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OABL MDM;HHD :BFL MH M>:<A NII>KCBE NG=@¥<N:M> LMN=>GML
:G= @KEN:M> E®O>E LMN=>GML BG MA> EB?> :G= LH<B:E L<B>G<>L
;LB<L H? :@>GM ;;L>= FH=>EBG@ zM BL ;L>= HG M>:<ABNBKK
@KN:M> :G= NG=>K@¥KN:M> <HNKL>L :M KBSHG: /M:M> 1GBO>KLBMR
0A> vKLM O>KLBHG H? MA> ;HHD P:L IN;EBLA>= BG :LQNMHHD
?HK NG=3Bi<N:M> LMN=>GML 0A> <NBM O>KLBHG BL Q®=>G=>=
O>KLBHG PBMA¥HK:G<>= MHIB<L H? BGIUMKMH MAHL> PAH P.GM MH
NL> :@>GM ;:L>= FH=>EBG@ :L>Ik:K<A MHHE

0A> ;HHD BGM&N<>L RHN MH MA> F>MAH= H? :@>GM ;L>=
FH=>EBG@ ;NM PBEE :ELH NL> MA>L> FH=>EL MH =BL<EHLL @>C
<HG<>IML BG LH<B:E L<B>G<> :G= ><IWNEM@&@R>G= H? MA> ;HHD RHN
PBEE A:O> : ;.LB< NG=>KLM:G=BG@ H? O:KBHNL <HG<>IML @? <HFIE
:=:IMBO> LRLM>FL MA> IKBG<BIE>L H? :@>GM ;:.L>= FH=>EL :G= A:O>
=>KBO>= ;LB< QI>KB>G<> PBMAH®KFBG@ BG *>M(H@H MA>
LH?MP:X MHHE P> NL> ?HK :@>GM ;.L>= FH=>EBG@ BG MABL ;HHD 0/
O>KLBHG P> NL> BG MABL ;HHD BL

OABL >HHD BG<EN=>L EBGDL MH :==BMBHG:E F:M>KB:E LN<A
3BDBI>=B: l:@>L MA:M BG<EN=> : ¥8KM:BE>= =BL<NLLBHG H? <>KM:BG
<HG<>IML HKHBIMN;> OB=>HL H? E>MIK> :ELH IKHOB=> MA>
*>MH@H vE>L H? MA> FH=>EL MA:M P> NL> BG MABL>;{BEE3
INKIHL>ER NL>@®:FIE>L BG MA> *>M(H@H EK®RKHAH F:>> NL> H? MA>
=BK<MER :0:BE:;E> FH=>EL /MBEE P> :ELH =BL<NLL Q:RHEHNL >
MA:M K LI><B:EER ©sEHI>= ?HK MABL ;HHD OAHL> FH=>BL K
:0:BE:;E> BG MA»)/"/ HFINM:MBHG:E JH=>E (B:K :KR :G= P> PBEE



https://www.comses.net/codebases/

). &I

IKHOB=> EBGDL MH MA>F B&MAS MI1><M MA>K>KL PBEEJEHK
MA> EBGDL BR M&>GHM ?:FBEB:K PBMA MA> <HG<>IMLPGEHKH
MA> FH=>EL MREHKMA>F PA>G K:=BG@ MA> ;HHD

0A> VKLM MAKI:KML H? MA> ;HHD HOB=> .G BGMKI<MBHG MH MA>
O:KBHNL F>MAH=L :G= <HG<>IML :G= MA> |.KML :?M>K MA:M <HGM:B
FHK> LI><B:EBS>= MHIB<L BG ><HEH@R :G= LH<B:E L<B>G<> 0A> vKLM
H? MA> ;HHD BB#N<>L <HFIEX) :=:IMBO> LRLM>FL :G= FH=>EBG@
<HG<>IML :G= P> PBEE @>M HNK vKI=MI8&BHGC MH *>M(H@H zG ,:KM

P> PBEE =BL<NLL : L>KB>L H? <E:LLB< :@>GM ;:.L>= FH=gBI>3H >
RHNK NG=>KLM:G=BG@ H? <HG<>IML HQ<HHMBO> LRLM>FL L
P>EE :L =>KBO> FHKQI>KB>G<> PBMA MA> *>M(H@H zG ;KM P> PBEE
=BL<NLL O:KBHNL F>MAH=L :G= MHHEL MH :G:ERS> :@>GM ;:L>= FH=>E
LRLM>F:MB<:EEMBL PBEE ;>JB¥= B? P> P.GM MH NL> :@>GM ;:.L>=
FH=>EBG@ L : MHHE ?HK L<B>&MB¥AK

+KM H? MA> ;HHD ?H<NL>L HG ><HLRLM>F F.G:@>F>GM :G=
=BL<NLL>L LBFIE> L P>EE :L <HBIK>GLBO> FH=>EL H? IHINE:MBHG
=RG:FB<L KLHNK> @B>KG:.G<> :G= K@>E:G= F.G:@>F>GM zG
KM P> ?H<NL HG MA> LH<B:E L<B>G<>L >LI><B:EER HG MA> =><BL|
F:DBG@ H? :@>GML PAM <KIGG><M>= OB: LH<B:E G>MPHKDL

0A> O>KLBHG H? MA> ;HHD RHN A:OHBK PR RHN BL BG<HFIE>M>
JHK> <A:IM>KL :G= QM>GLBHGL HPBBEMBG@ <A:IM>KLBG MA>
IBI>EBG> :G= z PBEE NI=:M> MA> ;HHD HG<> HK MPB<> : R>:K /BG<:
RHN A:O> ;HN@AM MABL ;HHD L :G >;HHD RHN PBEE RONKLBHG
PA>G MAR K> :O:BE:;E> OAR PBEE :ELH ;> :GGHNG<>= M
AMMIL BGMKE <HF

0ABL ;HHD <HFIE>F>GML LHF> HMA>RQWMHHDL LN<A :1@>GM
iL>= :G= zG=BOB=N:E :L>= JH=>EBG@R; /M®>G ..BEL:<D :G=
2HEBK $KBFF PAB<A BL FEHG<HEH@R ?H<NL>= :GzGMH=N<MBHG
MH @>GM :L>= )H=>EBG® 1KB 3BE>GLDR :G= 3BEEB:F ..BAB<A
BL FHE ?H<NL>= HG MA> *>MEH@H LE2KE:EML :IIEB<:MBHGL

zG =©>EHIBG@ MABL ;HHD z AOsB®&>= ?>>=;<D Pk F.:GR
I>HIE> #BKLM zHBB MA:GD FR LMN=>GML ?HK M:DBG@ FR :@>GM ;:L>:
FH=>EBG@ <HNKLg>K MA> R>:KL 0A> L:RBG@ BL MA:M MA> ;>LM P:R
MH E>.KG BL MH M>:<A :G= z E>:KG>= HEHIR 2MIN=>GML z :ELH



https://intro2abm.com/
https://www.railsback-grimm-abm-book.com/
https://www.railsback-grimm-abm-book.com/
https://www.railsback-grimm-abm-book.com/
http://www.intro-to-abm.com/
http://www.intro-to-abm.com/

7*0.+11 0z+* 0+ $"*0 /"1 )+I"(z*$

EBOMH MA:GD BG@ BG@ 6AHN zEDAHPYINEBS .HEEBGL &>GGB?>K
#KL>K :G= EB<B: 8GS: ,>K:E ?HK ?>>=;:<D HG >:KEB>K O>KLBHGL H?
MA> ;HHD z? RHN A:0> :GR ?>>=;<D #NGA>LBM:M> MH <HGM:<M F>
:M):K <H &:GLL>G LN >=NMH <HGMBGNHNLER®*I&=>QM>G= MA>
F:M>KB:E
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OABL I:KM H? MA> ;HHD BENKSL :LB< <HG<>IML NL>= BG MAMKI?
MA> ;HHD EBBHFIE>Q :=:IMBO> LRLM>FL :G= >F@>G<> ¥ PBEE
‘ELH BGM#N<> MA> ;.LB<L H? H@KFBG@ :G= MA> IKI@KFBG@
LH?MP:XP> PBEE NL> BG MABL ;HHD *>M(H@H
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Complex Adaptive Systems

+ > 54)+698
R MA> >G= H? MABL <A:IM>K RHN PBEE

'GHP MA> =>vGBMBHGL H? <HFIEAMBO> LRLM>FL
SF>K@>G<> :G= LMB@QE&K

'GHP >Q:FIE>L H? MA>L> <HG<>IML

EBMME> :GM BL P:EDBG@ HG MA> L:G=R LHBE H? KBSHG: EHHDC
?HH= 0A> ?HH= BL F>:GM ?HK ?>>=BG@HW&>MK:M BL ;>BG@GI:D
<:K> H? ;R HMA>K :GML BG MA> <HBH#BRGM :GML A:0> =Byt
M:LDL BG MA> <HEKEBZRMA> :GM P> :K ?HEPBG@ BL <@k= PBMA
E>:0OBG@ MA> GEEMR =R BG LxKH? ?HH= 0A> :F:SBG@ :LI><M H?
:GM <HEHGB>L BL MA:M LN<A : <QIHE>GBS:MBHG:E LMKN-QBIKIL
MA:M BL GHM <HEEHR MA> JN>>G HK : LF:EER®IKH? ;NK>:N<KMB<
:GML OA>KBL :ELH GH IE:G HK : MH =H EBLM MA:M MAS?GERBE @
*H MA> <HFIEXQBMR H? MA> :GM <HEHG@®>FHNM H? MA> EH<E
BGM>#BHGL :FHG@ MA> :GML 0A> :GM P> H;L>KOPI?HMEBE H?
IA>SKHFHG>L BG=B<:MBG@ MA:M HMA>K :GML H? MA> <HEHGR A:0O> -
?HH= G>:KR :G= =KII>= MA> IA>SKHFHG>L HG MA>BK P:R ;:<D MH
MA> G>LM 0A=iKK MA> NL> H? IAHEHG>L BL : P:R BG PAB<A :GML
<HFFNGB<:M> MH HMA>KL ¢?HRBWBE :G= RHN F:R vG= ?HH=p
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0A> IA>KHFHG> MBE PBEBD:IHK:M> :M : <>KM:BG LI>>= :G= PBEE
MA>K?HK HGER ;> H? EBFBM>= NL> z? HMA>K :GML =HPGH\B 2 HREH
:KBG@ ;:<D ?HH= :G= :== MA>BRGHIA>KHFHG>L MH MA>BIK MA>
MIBE PBEE =BL:lI>:K NM PA>G LN<<>LL?NE RIEIMA>KL >GA:G<>L
MA> MBE : AB@AP:R H? :GML F:R >F@K +G LN<A : AB@QAPR> L>>
HG> E:G> H? :GML >FIMR A:G=>= ?IPBE® MA> IAYRHG> LB@G:E
:G= MA> HMA>K E:G> H? :GML ;KBG@BG@ ?HH= ;:<D MH MA> G>LM

0A>K> BL :G >GHKFHNL =BO>KLBMR H? :GM LI><B>L :EE H? PAB<A A:
O:KB:MBHGL BG MA>BK LExBESHWBHG /HF> :GM LI><B>HAK<>
:GML PBMA =By&# IARLB<:E <AKI>KBLMB<L MA:M =BLMBG@NBLA M
KHE> BG MA> <HEHGR >RHKBH@>KL LHE=B>KL >M< zG HMA>K :GM
LI><B>L :EE H? MA> <HEHGRL Kk IARLB<:EER LBFBE:K :G=<:G LPBM<A
KHE>L PA>G G>>=>= #HIQFIE> PA>G :G :GM >:M>K DBEEL@B&@
:GML MA> <HEHGR EBEEB>G<> :XN<MBHG H? ?HH= ;>BG@ =3=EBO>K
PAB<A MA>G LB@G:EL HMA>K .G G188 >MA>BK <:KBG@ ?HKIMA> ;K
KHE> ?HK : ?1(BBG @ K>

GML <A:G@> MA> >GOBKRGM PAB<A LN;L>IJN>GMER <A:G@>L MA>
;>A:OBHK H? HMA>K :GML OABL>B@=BBWN>G<> H? :@>GML OB: MA>
<A:G@> H? MA> >GOBKGM BL <:EE>= LMB@HFSKIMA>K Q:FIE>
H? LMB@®E@R BL MA> =B@BM:E MKBXBEERFRA>G P> BGMMNM PBMA
P>LBM>L R ;NRBG@ ;HHDL HK EBLM>GBG@ MH FNLB< LHG@L P> |
BG?HKF:MBH&(HFHG>L p 3> @>M-KHFF>G=:MBHGL :;;HNM HMA>K
;HHDL HK FNLB< MA:M I>HIE> »E8INp :ELH ;HN@AM HK EBLM>G>= MH
0OA>L> LMB@FR3®B< BGNMMRHGL <:G E>:= MH >BG?HKF>GM H?
<AHB<>L ,HINE:K FBB>L ?>:MMNKHG FNN;> M>G= MH @>0pbG
FHK> OBB>KL z? P> P:GM MH NG=>KLM:G=4#M:BG ;HHDL FpB>L
HK LHG@L ;><HF> LH IHINE:K P> G>>= MH EHHD BGMH MA> O:KBHNL P:F
<AHB<>L XKBGWN>G<>= :G>RG?HK=; R HMA>KL

3+7 -+4)+

"F>K @>G<> BL : F:<K E®>E IA>GHF>GHG EBBWDA> ?NG<MBHGBG@
H? :G :GM <HEHG&LNEMBG@F 7KH<:E E>>E BGMMBHGL BMA>
<:KMHHG BG #B@NNG=>KLM:G=BG@ FKIE®>E IA>GHF>G: <G
HGER ;> =>KBO>=R ;LMN=RBG@ MA> <HGL>JN>G<>L HEBBEK
:@>GMLn ;>A:0OBHK YB&®>E :@>GML E><BLBHGL ;:.L>= HG EH<:E
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<N>L :G= =H GHM DBHMA> F:<KH E®>E BFIEB<:MBHGL H? BG=BOB=N:E
>A:OBHK
R T e T

A

BFG®B &24C@ «B6= A96?@>672 6>66 7@> E96 3692G:@C @7 286?ED @? E96
>:40@ #B6=

+MA>K @:FIE>L H? >F>K@>G<> K
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:0>= I:MAL :K > GHM :EP:RL MA> FHLM =>EBKHNM>L @HBG® 7K
IHBGM MH IHBGMDABL F:R E>:= [>=>LMKB:GL MHMBHKM <NML
zGBMB:EERLMKB:GL P:.EDO#K @KG @KL /N;L>IN>GM I>HIE>
M>G= MH NL> MA> LM:FI>=L@KMA BGLM>:= H? MA> IKBLMBG> E:PG
:G= :?M>K F:GR 1>=>LMKB:GL :G NGI:0>= I:MA BL ?HKF>= PBMAHNM
:GR MHI =HPG =>LB@G

(HHD :KHNG= RHNK <:FINL :G= RHN PBEE VG:BIE>L H? I:MAL
MA:M A:0> >F>@>= MF : ;HMMHF NI =>LB@G zG : E:Me&KIM>K P>
IK>L>GM APIMH FH=>E MABL IA>GHF>GHG

"7B) '38


http://intro2abm.pressbooks.com/chapter/movements-and-patterns/
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%:0> RHN ©>K ;>>G LMN<D BG:x¥&:F HGER MH><A MA> MGM
H? MA> LEHHPG MH =BLEHK MA:M MAPK. GH :Il:K >GMXKLHG ?HK
BM /HF>MBF>L MKC:FL =>vG>=; R LEPIFH OBG@ <:KL G=>EHI
KIB=ER BG MA> HIIHLBM><BHG HX¥WH P L : <HGL>JN>G<>
RHN F:R >GM>K : MK C:F MA:M P:L ?HKF>= F.GR FBE>L :A>:=
OKx< C:FL <:G :ELH => O>EHI PBMAHNM<BK:NL>L EBRB<B=>GML
3A>G =KBO>KL A:0> =BypaM IK?>KK= LI>>= ESO>EL MR>G>>= MH
LER =HPG L MAR :lIK H:<A : LEHP>K <K BG AIKM H? MA>F L :
<HGL>JN>G<> HMA>K <:KL ;>ABG= MABL <:K PBEE GB=HKRE MEHH
L P> PBEE L>> BG E:M&KM>KL P> <:G LBFNE:M> MA> >F@K-G<> H?
Migk< C:FL; R F>K>ER LLNFBG@ =By&K>L BG MA> =KBO>KLn LI>>=

+ =/)4% '+8'4*19'4*/4- ;'9/548

zG :)> QB<:G P:O>I>HIE> LM:G= NI :G= LBM G ?KIF MA>BK
L>:ML BG LN<<>LLBH&EMBG@ : ANF:G P:0> zG : LM:G=BG@WBHG
I>HIE> LM:G= NI MH :lIIE:N= MA> I>K?HKF:G<> :M MA> >G= H? G
>(>EE>GM IE:RMA MA> P:0O> :G= LM:G=BG@MBHG >K>Q:FIE>L
H? >F>K@>G<> BG LM:=BNFL :G= MA>:M>KL *H LBG@E> BG=BOB=N:E B(
‘N=B>G<><:G <KM>:)> QB<:G P:0O> HK : LM:G=BG@MBHG /H &H
=H MAR >F>K@> 3A>G : ?>P I>HIE> LM:KM HMA>KL F:R ?RBEx>F
%H F.GR G>>= MH ;>@BG MH MKB@@>K : P:0> :G= =H>L BM F:MM:
PA>K> MAR K> LBMMBG@

25)1/4- +.;/57

wH<D H? ;BK. HK : L<AHHE H? VLA L>>FL MH®HBG NGBMR L BG
#B@NK ;NM GH LBG@E> vLA Hk BHGNHEL HK =B#IL MA>HRIK
3A:M BG=BOB=N:E ;>A:OBHKL <:G E>:EPMHFL />> :ELH : E:M>K
<A:IM>KBG MA> ;HHD ?HK : FH=>E H?DBG®B=L

HFIE> Q :=:IMBO> LRLM>FL <:G ;> NL>= MH LMN=R MA>L>FGK
IA>SGHF>G: HFIE> Q :=:IMBO> LRLM>FBE®K MH : @Kl H? EH<:EER
BGM>IBG@ :@>GML PAH <HGMBGNHNLER :<M Mg+HMA>K :@>GMLn
:<MBHGL 0A> <H&SM >F>K>GM ;>A:0BHK MA:M FB@AM H<<NK BG
LRLM>F :KBL>LHIKMA> EH<:E BGEMBHGL H? MA> :@>GML zG MA> <:L>
H? : L<AHHE H? vLA P> <:GQE:BG MA> LP:KF ;>A:OBHK :L >KNEM
H? . 7P LBFIE> KNE>L LN<A L :OHB=BG@ EHRIB&K) LM>>KBG@


http://intro2abm.pressbooks.com/chapter/sensitivity-analysis/
https://en.wikipedia.org/wiki/Wave_(audience)
https://en.wikipedia.org/wiki/Swarm_behaviour
http://intro2abm.pressbooks.com/chapter/movements-and-patterns/
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MR:K= MA> :O>@> A>=BG@ H? EH<:E vLA>L :G= LM>>KB&& MH
MA> :0>@> IHLBMBHG H? EH<:E vLA>L
+MA>K @:FIE>L H? <HFIE>Q :=:IMBO> LRLM>FL>K

g !95)1371 +98 F:GR MK=>KL F:D > =><BLBHGL HG MA>
BG?HKF:MBHG PGMWIH MA>F :G= MA>BK BG=BOB=N:E
>QI><M:MBHGL :;HNM MA> EMD?NMNKH O>F>GML O0AR
F:R LM:KM L>EEBG@ PASSIMAIKB<>L @HBGRG=H
;><:NL> HMA>K MiXKL :K> L>EEBG@ /N<ABEK@ ;>A:0OBHK
<:G E>:= MH AB@A OHE:MBEBMR HG <D F:KD

g D33:4+8>89+38 BFFNG>LRLM>FL <HGLBLM H? O:KBHNL
F><A:GBLFL BG<EN=BG@ @EHKHINE:MBHG H? ERFIAH<RM>L
MA:M =>M><M :G= = HRMWAH@>GL :G= HMA>K BGMKN=>KL BG
MA> ;H=ROA> BFFNG> LRLM>F G>>= MH ;> ;;E> MH =>M><M
G>P :IMAH@>GL ?HK MA> AHLM MH LNKOBO>TBHNE&>K
MH ;> ;;E> MH =M

g '4*+3/)8 MA> :<MBHGL H? BG=BOB=N:EL P>KBG@ F:LDL
P:LABG@ A:G=L IARLB<:EER =BLM:G<BG@ BFI:<M:MA> LIK
H? MA> OBKNL BG : IHINE:MBHG *H BG=BOB=N:EHEGKHCGMK
LIK>:= :G=:L MA> +2z! |:G=>FB<BEENLMKI>L L®>k
F>LNK>L MH <HGAEMA> OBKNL A:O> =BMHE>EL H?
LN<<>LL

g 7'48 OA>G>NKe LRLM>F BG MAB®& <HGLBLML H? F:GR
G>NKGL MAIMA#XA:G@BG@ BG?HKF:MBHG 0A>
BGM>BHGL H? F:GR GH\¥L F:D> BM IHLLB;E> ?HK F> MH
PKBM> MABL L>GM>G<> :G= IHG=>K :;HNM MA> F>:GBG@ H? EB

g )58>89+38 "<HLRLM>FL <HGLBLM H? F:GR LI><B>L MA:M
BGM>d ;R >:MBG@ HMA>K LI><B>L =BLMKB;NMBG@ GNMKB>G
:G= IHEEBG:MBG@ IE:GML "<HLRLM>FL <:G ;> L>>G L
<HFIE>Q ?HH= P>;L MA:M <.G <HI> PBMA <A:G@>L BG MA>
GNF;>K H? <>KM:BG LI><B>L :G=:=:IM MH <A:G@>L BG
<EBF:M> MH : <>KM:8GI>GM

g :3'485)/+9/+8 3A>G RHN ;NR : G>P B,AHG> MA:M BL
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F:GN?:<MNkK=BG ABG: PBMA F:M>KB:EL =>KBd@F= ?K
?KB<:G LHBEL :G= PBMA LHZMPOGEHI>= R

IKH@KF>KL ?KHF zG=B: RHN G>>= MHEKBS> MA:M MAHL>
:<MBHGL>F:=>; R:NMHGHFHNL WKGBS:MBHGL vKFL
:G=BG=BOB=N:EL 0A>L> F:GR BG=BOB=N:E <MBH@E=H
: R KNE>L :G=:@KF>GML P> A:O> =©>EHI>= ;NM MA>BL
GH LBFIE> L>M H? F><A:GBLFL MANEBG MA>L>
BGM>IBHGL

HFIE> Q :=IMBO> LRLM>FL :G= >F>G<> K=>M>KFBG>=R PA:M
P> <:EE ;HMMHF NI IK<>LL>L OA> HIIHLBM> PHNE= ;> : LRLM>F H?
MHI =HPG <HGMIEE>= LRLM>FL PA>KE BG=BOB=N:E <HFIHG>GNR H;>
: <SGMEE <HFF:.G=>K . KNE>L HK : ;EN>IKBGM "Q:FIE>E :KFB>L
:G= ;NK>:N<KMB< HR:GBS:MBHGL PAB<A MBG>= MH @G<NM>
HK>KL HF AB@A>K ><A>EHGL RA®O> IK><BL> BGLMKN<MBHGL HG
PA:M MH =H MH F>>M MA> @H:EL HZ@M&BS#BHG :L : PAHEBBG@
BG=BOB=N:E BGBMB:MEBtN :KK><B:M>= LBG<> BM F:R =BLKNIM MA>
P>EE NBG>= HK>K BG MA> LRLM>F

