]
reported higher physical activity levels when caretakers were present than when they
were absent. In addition to this, maintenance behaviours, such as eating and grooming,
were included as ÔactiveÕ behaviours by [30], while these were considered separately in the
current study. If time spent active, eating and grooming were summed in the current study,
cats spent more than twice as much time being ÒactiveÓ than what was reported by [30]. A
factor that may contribute to the difference in activity between housing conditions is the
area that the cats have access to. It is likely that cats with outdoor access have access to
larger areas than cats conÞned indoors. A study compared activity using accelerometers
of cats with access to either 80Ð100 m2 indoors and a 40Ð80 m2 garden (group A), or
200Ð250 m2 indoors and a 2000Ð2500 m2 garden (group B) [ 31]. In that study, cats from
group B were signiÞcantly more active than cats from group A. It should be noted, however,



!

AEG!
!
!

Sensors2024, 24, 2623 12 of 16

that cats in group A were also limited to only one hour per day of garden access, while
the cats in group B had free access to the indoors and the garden but were kept in the
garden for 11 h during the night [ 31]. The difference in activity was therefore likely due to
a combination of access area and indoor/outdoor access management.

Age has been found to negatively affect overall physical activity in domestic cats [24,32],
although it is unclear which behaviours contribute to this decline. Smit et al. [ 24] reported
that cats in the kitten ( ! 6 months) and junior (>6 months and <3 years) age groups were
more active than cats in the prime, mature, and senior age groups ( " 3 and <15 years). In the
current study, junior cats ( " 1 and <3 years) were more active than both prime and mature
cats (" 3 and <11 years). The difference between junior and mature cats was not significant in
summer, but this was likely due to the large amount of variation observed for mature cats.
Grooming and scratching behaviours have been reported to result in high activity counts
when measured with accelerometers [33,34]. Indeed, an interaction of season and age on
grooming behaviour was found in the present study. Cats in the mature age group spent less
time grooming compared to junior cats. When owners were asked about behavioural changes
in their older cats ( " 11 years of age) compared to when they were younger, they reported a
decline in grooming behaviour [ 35]. The current study suggests that the decrease in overall
activity with increasing age reported by [ 24,32] was likely the result of a decrease in both
active and grooming behaviour(s) with increasing age.

The current study found that the absence or presence of a child(ren) and other cats in
the household affected some behaviours of cats; however, there was no effect from dogs in
the household. Assuming that sitting and standing behaviours are indicative for a greater
level of alertness than lying (which also included sleeping), it could be hypothesized that
cats in households with at least one other cat or child were more alert. Cats in households
have been reported to be less affectionate towards children than adults, especially towards
children aged 3Ð5 years of age [36]. Parents also reported that children were generally the
ones seeking an affectionate relationship with the cats, not the other way around [ 36]. In
the current study, cats in multi-cat households spent less time lying and more time sitting
than cats in single-cat households, which may also indicate a greater level of alertness. The
results were less conclusive for the effect of children in the household. In the winter, cats
in households with at least one child spent more time standing than cats in households
without children, while in summer, cats in households with at least one child spent more
time lying and less time sitting than cats in households without children. In the current
study, all cats in households where there was at least one child present had outdoor access.
It is therefore possible that in summer, cats spent more time outside, where they were at
a lower risk of being disturbed by a child, whereas they may have been indoors more in
winter. However, more research is needed to conÞrm this hypothesis.

When the time spent on each behaviour was plotted on an hourly basis, a bimodal
behaviour pattern was observed which consisted of two daily peaks. Based on visual
assessment, the bimodal pattern appears to be mainly driven by changes in active and
grooming behaviours. A bimodal pattern in activity has previously been reported in
domestic cats [24,37,38]. Parker et al. [38] investigated the circadian rhythm of active and
eating behaviours of indoor housed cats, using a combination of accelerometry, Ultra-Wide
Band tags, and automatic feeding scales, and found a bimodal pattern for both. The peaks in
both behaviours predominantly occurred before sunrise and food renewal in the morning,
and before sunset in the evening [38]. In the current study, peaks in time spent active and
eating also coincided with sunrise and sunset. In the study by [ 38], ambient humidity and
temperature were kept constant, while they were exposed to natural photoperiods through
windows. Kappen et al. [ 37] reported that, under constant temperature, cats exposed to
a 16 h photoperiod had a higher activity count than cats exposed to an 8 h photoperiod.
Season, temperature, and photoperiod are correlated [39], and it is likely they all affect
the behaviour of cats. It should also be noted that pet cats are also exposed to artiÞcial
light indoors, especially during the winter when day lengths are shorter. More research is
warranted to determine the effects of these factors on feline behaviour.
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In the current study, active behaviour was affected by the interaction of season and
housing. When visually assessing active behaviour, the bimodal pattern was apparent
during both summer and winter for cats with outdoor access, whereas indoor cats showed
a bimodal pattern in winter but not summer. It could be hypothesised that the lack of a
bimodal pattern of active behaviour of indoor cats in summer may be due to the occurrence
of school holidays during this period, which may have resulted in owners and/or family
members being home more often. Unfortunately, no data were collected on when owners
were at home. Human presence has been shown to affect activity patterns in domestic
cats [24,31]. In colony housed cats, ref. [24] reported higher levels of physical activity
during hours when staff were present. Similarly, ref. [ 31] reported that cats with little
outdoor garden access (group A) were more active when their owners were at home. Thus,
the effect of owner presence on the behaviour of cats warrants further investigation, and
recording owner presence should be considered in future studies.