'2/ D77/-'9/54

G BGM=>KMBG@:FIE> H? >F>K@>G<> :G= <HFIEQ :=:IMBO>
LRLM>FL BG LH<B:E ><HEH@B<:E LRLM>FL BL BKKB@:MBHG BG :EB z
#B@NK #:KF>KL PAH BKKB@:M> MA>BK v>E=L BG :EB A:0> MH LHEO
<HFIE>Q <HHBG:MBHGHIE>F MAM >F>>L :M MA> BGM>KL><MBHG H~
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:G >QM>GM @BO>G MA> BFESKIL MA&R A= :M MA:M FHF>GM BG
MBF>

0A> :LLH<B:M>=MBHG:E :G= F:MA>F:MB<:E P:R H? =>L<KB;BG@ MA>
PHKE= :KING= NL P:L :ELH :lIEB>= =NKBG@ MA> E:LM R>:KL BG
MA> LH<B:E L<B>G<>L ><HGHFB<L :G= ;BHEH®RIAHN@A E:M>K
=>0>EHIF>GML BG MA> GEBMN&KB>G<>L L>KBHNLER B{&i-MKIA>
IIEB<:;;BEBMR H? MA> F><A:GBLMBB@K BMEEKMBO> LBFIEB<BMR A:=
: @K:M :lI>:E MH L<B>GMBLME ?XKBHNL =BL<BIEBG>L PHKDBG@ PBM
FH=>EL %IR>0>K =>LIBM> MA> PB=>I34KL>H? MABL :lIK:<A MA>
F><A:GBLMB< I:KB@F BL BGIKBG@ER <KBMB<BS>= 0A> ?HNG=:MBHGL
MA> F><A:GBLMB<PO80>KLB;BERMR<MBHGBLF :G= >JNBEB;KBNF



https://en.wikipedia.org/wiki/Isaac_Newton
https://en.wikipedia.org/wiki/Philosophi%C3%A6_Naturalis_Principia_Mathematica
https://en.wikipedia.org/wiki/Philosophi%C3%A6_Naturalis_Principia_Mathematica
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;:L>= :G= <HGMKIEE:;E>QI>KBF>GML k A:0> ?:=>=:P:R BG MA> EB@AM
H? : GNF;>K H? &>Pp L<B>GMBv< BGLB@AML :IB<EER MH
<HGLB=>K PA>MA>K :GR H? MA> LRLM>FL BG MA> EB?> .:G= LH<B:E L<B
<:G ;> =>L<KB;>=:L: IK >=B<M:;E> F.<ABG>

#BKLM MA> =BbkIR H? MAS<HG= (P H? O0A>KFH=RG:FB<L
;KHN@AM B8 MA> GHMBHG »KLB;BEBMR /><HG= (:P LM:M>L
MA:M MA> >8MXH? : <EHL>= LRLM>F BLBEBEB®@ 0ABL F>:GL MA:M
A>M wirL ?KIF AHM MH <HE= LH MA:M E>LL NL>?@R HSBIGL
+G> H? MA> <HGL>JN>G<>L H? MA> /><HG= (:P BL M@>RKKBEBMR H?
LRLM>F ;>A:0OBHK :G= MA> LBG@k&NHEHG H? MBF> %BLMHKR F:MM>KL
A:G@>L PBMABG LRLM>FL <:GGHMKK> ;<D CNLM >EBIDA:M
BKIO>KLB;E> OABL BL BG :EMAWHK F:GR F><A:GBLMB< FH=>EL BG
PAB<A MBF> <:G >.LBER 3©KKL>= MH <:E<NE:M®BHNL <HG=BMBHGL

z? RHN E>M : @E:LL ?:EE BM-BRzM <HLML FHKG>@R MEIKBK
MA> @E:LL MA:GBNB¥L MH ;K:D BM L I>HIE> ;><HF> HE=>K |:KML
H? MA> ;H=R PBEE =>@M5>KNK ;H=R <:G A>:E ;NM L<:KL H? MBF>
PBEEKBG "Q<>IM BG MA> <:L> H? MA> F:BG <MKK BG MA> ?:GM:LR
FHOBSA> NKBHNL :1>H? >GC:FBG NMMP&KS:;:; R P:L;HKG
EHHDBG@ HE= ;HE= :G= PKBGDE>= :G= ;><!F> RHNMA?NOK
MBF>

[><HG= MA> >JNBEB;KBNFP G>LI><B>L P:L ;KHN@AM BB ;R
A:KE>L 'KPBGh ;HHD+G MA> +KB@BG H? /I><B¥BG@ MA> FB= MA
<>GMNKBA> LM:MB< <HG<>IM H? NG<A:G@BG@ LI><BsE:R:=K
: R : =RG:FB< <HG<>IM HOHENMBHGIN@KR G:MEKL>E><MBHG :G=
=:IM:MBHG MA>KR ?NG=:F>GM:EER <A:G@BG@ HNK?0OB:MNK
*MNKE LRLM>FL K BG <HGMBGNHNL =BL>JNBEB;KBNF ;>BG
BGM=K>G=>GM :G= <HGLM:GMER :=IMBG@ MH <A:G@BG
<B&KNFLM:G<>L

0ABK MA> MA>HKB>LINZGGMNF F><A:GB<LA:0> <HGMGM>= NL
PBMA : ?NG=F>GM:E NG<>KM:BGE@R<BG@ DBE>=@> :;;HNM
LRLM>FL >LI><B:EER HG MAsH>H? :MHFL :G= LKMB<E>L O0A>
NG<>KM:BGMR IKBGHBE>KG>K %>BL>G@RL P>EE D&E LM:MBG@
MA:M BM BL BFIHLLB;E> MH LBFNEM:G>HNLERMASLNKBMBHG BG
Ll:<> :G= FHF>GMNF F:LL MBF>L O>EH<BMR H? :GR I:KMB<E> 0A>



https://en.wikipedia.org/wiki/Second_law_of_thermodynamics
https://en.wikipedia.org/wiki/The_Curious_Case_of_Benjamin_Button_(film)
https://en.wikipedia.org/wiki/Charles_Darwin
https://en.wikipedia.org/wiki/On_the_Origin_of_Species
https://en.wikipedia.org/wiki/Quantum_mechanics
https://en.wikipedia.org/wiki/Uncertainty_principle
https://en.wikipedia.org/wiki/Werner_Heisenberg
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LM:M>F>GMR, ,B>KK /BFHG ((IE:<> BG MA> >KER MA <>GMNKR MA:M
B? ©>KR IHLBMBHG ®GKR :MHF P:L DGz MA> ?NMNKB@AM ;>
IK>=B<M>=QF<MER><:F> MA>K>?HK :G BEENLBHG HR>K MA>
GHMBHG H? ?NG=:F>GM:E NG<>KM:BGMR BFIEB>= MA:NHEEREER <HC(
>QI>KBF>GML :KLMKB<MER LI>:DBG@ GHM IHLLB;E>

EMAHN@A MA>LO=EHIF>GML BG MA> GEBMNMNB>G<>L <A:G@>=
HNK I>K>IMBHG H? MA> PHKE= F.MA>F.MB<E FH=>EILMBEE
?BRIN>GMER ;:L>= HG : F><A:GBLMB®POGB>LRLM>FL /BG<> MA> MA
<>GMNKR<AHE:KL A:0> LMN=B>= LRLM>FL MAMKIO>KLB;E>
LMH<A:LMB< HNM H? >JNBEB;KBNF :G= AHEBIBB<>5MA> L
F:GR >Q:FIE>L A:O> ;>>G ?HNG= BG G:MNHK.N<A :L I>G=NENF
FHO>F>GM <A>FB<:E>KMBHGL P>MA>K =RG:FB<L IHINE:MBHG
><HEH@#&= LMH<D F:KBML PAB<A <HNE= ;> ;>MMIKEBG>= R
MA> G MHHELHK <HFIE>Q LRLM>FL HFIE®) LRLM>FL>K>:K<A
?H<NL>L HG vG=BG@ LBFIE> NG=>KERBG@ KNE>L H? <HFIEB<
=RG:FB<L HFIE>Q :=:IMBO> LRLM>FK>:K<A BL : LN;L><MBHG H?
<HFIE>Q LRLM>F>>:K<A MA:M ?H<NL>L HG LRLM>FL H? O:KBHNL
BGM>#IBG@ <HFIHG>GML MA:M E>.= M@>BMIA>GHF>G: zGLM>:=
H? NLBG@ >E>@:GM :G:ERMB<:E F:MA>F:MB<L L B@MNG@B:G>
JdIK H:<A MHHX >:K<A <HFIEXQ :=:IMBO> LRLM>FEIK>:K<A BL FHK
=>|>G=>GM HG MA> NL> H? :E@HKBMAFL :G= <HFINM>K LBFNE:MBHF
3A>G *> PMHG PHM> ABL ,KBG<BIB: ):MA>F:MB<: A> NL>= @>HF>MKR
:G=E@>;K:.L MA> >LM:;EBLA>= F:MA>F:MB<L MHE:BG ABL MA>HKB>L
PABE> BGO>GMBG@ <:E<NENL MHDIRMMMA> F:MA>F:MB<L H?
=RG:FB<:E LRLM>FL NK&MER> >QI>KB>G<> : \6{. BMBHGIPKMA>
<HFFHG NL> H? =By=GMB:E >JN:MBHGL MH E@HKBMAFL LBG
:E@HKBMAFL <:G ;>MM>K =>L<KB;> F:GR <g@FHEMBO> LRLM>FL

3BMA MA> KBL> H? @¥BOk KMBvV<B:E zGM>EEB@>G<@>G= (K
(G@N:@> )H=>EL P> @>M : B>3E:R>K BG ®MB 3> <G F:D >
@>G>=KIBO> :@>GM ;:.L>= FH=>EL PBMAAK(:G@N:@> )JH=>EL :G=
P> PBEE =BL<NLL MABL BG : E:M>K <A:R&CK0KHKD> (G@N:@>
JH=>EL :K>;E:<D ;HQ>L ?HK MA> NL>K z? P> P:GMNEB:<BMEIR>E L
HNK NG=>KLM:G=BG@ H? LRLM>FL ;NBE= HG MA>HKR :G=
H;L>KO:MBHGL P> P:GM NHK>LL MA>F BG EH@B<:E :G= :E@HKBMAFB:



https://en.wikipedia.org/wiki/Pierre-Simon_Laplace
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LM:M>F>GML 1LBG@@XK (G@N:@> )H=>EL MH FH=>E BIQEHER
LMN=RBG@ MA> NG=>KERBG@ (()L BML>E? O0A> HNM<HF>L O:KR MHF
>MP>>G GP () K >E>:L>L :G= IKHFIM O:KB:MBHGL MH ;>ER:;E>
I:KMG>K BG MA> FH=>EBBE&@ LK 0A><HFBG@ R>:KL PBEE M>EE PA>MA>
(OL ;><HF>: K >E®:GM I:KM H? MA> DBG= H? FH=>EBG@ P> INKLN> B(
MABL ;HHD :L =>L<KB;>=:0bb
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G BFIHKM:GM MHIB< BG NG=>KLM:G=BG&MBy:RL P> =>KBO>
DGIRE>=@> BL MA> =BpE4e ;>MP>>G BG=N<MBCLH&EBG@ O>KLNL
=>=N<MBO>:KHGBG@3BMA BG=N<MBOBHEBG@ P>>®R>K MH :
IKH<>LL PA>K MA> LM:KMBG@ IHBGM BL MA> H;L>KO:MBHG H
IA>SGHF>GHG /I><Bv< I:MM>KGL :G=4@NE:KBMB>L FB@AM ;> ?HNG=
E>=BG@ MH LHF> M>GM:MBO> ARIHMA>L>L zG MA>>G= MA>L> ARIHM,
F:R ;><HF> MA> ;.LBL H? FHK> @>G>=KBS>= MA>HKB>L /N<A :G
JIK H:<A BL <EE>= : mHMMHRERNIIK H:<A #HK ®:FIE> G
>SMAGH@¢K H;L>KO>L : MKB:;> BG MA> F:SHG ?HIO®EE R>:KL
:G= vG=L LI><Bv< IMM>KGL (:M>K LA> F:R <HFI:K A>K vG=BG@L
PBMA HMA>K ANGM>K @:MA>K <HFFNGBMB>L PAB<A F.R E>= MH : Ft
@>G=>EBS:;E> MA>HKR

(3D6CG2E:@? A2EE6C? EG6?E2E:G6 9JA@E96D:D E96@CJ

):GR LH<B:E :G= EB?> L<B>GMBLML NL> MA> BG=N<MBOz2MIIK
?H<NL>L HG H;L>KO:MBHG BG LBMN:MBHGIGPAHCL GHM D&GH
PA:M MH EHHD ?HK :B@¥K= LH<B:E :G= EB?> L<B>GMBLM <:G H;L>KO:
BGM>KMBG@ :G= LNKIKBLBG@ ;>A:0OBHKL MANEGEMBHG

0A> =>=N<MBO>>:IKHGBG@ :lIK:<A ?HEPH MA> HIHLBM>
=BK<MBHG +G> LM:KML PBMA : MA>HKR :;HNM MA> MHB#MHEBGM>K
=>vG>L ARIHMA>L>L BG=HK MH M>LM MA> MASHBRKEE>=
>QI>KBF>GML F:R ;> =>vG>= :G= X><NM>= MH =>KBO> H;L>KO:MBHGL
MA:M HG> <:G <HFI:k PBMA MA>3¥B<M>= ;>A:0BHK OABL F:R E>:=
MH <HGVKF:MBHG HK ?:ELBv<:MBHG H? MA> HKB@BG R HKSHKR
H? =>=N<MBOG:KIGBG@ BL L>>G PBMAISKBF>GM:E LH<B:E L<B>GMBLM
PAH M>LML MA>#8<MBHG MA:M ANF:GL PBEEQNMB :<<HNGM HMA>KLn
P>E?:k BG F.DBG@ =><BLBHGL Q&KBF>GM BLG>EHI>= MH M>LM
MA> MA>HKR BG : <HERH< L>MMBG@> RASKLN;C><ML A:0> MH*:D
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=><BLBHGL 0AsSLKIEML F:R <HGVKF HK ?:ELB?R MA> HKB@BGEMA>HKR
HG> <:G <HFI:K> PAB<A MA>HKB>L ;>(NEBG MA> H;L>KO:MBHGL

,96@CJ 9JA@E96D:D @3D6CG2E:@? 4@7?YC>2E:@7

HMA :IIK H:<A>L :K> >JN:EER O:EB= F>MAH=L =>KBO B4 E5>H
:EMAHN@A LHF> =BL<BIEBS2H¥NL>= HG BG=N<MBHG HGMEADR
PABE> HMA>KE #d<NL>= FHK HG =>=N<MBHG ><HGHFB<L zM BL O>KR
K>:LHG:;E> MH LLNF> HG> G>>=L MH NL> ;HMA :Hk<A>L MH
NG=>KLM:G= <HFIE» LH<B:E H&>LL>L zG ?:<M FH=>EBG@ BL L>>G
'L : MABX :IIK H:<A MH =>KBO> PGEE@> R <HF;BGBG@ ;HMA
dIK H:<A>L

#WHF : FH=>EBG@ I>KLI><MBO> P> <:G H;L>KO> MA> MPH-GR{>K
JdIK H:<A>L /HF> L<AHE:KL =©>EHI FH=>EL PBMA : . KMB<NE:K =:M:
L>M M35 ?HF : <:L> LMN=R :L MA>BK LM:KMBG@ IHBGM +G> vKLM =>KB(
LM:MBLMBKE ®KA> >FIBKB<:E <:L> :G= MA>GG:=>EHIL : FH=>E MA:M
F:R vM MA> =:M: 3A>G MA® A:O> =>0O>EHI>= : FH=>E MA:M vML MA>
H;L>KO:MBHGL MABL FH=>E F:R L>KO> :L MA> vKLN 1IKM=>INIHHKR
MA:M HG> <:.G M>LM BG’KIMNKMN=B>L 0A> :EB BKKB@:MBHG <:L> H?
<A:IM>K BL :G X:FIE>H? MABL :lIK:<A

0A> HMA>K :lIKH:<A LM:KML PBMA : @*#5>KMK<M FH=>E NLBG@
KNE>L ;:.L>= HG @BLMBG@ KNE>L 0A> JN>LMBHG >BB8BMADIABL
DBG= H? :lIKd:<A BL PA:M DBG= H? I:MM>KGL PBHEHO> PA>G MA>
FH=>E BL KNG /HF>MBF>L P> =>KB(» BEL.B@ARLM>LMBE&BLMBG@
MA>HKB>L HK :=CNLMF>GMQBIMBG@ MA>HKB>R 8a@GERML :L
P> <:G =H PBMA LBFNE:MBHG FH=>EL @i#kE> OAHF:L /<A>EEBG@
LAHP>= PBMA : FH=>E H? I>GGB>L :G= =BF>L MA:M *@@BHG H?
@KNIL P:L IHLLB;E> >0>G B? :@>GML>PMIEXM H? EBOBG@ :FHG@
:@>GML H? MA> HMA>K MRPBEBE =BL<NLL /<A>EBBGENBG =>M:BE
BG E:M>K <A:IM>K

HMA BG=N<MBO> :G= =>=N<MBG&ISBG@ :LLNF> MA:M P> P:GM
MH =©>EHI :G= M>LM : MASHIRMA> >KI? ;.B@ =:M: :G= F:.<ABG>
E>KGBG@ :E@HKBMAFL><:B<M RHNK LAHIIBG@ ;>A:OBHK :G= E>:KG
AHP MH IE:R <A>LL /HF> L<AHE:KL LM:KM F:DBG@ @NKGM ?HK
MA>>G= H? MA>HKBG<> MA>BL GH G>>= ?HK NG=>KLM:G=BG@ L
F:<ABG> E>KGBG@ HNMI>K?HKFLN/RHK :IIK:<A>L 0ABL FB@AM



https://en.wikipedia.org/wiki/Thomas_Schelling
http://intro2abm.pressbooks.com/chapter/social-dynamics/
https://www.wired.com/2008/06/pb-theory/
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;> MKN> ?HKeI:M>= :<MBOBMB=>LEBINIBG@ ;>A:OBHK ?HK PAB<A :
AB@A OHENF> H? @HH= JN:EBMR =:M: <:G ;> <HEE><M>= ;NM MABL PB
A>El MH =>KBO>HIB><MBHGL HG AHH MBLBMBHG MHP EHK;HG
><HGHFRF:.G:@> MA> +2z! <KBLBL HK =>vG> IHEB<B>L>MN<%
KEB@BHNL HAKBUE #HK MAHL> P> G>>= NG=>KLM:G=BG@ :G=
MA>K?HK MA>HKBHM ;B@ =:M: PBEE ;> : @NB=BG@ IKBG<BIE> ?HK :@>
;:;L>= FH=>EBG@

>4'3/)8 '4* 1)'2+

0A> MPH A:K>LM <HG<>IML BG LH<B:E L<B>G<> F:R;> BG L<B>G<>
BG @>GBK:K> =RG:FB<L :G= L<:E> zG ?:<M P> =h&0G>G A:0>
O>KR <E>:K =>L<KBIMBHGL H? MA>L> <HG<>IML z? P> EHHD M : <K
<:G F>.LNK> MA> LI>>= H? MA> <K zG MA> PHKE= PIVIHG&B:G
F><A:GB<L H;C><ML ?PB&RA> E:PL *>*PMHG NGO*+K= :G= P> <G
F>.LNK> LI>>= :G= :<<>E>KMBHG PBMA AB@A :<RNKM BG LH<B:E
LRLM>FL <A:G@> A:lI>GL BG I>HIE>FBG=L 0A> <A:G@> H? ;>EB>?L
>QI><M:MBHGL NG=>KLM:G=BG@L >PMHQAK>L :EE :y><ML HNK
=><BLBHG F:DBG@ /N<A <A:G@>L <:G HGER ;> P= R&=BKMER
?HK @:FIE> OB: >QI>KBF>GML :G= LNK&> zM =H>L GHM A>El MA:M
HNK LN;C><ML H? B&GM>BRG <HEMKVIH *PMH®& :MHFL Kw><M HG
MA>BK :<MBHGL z? P> LD MA> L:F> I>KLHG MH VEE BG MA> RF> LNKC
HG> P>>D :I:KM P> EBBR @>M =ByG>L BG-KIHGL>L >0>G B? MA>
K>LIHG=>GM BL :GLP>KBG@ MA>R.NKOIMA?NEER

3> <G F>LNK> : <>GLNL H? <BMBS>GL L:E> LM:MBLMB<L >F:l
I:MM>KGL MKwWH PL >M< L BG=B# BG?HKF:MBHG :;HNM =><BLBHGL
I>HIE> F:D > 1LBG@ LM:MBLMB<:E FH=>EL P> <:%GlK:3B<MBHGL
B? I>HIE> <HGMBGN> MA> ;>A:OBHK=BABG MA> |.LM /M:MBLMB<:E
FH=>EL <.GGHM P>EE <!IMNRA:M A:lI>GL B? MA> ;>A:0BHK BL
<A:G@BG@ #HEKFHE> PBEE I>HIE><M MH BG?HKF:MBHG :;HNM :
IHLLB;E> GP |:G=>FB< BG MA> L:F> P:R MAR Kk:<M>= MH MA>R&L>
H? MA> FHLM>GM wN >IB=>FB< zG F.GR FH=>EL BG LH<B:E
LBFNE:MBHG P> =>L<KB;> MA> =><BIB&GLUBML>E? O0ABL>E:BM
IHLLB;E> MH <:IMNK ;K H:=>K =BO>KLBMR H? ;>A:OBHRHNE= ;>
wE> MH [K=B<M MA> ?NMNKM>K B? I>HIE> =B= GHM <A:G@> MA>BK
;>A:OBHK /M:MBLMB<:E FH=>ELNK-KBHK ?HK =HBG@ CNLM MA:M NI
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ANF:GL <:G :GMB<BI:M> IHLLB;E> ;>A:OBHK :G= <A:.G@> MA>BK
;>A:OBHK F.DBG@ LM:MBLMB<:E FH=>EL H;LHE>M> =NKBG@ |>KBH:-
<A:G@> #HK <HFIEBMR L<AHE:KL LMN=RBG@ vG:G<BVE RkKLD>

VG:G<B:E <KBLBL P:L GHM : LNKIKBL> LBG<R MAH;L>KO>= MA:M
MRI> H? ;>A:0OBHK k ABG@ H? =><BLBHG F:DBG@ E>:=BG@ MH ;N;;E>L E
F:KD>ML kX@NE:KER BG MA>BK LBFNE:MBHG FH=>EL

GHMA>K JN>LMBHG MH <HGLB=>K PA>G LMN=RBG@ LH<B:E LRLM>F
PA:M E®>E P> =>L<KB;> MA> >GMBMB>L H? MA> LRLM>F +G> <:G EHF
:M BG=BOB=N:EL <HNIE>L ?:FBEB>L VBFGBRHMBHGL <HFFNGBMB>L
G:MBHGL >M< EMAHN@A MA>L> L>>F <E>K <M>@HKBHB<BG IK
;HNG=:KB>L <:G ;> wNB= #HK :EE MA>Q>HE> P> <:G EHHD :M >GMBMB>L
MA:M BGMKEKPBMA >:<A HMA>K +? <HNKL> :<MN:E LRLM>FL <HGLBI
H? >GMBMB>L :M =BWtH <:E>L H? @IGBS:MBHG& B:D > BM FHK
<HFIEB<:M>= : I>KLHG FB@AM ;> : F>F;>K H? : ?:FBER vKF
:G HK®:GBS:MBHG : <HFFNGB@R : G:MBHG :G= A:0> =By3iGM
KHE>L PBMABG MAHL> >GMBMB>L /NIIHL> P> A:O> MPH I>KLHGL G-

I>KLHG FB@AM ;> MA> <A:BKI>KLHG H? : LIHK®LGEBS:MBHG BG
PAB<A I>KLHG I|:KMB<BI:M>L ;NM I>KLHG BL I>KL#GHLL BG MA>
VKF

/IMN=RBG@ LH<B:E LRLM>FL BL <HFIEB<:M>= LBG<> BM BL =BXx<NEM M
: LRLM>M. <A:G@BG@ ;>A:0OBHK :M =BMHKD>EL H? L<:E> 3A>G P>
=>0>EHI FH=>EL P> PBEE LHF>MBF>L <HGLB=>KGB\>E>L LN<A
:L BG=BOB=N:EL :G= vKFL ;NM BM PBEE ;> : <A:EE>G@>RHAH>ED
MA:M BG<EN=>:@>GML H?GRYyE}EL H? L<:E>
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%HP =H RHN <KM> : ?HKF:E FH=>E %N =HGM LM:KRI.BMMBG@ :M
: <HFINM>K PKBMBG@H®@K ..MA>K BM BL NL>?NE MHP?HERHH?
:<MBHGL MA:MNHO8=>L RHN PBMA : BH&:LHG>= :IIK H:<A MH MA>
FH=>E =>LB@G

#BKLM RHN G>>= MH =>vG> MA> L<HI> H2ZRHKKAK3A:M BL MA>
JN>LMBHG RHN P:GM MH=EEK5HN F:R ;K :BGLMHKF BG : HBKHK
; R RHNKL>E? PA:M MA> 2NMMNKE G>>=L MH ;> ;;E> MH =H zL BM
NL>= MH M>LM : LI><Bv< ARIHMA>LBL HK BL BM NL>=:L : IE:GGBG@ N
BG <HEE:WBHG PBMA BMHE=>KL 'H RHN P:GM MA> FH=>E MH ;>
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BGM>d1BO> PBMA OBLN:E HNMINM HK MH KNG MA> FH=>E H?M>G ?HI
=By>KGM :LLNFIMBHGL

INIIHL> RHN :K> BGM>KM>= BG LMN=RBG@ PA>®BBH><HF>L
: ABM 0A> JN>LMBHG MA>G ;><HF MH F:D> : FH=>E MAM <.G
IK>=B<M PA>MA>K : BIB> PBEE ;><HF> : ABM ;L>= HG MA>
<A:K<M>KBLMB<L H? MAOBFIN<A : FH=>E <:G ;> =>O>EHI>= MF
:O:BE:;;E> LM:MBLMB<L :G= : LM:MBLMB<:E FH=>E L>>FL MH ;>
JdIK HIKB:M> :lIKH:<A %HP>0>K B? HG> P:GML MH NG=>KLM:G= MA>
o<HEH@R{? FHOB>L PAR HG> FpB> :MMKL EHML H? <HGLNF>KL
PABE> : LBFBE:K BIB> =H>L GHM :G :@>GM ;.L>= FH=>E FB@AM ;>
FHK> LNBM:;E>

+G> H? MA> BGMMBG@ LM:MBLMB<L :;BR&.B{L MA:M FHLINDBHL
=>KBO> MA> AB@A>LM >:KGBG@L BG MA>BK vKLM PP>B>>PNI>K : 7>
MA> FHDB> LMHIL .:MWBG@ BB z? I>HIE> @H MH : ElB> ;><:NL>
MAR k.= @HH= KOBBL H? MA> FBB> RHN PHNESI><M MA:M PBMA
LN<<>LL?NE EB>L MA>RHNE= ;> :G BG<KL> BG OBLBMHKKHVIA>
P>>DL %HP>0>K MABL BLK>KI:MM>KG BG MA> =:M: zG #B@NK
P> =>IB<M MA> 1 K>MNKGL H? MPHOBHL MA:M P>IGE>L>= BG
MA> FB==E> H? &%F;>K OA> &:F>L HG= FH OB>N:GMNF
H? /HE:<>>:KG>= A:E? H? MA> MHM:E >:KGBG@L BG MA> vKLM P>>D -
BML>E>:L> FBEEBHG =HEE:KL OAMNKGL ?>HB=KR :?M>K MA>
vKLM P>>D OABL BL BG 4HGMHK MA> +L<:K PBGGBGOBHENF=H@
) BEEBHGBRAB<A LM:KM>= PBMA O>KR FH=>LM >KGBG@L zM @:B
FHF>GMNF =NKBG@ MA> AKBLMF:L L>:LHG :G= @HRIMGHHLM
PA>G BM P:.L GHFBG:M>= ?HK +L<:KL OA> AB@AsDMGK>L P>K
=>KBO>= MA> P>>D :?M>K M&BBHPHG MA> +L<:K ?HK MA> ;>LM FHMBHG
IB<KMNK

0A> I:MM>KG H? /[ENF=H@ )BEEBHRL:RKHIK-B< BG FI®B> ><HEH@R
JHLM FHOB>L ?HEBHA> :MM>KG H? -N:GMNF H? /HE:<> )HLM I>HIE>
P.GM MH L>> : F®DB> PA>G BM VvKLM ;><HF>L :O:BE:;E> O0A> L:F>
IA>SGHF>GHG AB@A>LM L:E>L :M MA> FHF>GMEHRK BL :ELH ?HNG=
BG HMA>K BG?HKF:MBHGI4KIL EBBHDL <HGLB=>K MA> L:E>L H? MA>
%:KKR ,HMM>K ;HHDL


https://en.wikipedia.org/wiki/Quantum_of_Solace
https://en.wikipedia.org/wiki/Quantum_of_Solace
https://en.wikipedia.org/wiki/Slumdog_Millionaire
https://en.wikipedia.org/wiki/Slumdog_Millionaire
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:8FG®G ,96 C6EFC?D :? 5@==2CD @?*E9BC<6E 7@C 6249 H66< :? E96 4:?6>2

3A>G RHN @>M LHF> B=>:L H? PA:M RHN P:GM MH PHHNEMARHN
<:G LM:KM MH =>vG> MA> <HFIHG>GML H? MA> FH=>E zM BL BFIHKM
MH o1 BM LBFIE> LMNIB=p /H MKR MH B=>GMB?R HGER MA> FHLM <
<HFIHG>GML :G= IKd<>LL>L 3A:M Kk MA> :@>GML 3A:M>KMA>BK
:MMKB;NM>L :G= MA>BK:3@BW<K PBMA HMA>K :@>GML :G= MA>BI
>GOBIGF>GM

#HK MA> FEB>Q.FIE> HG> F:R <HGLB=>K :M E>:LM BG=BOB=N:EL :L
IHM>GMB:E BiB>@H>KL 68>L :G= IK=N<>KL H? FEB>L L :@>GML
zG=BOB=N:EL A:0> : O:KB>MR >K&G<>L EBFBM>= MBF> :G=
K>LHNK>L ?KB>G=L :G= ?:FBER PBMA PAHR M&EMH @H MH MA>
FHOB>L : =BLM:G<HRIG>K; R <BG>F:L >M< )I®B>L A:O> =By>&M
<A:K<M>KBLMB<L LN<A L X2>@WHKL :G= : ;N=@>M ?HK 6B>
F:DBG@ :G= :=O>KMBL>F>GMH=K<>KL H? FEB>L G>>= MH =><B=>
PAB<A DBG= H? €B>L MHHKN<> :G= PA>G MH>K>:L> MA>F MH
=>KBO> : IHvM BIN <:G :== FHK> :G= FHK> =>M:BEL LN<A L
<BG>F.L :<MHKL F>=B: :G= :=O>KMBL>F>GML 0A> <A:EE>G@> BL M
vG= MA> KB@AM ;:E:G<> ;>MP>>QWBG@ : LBFIE> FH=>E :G= A:OBG@
>GHN@A <HGM>GM MHLEMA> IN>LMBHGL RHN A:O> 0ABL PBEE ;> :G
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BMaWBO> H<>LL 5IN F:R MABGD RHN A:O> : LBFIE> FH=>E ;NM vG=
HNM MA:M RHNK FH={INEML >K=Bx<NEM MH NG=>KLM:G= :G= RHN
G>>= MHHVABGD RMWH LBFIEB?R B&>FHE

?M>K MA>L> LM>IL BM BL MBF> MH EHHD :MN¥ASEBMBIKIA>K
I>HIE> LMN=B>= LBFBE:K JN>LMBHGL MH MA> HG> RHN P:&M MH :==
5HN <:G NL>$HH@E> /<AHE:& >; H? 'GHPE>=@p HK MAXM:EH@
1l MH EHHD ?HK LI><BRPBIKL MH vG=4®:GM FH=>EL z? RHN vG=
L>O>KE NL>?NE :I>KL vG= HNM MAHIK:G= <HGL H? MA>L> HMA>K
l:I>KL 3A:M <:G RHN E>:KG ?HF MA>L> [:I>KL 3A:M PHNE= RHN
EBDMH =H =By>KMERH P RHN <:G LM:KM MH =>vG> FHIK><BL>ER
MA> ARIHMA>L>L RHN P.GMMBHK

OA>Ke BL : LN;LM:GMB:E EBRMKKHG FHOB> :MM>G=:G<> FH=>EBG@
:<KHLL =By>KGM =BL<BIEBG>L LN<A :L ><HGHFB<IGR-2 :G=
F.KD>MBG@ "E;>KL> :G= "EB:LAZ>K 0A>K > :K> :ELH L®>KE
:@>GM ;:L>= FH=>EL =©>EHI>=:EK=R LN<A L '>EK >M :E

*HM> MA:M P> NL> : =>=N<MBO> HIKA BG HNK FH=>E =>LB@G G
BG=N<MBO> :Hk<A BL IHLLB;E> ?HK LH<B:E LBFNE:MBHG B®BB&?HEEH
L>GL> %N ?HKFNE:M> : GNF;>K H? :@>GML :G= MA>BKRBNGK
:G= E>M MA> FH=>E KNG H;L>KOBG@ PA:M A:lI>GL /HF>MBF>L :G
>QIEHMBO> :lIKH:<A BL NL>= ?HKQFIE> ; R <A:G@BG@B:LMBG@
FH=>EL :G= :==BG@ ®IKH<>LL>L MHQEHK MA> <HGL>JN>G<>L
/BG<> MA> FH=>E HK>LL MA:M <<HKMA> =>=N<MBO> :HkKA BL
LMKB<M>K P> PBEE NL> MABIA:MH =BL<NLL MA> FH=>EB&@LK

*H P RHN <:.G ;><HF> FHK> LI><Bv< HG FH=>E <HFIHG>GMIHR
F:R LM:KM =©>EHIBG@ : RHA:KM H? MA> <HG<>IMN:E FH=%E ;
PAB<A P> F>.G : L>M H? ;H»L KIK>L>GMBG@ O:KB:E>L :GHPKK
K IK>L>GMBGEEKIBHGLABIL 3A:M>:KIA> LI><Bv< :MMKB;NM>L H? MA>
:@>GML MA><>EEL :G= HMA>K <HFIHG>GML H? MA> FH=>E 3A:M DBG=
E>KGBG@ FH=>E =H RENVEBBL> 'H MA> :@>GML =>KBO> BG?HKF:MBHC
PBMAHNM H;L>KO:MBHHEK =K

#HK MA> FEB> F:KBM FH=>E P> G>>= MH LM:KM MABGDBG@ :;HNI
MA> BGMMBHGL ;>MP>>G BG=BOB=N:GBIH:G= IK=N<>KL #B@NK

,HM>GMB:E FBB>@H>KL <:G ;> BGWN>GR=0>KMBL>F>GML MA>
:MMKB;NM>L H? MASHE:H :G= R MA> HIBGBHGL :G= ;>A:0OBHKL H? HMA>K



https://scholar.google.com/
http://www.webofknowledge.com/
https://catalog.comses.net/
https://catalog.comses.net/
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I>HIE> BG MA>BK LH<B:E G>MPHKDHBAMHK G>>=L MH =><B=> PA:M
DBG= H? FBB> MH FB AHP FN<A MH LI>G= HG :=0>KMBL>F>GML
:G= PA>G MH¥XE>:L> BM z? MASEN<>K AL : @HH= IHKM?HEBH PBEE BN\
LNKOBO> MA> <HFI>MBMBHGH#NI#&KL LI><B:EBS> BG <>KMBB>EH

HK F:BGM:BG :GOM>GLBO> IHKM?HEBH 3A:MMYE®BS MA> ?:<M MA:M
:?M>K MA> vKLM P>>D H?BMLK MA> FBB> PBEE A:O>:iMk MA>
F:CHKBMR H? BML :N=B>G<>
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/ Q Competition

advertisements

/

Moviegoers

N

Social
influence

A 4

Y

movies

BF®G =@H 5:28@> @7 2 A@DD:3=6 >@56= @BBD@

I> O>EHIBG@RvEB:@ikL E>:=L MH : =>M:BE>= IE:G H? :<MBHG :G=
RHN <:G vG:EER LM:KM MA> <H=BG@ H? MA> FH=>E 3A:M IE:M?HKF =H [
P:GM MH NL> 0A> <AHB<> ?HK : . KMB<NE:K IE:M?HKF =>I>G=L HG RHN
:G= RHNK <HEE:;HKHKLn ?:FBEB:KBMR PBMA MA> |IE:M?HKF MA> M><A(
KINBKF>GML H? RHNK FH=>E OBLN:EBS:MBHG <HGG><MBHG |
$>H@KAB< zG?HKF:MBHG /RLM>FL :G= MA> :N=B>G<> LMN=>GML
LM:BAHE=>KL :G= HMA>K L<B>GMBLML 3A>G RHN A:0> =><B=>=HG V
IE:M?HKF BM BL NL>?NE MH L>> BR>MAIHSEL :O:BE:;;E> MA:M NL>
LBFBE:K H<>LL>L :L RHNK FH=>EHS <:G NL> LN<A : FH=>E :L RHNK
LM:KMBG@ IHBGM 3A>G RHN A:0> BFIE>F>GM>= MA> FH=>E BM BL (
MH M>LM MA> <H=> O>KBv<:MBHGFEHKRHN LBFNE:M> LBMN:MBHGL
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PA>K> RHN DAMMA> KLNEM :G= <HGVKF MA:M RHNK FHaE3ENK>L
MA> <HEKKM¥X_NEML

3A>G RHN A:0> <H=>= MA> FH=>E BM BL BFIHKM:GM MHMRKBM> =H
MA> FH=>E LI><Bv<:MBHG HG I[:[>K BG<EN=BG@ :EE MA> :LLNFIMBH(
KCE®:GM EBMMNE :G= 'K :F>M>K O:EN>L RHN>=KNLBG@ OABL PBEE
;> BFIHKM:GM PA>G RHN LM:KM PKBMBG@ :G :KMB<E> :;HNM RHNK FI
:G:ERLBL E:M>K

OA> F:BG NL> H? : <HFINM:MBHG:E FH=>E BL MA> :G:ERLBL H? BM
;>A:OBHK ?HK =BytiM LLNFIMBHGL zG : F.MA>F.MB<:E FH=>E P>
<:G ?KKIN>GMER =>L<KB;> MA> LRLMAFOBHK BG <EHL>=?HKF PAB<A
BL :G >IJNBEB;KBNF =>L<KBf= {>M H? >JN:MBHGL OABL F>:GL MA:M
CNLM : 2>>IN:MBHGL =>L<KB;> :EE MA> IHLLB;E> LBMN:MBHGL H? N\
LRLM>F OABL BL GHM IHLLB;E> PBMA LBFNE:MBHG BH=xEL 3
BFIE>F>GM MA> ;>A:0OBHK H? : GNF;>K H? :@>GML PBMA QNLM : ?>
KNE>L ;NM MH NG=>KLM:G= PA:M MA> <HGL>JN>GR>LAO> MH
=H LBFNE:MBHGL ?HK JNBM> : GNF;>K H?E6RYy:KF>M>K L>MMBG@L
3 > G>>= MH =H : LNx<B>GM GNF;>K H? LBFNE:MBHGL MH @>M : @H!
@KI| H? MA> LRLMAE ;>A:OBHK 3> PBEE =BL<NB:M>WHP MH NL>
LM:MBLMB<:E MHHEL MH =>E<RE&R ABFNE:MBHGL :G= P:RL MA>K
:K> MH QIEHK MA> |:KF>M>K LI:<>

1:33'7>

JH=>EL :K> LBFIEBv<:MBHGL HEK RLM>FL :G= MH LBFIEB?2R
A:0> MH F:D> :LLNFIMBHGL O0A>K K> =By>KGM P:RL MH F:PMA>L>
:LLNFIMBHGL :G= LN<A =><BLBHGLFI=> ;.L>= HG MA> MKBGBG@
:G= =BL<BIEBG> H? MA> FH=>E>K )H=>EL LAHNE= GHM ;> L>>G L AHE
@BEL MAM 3KB<M MA> ?NMNKI :L MHHEL MBIBHK =By>KGM
:LLNFIMBHGL LRLM>F:MB<:EER

+,47 +4)+8 '4* 1:--+89+* +*/4-8

I>EK> />;;LMB:GH O0ABCL (& HK>DANBS>G :G=:8=>K & @>K

0A> >y><M H? LH<B:E BGWN>G<> HG FKD BG>JN:EBMB>L BG MA>

FHMBHG IB<MNBG=NLMKRO:G<>L BG HFIE>Q /RLM>FL

I> 2 :GR KMANK %HEERPHH= ><HGHFB<L PoHQMi>
NG<>KM:BGMR LA:I>L MA> vEF BG=H®HIE *>P 5HKD .HNME>=@>


http://intro2abm.pressbooks.com/chapter/sensitivity-analysis/
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"E;>KL> GBM: :G= &>AHLAN: "EB:LA@GK ISF:.G= :G=
LNIER =RG:FB<L ?HK L>IJN>GMBHER K= IKH=N<ML BG BGM>KG:MBHG:E
F:.KD>ML O0A> <:L> H? FHMBHG IB=MNKD >MBG@ /<B>G<>

"ILM>BG &HLAN: ) m 3AR )H=>E n #@FC?2= @7 CE:Y4:2=
+@4:6E:6D 2?5 +@4:2= +:>F=2E: @7

)JBEE>K &HAG :G=/<HMM " ,.@> HFIEXQ =:IMBO> /RLM>FL
G zGMH=N<MBHG MH HFINM:MBHG:E )H=>EL H? /H<B:E (B?> ,KBG<>MI
1GBO>KLBMR_|IK



https://www.jasss.org/11/4/12.html
https://www.jasss.org/11/4/12.html
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The Logic of Programming

+ > 54)+698
2G MABL <A:IM>K RHN PBEE

;> BGMIEN<>= MH ?NG<MBHEI@QKL :G= :E@HKBMAFL
L>> <HFFHG <HFIHG>GML H? :E@HKBMAFL

E>:KG MAMGKHF GNF;>KL :K > GHM:G&=HF BG :
<HFINM>K

L>> MA:M MA>K BG PAB<A RHN @BO> <HFF:G=L MH :
<HFINM>K F:MM>K

<HFINM>K BL ;:LB<:EER : k¢ GNF;>K H? >E><MKB< LPBM<A>L MA:V

‘K> >BMA>K MNKG>= HG HKHHYKB@K : <HFINM>K P> FNLM
=>0>EHI : P:R MH <HFFNGB<:M> BG ;BG:KR <H=> :G= HFINM>K
E:GON:@>L ERID: HK ,RMAHG =H MABL DBG= HELEIKIBHG ?HK
RHN *>O>KMA>E>LL BM BL A>EI?NP MA:BDIGHHFINM>K BL CNLM :
E:K@> GNF;>K H? HG Hy LM:M>F>GNHL@>M MA> <HFINM>K MH =H PA:M
RHN P:GM RHN A:0O> MH ;>KBL> BG MA> <HFF:G=L RHN @BO>

OABL <A:IM>K IHOB=>L : ;:<D@HNG= MH =H HK@KFBG@ ;>?Hk
?H<NLBG@ HG *>M(H@H M&RRBG@ IE:M?HKF NL>= BG MABL ;HHD
BG MA> QM <A:IM>K
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INIIHL> P> P:GM MH FH=>E MA> GNF;>K H? LMN=>GML :M MA>
NGBO>KLBMR MH BGO>LMB@RISAP <E:LLKIHFL G>>= MH ;> ;NBEM
BG MA> <HFBG@ R>:Kt PBEE G>>= ME4B<M AHMA> GNF;>K H?
LMN=>GML PBEE <A:@@kK MBF> 0ASMiK HNK F:BG ?H<NL PBEE ;>
MA> GNF;>K H? LMN=>GML PAB<AKBILKGM>= L@+ 0A> GNF;>K
H? LMN=>GML BG BL =>vG>='@+ zG LHF> LMN=>GML
@¥KN:M>= HMA>KL HK>= HNM :G= G LMN=>GML <:F> MH MA>
NGBO>KLBMR=>L<KB;> MA> GNF;>K H? LMN=>GML BG P> F:R
A:0> LHF>MABG@>EBD

'@+ '@+ U !C 25F2E65 U @AA65@FE @?D76CD
'6 HDEF56?ED

OABL ¥XE:MBHGLABI PBEE ;> MA> L:F> ?HK >:<A R>K L LN<A P> <G
=>vG> : ?NG<MBHG 7@K E

zG FHEK @>G=EK M>KFL FHLM :@>GM ;:L>= FH=>EL =>L<KB;P AH
O:EN>L H? O:KB:;E>L <A:G@> =NKBG@ NBHE\IHZ MA> LBFNE:MBHG

02C:23=BL :G :MMKB;NM> H? : LRLM>F MA:M <.G <ACG®@MBF>
3BMA :DJDE6>P> K>?>K MH : L>M H? BeMB&@ HK BGAEK=>GM
>GMBMB>L ?HKFBG@ :GNBSNVRPABIE> 3BMB6EZE:@?P> F>.G MA>
>Q><NMBHG H? : L>M H? BGLMKN<MBEGIHA #1=K>=

$BO>G BL : O:KB:;E> H? B&%MHK PAB<A FB@AM?KK MH MA>
IHINE:MBHG LBS>0BE H? vG:G<B:E <:IBM:E HK N&E E® G:MEK
<:IBM:E /N<A : O:KB:;E> BL <:EE>PE2E6 G2C:2365 : =RG:FB<
FH=>E =>L<KB;>L AHMA> O:EN> H? <A:G@>L 8>K MBF> zG MA>
LBFNE:MBHG FH=>EL =BL<NLL>= BG MABL ;HHD MBF> BE #HGLB=>K
;> =BL<KM> %>G<> @BO>G : MBF> LM>| M ?HK PAB<A>VG>=
P> G>>= MH¥>VG> | E OH =>M>KFBG> MAERIBHGLABI ;>MP>>G
MA> <NK&M :G= MA> ?NMNKI:M> H? MA> LRLM>F P> ?HKFNE:M> :
=By>KG<> >JN:MBHG

IE 7IE

PA>K> ? BL : ?NG<MBHG HK : O:KB:;EFHK > LI><Bv<:EERVIA>
?NG<MBH&E F:R <HGLBLM H? : GNF;>K H? I:R>M>KL A PAB<A
=>M>KFBG>L MA> LA:I> H? MA> ?NG<MBHG

IE 7IE A
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"Q:FIE>L H? LK :F>M>KL k> MA> @RMA HK =>MANS H?
LI><B>L BGMEKI:KI> >M<

75-7'38

zG MABL ;HHD P> PBEE E>RGIAH©>EHI <HFINM>K H@KL
MH LBFNE:M> LH<B:E ><HEH@B<:E :G= LH<B:E ><HEH@B<:E IA>GHF>(
MABL <A:IM>K P> BGMK> LHF> ;:LB< <HG<>IML H? HH@KFBG@

<HFINM>K IKH@K <HGLBLML H? =:M: :G= :E@HKBMAFL !A2>KL
MH IJN:GMBM:MBO> BG?HKF:MBHGHE@2MRABE> .G :E@HKBMAF BL :
L>M H? HKK= LM>IL MH LHEO> H¥E>F zG ?:<M : IKl@K BL EBbD:
K><BI> (>ML EHHD :M >KBI> MH KK >: .>N;>G L:G=PB<A

178®5:6?ED

IHNG= @ LEB<>=<HKG>=;>>?