The circadian rhythm of behaviours was also plotted for season ! Ôrural vs. urbanÕ.
The bimodal pattern, driven by active and grooming behaviours, was visually more pro-
nounced in rural cats than it was in urban cats. Studies comparing the home range of rural
and urban cats found that rural cats had much larger home ranges, which could be up to
14.4 times as large [40,41]. A larger home range would likely result in a higher physical
activity and more pronounced peaks in activity. The current study, however, did not Þnd
an effect of season! Ôrural vs. urbanÕ on active behaviours. Cats with a larger home
range might therefore not be necessarily more active than cats with a smaller home range.
The current study did Þnd an interaction of season with Ôrural vs. urbanÕ on time spent
eating, with rural cats spending more time eating than urban cats. This could possibly have
contributed to the more pronounced bimodal pattern seen in the rural cats. It is also worth
noting that, apart from one cat, all rural cats had outdoor access, whereas the urban cats
were composed of both indoor-only cats and cats with outdoor access. The combination of
the interaction effect of season ! Ôrural vs. urbanÕ on time spent eating, and the interaction
of season! housing on time spent active, could have resulted in the more pronounced
bimodal pattern that was visible in the rural cats.

5. Conclusions

This study showed that the previously validated machine learning model can be
applied to cats in a home situation and that it can be used to determine the effects of envi-
ronmental variables on cat behaviours. Overall, cats in the current study spent the majority
of their time displaying inactive behaviours (lying, sitting, standing: 86%). Cats with both
indoor and outdoor access spent more time displaying active behaviours compared to
indoor only cats, and were more likely to be affected by weather conditions than indoor-
only cats. More research is needed to determine the effect of weather on cat behaviour.
The current study further supported the negative relationship between aging and physical
activity and found that the decrease in physical activity is most likely driven by a decrease
in both active and grooming behaviours. The current study also supported earlier Þndings
of the bimodal pattern of behaviour of cats which appeared to be affected by housing and
whether cats lived in a rural or urban areas. More research is warranted in this area, as
studies on this topic are currently scarce.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/s24082623/s1 , Supplementary Materials S1: Flyer dis-
tributed for owner and cat recruitment; Supplementary Materials S2: Questionnaire.
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Appendix A

The random forest model used to identify the behaviours using acceleration data,
requires a total of 32 identiÞer variables. These identiÞer variables were derived from the
raw acceleration data (30 Hz) and summarized into 1 s epochs (i.e., time interval): mean
acceleration (X, Y, Z), sum acceleration (X, Y, Z), minimum (min) acceleration (X, Y, Z),
maximum (max) acceleration (X, Y, Z), standard deviation (sd) of acceleration (X, Y, Z),
skewness (X, Y, Z), kurtosis (X, Y, Z), correlation (XY, XZ, YZ), vector magnitude (VM; mean,
sum, min, max, sd, skewness, kurtosis), and overall dynamic body acceleration (ODBA; see
Table A1 for detailed description of each identiÞer variable).

Table A1. Description and calculation of identiÞer variables. Table from [ 17].

Predictor Variable Description

Mean
Mean, calculated for every second using the raw acceleration data (30
measures per second)

Sum
Sum, calculated for every second using the raw acceleration data

Sum(Axis)
N
!

i= 1
Axisi

Minimum (min) Minimum value of every 30 measures within each second
Maximum (max) Maximum value of every 30 measures within each second
Standard deviation (sd) Measures the spread of the data
Skewness Asymmetry of the distribution
Kurtosis Weight of the tails relative to a normal distribution
Vector magnitude (VM) VM =

!
X2 + Y2 + Z2

Overall dynamic body acceleration (ODBA) ODBA =
N
!

i= 1
|DBAX | + |DBAY| + |DBAZ |

Dynamic body acceleration (DBA) 1 DBA = Sumaxis " moving average

1 Accelerometer data from each axis were individually smoothed using the moving average over 1 s.
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