<Nl FE =K :BG>=L:N>KDKM
M:;E>LIHHGL <AHII>= LP>>M HGBHG
M:;E>LIHHGL <K:FR .NLLB:G =K>LLBG@

q

q

q

q

q LEB<>L KR>3k
q LEB<>L/PBLL <A>>L>
q <AHII>= :KLE>R

q

M:;E>LIHHG ;NMM>K
)C@465rC

HF;BG> MA> L:N>KDKM HGBHG :G= I:KLE>
NIK >:= MA> =KKLLBG@ HG MPH LEB<>k:H? ;K

,BE> E:R>KL H? <HKG>=;>>7? <A>>L> :G= L:NKKDKBOQMNK
HG HG> LEB<>

== MA> L><HG= LEB<> H2::K
NMM>K MA> HNMLB=>K H2>MA> ;K
$KBEE NGMBE EB®SMEREK@AER FBGNM>L


https://en.wikipedia.org/wiki/Reuben_sandwich
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0A> BG@B>GML >KEBDMA> BGINM =:M: ?HK HEKk PABE> MA>
IKH<>=NkK BL MA> :E@HKBMAF MH:F3D;>G L:G=PB<A @BO>G MA>
BGINM =:M: ==BMBHG:E =:M: K¥L>= BG MA> :E@HKBMAF LN<A L
FBGNM>L BG LM>l H? MAHNEK PAB<A BL EBDK :F>M>K O:EN>
BG: IKH@K EMAHN@A : K<BI> BL EBDK H@K =By>K>GM I>KLHGL
F:R @>G>KV> =By>KGM O:KB:MBHGL H? MA> L:G=PB<A 3BMA : <HFINM>K
IKH@K MA> BGLMKN<MBHGL A:O0> MH ;> <E>:K >GHN@A LH MA:M :
<HFINM>K :G= HI>KMBG@ LRLM>F PBHENKS X):<MER MA> L:F>
K>LNEML 0A>BL GHHHF ?HK =By=GM BGM=HUKMBHGL zG<MB<>
MABL <:G F:B <HFINM>K IKH@KFBG@ : MBF> <HGLNFBG@ :G=
?KNLMABG @D#>KB>G<> LBG<> RHN PBEE @SKH-EKIQ>L HK HG@
K>SLNEML B? RHN#WH@BO> MA> KB@AM <HFF:G=L

0A> <HG<>IM H? :E@HKBMAFL A:L ;>HNG= ;>?HK <HFINM>KL
P>K> =>0O>EHI>= zG ?:<M MA> M>KF :E@HKBMAF P:L G:F>= :?M>K MA>
MA <>GMNKR ;,>KLB:G F:MA>F:MB<B:IN _:FF:= B;G )bL" :E
'AP'KBSFa LBG<> E@HKBMFB P:L MA> (:MBGBS:MBHG H? ELAP:KBSF
G:F> E'AP:KBSFB P:L BGLMKNF>GM:E BGHBBMERG@ "Nl MH MA>
zG=B:G GNF>KB<:E LRLM>F :G= :E@>;K

='362+ 5, 2-57/9.38 1579/4-

INIIHL> RHN A:0> MA> ?HEBG@ EBLM H? GNF;>KL

5HN K> LD>= MH =©>EHI| :G :E@HKBMAF MA:M LHKML MABL EBLN\
GNF;>KL ?KIF LF:EE MH E@> OABL :E@HKBMAF LAHNE= :ELH ;>
IHM>GMB:EER :lIEB>= MH :GR HMA>K EBLM H? GNF;>KL 3A:M PHNE= L]
:G . E@HKBMAF ;> LBFIE> :E@HKBMAF PHNE= ;> MA> LH.N:EE>=
LHKMABL :E@HKBMAF:KI>=ER LM>IL MA¥@A MA> EBLM MH ;> LHKM>=
<HFI:KBG@ MPH BM>FL :M : MBF> :G= LP:| MA>F BRN¥>BG MA>
PKHG@ KKK OABL IK<>LL BL>K:M>= NGMBE : I.LL MAK@A MA> EBLM
=H>L GHM E>:= MH :GR PHIRP:IL 0A> EBLM BL MA>G LHKM>=
LP:I
LP:I
LP:I
LP:I


https://en.wikipedia.org/wiki/Muhammad_ibn_Musa_al-Khwarizmi
https://en.wikipedia.org/wiki/Muhammad_ibn_Musa_al-Khwarizmi
https://en.wikipedia.org/wiki/Bubble_sort
https://en.wikipedia.org/wiki/Bubble_sort
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N;;E> LHKM BL : LBFIE> ;NM O>KR BG>x<B>GM :E@HKBMAF EBG<> BM |
F:GR K>I>:ML MH @H MNKDA MA> EBLM MH @>M LHKM>MBAGS =NK
H? MA> . E@HKBMAPL@QIHG>GMB:EER PBMA MA> E>G@MA H? MA>
GHMA>K LHKMBG@ :E@HKBMAF BREHSMSHG *>NF:GGAB<A BL
FN<A FHK> >x<B>GM BI>K@> LHKEM BL ;:L>= HG MA> H;L>KO:MBHG
MA:M : LAHKMEBLM <:G ;> LHKM>= JB<DERF:R LIEBM NI MA> EBLM
BGMH LF:EE>K NGBML :G= MAGG MA> LF.EE>K EBLML BGMH : ;B@@>K E

LP:I

*H P BM <HFI:keL MA> vKLM H? ;HMA EBLML

0A> <HFINM>K A:= MH =H <HFI:KBLHGL PBMA MA> ;N;;E> LHKM :G=
HGER PBMA MA> *>NF.GG :E@HKBMAF #HKKEERLML MA> >x<B>G<R
H? *>NF:GG i :E@HKBMAF PBEE ;><HF>HKKFBG>GM

53654+498 5, 2-57/9.38

3 > PBEE BHBL<NLL LO>KE <HG<>IML MA:M:KL>= BG =O>EHIBG@
:E@HKBMAFL

D"

zG ©>KR=:R LBMN:MBHGL RHN A:O> F.GR>&B§y>AHB<>L B? MA>
Mik< EB@AM BI>X@K RHN <K L MA> L1 HMA>KPBL> RHN P:BM z?
RHN P:GM MH L>G= .G > F:BE RHN G>>= MH BG<EN=>MAC><HRBE
==K>LL :G= ;> <HGG><M>= MH MA> BGM>KG>M HMA>KPBL> BM PBI
K>:<A MA> =>LMBG:MBHG

zG IKH@KL P> A:O> F:GR H? MA>L> LBMN:MBHGL MHH PAB<A K
LM:M>= FHK ?HKF:EER :L z# : <HG=BMBHG BL MKN> 0%"* =H MABL "(/"
=H MA:M OABLHK>=NkK BL NL>= MH E>M :E@HKBMAFL =H M:LDL MA:M :I


https://en.wikipedia.org/wiki/John_von_Neumann
https://en.wikipedia.org/wiki/Merge_sort

0%" (+$z +# ,.+%.))z*$

=>|>G=>GM HG MA> LM:M> H? MA> LRLM>R):EH¥ >G :@>GM PBEE
FHO> KG=HFER *Xx>IM PA>G MA> :@>GM L>>L ?HH= HG MA> <>EE B(
?KIGM H? BML>E? zG MABL </L> MA> .@>GM PBEKEHG MABL
>Q:FIE> MA> LBMN:MBHG BL LM:M>=

z# ?HH=HG @M <>EE 0%"* kp$ ?HKPK"(/" FH O> KG=HFER

GHMA>K Q:FIE> LAHPL AHP RHN <:G :OHB= =BOB=BR@>K
$BO>G :KMA> O:KB:;E> Q :G=l:K>M>KL : :G=;

Z# . 0%"* Q ; :"(/"PKBM>o0 =BOBLBHB S>Kp PA>IL
F>:GL o GHM >JN:E pIH

#HK ®:FIE> BG ;N;;E> LHKM RHN <:G A:0> MA> Rt NL> H? z#
0%"* "(/"

IFa>bTHEN
c=b
b=a
a=c
ELSE
a=a
where a and b are two items in the list that are swapped if a > b.

552+'4
OABL BL : O:KB:;E> MA:M BL =>vG>= M@";HK 0.1"

;HHE>:G O:KB:;E> A:L HGER MPH IHLLB;E> O:EN>L 0.1" KK #
OABL F>:GL MA:M B? : ;HHE>:G O:KB:;E> Q BL GHM 0.1" BM RBEE ;> #
/NIIHL> | BL #/" 3A:M BL MA> O:EN> H2 BG MA> ?HHEHEH®

LM:M>F>GM

IFXTHENa=2ELSEa=1

/BG<> BL#/" 2BL>JN:EMH
%./2+ 2556
/HF>MBF>L RHN P:GM MEIXM : L>M H? <HFF:G=L NGMBE :



). &I

[:KMB<NE:K <HG=BMBHG BL F>@FHBK RHN K> L>:K<ABG@ MA@ A
: EBLM H? GNF;>KL NGMBE RHN vG= : LI><Bv< GIIENFHG> MH MA>
G>QM BM>F BG MA> EBLM NGMBE RHN vG= MA> BNHPEG® HKIK 5
<:G BFIE>F>GM MABR NLBG@ PABE> EHHIL

1LBG@ MA> L=ACQ:FIE> RHN <:G BFIE>F>GM MABL :L ?PEEH

position = 1
WHILE a != searcha
[

a = list [position]

position = position + 1

PA>K> L>:K<A: BL MA> O:EN> EHHDHK .><:EE MA:M F>:GL
ANG>JN:E MH +G> FHO>L MAN@A MA> EBLM EHHDBG@ :M MA> O:EN:
>:<A BM>F NGMBE €A:BL ?HNG=

3A:M PBEE ;> MA> O:EN> H? Q BG MRBGCIEEABE> EHHI

A=1
WHILE A <10
[
X=A*2
A=A+2
]

0A> :GLP>K 4 PBEE A:O> O:EN>L :G= MA>G MA> PABE>
EHHI PBEE ;> >G=>=

+):78/54

><NKLBHG BFIEB>L :HK>=NK MA:M <:EEL BML>E? :G= BM BL <HFFHGE



0%" (+$z +# ,.+%.))z*$

NL>= BG <HFINM>KH@KL LBFIE>> Q:FIE>BL MH <E<NE:M>[& ;
MA> ?HEBE@ HM<>=NK ?:<MHKB:E

Factorial[N]

IF N <=1 THEN fact = 1 ELSE fact = N * Factorial[N-1]

0ANL B? P> P:GM MH <:E<NE:M> P> PBEE LM:KM PBMA #:<MHKB:E7 9

#<MHKB:E7 9 E>:=L MH ?2:<M  #:<MHKB:E7 9

#:<MHKB:E7 9 E>:=L MH 2:<M  #:<MHKB:E7 9

#:<MHKB:E7 9 E>:=L MH 2:<M  #:<MHKB:E7 9

#:<MHKB:E7 9 E>:=L MH ?:<M

0A>G BM CNFIL ;:<D RH VGBLA #:<MHKB:E7 9 ?:<M

0A>G BM CNFIL ;:<D MH VGBLA #<MHKB:E7 9 ?2:<M

#BG:EER BM <:G VGBLA #:<MHKB:E7 9 ?:<M

OANL

'"4*53 4:3(+78

:G=HF GNF;>KL BG LBFNE:MBHG FH=>El> :&HM MKNERHF
ZGLM>:= MR>:K> @>G>3M>= ;R MA> LH <:EEG=HF GNF:>K
@>G=MHKL zG 2:<M MA> ?NG<MBHGL NL>= MHM@¥G>KF
GNF;>KL :K> =>M>KFBGBLMB< :G= RRMCHK KI>M MA> L:F>
L>IN>G<> :?M>K FBEEBH&GHRIMGNF;>KL n G >Q:FIE> BL MA>
EBG>K <HG@KN>GMB:E :MBIKGMAM @>GMKL L>IN>G<>L H?
GNF;>KL Q ;R NLBG@ MA®E>IN:MBHG

X(t+1) = (A * x(t) + B) mod M

PA>SK> MA> :G=) K > IK>L>E><M>= <HGLM:GML *HM> MA:M )
KIK>L>GML MA> NII>K@&E H? MA> L>IN>G<>E2HF GNF;>KL
:G= K >=>vG>=BG LN<A : P:R MA:M \RA>>M =>LBEK> LM:MBLMB<:E
IKHI>KMB>L G@:FIE>PAB<A BL <HFFHGER NL>=BL
:G=) GHMA>K GNF;>K MA:M G>>=L MH ;> LI><Bv<
BL MA> L>>= PAB<A BL MA> O:EN> H? Q :M MA> LM:KM H? MA> L>IN>G<:
/NIIHL> RHN LM:KM PBMAQ  MA>G M&MIM>| P> @>M

X = (1664525 * 1 + 1013904223) mod 32


https://en.wikipedia.org/wiki/Random_number_generation
https://en.wikipedia.org/wiki/Random_number_generation
https://en.wikipedia.org/wiki/Linear_congruential_generator

). &I

/BG<> FH= F>:GL FH=NEH PAB<A vG=L MAsHBG=>K H? MA> =BOBLBHG
H? HG> GNF;>K R :GHMA>K P> @>M

x = 1015568748 mod 32 = 12

z? P> <HGMBGN> P> @>M MA> L>JN>G<>

GR B=>: PA:M MA> &M GNF;>K PBEE ;>

3A>G RHN LI><B?R L>>=L BG LBFNE:MBHGL RHNEBGM> MA>
L:F> K>LNEMLO>G MAHN@A RHN NE=HE GNF;>KL /HF>MBF>L
MA> L>>=L :KBGBMB:EBS>= NLBG@ MA> #4HRIENMWIBE> <EH<D PAB<A
F:R IK HOB=> >GHN@G+HFG>LL ?HK LBFNE:MBHG INKIHL>L ;NM MA>
BG=BOB=N:ENEML <:G GHM 3H8<:M>=

0A> ?NG<MBHGHIF BG FHLM IKH@KFBG@ E:G@N:@>LHKN<>L
. KiG=HF GNF;>K ;>MP>>G :G= :<<HK =BG@ MH : NGB?HKF
=BLMKB;NMBHG 3A>G MA> NG=>KERBG@ L>J&=E&>GHNFKKL
?:EEL ;>MP>>G :G=) MA> :K=HF GNF;>K BL =BOB=>=R ) MH
IKH=N<>: KG=HF GNF;>K ;>MP>>G :G=

".+57 *+75,)533'4*8

0A> HK>K BG PAB<A : K@k PBEE &<NM> MA> <HFF.G=L <:G
;> BFIHKM:GM /NIIHL> z A:O> MPH :@>GML ":<A :@>GM A.L : FHG>
:<<HNGM :G= MA>H@EK @BO>L HG> H? MA> :@>GML =HEE:K 3A:M PBEE
A:llI>G BG >:<A H? MA> ?HPBG@ MPH :E@HKBMAFL

E@HKBMAF

#HK @>GM 7 <<HNGMM  <<HNGMM 9

#HK @>GM 7 <<HNGM M  <<HNGM M 9

E@HKBMAF

#EBI : <HBG z# A>=0%"*7 :@>GM @>GM 9"("7 :@>GM

:@>GM 9

#HK 7 <<HNGM M <<HNGM M 9

#HK 7 <<HNGM M <<HNGM M 9

(0+)9 7/+49+* 7  5-7'33/4-

zG MABL ;HHD P> NL> *>M(H@H : FH=>EBE@HRK=>LB@G>=
LI><Bv<:EER ?HK :@>GM ;:.L>= FH=>EBG@ :G=E{>= NLBG@ &:0O:
&:0: BL : LH <:EE3;C><M HKB>GM¥+HMKFBG@ E:G@N:@> *>M(H@H



https://en.wikipedia.org/wiki/Object-oriented_programming

0%" (+$z +# ,.+%.))z*$

IKHOB=>L : NL>K ?KB>G=ER LAMEB=K&:0: *>M(H@H BL :ELH :G
H;C><M HKB>GM>H@#KFBG@ E:G@N:@>HONG=>KLM:G= RHMH
K:= :G= PKBM> IK@KL P> G>>= MH =BL<NLL ;KB>wWR PA:M H;C><M
HKB>GM>=HRKFBG@ F>:GL

Object
> Object » Object
*| Object
L Object v
| T Object
Object

8F®G  =@H 5:28@> @7 @3;64ED :? 2 4@>AFEBGBZC

IK H@K BL ;NBE= NI ;R H;C><ML #B@NKA>L> H;C><ML K EBMME>
IB><>L H? <H=> MA:M>:K<MBO:M>= =NKBG@ MA> LBFNE:MBHG #t
>Q:FIE> RHN F:D> : FH=>E H? :GML P:EDBG@HNKG= BG :G
>GOBIGF>GM L>KABG@ ?HK ?HH= :G= ;KBG@BG@ ?HH= ;;<D MH M.
G>QM zGLM>:= H? F:.DBG@ HG> EHG@ EBLM H? <HFF:G=L RHN LIEBM
BGMH <HFIHG>GML LN<A :IPAMH P:ED PA>G L>#ABG@ RWIH P:ED
;:<D MH MA> G>LM PAMH ¥<H@GBS> ?HH=P AfH =HKI IA>K HFHG>
>M< 0A>L> <HFIHG>GML>K>E? LNLM:BG>= :G= <G ;> <:EE>= NIHG
; R =By>KGM |E:<>L BG MAH®K z? MA> NL>K LM:KML MAGLK
MA> H;C><M BG MA> E>?M MHI <HKG>K PBEE ;> :<MBO:M>= BG *>M(H
H;C><ML K<:EE>= IK<>=NKL :G= MA> LM:KMBG&}KNK BL H?M>G
<:EE>=@H OABL H;C><M PBEE <:EE :GHMA>K H;C><M :G= ;:L>= HG PA!l



). &I

A:lI>GL BG MA> H;C><M HG> H? MA> =B*K;C><ML BL <:EE>= /HF>
H;C><ML <:EE MA>FL>EO>L OABL@EIE>H? Kk<NKLBHG

zG RHNK *>M(H@H FH=>EL RHN PBEE L>> MA:M RHN vKLM G>>=
:<MBO:M>MNh : L>M H? <:E<NE:MBHGL MH <E>:G NI MA> F>FHKR =>vG>
MA> GNF;>K H? :@>GML :G= <>EEL :G= MA> LM:KMBG@ O:EN>L H?
O:KB:;E>L +GER PA>G MABL A:L A:lI>G>= MAB<dK=NK @H <.G ;>
:<MBO:M>= PAB<A PBEE KNG MA> FHx@AMBIKBHNL BABHGL

"+ 795, 7 5-7'33/4-

JKH@EKFBG@ <:G ;> : MBF> <HGLNFBG@ :G= ?KNUBIB@ H<>LL
"LI><B:EER BG MA> ;>@BGGBGE@H@®IRGIK O>K L>>FL MH =H PA:M
RHN BGM>G=>= BM MH =H<RBKBG@K E:KEHRIN L>> MA:M RHN ED
<HFFHG FBLM:DL MRIHL ?W®SMMBG@:<DEM 79 >M< :G= E>KG
MH =>N@ RHN PBEE <H=> ;>MMKMBF> #i=:RL P> <:G :ELH
F:D > NL> H? @>GMBO> z L :G :LLBLM:GM MH A>El RHN @&>G>K
<H=> PAB<A LMBEE G>>= MBtEN:M>= :G= M>LM>= PA>MA>K BM PHKDL
IKHI>KER

z? RHN P:GM MH ED G>P IKH@K BM PBEE A>El MH RPHIEEH
>LM IK<MB<>L zM BL BFIHKM:GM GHM MH HEKRNBGI®
BFF>=B:M>ERBKLM =>vG> MAH@K :G= HNMEBG> BM BG=PHK
:=K:PBG@ +G<> RHN A:0> B=>GMBv>= PA:M <HFIHG>GML G>>= MH ;>
BG<EN=>= MA>G RHN <:G PKBM> RHNK HH=NEHBE&H=> PAB<A BL
: AB@A B>E =>L<KBIMBHG H? RHNK FH=>E +G<> RHN A:0> <HFIE>M>
MA>L> LM>IL MA>G RHN <:G LMHK®RRBG@

z? IHLLB;E> LM:KM PBMA LHF> <HFIHG>GML MA:M RHN <:G M>LM ;>?F
RHN :== :GHMA>K <HFIHG>GM R MA> >G= H? MABXUK RHNK
IKH@K LAHNE= ;> PHKDBG@ :L RHN BGM>G= BM MH <HFFHG
NG=>KLM:G=BG@ :FHG®@&F>KL BL MA:M MA>KK> GH IKH@KL
PBMAHNMHEKK 0A>K?HK BM PBEE ;> A>EI?NE MH =H F:GR M>LML LN<A L
KNGGBG@ <HG=BMBHGL ?HK PAB<ARAN:BGP>K MH L>> PA>SMA>K
RHNK FH=>E BL :<<Mk %N <.G :ELH E>M LHF>;H=R >EL> PHKD PBMA
RHNK FH=>E GHMA>K P:R MH <A><D RHNK FH=>E BL MH PKBM> <E
=H<NF>GM:MBHG

1:33'7>

zG MABL <A:IM>K P> BEN#e= LHF> <HG<>IML MA:M P> PBEE NL>


https://en.wikipedia.org/wiki/Pseudocode

0%" (+$z +# ,.+%.))z*$

=NKBG@ MAstMK H? MA> ;HHD HFINM>KH&@KL <HGLBLM H?
'E@HKBMAFL E@HKBMAFLLKM H? <HFF:G=L RHN @BO> MH MA>
<HFINM>K HFINM>K IKH@EKL :K > O>KR LMKB<M LBG<> MA> <HFF:G=L
‘K> M:DG EBNBERRZzM PBEE>M:BHM H? 1IKMB<> MH E>:KG MidIK

0OA:M BL RHN G>>= MH =H F:GRkBL>L MH E>:KG MK



). &I

Introduction to NetLogo

+ > 54)+698
2G MABL <A:IM>K RHN PBEE

g ;> BGM#N<>= MH MASHQRFBG@ E:G@N:@> *>MEH@H
g @>M IKMB<:EQ*FIE>L MH ;NBE= RHNK vKLM FH=>EL

3> NL> MA> *>M(H@H [:<D:@> MH BFIE>F>GM MA> :@>GM ;:L>=
FH=>EL =BL<NLL>=BG MABL ;HHD OABL |:<D:@> <:®GEH.=>= ?HK
?Kk> ?2KF A>K 3 > NL> *>MEH@H O>KLBHG MH ;>H#8L> BG
MABL ;HHD O0A> *>M(H@H P>;LBM> A:L : EHM H? BG?HKF:MBHG :O:BE:;
?HK GBB<>L EBINMHKB:EL :@FE> FH=>EL

5*+2197:)9:7 +8

*>M(H@H FH=>E EBBIMA>K IE:M?HKFL ?HK :@>GM ;:L>= FH=>EL
<HGLBLML H? :E@HKBMAFL HAANN>IKL>IN>G<> H? <HFF.G=L MH
<E<NE:M> <A:G@>L BG :@>GMLn :MMKB;NM>L #BKLM : FH=>E G>>:
> BGBMB:EBS>= PAB<A F>:GL MA:M :EE :MMKB;NM>L H? :@>GML
>GOBIGF>GM:E O:KB:E>L=K=>vG>= :G= A:O> BGBMB:E O:EN>L zG
*>MH@H I>HIE> MRIB<:EER NL> MAs>#kK d.>MNp MH =H MABL
3A>G RHN EHHD :M HG> H? MA> F.GR =>FH FH=>EL BG MA> *>M(H@H
EB;KR RHN vG= MA> ;NMMH&VNp BG FHLM BGM>K?:<>L EB<DBG@ H(
MA:M ;NMMHG BGBMB:EBS>EEEQWAS KB:;E>L H? MA> FH=>E



https://ccl.northwestern.edu/netlogo/index.shtml
https://en.wikipedia.org/wiki/Comparison_of_agent-based_modeling_software

z*0.+!1 0z+* 0+ *"0( +$+

3A>G : FH=>E BL BGBMB:EBS>= MA> FH=>E <HGMBGNNE:MBG@
MA> NI=:M>L H? MA> :MMKB;NM>L H? :@>GML :G= NBE>GBOBIKBL
BL MRIB<:EER LM:HR&EB<DBG@ HG MA> ;i @IVBEEMA> BGM>K?:<>

3A>G RHN <EB<D H&@kb RHN LM:KM : L>JN>G<> H? <:E<NE:MBHGL
FH=>E <:G ;> =>L<KB;>=:L ?HEEH

F(x,p,t)=F(x,p,t-1)

PA>K> # BL : FH=>E Q MA> LM:M> O:KB:E>L H? MA> FH=>E | MA>
I:K :F>M>KL H? MA> FH=>E :G=#P¥KL MH MA> MBF> LM>| =NKBG@ MA:
LBFNE:MBHG :@€)1 BL MA>BGBMB:EBS>= O>KLBHG H? MA> FH=>E

JHLM FH=>EL :kK ;NBEM NIHG F:GR =By>BM I|K<>=NKL
,KH<>=NK ? F:R <:EE IKI<>=NKL @ :G= A G BFIHKM:GM :LI><M H?
LBFNE:MBHG FH=>EL BL MA> L>JN>G<> BG PKB=<NHKK :K> <EE>=
:G= MANL MA> ##K BG PAB<A O:KB:E>L H? MA> FH=>HNIFM>=
/INIIHL> RHN A:0> IKH<>=NKL 5:6 62E :G= >6E23@=:D>NIIHL>
RHN VKLM <:EE MARHCNK 5:6 MH <A><D PA>MA>K MA> :@>GM AL
LNx<B>GM >Gaikz? GHM >GHN@A @KL :O:BE:;E> MA> :@>GM BL
K>FH O>= ?KHF MA> FH=>E 0A>G MA>HK>=NK 62EBL <:EE>= :G= MA>
KF:BGBG@ :@>GML F:R =>KBO>FHICKDR ;>?HKMA> [KI<>=NK
>6E23@=:DBL <:EE>= HFI:K> MABL L>IJN>G<> PBMA MA> <:L> PA>G
VKLM MA>HK>=NK 62EBL <.EE>= MA56 .G= VG:EER>6E23@=:D>
5HN <:G M>EE MA:M M#&ASKHBG PAB<A MA> :@>GMNIKM>= >y><M
PAB<A :@>GMtRBG BG MA> FH=>E %>G<> MA> L>IJN>G<> BG PAB<A
RHN <:EE MAHKS=NKL BL >LL>GMB:E

0A> L<A>=NEBG@ BL GHM HGER BFIHKM:GM=2HKBRAAZABKA RHN
<:EE IK<>=NKL ;NM :ELH MA>##K BG PAB<A RHN NI=:M> MA> :@>GML
INIIHL> RHN :EP:RL NI=:M> :@>GML BG MA> L:F>#K :G= MAR
A:0> MH EHHD ?HKHIK>L 0A>G MA> vKLM :@>GM AL :G :=0:GM:@> BG
vG=BG@ :0:BE:;E> ?HH= PABE> MA> E:LM :@>GM F:RQEKB:EG<>
: L<tK<BMR H2ZLKINK>L /N<A : vQ>= HK>K E>:=L MH :KMB?:<ML BG
MA> FH=>E OA3RHK RHN L>> MA:M MA=HKBG PAB<A :@>GML :K
NI=:M>= BL MRIB<:Effl*KHF 3A>G BG *>M(H@H RHN <:EE ?HK@>KL
79?HKD>K :@>GML>KI=:M>= KG=HFER

/789 19+68 </9. +9 5-5
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%HP <:G RHN E>:KG MH NL> *>M(H@H #BKLM RHN <PGVAIEEH
MNMHKB:E HG MA> *>M(H@H P>;LBM> /><HG= ROIEHG B:K@>
GNF;>K H? XQBLMBG@ FH=>EL BG MA> *>M(H@H FHR-BEHEBKG
>QIEHKMA> ;>A:OBHK H? : FH=>R;KNGGBG@ MA> FH=>E ?HKGBY>K
'LLNFIMBHGL LN<A :L =By>K&M O:EN>L H? {M>KL (>M. NL> MA>
.;;BML $K:LL 3 >>=L FH=>E BG MA> FH=>E KBRK#BE> k )JH=>EL
(B;KKR k BHEH@R

zG MABL FH=>E;BML FHO> KING=L 2kER HG MA> E:G=L<:I> :G=
<HGLNF> P>>=L :G= @KL O0A> K;;BML A:O> : F>M:;HEBLF H? L:R

>G>K @R NGBM2>KR MBF> LM>l R >:MBGIQ @< P>>=L MA>
K;;:BML =>KBO> E>>G>KOR3A>G MA> :<<NFNE:M>= >G@&R H? G
:@>GM BL :8> MA> ;BKMANIAKE= MA> :@>GM PBEE :N®>G>K
HyLIKBG@ O0A> <ABE2RG>MIBHG BL BFIE>F>GM>= L :==BG@ : <EHG>
H? MA> :@>GM BG : GR.IK>EE :G= HOB=BG@ A:E? MAS@RBHK MA>
I:K >GM MH MA> <EHG>= <ABE=>LUNEKI MA> GNF;>K HBKIL BG
MA> IHINE:MBHG@HEO>ICHK MBF> L P>EE LI@KG= P>>= PAB<A
K> K; R:vQ>=<A:G<>HG :G >FIMR <>EE

Populations

=
E
g
g
2

@

grass-energy (59
—) L~
o 160
weeds-grow-rate — & its
—)
ount rabbits
weed-energy o

8F&G '6E%@8@ :?E6C7246 @7 E96 *232MD/6B5D >@56=
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BFG®G  12>A=6 @7 2 5:>6?D:@72= G:6@7 E96 *233:E 20D /665 >@56=

0A> ;:LB< NL>K BGM>K?:<> BG<EN=>L MA> oBGM>K?:<>p PAB<A @BO
@#KAB<:E HNMINM H? MA> FH=>E :L =>IB<M>= BG #B@AK0BG?H p
PAB<A IKIOB=>L MA> ;<DENG= BG?HKF:MBHG H? MA> FH=>E :G=

0 H=>p PAB<A <HGM:BGL MA><HfiH=> H? MA> FH=>E O0A> ;:LB<
BGM>K?:<> L =>|B<M>= BG #B@AKPL FHK> <HFIHG>GML 7%

:K> BFIHKM:GM MH F>GMBHGpd¥B8B=>L MA> HIMBHG MH L:0> MA>
FH=>E LM:KM : &>FH=>E HK vG= : FH=>E BG MA> FH=>E KR K
MHHELp BG<EN=G:k: A>EI?NE MHHEL &#BD>L >=BMHK MH L>E><M

: LAII> MH K>IK>L>GM G :@>GM 0 >A:OBHK/Ip<*MH KNG : FKake
GNF;>K H? LBFNE:MBHGL :G= BVMK> X_.NEML BG : =:M: vE> :G=

o! OB>Pp PAB<A :EBH RHN MH OBLN:EBS> MA> FH=>E HNMINM BG !
#B@NK 0%>Elp BGEN=>L : NL>?NE EBGD MH MA> NL>K F:GN:E zG VM
=>M:BE>= NL>K F:GN:E MAXS =BL<NLLBHGL HG : GNF;>K H? L:FIE>
FH=>EL :L P>EE L A>EI?NE MNMHKB:EL MAIMN@KH MAK ;:LB<L H?
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*>MH@H 0A> F:GN:E :ELH BG<EN=>L =>M:BE>= BG?HKF:MBH@HG AH
=>0>EHI MA> BGM>K?:<> L P>EEH@KFBG@ @NB=>EBG>L #BG:EER
MA> F:GN:E <HGLBLML HZNF;>K H? MNMHKB:EL HG MA> NL> H212>:MNK
EBD o/A:l> "=BMHK p 0>A:OBHK /l:i<>p o/HNG=p :G= o/RLM>F
IRG:FB<L p

OH NL> MA> BGM>K?:<> BG#BRMIK<EB<D HG L>MNI PAB<A PBEE KNG
MA> <HFF:G= MH BGBMB:EBS> MA> FH=>E ?M>K MABL RHN <:G <EB
a@id MH KNG MA> FH=HINX:G <A:G@> MA> l:R>M>KL =NKBG@ MA>
LBFNE:MBHG :G= L>> MA> >y><MkMBR

7 5-7'33/4- </9. +95-5

(>:KGBG@ MHHI®EK BG *>M(H@H BL F:BGER HK>LL H? E>:KGBG@
; R=HBG@ R PHKDBGEBG®N@¥ MNMHKB:EL (BEIE> FH=>EL RHN
PBEE ;><HF> ?:FBEB:K PBMA MA> ;:LB<L H? MA> E:G@N:@>:BHRA>K
A:0> MH EHHD ?HK LHENMBHGL MBNARKN >G<HNGM>K *HM> MA:M
RHN PBEE L>> *>M(H@H <H=> NLBG@&GMyHEHKL H=> HMA>K MA:G
;E:<D :K>*>M(H@H LI><Bv< <HFF:G=L

?>P ;:;LB< >E>F>GML H? MA> *>M(H@H E:G@N@=BLKNLL>=

BG MA> ?HHEEH® |IKOKIAL @>GML :k <:EE>= MNKME>L BG *>M(H@H
*>M(H@H AL ;>>G ;:;L>= HG ?HEBHNI E:G@N:@>L H? (H@H
IKH<>=NKE IKH@KFBG@ E:G@N:@> &>EHI>= BG MA> L O0A>
B=>. BG MA> 6>EHIF>GM HH@HBL MH A:O> : LBFIE> E:G@N:@>
MH LM>>K :G :@>GMHKMNK MA> MNKME> @HME> : MNKME> PBMA
. I>G LMKII>= MH BM <:G ;> BGLMKN<M>= MH =H LBFIE> MABG@L EI
FHOBG@ ?HKP:KLI:<>L HK MNKG :KHNG= 0A> v@NK>EH° LAHPL
RHN <:G <KM> : LIN:K> ; R A:OBG@ MA> MEE®E L>IN>G<> H?
<HFF:G=L

Forward 50
Right 90
Forward 50
Right 90

Forward 50


https://en.wikipedia.org/wiki/Logo_(programming_language)
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Right 90
Forward 50
Right 90

3A>K> B@AM F>:.GL MA:M MA> MNKME> PBEE MNKG KB&®AM =>@K

#KHF MA>L> ;NBE=BG@ ;EH<DL RHN <:G ;NBE=<HHHE>Q LA:I>L
EBOLIN:K>L MKB:G@E>kERK>M< LH?MPK<D:@> EBD*>M(H@H
LBFNE:M> IHINE:MBHGL H? MNKME>HOB=3KVIA>F PBMA F:GR EHK
<HFF:G=L 0 NKME>L A:0> <HB&:M>L<HK R<HK:G= HKB>GM:MBHG
A>=BG@ :G= MAR <.G FHO> :KHNG= BG MA> >GIOBKGM H?
I:M<A>L

0A> <>EEL H? MA> LI:MBIEB<BM >BGBKGM K <:EE>= |:M<A>L
~M<A>L A:0> <HHKBG:M>Ll G<HK | R<HK G>B@A;HKIG= : <HEHK
:M<A>L <:G :ELH BG<EN=> FHBEG?HKF:MBHG EBBMA>K BM BL >FIMR
A:L:G:@>GM HG BM HK <HGM:BGHIQR>>= EBIBG #B@NK

0A>K> BL :ELH :G H;L>KO>K I>KLI><MBO¥F #KABL I>KLI><MBO> RHN
<G =>vG> :@@H@:M>L H? MA> I:M<A>L :G= MNKME>L :G= =>vG> MA>
HK->K BG PAB<A <>KM:BG <HFF.G=L G>>= MI@z=NM>=

O0A> IKH@K <HGLBLML H? : GNF;>K H? H&>=NKL PAB<A =>vG>
MA> :<MBHGL H? MA> MNKME>L :G= I:M<A>L :G= BG=PKBYARHK
K> >Q<NM>=  [KH<>=NK LM:KML PBMIAG= >G=L PBMAG= L :G
>Q:FIE> P> =>vG> ;>EHP MPH ®):FIE> IK H<>=NKL L>MG= @H

to setup
ca ; clear the world
crt 10 ; make 10 new turtles
end
to go
ask turtles
[
fd 1 ; all turtles move forward one patch

rt random 10 ;.. and turn their head a random amount
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]

end

%+ 7+)533+4* 9.'9 >5; /362+3+49 9.+ 35*+2 '(5 7+ (+,57 +
>5:)549/4:+

0A>Ke :K> MAKS F:BG MRI>L H? IK<>=NKL BG *>M(H@H

HFF.G=L :K > : EBLM H? :<MBHGL ?HK MA> :@>GML MH <:KKR HN
<HFF:G=:EP:RL LM:KML PBMMIG= >G=L PBMAG= A>G<> : MRIB<:E
<HFF:G= EHHDL EBD

to (commandname)
(actions)
end

zG MA> ?HEEGE@ GFIE> MA> G:F> H? MA> <HFF:G= BL=KP
IHER@HGG= BM NL>L O:EN>L H? @EH;:E O:KBNEILB=>LG= LBS>

0A> HMA>K :<MBHGL KoI>:M ?= KM:K> IKBFBMBO>L :L =BL<NLL>=
>EHP (HHD NI MA> F>:GBG@? MA>L> IKBFBMBO>L MH NG=>KLM:G= PA:M
MA> <HFF:G= =KP IHER@H®L PBEE ;> =HBG@

to draw-polygon
pd
repeat  num-sides

fd size
rt (360 /num-sides)

]

end

SIHKM>KL (& LHF> LI><Bv< <HFF:G=L 0A>R KIHKM MA> O:EN> H? :
?NG<MBHG PBMA : LI><Bv< BGINM /HF>MBF>L RHN A:O> : L>M H? :<MBF
MA:M RHN NL> BG =B@MI:KML H? MA> FH=>E zG LN<A : <:L> BM BL
NL>?NE MH =>vG> MABL L>IJN>G<> :L : ?NG<MBHG OQEEIRHBINC ?HK

: K>IHKM>K BL

to-report (namereporter) [ inputvariables]
(actions)
end


https://ccl.northwestern.edu/netlogo/docs/
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/>> ?HK R:FIE> : ?2NG<MBHG MA:M =>vG>L MA> :;LHENM> O:EN> H? :
GNF;>K

to-report absolute-value [number]
ifelse number >= 0
[ report  number]
[report 0 - number]

end

,KBFBMBO>> :WN\BEM B&IHKM>KL :G= <HFF:G=L 0A> =O>EHI>KL
H? *>MH@H A:0> =>vG>= : GNF;>K H? <HFFHG>KIKML :G=
<HFF:G=L MA:M F:GR I>HIE> NL> :G= MA>G ;NBE= MAHL><BEKR
BGMH *>M(H@H z? RHN EHHOKRARBAMBO>>=<BKIKRHN L>> : E:@>
L>M H? IKBFBMBO>MEBDIEANKME>LASKD <E>:K EBM< (>:KGBG@
PAB<A IKBFBMBO>L.GKBE:;E> :G= AP MH NL> MA>F PBEE MHIF>
IK:<MB<> 0A> ;>LM P:R MH E>:KG MARIEBHDBG @QNFH=> FH=>EL
:G=L>> AHP HMA>K FH=>EL A:O> BFIE>F>GM>= <>KMBEGHKL

2:KB:;E>L MA:M K@EH;.EER =>vG>= <:G ;> NL>9>KRPA>KBG MA>
IKH@K :G=:K >=>vG>=:M MA> MHI H? MAH @K

globals  [parameter]

HK :k =>vG>= L : LEB=>K HK LPBM<A BG MA> BGM>K?:<>
ELH MA>:MMKB;NM>L H? MNKME>L :G= I:M=At>K @EH;:EER

turtles-own [attribute]

patches-own  [attribute]

OH NI=:M> : O:KB:;E> RHN NL> MA> <HFF:GE>M?HK Q:FIE>
set yearyear + 1

5HN <:G :ELH =>vG> : EH<:E O:KB:;E> PBMABIE<>NK ; R
let variable 0

*HM> MA:M : EH<:E O:KB:;E> <:G HGER ;> NL>= PBMABG=NIK
OH NI=:M>: O:KB:;E> ?HK :EE MNKME>L NL> MA> <HEBE:G=


https://ccl.northwestern.edu/netlogo/docs/dictionary.html
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5HN <:G NI=:M> MA> <HEHK ?HK :EE MNKME>L
ask turtles [ set color red]
HK H? :EE I:M<A>L
ask patches [set pcolor red ]

5HN <:G :ELH <A:G@> MA> <HEHK H? MA> :M<A>L HG PAB4&>MA>K
MNKME>L

ask turtles [ set pcolo r red]

HK: LI><Bv< MNKME>

ask turtle 5 [set color green ]
HK

set color color-of turtle 5 green
HK [:M<A

ask patch 2 3 [set pcolor green ]

FHK > <HFIEB<:M>= |IH<>=NK BL

ask turtles
[
if  (attributes > threshold)
[
set attribute attribute -1
fd 1

]
]

zG MA> H<>=NK :;;H O> MA> :@>GM BL GHM =HBG@ :GRMABG@ B~
:MMKB;NM> BL E>LL MA:G MARHAAKZG MA> ?PIBEEE HM<>=NK P>

:=CNLM MA> >:KEBHKHNK MH BGKEN=> MA:M :@>GML fE)>K>GM
=><BLBHG B? MA> :MMKB;NM> BL LF:EE>K HK >JN:ELMHBWA3> MAK
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:ELH PBEE OBLN:EBS> MABL BXBMEB@HW>K?:<R @BOBG@ MA> MNKME
=By>KGM <HEHKL ?HK >:<A <HG=BMBHG

ask turtles
[
ifelse (attribute > threshold)
[
set attribute attribute -1

set color white
rt random-float 360
fd 1

I

set color red
rt  random-float 90
fd 2

]
]

@>GML>ML>KLN;L>M H? MA> :@>GML THRIE> :EE k= MNKME>L
turtles with [color = red]

HK :EE MAs=HMINKME>L HG MA>GNIKK<A

turtles-here with [color = red]

GHMA>KQ:FIE> BL :EE MA> I:M<A>L :M MA> KB@AM |:KM B2MA> L<K
patches with [ pxcor> 0]

#KHF MA> [>KLI><MBO> H? MZ&EENK : MNKME> HK [:M<A RHN <:G =>vG>
:G :@>GML>M H? :EE MNKME>L PBMABG=BNKM:BG K

turtles in-radius 3

I>5vGBG@ ?HNK G>B@A;HKBG@ I:M<A>L GHKMA LHNMA >:LM :G=P>LM
patches at-points [ 0] O1]1[ -10 ][ 0-1 1

;NM MABL <:G :ELH ;> =>vG>= >:LB>K PBMA : IKBFRBMEBDA;HKL
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3A:M K> :@>GML>ML ?HKEE RHN F:R P:GM MH NI=:M> : LI><Bv<
L>M H? :@>GMI> EBD

ask [..]

HK <A><D PA>MA>K MBIKGR LI><Bv< :@>GML>M
show any?

HK <HNGMRE:K@> MA> :@>GML>M BL

show count

LI><Bv< >Q:FIE> BL MA> ?HEBB@ PA>KMA> MNKME> PBMAPMIAM EH
VMG>LL BERH O>=

ask min-one-of turtles [fitness][ die ]

[I><B:E :@>GML>ML>:iK>>=L zG ?:<M RHN =>vG> MA>F MRIB<:EER BG
MA> L>MNI H? RHNK FH=>E EBD

breed [consumers consumer]

z? RHN EHHD BGMH MA> IKBFBMBO> =B<MBHG:KR RHN L>>: GNF;>K H? |
IKBFBMBO>L ?H#esK EBD

create-<breed>

create-custom-<breed>

<breed>-here

<breed>-at

/H MA:M RHN <:G NL> BM EBD

ask turtle 100 [if breed = consumer[..]]
HK B? RHN P:GM MH <A:G@> #MA>HR : MNKME>

ask turtle 100 [set breed consumer]

L F>GMBHG>= ;>?HK E>KGBG@ MH NL> *>M(H@H BL : F:MM>K H?



z*0.+!1 0z+* 0+ *"0( +$+

IK:<MB<BG@ 7@ikIE> LMN=RBG@ ME:FtE> FH=>EL P> NL> HK
K>BFIE>F>GMBG@ FH=>EL =BL<NLL>= BG IN;EB<:MBHGL

(>Mo LM:KM PBMA MA> BFIE>F>GM:MBHG H? : FH=>E H? M>KFBM>L F:D
IBE>L H? PHH= <ABIIHE LM:KM : >M(H@H FH=>E :G= vKLM><1{>
MA> BGM>K?:4$iN5== MPH ;NMMHGEMNH :G=@H 0A> L>MNI ;NMMHG
BL :M MA> H;L>KO>B>E>.G= PBEE ;®@><NM>= HG<> 0A> @H ;NMMHG BL
‘M MA> H;L>KO>IOBE :G= @H>L 28K

ELH == MPH LEB=>KIGNF;>Kp PBMA : FBGBFNF H? :G=:
F:QBFNF H? PBMA : LM>| LBS> H? :G= e>GLBMRPBMA
FBGBFNF H? :G=:F.QBFNFH? PBMA :LM>ILBS>H?

*> QM RHN PBEE @H MA> o H=xav:=>vG> L>MNI ;L ?HERAH

to setup
clear-all
set-default-shape turtles ObugO
ask patches

[

if  random-float 100 < density[ set pcolor yellow ]

]

create-turtles number [
set color white
setxy random-xcor random-ycor
set size 5

]

end

OABL L>MNI IH<>=NK KG=HFER :EEH<:M>L PHH= <ABIL R>EEH
I:M<A>L PBMA : @BO>G =>GOBMKH<>=NK :ELH KG=HFER INM MA>
PABM> M>KFBM>L HG MA> E.G=L<:I>

>?HK> RHN <HGMBGN> MH <EB<D HG MA> L>MNI ;NMMHG BG MA> BG
IH>L BM PHKD

*HP P> <HGMBGN> PBMA MA> @H <HFF:G= 3A>G RHM ®id
MA> M>KFBM>L MNKME>L PBEE <HGMBSMHINGEHKNE>L

g EHHD HNG= ?HK : PHH= <ABI :G= IB<D BM NI
g EHHD HNG=?HK: IBE> H? PHH= <ABIL
g EHHD #HNG= ?HK :G >FIMR LIHM BG MA> IBE> :BHFHKMA>
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<ABI

to go
ask turtles [
search-for-chip
find-new-pile
put-down-chip
]

end

0A> L>:K<A ?HK <ABI <HFF:G= BL =>vG>=:L ?HPEH

to search-for-chip
ifelse pcolor = yellow
[
set pcolor black
set color orange
fd 20
Il
wiggle
search-for-chip

]

end

3A>K> MA> PB@@E> <HFF:G= BL =>vG>= 'L

to wiggle
fd 1
rt  random 50
[t  random 50
end

#BG=: GP IBE> BL =>vG>=:L

to find-new-pile
if  pcolor != yellow
[
wiggle
find-new-pile
]

end

+8 *["
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#BG:EERHI Hy <ABI BL FH=>E>= EBD

to put-down-chip
ifelse pcolor = black

[

set pcolor yellow
set color white
get-away

I
rt  random 360

fd 1
put-down-chip
end

3A>K> MA> <HFF:G= @>M :P:R BL =>vG>= L

to get-away

rt  random 360

fd 20

if  pcolor!= black [get-away]
end

EB<D HG MA@l ;NMMHG BG MA> BGM>K?:<> 3A:M BL A:lI>GBG@ z? RH
<EB<D HG o/>MMBG@Lp :G= <A:G@> MA> =BF>GLBHGL H? MA> GNF;:
I:M<A>L HG MA> >kG MH : EBR>K GNF;>K L:R Y [©:M<A>L PBEE
MA> L:F> KLNEML :lI>:K

1:337>

OABL <A:IM>K IKOB=>L :G BGBMEXEKBB>H? *>MH@H :G=
BGLMKN<MBHGL PIGIAHM:KMHE@KFBG@ A><D HNM LHF> H? MA>
F:GR > Q:FIE> FH=>EL BG MA> *>M(H@H:ER;KA><D HNM PA:M MA>
IKBFBMBO>L F>.G :G= MKR MH NG=>KLM:G= PAR MA> HHks:ELK
MA>K_NEML BMAK<>L

/HF> :==BMBHG:E LH&K{. MH E>:KG FHKHNM IKH@KFBG@ BG
*>M(H@H K

2B=>HL R3BEEB:F ..G=HG#NG=:F>GM:EL H? *>M(H@H

*>M(H@HRMHKB:R&>G :=A:F



https://poole.ncsu.edu/people/wmrand/
https://www.youtube.com/playlist?list=PLF0b3ThojznQ15cjVXT7-TLVDbCQ0q109
http://research.criticalconnections.com.au/ABMBook/
https://www.qub.ac.uk/research-centres/CentreofExcellenceforPublicHealthNorthernIreland/Staff/ResearchFellows/DrJenniferMBadham/
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Using Al for agent-based
modeling

+ >)54)+698
zG MABL <A:IM>K P> PBEE

g k!BL<NLL AR MH NL> ()L MH PKBM> *>M(H@H <H=>
g k1L>:G (() ;:L>= MH PKBM> :G +!!
g k"QIEHK MA> G Vv>E=H? $>G )

0A> BGKLBG@ :;:BEBMB>L BRGEMXE= NL> H? z K<A:G@BG@ F:GR
:LI><ML H? LH<B>MB= MA:M BL :ELH A:II>GBG@ ?HK :@>GM ;.L>=
FH=>EBG@ O0AxB< => O>EHIF>GML PBEEHEBBFI:<M AP P> PBEE
=>0>EHI| BFIE>F>GM :G=GIEHK:@>GM ;:L>= FH=>EL BG MA> ?NMNK
%>k z :==K>LL MAK MHIB<L MA:M KF>K@BG@ :M MA> MBF> H? PKBMBG
MABL <A:IM>K

#8/4- 895 -+4+7 '9+ )5*+

0A>Ke BL : =By>KG<> ;>MP>>G FH=>EBG@ :G=<H=BG@ :L =BL<NLL>=
>.:KEB>K BG MABL ;HHD 3BMA FH=>EBG@ P> MKKRINIKHEMKQ
IKH;E>F BGMH : EH@B<:E LRLMXpIREBHGL ;:L>= HG MA>HKR :G=
HK H;L>KO:MBHG:E =:M: 3BMA <H=BG@ MABMBHG®IK<:G ;>
BFIE>F>GM>= BGMH <HFINM>K <H=>@eK(:G@N:@> )H=>EL (()L
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<:G LLBLM PBMA @NBEB@ <H=> ;NM z :FAlBIB<:E :;;HNM (()L
>BG@ :;E> MH>xKI> GKD>E FH=>EL

/BG<> <H=BG@ BL H?M>G : ;HMME>G><D ?HK =PIEE-B@BGHKML
MH =H :@>GM ;:L>= FH=>EBG@ MABIEHH->GM <.G F.B> :@>GM
;L>= FH=>EBG@ FHK:<<>LLB;E> /NIIHL> z :F :LDBG@ E:N=> 2&
O>KLBHG MH <K>:M>*>M(H@H <H=> MH LBFNE:M> : IHINE:MBHG
H? :@>GMLG«HFER P:EDBG@HMKG= : LI:<> BM PBEE @HNB>KIA>
KE®:GM <H=>

)R ,K HFIM

2? J@F 8676CE6 '6E%@8@ 4@56 7@C 2 AQAF=2E:@? @7 ' 2867ED F
26 @?5@>=J >@:?8 2@F?5 :? 2 DA2E:2A6:4.E 6?@2>67E

E:N=> K>LIHG=>=

"6COW 2 4=62? '6E%@8@ :>A=6>6?E2E:@7? H:E9 D@>6 FD6BE= 762EFC

8=@32=D 0

DEGA D:K6
1

EFCE=687@
676BJ
1

E@ D6EFA
4=62C 2==
D6E DE6A D:K6

4®2E6 EFCE=6D'0
D6ENZ?5@> 14@CC5@> J4@C
D6E 4@=@C @ ®b@FRE8657 J6=HIADL?86 A:?7<1
D6E D:K6
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7T?@ERE O
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Cellular Automata
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zG MABL <A:IM>K P> PBEE

g =BL<NLL <>EENE:K :NMHF:M: :G= MA>BK :IIEB<:MBHGL

g >QIEHKMA> >F>I@>G<> H? <HFIE»:MM>KGLHIKLBFIE>
KNE>L

g L>>MA>=By>K<> ;>MP>>G L>IN>GMB:E :G= GHG L>JN>GMB:E
NI=:MBG@

+KB@BG:BER<>EENE:K :NMHF:M: :[IK  H:<A P:L BGMIN<>=
; R&HAG OHG *>NF:GGG= /M:GBLE:P 1E:F=NKBG@ MA> L :G=

L :M MA> (HL E:FHL *:MBHG:E (:;HK :MHKR <>EENE:K :NMHF:M:
BL : LRLM>F PBMA :G >GGBKRGM H? <>EEL MA:M <:G A:O> : EBFBM>=
GNF;>K H? LM:M>L O0BF> @H>R BG =B#> LM>IL <<HIBG@ MH
LHF> =>M>KFBGBLMB< KNE>LRLMA>>K<A>K PAB<A KMA>
L:F> ?HK >:<A <>EE MA> LM:M> H? : <>EE :MQWAMEE> LM>| =>|>G=L
HG BML3K>GM LM:M> :G= MA> LM:M>L H? :EE HNG-B&@ <>EEL :M
MA> [kL>GM MBF> LM>| 0A:KEMBG@ LNKIKBLBG @ ER=REGIEB<L
MA:MGHEO>=HIKMABL LBFIE> L>M H? KNE>L A:O> E>= L<AHE:KL BG F:GF
=BL<BIEBG>L MH LMN=R MA>@HRIE*B< ;>A:OBHK H? LRLM>FL LBG<>
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<A:G@> MA> LM:M® MGLBMBHG KNE>L PAB<A =>M>KFBG> MA> LM:M>
MA> <>EEL ?HK M@MG#BF> LM>1 #HKFEIE> B? MA> <>EE PBMA MA>
AB@A>LM I:RHy BG MA> G>B@A;HKAHH= BG MA> E:LM MBF> LM>| P
<HHI>KMHK <HHI=KI> BG MA>GM MBF> LM>|

GHMA>K Q:FIE> BL ?HK : <>EE MH :=HIM :G BAGBHG B? 4 4+>KM
H? MA> G>B@A;HKBG@ <>EEL A:O> :ELH :=HIME=NAM> BG <>EENE:K
:NMHF:M: : KNE> =>vG>L MA> LM:M> H? : <>EE L : ?NG<MBHG H? M/
G>B@A;HKAHH= H? MA> <>EE 0A> G>B@A;HKAHH= =>vG>>M#2> LIA>K
BGWN>G<> H? MA> <>EEL :G= MA> MRI> H? G>B@A;HKAHH= <:G :y><M
K>LNEML H? MA> LBFNE:MBHGL 0A> FHLM <HFFHG G>B@A;HKAHH=L
MPH =BF>GLBHG:E K@BO>G BG #B@NK
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L A:O> ;>>G O>KR LN<<>LL?NE L MASMRB<.:E FH=>EL H? <HRIIBMR
:G= A:0> ;>>G :IIEB>= MH =BO>KL> MHIB<L LN<A L E:G=NL> <A:G@>
:G= <:G<>K FH=>EBG@ zG M&=BG=>K H? MABL <A:IM>K P> PBEE
>QIEHK LHF> <E:LLB< <>EENE:K :NMHF:M: FH=>EL RHN <:G :ELH vG=BG
MA> *>M(H@H ERBSL
'3+5, /,+
&HAG HGP:R=>0O>EHI>= MA> <>EENE:K :NMHE#&: H? (B?> BG
":<A [:M<A <:G A:0> MA> LM:M> 0=>:=p HK dEEBO> p ":<A MB<D MA>
LM:M> H? :EE I:M<A>E Kl=:M>= L>JN>GMB:EBR> LM:M> H? MA> <>EE
=>[>G=L HG MA> LM:M> H? :M<A>L BG MA>)BHR@A;HKAHH= :G=
BMLRG LM:M>
3 > PBEE EHHD :M MA> FH=>g BB ®A> *>M(H@H KB iKHFINM>K
/<B>G<> >EENE:K NMHF:M: p 0A> KNE> MA:M =>vG>L MA> LM:M> H? M
I:M<A BL BFIE>F>GM>= BG MA> *>M(H@H FH=>E L

ifelse live-neighbors =3
[ cell-birth ]
[ if live-neighbors I= 2
[ cell-death ]1]1]


https://en.wikipedia.org/wiki/John_Horton_Conway
https://en.wikipedia.org/wiki/Conway's_Game_of_Life
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3A>K> EBO> G>B@APKIVKLM <:E<NE:M>=:L

set live-neighbors count neighbors with [living?]

0A> KNE> L:RL MA:M B?>MIK>K G>B@A;HKL :EBO> MA> |:M<A BL :EBO>
:G=B? MASKK> G>B@A;HKL :EBO> MA> LM:M> H? MA>FRA&A KIA>
L:F> :L MA> IK>OBHNL MB<D zG :EE HMA>K <:L>L MA> LM:M> H? MA> I
BL =>:=

0A> BGMNBMBHG ?HK MAHL> KNE>L BL MA:M :G :EBO> |:M<A LM:RL
MA>K:K> GHM MHH F:GR HMA>K :EBO> I:M<ANG K KD>KIHINE:MBHG
:G= GHM MA> EBMME> NG=>KIHINE:MBHG G=:=>:=|:M<A <HF>L :EBO:
B? MA>KBL MA> KB@AM :FHNGM H? :EBO> [IM<A>L BG MA
G>B@A;HKAHH=

*HP MKR HNM MA> FH=>E #HK *>M(H@H P>; O>KLBHAGK<EB<D
5HN <:G LM:KM PBMA :G BGE¥BE#BLMKB;NMBHG H? :EBO> :G= =>:=
I:M<A>L B5HN L>>: <HGMBGNHNL <A:G@> H? MA> LM:M>L :G= BM EH}
EBDMA> FHO>F>GM H? :MM>KGL HG MA>G<BABL BL :GFIE> H?
:G >F>K@>GM IA>GHF>GHG LBG<> MA> KNE>L =>vG> HGER MA> LM:M:
BG=BOB=N:E :M<A>L GHM N@#sKH:K:E> HNM<HF>L


http://intro2abm.com/Life.html
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0A>Ke K> F.GR >E>F>GML MHIEHK PBMA MA> FH=>E +GQ.FIE>

BL MH O:KR MA> BGBMB:E =>GLBMR H? :EBOs> MA=KG @<L H?

=>GLBMB>L H? BGBMB:E :EBO> [:M<A>L ?HK PAB<A MA> LRLM>F PBEE =
3 > PBEE 8HNL> MA> (B?> FH=>E :L : P:R MH =>FHGLINMK MA>

BFIHKM:G<> H? MA> MBFBG@ H? NI=:MBG@ BG?HKR:MBEE ZBHK

RHN L>> MA:M MA> [:M<A>E M=:M>= :<<HK=BG@ MH MA> PBE&EH

EBG>L H? <H=>

ask patches
[ set live-neighbors count neighbors with [living?] ]



). &I

ask patches
[ ifelse live-neighbors =3
[ cell-birth ]
[ if live-neighbors I= 2
[ cell-death 1]

+G> F:R MABGD MABL <HNE= ;> LBFIEBw»= EBD

ask patches

[ set live-neighbors count neighbors with [living?]
ifelse live-neighbors =3
[ cell-birth ]
[ if live-neighbors I= 2

[ cell-death ]]1]

3A:M =H RHN MABGD PHNE= A:lI>G :G= PARKR BM HNM

3A:M RHN PBEE L>> BL MA> =By>K>MP>>G L>JN>GMB.E :G= GHG
L>IJN>GMB:E NI==MBG@ zG MA> HKB@BG:E BFIE>F>GM:MBHG :EE I
P>K> NI=:M>= NLBG@ MA> LM:M> H? MA> |:M<A>L H20OBMNIKMB<D
%HP>0>K BG MA>PGBFIE>F>GM:MBHG MABL BL GH EHG@>K MA> <l
LBG<> MA> LM:M> H? G>B@A;HKBG@ |:M<A>L FB@AM ;> NI=M>= ;>?}
RHN <:E<NE:M> EBO> G>B@A;HKL ?HK MA> :M<NIRINNBG@ L :
K>LNEM RHN @>M O>KRGBYHKIM<HF>L

3A:M BL MA> <HKi1 P:R H? NI=-MBG@ O0A:M =>|>G=L HG MA> LRLM>F
RHN MKR MH LBFNE:M> 0A> @:F> H? EB?> P:L ;.L>= HG L>JN>GMB:
NI=:MBG@ :G=RHN =H GHM @>M MA> L:P>BEGE HNM<HF>L B? RHN
NL> GHG L>JN>GMB:E NI=:MBG@BEEXEHK MA> <HGL>JN>G<>L H?
HMA>K MRI>L H? NI=-MBG@ L>IN>G<>L BGHME>K BG MA> ;HHD

2+3+49'7> +22:2'7 :953'9'

OA> LBFIE>LM IHLLB;E> <>EENE:K :NMHKNMHG <HGLB=>K= MH
> BG HG> =BF>GLBHG PAMA> |:M<A A:L HGER : G>B@A;HK MH MA>
E>?M :G= MH MA> KB@AM :G= A.L MPIiGMBYMKM>L :G= *HP P>
<:G =>vG>>B@AM IHLLB;E> G>B@A;HKAHH=L



https://en.wikipedia.org/wiki/Elementary_cellular_automaton
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"'<A L>IN>G<>H? GNF;>KL k?>KL MH MA> E>?M G>B@A;HKBG@ |:M<
MA> |:M<A ?HK PAB<A MA> LM:i@:EBLM>= :G= MA> KB@AM G>B@A;HKBG(
:M<A #HK >:<A H? MA> [HLLB;E> LBMN:MBHGL P> <:G =>vG> MA>
HNM<HF> ;>BG@ HK #HRQFIE> F>:GL MA:M : I:M<A
PBMA MA> LM:M> :G= MPH G>B@A;HKBG@ |:M<A>L H-BG® @K
LM:M> BG MAQ&>MB<D PBEE ;>

3> =>vG> : KNE> L MA> HNM<HF> ?HK >:<A |[HLLB:E>
G>B@A;HKAHH=L #HXHE> MA>LH <:EE>= .NE> BL =>vG>= L

):77 +49 6'99+74

G>P LM:M> ?HK <>GM>K <>EE

/BG<> MA>KK> >B@AM IHLLB;E> G>B@A;HKAHH=L :G= [|HLLB;E> LM:M>L
MA>K :K>IHLLB;E> KNE>L /M>IA>G HE?K > QIEHK= MA>
<HGL>JN>G<>L H? MA> KNE>L LRLM>FMB<GEER> ?HNG=
BGM>KMBG@ >FKGM HNM<HF>L ?HK LHF> H? MA>F zG RIERK 3
B=>GMBv>= =BysBM <E:LL>L PA>G MA> BGBMB:E LM:M>L H? MA> |:M</
‘K> KG=HFER =>vG>=

E:.LL .:IIB=<HGO>K@>G<> MH : NGB?HKF LM:M>

E:.LL .IB=<HGO>K@>G<> MH>KMBMBO> HK LM:;E> LM:M>

E:LL /M:M>L KF:BG MH :11>:K K:G=HFER

E:LL #HKF:MBHG H? LMKN=MNE< I:MM>KGL

zG MA> *>M(H@H (BR HFINM>K /<B>G<>8 >EENE:K NMHF:M: RHN
vG= MA> FH=>E !>E>F>GM:KR EB<D HG L>MNGKHF :G= MA>G
HG @H :G= RHN @>M LHF>MABG/A EBRBPBIE @
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%H MH K= MABL BF.@> OA> MHHK <HGLBLML H? MA> HKB@BG:E
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MH <HHI=KI> HK =>?><M 0&>BL GH <HFFNGB<:MBHG ;>MP>>G MA>
:@>GML :G= MRHGER <HGLB=>K MA> F:M>KB:E I:RHy z? ;HMA IE:R>KL
<HHI>KM> MAR ;HMA ¥<>BO> : I:IRHy H? NGBML z? ;HMA IE:R>KL
=>7><M MR>HMA ¥<>BO>: I:RHy H? NGBM ®HO>K B? HG> IE:R>K
<HHI>KM>L :G= MA> HMA>K =>?><ML MA> <MHKK@>ML GHMABG@
:G= MA> =>?7><MHKKBO>L NGBML %>G<> L>BEMBXK:E :@>GML PBEE
=>7><M BG MABL @:F> OABL BL <:EE>=: *.LA >IJNBEB;KBNF G:F>=:?M>
&HAG *:LA zG OE> P>IK HOB=> MA> I:RHy F:MKBQ



https://en.wikipedia.org/wiki/Prisoner's_dilemma
https://en.wikipedia.org/wiki/Prisoner's_dilemma
https://en.wikipedia.org/wiki/Merrill_M._Flood
https://en.wikipedia.org/wiki/Melvin_Dresher
https://en.wikipedia.org/wiki/Albert_W._Tucker
https://en.wikipedia.org/wiki/John_Forbes_Nash_Jr.
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@>GM 8 @>GM !

3A>G MABL @:F> BL I>K?HKF>= PBMA ANF:GL PAMA> |:RHy BL
FHG>R P> =H GHM vG= MA:M :EE IE:R>KL =>?><M :EE MA> MBF> zG ?:
P> PHNE= GHM A:0> :G :=0:G<>= ANF.G LH<B>MR B? ANF:GL PHNE=
F:BGER =>?><M BG LH<B:E =BE>FF.L>0K>KF.:GR ILR<AHEH@B<:E
K>:LHGL PAR ANF:GL =H GHM ;>A:0> EBDR<AHI:MAL ;NM A:O>
?>>EBG@L HHKO:EN>L ?HBEHH<B:E GHKFL <HFFNGB<:M>
>QI>KB>G<> |IE>LNRKIF <HHI>KMBHG >M<

3 > PBEE GHM =P>EE HG MA> ILR<AHEHZRMBHGL A> M EHHD
:M MABL HKE>F ?KdF : FH=>EBG@ I>KLI><MBQz? I>HIE> BGNkiH
PBMA HMA>KL BG LH<B:E =BE>FF:L PAMAX<HG=BMBHGL ?HK PAB<A
P> L>> <HHI>KMBO> HNM<HF>L>3PBEE BEEW: MKBL PBMA MA> FH=>E
0,KBLHG®RKBE>FF: * ,>KLHG zM>KM>=p BG MA> *>MEH@KREBHHE=>K
/H<B:E /<B>G<> KBLH@&>BE>FF:. zG MABL FH=>E :@>GML P:G=>K
KG=HFER :KHNG= :G= >:<A MB<D :G :@>GM MKB>L MH vG=: .LKMG>K B(
: G>SB@A;HKBG@ I:M<A z? .G :@>GM BL EKMGHMA> :@>GM IE:RL :
,KBLHGHKIBE>FF: @:F> ":<A:@>GM A.L : LMKM>@R MA:M <HNE= M:D
BGMH :<<HNGM MA:R F&M NI :@:BG :G= MARF:R D>>| K><HKL
HG IKSOBHNL >G<HNGM>KL

#HK LBFIEB<BMED> E>MA:0> :@>GML PAH :EP:RL <HHI>I>
:G=  :@>GML PAH :EP:RL =>?><M 3A>G P> KNG MA> FH=>E P>
L>> MA:M MA> :0gke |:RHy ?HK =>?><MHKL BHNK= :G= MA>
:0>K@> I:RHy ?HK <HHI>KWMHKL BL ;;HNM  #B@NK OABL BL GHM
LNKIKBLBG@ LBG<> :@>GML PBEE ;NFI BGMHMHKIHKK>?><MIRK ;
>IN:E <A:G<> :G=: <HHI>KMHK PBEEXBO> PBMA : <HHIANHK
:KMG>K HK PBMA : =>?><MHK l:KMG>K :G= MA> =>?><MK<KBRBEE K

PBMA : <HHI>KMHK [:KMG>K HK PBMA : =>?><MHK |:KMG>K
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Average Payoff

5 L lrandom
B cooperate
BMdefect
Mtit-for-tat
- M unforgiving
2] Bunknown
&
[+
-2
x
0
0 Iterations 146

:8F®G *6DF=ED @7 2 D:>F=2E:@? @7 2867ED A=2J:78 W.@?26C
82>6D

zG ,HEBMB<:E /<B>GMBLMM Q>EHK= IN;EBLA>= MPH [:I>KL

PBMA MA>LNEML H? : MHNKG:F>GM KER= BGOBM>= <HEE>:@N>L
MH LN;FBM :G :E@HKBMAF ?HK : IE:R>K PAH PBEE BG : <HFINM>KBS
MHNKG:F>GM |E:R MA> KBLA®@BE>SFF: @:F>?HK K HNG=L PBMA
>:<A HMA>K IE:R>K L P>EE L MRGH.MKI>@R :G= : LMG@R H?
KG=HFER =><B=BG@ MH <HHWi>KK =>?><M 0A> PBGG>K H? MA> vKLM
KHNG= P:.L MA> F.MA>F:MB<:E ILR<AHEH@BMME .:.IHIHKM O0A>
LMKI>@ROBM ?HKMO P:.L MA> LBFIE>LM LN;FBMM>= :G= PHKD

?HEPH /M:KM PBMA <HHMRHG :G= B? MA> . KMG>K <HW=KBG

MA> [KOBHNIHNG= <HHI>K> :G= B? MA> :LKMG>K =>?><M>= BG MA>
E.LMHNG= =>?><M zG MABL FiR> LMKC@R LM:KML GBE:KKL
<HHI>KMBHG :G= INGBLA>L =>7?><MBHG L><HBISK H? MA>
MHNKG:F>GM P:L |IE:R>= PA>K>HIE> DG PAB<A LMW>@R PHG BG
MA> vKLMIKG= BGOBM>= <HGMKB;NNBH&LIHK>K :N=B>G<> .G=

=B= GHM A:O> : v GNF;>K H? K HNG=L ;NM : IiH;;;BEBMR MA:M


https://en.wikipedia.org/wiki/Robert_Axelrod
https://en.wikipedia.org/wiki/Anatol_Rapoport
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>:<A KHNG= <HNE= ;> MA> E:tMIG= @:BG 0BM ?HKRL MA> ;>LM
LMKI>@R

GHMA>K Lik@R MA:M P:.L =HBG@ P>EE P:L <NGE2HE®BOBG@ p
PA>K> .G :@>GM LM:KML PBMA <HilBHG ;NM PBEE LPBM<A MH =>?><MBt
HG<> MA> LKMG>K =>?><M>= HG<> O0A¥>I@K H? 0BM MK ®=
NG?HERBOBG@ EHHD MA> L:F> 0A> :@>GM <A><DL PA>MA>K MA> |:KV
=>?7><M>=R <A><DBG@ MA> BG?HKF:MBHG BG MA> I:KMG>K ABLMHKR
MA> [:KMG>K BL EBLM>=:L : =>?><MHK MA> :@>GM PBEE =>?><M PABI
I:KMG>K BL GHM EBLM>= L : =>?><MHK MA> :@>GM:RBEE <HHI>K

set partner-defected? item ([ who] of partner) partner-history
ifelse (partner-defected?) [
set defect-now?  true

11

set defect-now? false

]

0A> Ko:E =By>KG<> ;>MP>>G MA> LIMtK@B>L BLPAWAR NI=:M> MA>BK
ABLMHKR H? MA>BK I:KMG>KLn =><BLBHGL zG MA> BGBMB:EBS:MBHG
A:0>?:EL>ERBLM>= ?HK >:<A IHLLB;E> . KMG>K +G<>: MBM ?HK M:M :@:
IE:R>=: @:F> MA> ABLMHKR PBEE ;> NI=:M>= :EHG@ PBMA MA> =><BLE
H? MA:M @:F> zG <HGMKMA> NGEROBG@ :@>GM NI=:M>L MA> ABLMH}
B? MA> . KMG>K =>?><M>= A>G<> ;>BG@ BIGBBID

to tit-for-tat-history-update
set partner-history
(replace-item ([ who] of partner) partner-history partner-defected?
end

to unforgiving-history-update
if  partner-defected? [
set partner-history
(replace-item ([ who] of partner) partner-history partner-defecte
]

end

3 > GHP KNG MA> FH=>E PBMA >JN:E GNF;>KLGHE <HHI>K:MHK
=>?7><MHK MBM ?HK M:M :G@BCGBE8K 13>> MA:M MA> NG@BRKBG@
LMKI>@B>L E>= MH AB@A>K@©O*RHy MA:G MBM ?HK M:M #B@NK



). &I

..G=HF LMK :M>@B>L A:0> MA> PHKLM [>K?HKF:G<> 3AR =H P>
L>> NG?H®EBOBG@ ;>BG@ MA> MMIBMRABE> MBM ?HK M:M PHG MA
MPH MHNKG:F>GML zL MBM ?HK M:M GHM N¥>@RM>BAEKMA:M
BL GHM LH LBFIE> MH :GLP>K 0A> ;>LM>@K =>I>G=L I:.KMER HG
MA> LMK @B>L LN;FBMMR=HMA>K |E:R>KL zG #B@™NKL>> MA:M
B? P> XFH O> MA>®=HF LMKM>@RMA> MBM ?HK NiM @RKG= MA>
NG?HEBOBG@/B@R LM:KM MH ;><HF> >JN:E BG I>K?HKF:G<>

Average Payoff

5 “lrandom
Bcooperate
Bdefect
| Ultit-for-tat
- Blunforgivin
| 0l g g
o unknown
@\ -
[=1, .
oL
<
0
0 Iterations 40000

8F®B ,96 2G6C286 A2J@\ 7@C E96 ZBB8:6D F?<M® :D ?@E :?4=F565
@s6C E:>6
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Average Payoff

5 “lrandom
Bcooperate
Bdefect
| Ultit-for-tat
o | Mlunforgiving
s Bunknown
-
]
=
g - -
<
0
0 Iterations 50000

8F®G %:6 :8F®G 3FE ?@ 61 4=F5:?8 E9®C5@> DEXE68J

Q>EK= IN;EBLA>= BG ABL <E:LLB< ;HHD®DA» "OHENMBHG H?
HHI>K:MBHG p BG PAB<A A> LMH{EHKBG@ :EE DBG=L H? O:KB:MBHGL
LMKI>@B>L BG =BBM ?HKFL :@>GML <HNE=0B#R._ E>= MH : PAHE>
v>E= H? BGO>LMB@:MBHG H? MAHNL:G=L H? IN;EB<MBHOIMASK
LBFNE:MBHG P:L NL>= MMEHK AHP <HHI>KMBO> LMK@B>L <HNE=
>0OHEO> HK I>KLBLM BG O:KBHNL MRI>L H? @:F>L PBMALEB\B:KE
BGM>IBHG <HFI>MBMBHG HENMBHG HYt@B>L =ByaM MRI>L
H? BG?HKF:MBHG :0:BE:;E> MH MA> IE:R>KL >M<

3BMA MA> FH=>E P> A:0> NL>= BG MABIE> RHN <HNE=QIEHK
LHF> BGM>KMBG@ O:KB:MBHGL MHH 3A:M B? :@>GML PBMAHNM [:K
D>>l FH OBG@RvKtEL MAHL> PAH A:O> @HH=<KKL :G=:P:R ?KHF
MAHL> PAH A:O> ;= k<HKL 3A:M :@>GML <:G LAXBG?HKF:MBHG
;HNM MA>BK ABLMHKR H? HMA>K :@>GML

"+ 2'7 52 75(2+3

KB:G _KMANKL :G ><HGHFBLM PAH A:L ;>>G BGLMKNF>GM:E BG
<HGG><MBG@ <HEEMR MA>HKR PBMA ><HGHFB<L %> BL IKBF:KE


https://en.wikipedia.org/wiki/W._Brian_Arthur

). &I

DGHWG ?HK ABL LMN=R H? MA> BFl.<ML H? IHLBMBO> ?>>=;<D E
><HGHFB<L PAB<A IIAHAHP LF:EE KG=HF > O>GML <HNE= :y><M
PAB<A IKH=N<ML =HFBG:M> MA> FEKD 3> PBEE =BL<NLL MABE:BGK
<A:IM>K zG MABL <A:IM>K P> PBEE EHHD HVE>FKKB:G KMANK
?HKFNE:M>= BG >:KER PAB<A BIP@EGHPG L MA>'E #:KHE K
IKH;E>F

0A> F:BG @BLM H? MAE;HKF BL MA:M I>HIE> A:O> MH ED
=><BLBHGL NG=>K NG<>KMPBBMRP> H?M>G LMBEE L>> : <>KMBG HK
BG MASIKNEML "E#EBL : ;:KBG/.GM: #> *P)> QB<H 1/ PAB<ABL
MA> BGLIBIBHG ?HK MA:ESF $BO>G BL : vGBM> IHINE:MBHG * "O>KR
OANKL=:R GB@AM :EE * :@>GML =><B=> MH @H MHBMA% 'BG%
"E #:KHE BL JNBM> LF:EE BM PBEE GHMQ>RRE®? «HF>L BM PBEE ;>
MHH #R=>= 0A>K>?HK MA> [IK?>KG<> H? :EE :@>GMI=KvG>=:L

z? MA> LAXKH? MA> IHINE:MBHG :M MA> ;:K BL E>LL MA:G MA>G
MAR K> A:ll R PABE> B? MA<>&M:@> H? MA> IHINE:MBHG :M MA> ;:K
BL FHK MA:G H? MA> :@>GML 3 KNGA:Il R

*HM> MA:M MAHE>F P.L 7HKFNE:M>= BG MA> >KER L : MBF>
;>?HKe FH;BE> IAHG>L :G= MA> .LLNFIMBHG BL MA:M :EE :@>GML F:D
=><BLBHGL :M MA> L:F> MB> MH <HF> HK GHM z? :EE :@>GML A:0> MA>
=>M>KFBGBLMBHNK*>®RMAR :EE PBEE >G= NI :M AHF> /BG<> BM BL :EE
‘M MA> ::K HK :EE :M AHF> +G> <:G =>vG> LMH<A:LMBk-@W®B%L L:R
:@>GML wBIIBG@ <HBGL MA:M <HNE= E>:= MH :G :MM>G=:Gxk MA:M F:
:@>GML BG MA> ;:K AR FHLM H? MA> MBF> 0A> FH=>E BG MA>*>M(H@H
EB;KR "E #:KIE BG MA> /H<B:E /<B>G<>L ?HE=>K =>MHGIBMIM
PHNE= A:lI>G B? :@>GML A:0> =>M>KFBGBLMB@BMK :NM GHM :EE
:@>GML A:0> MA> L:F> LMK@R

LMKM>@R BL : FH=>E MH-3RB<M :MM>G=:G<> :L>= HG MA>

IK>=B<M>= :MM>G=:G<> BHKA:G HK GHM MA> :@>GM PBEE =><B=>
MH @H HK GHM 0A4=B<MBHG BL ;:L>= HG H;L>KO:MBHGL H? I:.LM MB<DI
:G= :EE :@>GML A:0> MA> L:F> BG?HKF:MBHG H? |.LM :MM>G=:G<> ;NN\
F:R NL> =By>kGM LNkKe@B>L MH>3iB<M :MM>G=:G<> ?HK 2NMNK
KHNG=L OA> LM>@R BL ?HKFNE:M>=:L

IM < QMKk Mk QMKk ‘M r QMk
))+.5/26" :Mk)"+.5/z6"



http://intro2abm.pressbooks.com/chapter/diffusion-of-innovations/
http://intro2abm.pressbooks.com/chapter/diffusion-of-innovations/
https://en.wikipedia.org/wiki/El_Farol_Bar_problem
https://en.wikipedia.org/wiki/El_Farol_Bar_problem
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@>GML K:LLNF>= MH A:O> : GNF;>K H? LMM>@B>L GNF;>K
LMKI>@B>L ME+B<M MA> ?RMNMKMA> ;:>@BGGBG@ H? MA> LBFNE:MBH(
‘EE :@>GML @>8B>IGNF;>K LMKI>@B>L BGBMBIE@BKLEBD

set strategies n-values  number-strategies [random-strategy]

PA>K> G O:EN>L @>GMKL : EBLM H? E>G@MA GNFEME@BKL
<HGM:BGBG@ O:EN>L <HFINRI3K>M>=ER KNGGBG@ MWIKM>K
KG=HF LMKM>@RG IG=HF LMKM>@RVIA> P>B@AML H? >:<A H? MA>
LMKI>@B>L>KKG=HFER @>G:M>= ;>MP>>G :G=

to-report random-strategy
report  n-values  (memory-size + 1)[ 1.0 -random-float 2.0

end

INKBG@ >:<A MB<D MA> :@>GM <A>H0 IBMEHH? LM#>@B>L MH

L>> PAB<A LNMc@B>L ;>LM>HB<ML MA> H;L>KO>= ABLMHKB<:E I:MM>KC(
0OA> ABLMHKB<:E H;L>KO:MBHGHFKK >= PBMA >:<A LIk @R BG MA>
IHKM?HEBH H? MA> :@>GM :G= MA= @R BK MAXNIMBR PBMA MA>
;>LM vM PBMA MA> ABLMHKB<:E H;L>KO:MBHGL

repeat memory-size [
set prediction predict-attendance the-strategy sublist h
set score score + abs (item (week - 1) history - predictior
set weekweek + 1

]

3A>G MA> :@>GM F*L : IK >=B<MBHG RINE> MA> ;>LM IMK@OR MA:M
>QIE:BG>= MA> [[LM :G= NL> MABL MK E:IK >=B<MBHG :;HNM MA>
?NMNK

set prediction predict-attendance best-strategy sublist hist

PA>K> LN;EBLM>M>L : LN;EBLM H? MA> EBLM ABLMHKR :L BGINM ?HK
KIHKM>K K=B<M :MM>G=:G<>

to-report predict-attendance [strategy subhistory]



). &I

3BMA MABL FH=>E P> <:QIBEHK MA> ;>G>vM H? FEKFH=>EL BG
RHNK IHKM?HEBH :G=>FARLMHKB<:E =:M: BG RHNK F>FHKR BL 3BEE
FHK> =:M: :G= FH=>EL E>:= MH ;>MM>K |I>K?HKF:G<> BBFNE:M>=

KNGL ?HK  MB<DL ?HK : GNF;>K H? =By>kM F>FHKR LBS>L
:G= L>O>KE FH=>EL :G= EHHB :M MA> :MM>G=:.G<> :M MA> ;K ‘M
MB<D #HK >:<A LBFNE:MBHG P> <A><D PA>MA>K MAHL> PAH P>GN\
MH MA> ;:K P=KA:ll R #B@NK LAHPL MA:M B? :@>GML A:0> HGER
HG> LNM>@R:K @H>KL ik GHM A:lIR =N> MH®PKKIP=BG@ 3A>G
P> A:0> :;;HNM LMKV>@B>L :G= : F>FHKR H? MH MB<DL P>
L>> MA> ;>LM [>K?HKF.G<> H? H? MA> MBF> :@>GML BG MA> ;:K BL
All R zGM>KMBG@ BL MA:M FHK>EL K GHM G><>LL:KBER ;>MM>K
OABL FB@AM ;@tE:BG>= R MA> H;L>KO:MBHG MA:M PBMAHEHEL
MA> ;>LM LMK@R BL MA> HG> PAH ;>LM =>FHG:MKIA> |:.LM :G=
PBMA F:GR FH=>EL MH vM MABL F:R E>:= MH LPBM<ABG@ MA> PA
MBF> ;>MP>>G FH=>EL PAH ;>LMQ:BG>= MA> [.LM ;NM=>KGHM
G><>LL:KBER ;HNLM IKk=B<MHKL ?HK MA>NMNK

09
08
07
06
05
04
03

Fracrion of happy agents

02

01

0
12 3 45 868 7 8 9 1011 12 13 14 15 16 17 18 19 20

Number of strategies

8F® C24E:@? @7 D:>F=2E:@7?D @322AR&6CD 56A6?56?E @? E96 ?F>36C
@7 DIEB8:6D 2?5 E96 =6?8E9 @7 >6>@CJ

0A>Ke :K> F:GR O:KB:MBHGL MHEHK 3A:M B? :@>GML PAH =H GHM @H
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MH MA> ;:K =H GHM A.:0> I>K?><M BG?HKF:MBHG :;HNM MA> :MM>G=:G<>
MA> ;:K E:LM P>>D 3A:M B? :@>GML PBMA MA>BK ?KB>G=L LLNFBG@ :(
:K>BG : LH<B:E G>MPHKD <:G*MK>BK BGM>GMBHGL MH @H MH MA>
PBEE MABL BB IK-=B<MBHGL 3A:M B? GHM :EE :@>GML @H MH MA>
>0>G MAHN@ARINABGD BM <HNE=>:M @G<> LHF>MABG@ <:F> NI
A><D HNM : O:KB:MBHG H? MA> FH=>E :G= E>MAFPAMHRHN vG=

1:337>

zG MABL <A:IM>K P> =BL<NLL>=: L:FIE> H? <E:LLB< FH=>EL H? LH<B:E
=RG:FB<L zG :EE MAHL> FH=>EL :G :@>=GMBLBHG KNE> =>|>G=L
HG MA> LM:M> H? MA> :@>GMR MK GHM :G= MA> :@@K>= LM:M>
H;L>KO>= :HNM HMA>KL GNF;>K H? G>B@A;HKL GNF;>K H?
<HHI>KMHKL GNF;>K H? ;K OBLBMHKL O0A> :@>GML :EE A:= LBFIE>
K>:<MBO> KNE>L MH EH<E <N>L E>:=BG@ HVAS>EIMM>KGL H?
LH<B:BE®:G<>

+,+7 +4)+8

KMANK 3KB:G zG=N<MBO> .>LHGBG@ :G= HNG=>=
..MBHG:EBM®®KB<:G "<HGHFB< .>0Bp k

Q>EHK= .H;>KM "y><MBO> AHB<>BG MA> KBLHGHBE>FF:
&HNKG:E H? HGwB<M .>LHENMBHG

Q>EK= .H;>KM JHK > "y><MBO> AHB<> BG MA> KBhHG>K
IBE>FF: &HNKG:.E H? HGwB<M .>LHENMBHG

Q>EK= .H;>KM 0A> "OHENMBHG H? HHI>MBHG *P 5HKD
‘LB< HHDL /<A>EEBG@ 0 )H=>EL H? L>@K >@:MBHG>KB<:G
"<HGHFB< .>0OBP k

/I<A>SEEBG@ OAHF.L IRG:FB< )H=>EL H? />@kK@:MBHG
&HNKG:E H? ):MA>F:MB<:E /H<BHEH®R k
/I<A>EEBG@ OAHF:.L )B<KHFHMBO>L :G= ):<K;>A:0OBHK

*HKMHG
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Movements and Patterns

+ > 54)+698
zG MABL <A:IM>K P> PBEE

q L>>AHP LF.EE <A:G@>L BG KNE>L HO:f#GM E>:= MH O>KR
=By>KGM F: <Kl E®>E I:MM>KGL

g E>KG MA:M MA> L:F> FBKE®>E KNE>L <8KH=N<>
H;L>KO>= LI:MB:E :MM>KGL H? =Bg&KLI><B>L

g H;L>KO> MA:M :@>GML :=CNLMBG@ M&F>GRIB HG> P:R
H? <HFFNGB<:MBHG :G>¥> >F>K@>GM [:MM>KGL

zG MABL <A:IM>K P> EHHD :M : O:KB>MR H? FH=>E@P&ML_ F&>
‘KHNG= E>=BG@ MH >@>iGM LI:MB:E :MM>KGL zG MAHL> FH=>EL MA>
:@>GML PBEERBHM : <>KM:BG LI>>=:G= =><B=> PAMH FHD> GQM
0A> >Q:FIE>L LAHP MA> =By=GM <HGL>JN>G<>L HPAWH F:D>
=><BLBHGL PA>G MHOBHPA>K !><BLBHGL <:G>E:M> MH <N&KI
:G=|:.LM IHLBMBHGL H? HMA>KL H;L>KOs<MEBRKHK OB: 3B&B{GM:E
<N>L

25)1/4-5, 5/*8

#EH<DL H? LM:KEB&IAHHEL H? vIA&O> F>LF>KBS>= F:GR H?
NL PBMA MA>BK <HBIERG:FB< I:MM>KGL MoH MAHL> :GBF:EL



https://www.youtube.com/watch?v=iRNqhi2ka9k&feature=youtu.be%5D
https://www.youtube.com/watch?v=K0LABzJxCg8

)+ 2")*0/ %L 00".*/

<AHEH@K\ MAHL> <HFIE>XQ =RG:FB<L %H =H MAR <k:M> MAHL>
:MM>KGL PBMAHNM A:OBG@ >H@&K&K HK E>:=>K PAH =BKML
PA:M MH =H PA>G :G P> LBFNE:M> MAHL> |:MM>KGL NLBG@ LBFIE>
KNE>L HGER
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H? MA> :KM H? FH=>EBG@

3A>G P> M:ED :;HNM NLBG@ FH=>EL2HKK<(A P> MRIB<:EER P:GM
MH NL> : FH=>E MH =>KBO>>FB&LB@AML :;HNM : LI><Bi¥>K<A
IJN>LMBHG !>VGBG@ : @HH>:K<A JN>LMBHG BL HG> H? MA>LAMK
:LI><ML H? MA> FH=>EBG@ <R<E>#B@NKFHG P:R BL MH LM:KM
PBMA MA>HKR :G= =>vG> PA:M JN>LMBHG <HNE= >:L>=KPBMA
.G :@>GM ;.L>= FH=>E JN>LMBHG E£BBAR =H GHM FHHK>HIE>
:=HIM :G >E><MKB< O>AB<E>p BL =Bx<NEM MH :GLP>K PBMA G :@
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;:L>= FH=>E LBG<> BM BL :G >FIBKB<:E JN>LMBHG ?HK PAB<A RHN G>
MH =H LNKR*:L>:K<A HK BGM>ROBBMA IHM>GMB:E ;NR>KL H? <:KL
%HP>0>K P> <HNE= :==KL : JN>LMBHG EB®:L>= HG HNK
NG=>KLM:G=BG@ H? <HGLNF>K ;>A:OBHK :G= ABLMBKB<+R MK
L:E>L PA:M <HNE= ;> IHM>GMB:6MKH? >E><MKB< O>AB<E> L:E>L BG M/
<HFBG@ R>:KL p OABL JN>LMBHG <HNE= 3#tl>=K R : O:KB>MR H?
FH=>EBG®@ :IIK:<A>L BG<EN=BG@ LM:MBLMB<:E FH=>EL JN>LMBHG |
?H<NL>L FHK HG MA> :@>GM ;.L>= FH=>EBG@ F>MAH=HEH@R PHNE-
?H<NL HG LH<B:E BGWN>G<> :G= LH<B:E G>MPHKB LMHN-BGEEK
RHN PHNE= A:O>EK®:GM =:M: ?HK MAHL> <HFIHG>GML

3A:M :K> LMKI>@B>L MA:M <HNE= A>El RHN MH =>vG>HGB#1>
KoL>:K<A JN>LMBHG .>:= IN;EB<:MBHGL H? FH=>EBG@ LMN=B>L BG Rt
BGM>KM :K: :G= L>> PA:M DBG= H? JN>LMBHGIRN#=K>LL $HH=
KL>:K<A IJN>LMBHGL NLBG@ :@>GM ;:L>= FH=>EL ?H<NLPHG AH
F><A:GBLFL :y><M MA> ;>A:0OBHK H? :@>GML :G= MA>BKGFZGRKE
BFl:<M HG MA> HNM<HF> H? BEM>KABL BL GHM LNKIKBLBG@ LBGx<
:@>GM ;;L>= FH=>EL :Kk =>vG>= ;R MAHL> F><A:GBLFL MA>
:E@HKBMAFL MA:M =>vG> MA> :<MBHGL H? MA> :@>GML

<HFFHG FBLM:D> BL MA:M HG> kKB8O>L : FH=>E L : DBG= H?

OBKMNEHEBMR :G= =>vG>L JN>LMBHGL MA:M <:G HGER- Lt =—=}R
>FIBKB<:E H;L>KO:MBHGL H? MA> :<MN:E LRLM>FL FH=>BG8G3K
MA> <HGL>IN>G<>L H? :E@HKBMAFB< LM:M>F>GML :G= RHN F:R =>KI
:G NG=>KLM:G=BG@ H? PAR <>KM:BG ;3E:BBHGBLFL :K> FHK>
LNBM:;E> ?HK HG> MHIB< <HE:KIH :GHMA>K PsHO>K RHN <:GGHM
NL> :G :@>GM ;:L>= FH=>E MH :GLP>K =BKM JN>LMBHGL :;HNM PAR
I>HIE> RHN KIK>L>GM BG MA> FH=>E A:0> <>KM:BG ;>EB>?L :G=
FHMBO:MBHGL OA> ?:<M MA:M P> FH=>E :@>GML PBMA : |:KMB<N
:E@HKBMAFB< LM:M>F>GM BL : F:CHK LBFIEBv<:MBHGHE>AH
:<MN:EER F:®=><BLBHGL :G= PAR I>HIE> F:D<>KM:BG =><BLBHGL BL
GHM LHF>MABG@ P> <.G :GLP>K<NEHK®HP>0>K : KL>:K<A>K F:R
=>KBO> : ;>MM>K NG=>KLM:G=BG@ H? : LRLM>F :G= @>M : @HH= B=>:
PA:M >FIBKB<:BK>:K<A BL G>>=>= MH :GLP>K :G >FIBKB<:E JN>LMBHG
HG MA> FHMBO:MBHGL H? =><BLBHG F.DBG@
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BF®G &@56=:78 4J4=6 2D65 @7? :&BFC@7 *2:=D324< 275 !C:>>

+G<> P> AI0> =>VG>= : K>L>K<A IJNSLMBHG P> <G =>vG>
ARIHMA>L>L PAB<A PBEE A>El ?HKFNE:M> PA:M HNMINML MH BGO>LM
:G= PA:M F><A:GBLFL MH BG<EN=> BG : FH=>E #MRIE> 0oBL KB:E
=BL<KBFBG:MBHG MA> *HHS RHK L>@@&:MBHG (H M>LM MABL P>
<HNE= HGER =>KBO>@®EHG BG : FH=>E PA>®>GML KHGER
0A:ll Rp B? MA> F:CHKBMR H? MA>BK G>B@AHKEKL MASF 0A>
FH=>E H? /<A>EEBG@ =>FHBIEMKIA:M L>@XMBHG :ELH A:lI>GL B?
:@>GML KvG> BG EBOBG@ BG G>B@A:HKAHHMAPASEHKBMR BL
=By>KGM P MA>F

*HP P> A:0> : ;>MM>K B=>: H? MA> JN>LMBHGL PMHEBBL> P>
LM:KM:2KIBG@ : FH=>E ELH AB# BL A>EI?NE MH EHHD :M IN;EB<:MBH(
H? FH=>EL EBDIA> HG> RHN P:GM MH BFIE>F>GM zG ?:<M z PHNE=
LN@@>LM RHIEB<:M> HG> HK FHRH=>EL KE:M>= MH RHNK MHIB< H?
BGM>KM LH RHN @>M : ;>MM>K B=>: ::HNM PA:M DBG= H? FHENEL :K
MASK :G= MA> <A:EE>G@>L HMA>KL RBKB>G<>= zM BL GHM NGNLN:E
?HK FH=>E>KL MH ;©»KER HIMBFBLMB< BG MA>BK :F:BMBM®L 0A>K
@>MMBG@®EBMR <A><D HG MA> =>M:BELQELMBS@ FH=>E PBEE A>EI
=>KBO> : FHK K>:EBLMB< L<HI> ?HK MA> FH=>EBG@ :<MBOBMB>L

G BFIHKM:GM @NB=>EBG>?RBE&IQ : FH=>E BL M DA> FH=>E
‘L LBFIE> :L IHLLB:E> :NM GH LBFIE>K MA:G MA:M OABL BL >:LB>K L:B=
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MA:G =HG> zG ?:<M LBFIE> FH=>EL=Rx<NEM :G= MBF> <HGLNFBG@
MH <RM PABE> BM BL >:LR MW><kKHFIEB<:M>= FH=>EL /BFIE>
FH=>EL MA:M <:IMNKWA> >LL>G<> H? MA> MHIB< H2IBGN&SKIA>
K>LNEML H? F:GR BMBHKGL H? MBBO@ PBMA MA> FH=>E L LN<A
FH=>EBG@ BL :G :KM &8IMBG@ : L<NEIMNK I:BGMBG@ PAKA>
NEMBF:M> L<NEHHINKI:BGMBG@ <HGLBLML H? ERIKNLASL NHO-Lp
MH OBLN:EBS> MA> >LL>G<>

1L> wHP <A:KML MH #K MA> <HGG><MBHGL ;>MP>>G MA>
<HFIHG>GML MA:M RHN P:GM MH FH=>E 3AMMK> ?>>=;<D
IKH<>LL>L 3A:M :K> MA> M>FIHE :G= LI:MB:E L<:E>L 3A:M :K
MA> DBG= H? :@>GML RHN BG<EN=> :G= MA>BK ;.LB< =><BLBHGL
BGM>IBHGL

'GHPBG@ MA:M FH=>EBG@ Bk>lK =H@M LI>G= :EE MBF> HG MA>
=KPBG@ ;H:Kk %:0BG@ =HG>IEB<:MBHG H?>EMM>= FH=>E HK
;:NBE=BG@ HG >GBHNL LMN=R A>EIL RHN GHM H#KMKR<A
ZFIE>F>GM RHNK vKLM B=>:.L :G= RHN F:R vG= HNM MA:M RHNK B=>:L
FB@AM ;> E>LL ;KBEEB:GM :L :LLNF>= 0A> FH=>EB&@®LIKMA>
IKH@RFBG@ :G=L>>BG@ MALIKEML H? :LLNFIMBHGL RHN F:=> BL
: E> KGBG@HK>LL MA:M A>EIL RHNMBENG> MA> FH=>E LMKN&=MNK

+G<> RHN A:O> :G BGBMB:E O>KLBHG H? MA> FH=>HI=K : IK
:G:ERLBL zG MA> >G= RHN F.R LI>G= BHWBF> HG FH=>E :G:ERLBL
<HFI:K >= PBMA <H=BG@ MA> FH=>E "QHH¥E> <HG=BMBHGL H?
MA> FH=>E :G= M>LM PA>MA>K MA> FH=>E PBBE=-NVBBEMXGM
HNM<HF>L #HKQFIE> PBEE RHN @>M :GML ?HKEBEI@BWKMA>
IASKHFHG>L >0O:IHK:M> BFF>=B:M>ER? MA> IHINE:MBHG BGx=K
PBEE MASLKNK> =RG:FB<L ?HEEHQI><M>= M&=L 3A:M B? MA>
IHINE:MBHG @>EL BGdks MPB<> L ?:LM

3A>G RHN LM:KM A:OBG@ <HGv=>G<> BG MA> PHKDBG@L H? MA> FI
RHN <:G LM:KMG>EHIBG@ : FHKHKF.E :G:ERLBL ;LB< :G:ERLBL
PBEE ;> : L>GLBMBOBMR :G:ERLBL RPMNKO:KR [:K->M>KL
LRLM>F:MB<:EEHRN <:G LM:KMR; O:KRBG@ MA>H:#1>KL HG> R HG>
MH B=>GMB?R PAB<A>M&¢KL BFI:<M MA> FH=>E HNM<HF>L FHLM
IN;L>IN>GMERRHN <:G LRLM>F:MB<:EER O:KR MPHNtKKL HK =H :
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<HFIK>A>GLBO> O:KB:G<> ;:.L>= L>GLBMBOBMR :G:ERBBE 3BL<NLL
LHF> >Q:FIE>L BG MA> <HFBG@ <A:IM>K

IN<A : L>GLBMBOBMR :G:ERLBL PBEE A>El RHN NG=>KLM:G= MA> F
>MM>K :G= F.R E>= MH :=CNLMF>GML BG MA> FH=>B>8K >
Ko<HGLB=>K MA*:KK<A JN>LMBHG RHN :K=K>LLBG@ +MA>K MRI>L
H? :G:ERLBL <HNE= ;> =HGEKI>= MH MAstKK<A IJN>LMBHGL RHN
A:0> :G= PA>MA>K RHN A:0> JN:EBM:MBO> HK JN:GMBM:MBO> =:M:
>0:EN:M> RHNK FH=>E

-N:EBM:MBO> =:M: <:G ;> NL>= MH BG?HKF MA> :LLNFIMBHGL :;HNM
MA> FH=>E F><A:GBLFL #H<NL HBK =BL<NLLBHGL <HNBEO>K=
<>KM:BG KMB<>L H? RIAHNL>AHE=L F:B MA>BK <AHB<>L H&MH
<HI> PBMA HNK> L<:i<BMBHN F:R =>KBO> BG?HKF:MBHG :;HNM MA>
DBG= H? :=IM:MBHG :M¥4®B>L :O:BE:;E> :G= <:G NL> MA> FH=>E MH
>QIEHKAHP P>EE LN<A = IM:MBHG :M#@B>L <HI> PBMA =BLMKB;NMBHGI
H? KLHNK> :O:BE:;BEBNMIR-G PBMA JN:EBM:MBO> =:M: RHN <45 F.D
JN:GMBM:MBO> FH=>E zG ?:<M F:GR BGLB@AML P> A:OHE-NMBO>= ?K
>Q:FIE> FH=>EL BG IKOBHNL <A:IM>KL>KIN:EBM:MBO> G:F>ER AH
IA>SKHFHG>L BFI:<M FHO>F>GM H? .GML REMAL K> ?HKF>= AP
L>@K@:MBHG :G= wH<DBG@ I:MM>KGL <HNiE= >hK

z? RHN A:0> JN:GMBM:MBO> =:M: RHN <:G NL> MABL ME-<MER> =BK
I:K :F>M>K O:EN>L AK H;L>KO:MBHGL LN<A :L MA> H;L>KO>=:FHNGM
H? DBEH®KI? VLA <<N@AM PA>G VLABG&KKMBHG:EER RHN F:R
NL> MA> F>.G HK =R ?KHF :G >FIBKB<:EER BG?HKF>HIJBEBMR
=BLMKB;NMBHG -N:GMBM:MBO> =:M: <:G :ELH ;> N:ENWMWE RHNK
FH=>E %W =H MA> FH=>E HNM<HF>L F:M<A PBMA MA> >FIBKB<:E
H;L>KO:MBHGL zM BL :<MN:EEROBH{GM PA:M P> F>.G PBMA :
d~:M<A p /NIIHL> RHN A:O> : FH=>E MA:M @>G¥KL MA> P:M>K NL> H?
AHNL>AHE=L =H P> F>:G PBMA : @HH= F:M<A : <EHL> HZBF:MBHG
H? MA> LBFNE:M>= :G= :<MN:E F>:G P:M>K NL> I>KBKR=H P> P.GM
MH NL> MA> M>FIEK:MM>KGL =NKBG@ MA>P=3DL HK FHGMAL
HK M:® BGMH :<<HNGM MA> AHNL>AHE= MRI>L z? P> BG<EN=> FH
BG?HKF:MBHG MEEN:M> MA> F:M<A =H :EE DBG=L H? BG?HKF:MBH!
P>B@A MA> L:F> HK =H LHF> DBG=L H? BG?HKF:MBHG P>B@A FHK

zG : EXM>K <A:IM>K P> PBEEHGM LHF> Q:FIE>L H? <:EB;#{MBG@
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: FH=>E MH RIE:BG >FIBKB<:E H;L>KO:MBHGL :GP LAH> H? MA>
<A:EE>G@>L BEEN:MBG@ FH=>EL PBMA >FIBKB<:E =:M: >LB=>L ?HKF:E
JN:GMBM:MBO> M>LME MA=ELH LN;C><MBOH<KLL>L LN<A L
=>KBOBG@ 7?>>=;<BIP?PK>E®:GM LM:BDHE=>KL HKO>G =HBG@ :
ONKBG@ M>LM PBM#MHEEDKL PAH XK:LD>= MH <AHHL> ;>MP>>G
LBFNE:M>=:G=XKE =:M: zG MA>>G= MABKX GH HG> H;C><MBO> P:R MH
=>vG> PA>MA>K RHNK FH=>E BL : @BH>K>GM:MBHG H? MA> H;C><M
H? RHNK LMN=R =HBG@ LRLM>F:MBXEN:MBHGL :G= =>KBOBG@
?>>=;:<D ?KIF =By>K>GM QI>KML BG<EN=BG@AHEE>KL RHN F:R
H;M:BG FHK <HGv=>G<> ;NM BMFBGL : LN;C><MBO®:EN:MBHG

3A>G RHN =H : LRLM>F:MB< FH=>E :G:ERLBL NLBG@ =:M: HK GHN
> <KBMB<:E :;HNM RHNK FH=>E z :F :EP:RL A>LBM:GM MH MKNLM |
HNM<HF>L H? MA> FH=>E :G= G>>= MH ?NEER NG=>KLM:G= PAR z (
<>KM:BG HNM<HF>L BR MAXGHG BGMNBMBO> /BG<> MA> FH=>E BL CI
: L>M H? EH@B<:E LM:M>F>GML RHN><CGMIRAR RHN @>M MA>
HNM<HF>L RHN @>M. RHN F:R ;> LNKIKBL>= R LHF> FH=>E
KSLNEML ;NM BG MA> >G= RHN G>>= MH NG=>KLM:G= PAR :G= MA> FH=
HNM<HF>L LAHNE= GHM ;> LNKIKBLBG@ :M :EE

INKBG@ MA>HK>LL H? BFIE>SF>GMBG@ MA> FH=>E BM BL : @HH
IK:<MB<> MH LM:KM =H<NF>GMBG@ RHNK FH=>E $HH==H<NF>GM:MB}
:G :@>GM ;:L>= FH=>E BL GHM >.LR LBG<> MAHL> FH=>HMIRIR<:EER
;> RHG=: L>M H? >IJN:MBHGL HMH<HE MA:M <:G A>El RHNMHEHP
@HH= LRLM>F:MB< =H<NF>GM:MBHG BL IKIASHMH<HE>L<KB;>=
BG =>M:BE BG $KBFF >M E +!I! LM:G=L ?HK 0+O>KOB>
I>LB@G HG<>IML :G= I>M:BEL 0A®*KOB3K HOB=>L BG?HKF:MBHG
?HK PA:M MA> FH=>E BL :;HNM MA>G : =>L<KBIMBHG H? O:KBHNL <HG<:
;>ABG= MA> FH=>E :G= vG:EERBL<NLLBHG H? =>M:BEIFIHBRE>L
H? MA> FH=>E #B®@&NK

0A> +O>KOB>LM:KML PBMA =>vGBG@ MA> ,NKIHL> H? MA> FH=>E
3A:M BL MA>>K>:K<A JN>LMBHG MA:M BL>EH=K= ;R MA> FH=>E
'GHPBG@ MA>LK:K<A IJN>LMBHG PBEE A>EIlN#AK NG=>KLM:G=
PAR LHF> =>LB@G =><BLBHGLF:K> LN<A :L LBFIEBv<:MBHGL H?
IKH<>LL>L MA:M FB@AM ;> BFIHKM:GM ?HK-HMA=K BN>LMBHGL

*> QM P> =BL<NLL MA> <HFIHG>GML H? MA> FH=>E LN<A :L MA> MRI>
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H? :@>GML :G= I:M<A>L RHN BG<EN=> BG MA> FH=>E L P>EE :L M/
BFIHKM:GM :MMKB;NM>L H? MAHL> <HFIHG>GML>3AWA¥ M>FIHIE
:G= LI:MB:E L<:E>L H? MA> FH=>E 3A:M>:KIA> @EH;:E O:KB:;E>L H?
MA> FH=>E B?:GR

3A>G P> =>L<KB;> MA> [K<>LL ©>KOB=>G= L<A>=NE> BM PBEE ;>
A>EI?NE MHXK: wHP =B:@# :;HNM AH P MA> O:KBHNL <HFIHG>GML
:G=IKH<>LL>L H? MAHL> <HFIHG>GML BGMPBMA >:<A HMA>K 3A:M
K> MA> :<MBHGL MA> FH=>BEIM:RKBG @ >:<A MB<D

0A> I>LB@G <HG<>IML =>L<KB;> : GNF;>K H? ;.LB< <HG<>IML MA:M
PBEE A>El MA>=KK AHP MA> FH=>E BL BFIE>F>GM>= H :@>GML
E>KG Ik=B<M MA> :<MBHGL H? HMAXIE;AKL H? @KINIL 'H>L
MA> FH=>E BG<EN=> LMH<A: LB kL :G= OHENMBHG

0A> =>M:BEL H? MA> FH=>E LM:KM PBMA : =>L<KBIMBHG H? MA> E
<HG=BMBHGL H? MA> FH=>E 3AMAK BGBMB:E O:EN>L H? MA> :MMKB;NN\
H? MA> :@>GMLPAK> MAR :EEH<:M>= HG MA> E:G=L<:|> PA:M BL MA>
BGBMB:E F>FHKR HK@WHK

z? RHN A:O> BGINM =:M: PA:M BL MABL =:M: ‘BBIAMWABL =:M:
=>KBO>=

#BG:EBRHN =>L<KB;> LN;FH=>EL EB{H<>=NKL BG *>MEH@H OABL
<HNE= ;> =HG> NLBG@ F:MA>F:MB<:E >IJN:MBHGL H? IL>N=H<H=>
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2+3+4985,9.+ 67 595)52

,NKIHL>
HT+ < "GMBMB>L LM:M> O:KB:;;E>L :G=L<:E>L
JKH<>LL >KOB>G= L<A>=NEBG@

I>LB@G <HG<>IML

:LB< IKBG<BIE>L
"F>K @>G<>
=:IM:MBHG
+:C><MBO>L
(>:KGBG@
,K>=B<MBHG
/I>GLBG@
zGM>MBHG
/MH<A:LMB<BMR
HEE><MBO>L
+;L>KO:MBHG

+8/-4 )54)+698

2 0 0 0o 0 0 0 o0 o0 o Q9

zGBMB:EBS:MBHG
+9'/28 zGINM ©:M:
IN;FH=>EL

8FG (G6CGHH @7 E9% ( AGQE@4@=7@C 56D4C:3:?8 &D

0A>+!l |[K HMH<HE BL @NB=:G<>BG =H<NF>GMBG@ : FH=>E 1LBG@
+1IK  HMH<HE BL GH @Ni*> MA:M RHN A:O> @HH= =H<NF>GM:MBHG
+?M>G z GHMB<> MA:M FH=>E>KL NLBG@ MAMH4YHIE =>L<KB;> MA>BK
FH=>EL BG PHK :G= G>@E><M MA> NL> H? F:MA>F:MB<:E >JN:MBHGL
IL>N=H<H=> :G= wHP =B:@{L OAHL> E:LM BM>FL K <KBMB<E
BG =>L<KB;BG@ RHNK HHEMKIN<MNK= =>M:BEL LH>BI MA>F
BG<EN=>=

3A>G RHN A:0> =H<NF>GM>= RHNK FH=>E RHN <:ABO> RHNK
FH=>E <H=> :G= =H<NF>GM:MBHG ><KFF>G=>= FH=>E :K<ABO>
BL MA> HFINM:MBHGE )H=>E (BRK H? H)"/ *>M
AMMIL PPP<HFL>L G>M <H=>;L>L K<ABOBG@ RHNK PHKD A>EIL
HMA>KL ;NBE= HG RHNK PHKD :G= ENX RHNK ?NMNKE? :ELH A:L
MA> =>M:BEL H? PA:M RHN A:0> =HG>



https://www.comses.net/codebases/

4Z*$ 1. %  3z0% )+1"(/

#BG:EBRA:M =B= RHN E>:KG :;;HNM MA> FH=>EBG@ELIK 3N F:R
MABGD MA:M RHN =H GHM G>>= MA> FH=>E>:GRFHRKIN A:O> :
FN<A ;>MM>K NG=>KLM:G=BG@ H?HVEASHRHN P>k FH=>EBG@ zG
PKBMBG@ NI : F:GNL<KBIM :;HNM MA> FH=>E >FIA:LBS>DMAK<K
IJN>LMBHGL :G= ?H<NL HG MA> FH=>E :G:ERLBL BG BS® MA>
KoL>:K<A IJN>LMBHGLHN =H GHM A:0> MH BG<EN=> :EE =>M:BEL BG
F:GNL<KBIM :G= FHD> : EHM H? MA> M><AGB<:E =>M:BEL BG :G :[I>G=BQ

1:33'7>

zG MABL <A:IM>K P> =BL<NLL>= MA> :KM H? FH=>EBG@ :G= LHF
IK:<MB<>L MA:M F:R A>El NL> FH=>EBG@ MH_L=RKINK>K>:K<A
JN>LMBHGL .>IEB<:MBH®&BRMBG@ FH=>EL BL NL>?NE MH =>KBO> : @}
NG=>KLM:G=BG@ H?K<A KE:M>= MH RHNK BGMEKG= BFIKO>
RHNK *>M(H@HHIKKFBG@ LDBEEL

+,+7 +4)+8

$KBFF 2HEBK 1M: >K@>K 'HG:E=( !> G@>EBL$:&R ,HEABEE &KE
$BLD :G= /M>0>G #.:BEL;:<D 0A> +!! IK HMH<HE >RBP
:G=VvKLM NI=:M> "<HEH@B<:E )JH=>EBG@

$KBFF 2HEBK /M®>G #..BEL;;<D AKBLMB:G " 2BG<>GHM 1M>
>K@>K K$.EE:@A>K 'HG:E= ( > G@>EBL KN<>"=FHG=L &B:JB
$> &KE $BED& K>G $K>GHO>E= EB<>/ &HAGLMHG )BEE>L
&:<H;*:;>*B>EL>G & $:KKR ,HEABEE 2BDMHKBB: ..=<AND ):KB> /HIAB>
.HAP[=>K .B<A:K= /MBEEF:G &:G O0AB>E> :G=!.GB>E REE"G
0A> +!II' K HMH<HE ?HK I>L<KB;BG@ @>GM :L>= :G= +MA>K
/BFNE:MBHG )H=>EL /><HG= 1I=:M> MH zRHO> E:KBMRIEB<:MBHG
:G= /IMKN<MNKK.>:EBLF &HNKG:E H? KMBV<B:E /H<B>MB>L :G= /H<B:I
/BENE:MBHG

BEL;:<D /M>0>G #:G= 2 HEBK $KBFF @>GM :L>= :G=
zG=BOB=N:E :L>= )JH=>EBG@ :<KIB<:E zGMK<MBHG ,KBG<>MHG
1GBO>KLBMRLIK



https://www.jasss.org/23/2/7.html
https://www.jasss.org/23/2/7.html
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Stochastic Processes

+ > 54)+698
zG MABL <A:IM>K P> PBEE

g E>KG AFMH @>GMe KG=HF GNF;>KL BG *>M(H@H

g "QI>KB>G<> MA> =By&k> ;>MP>>G K=HF NI=:=MBG@ H?
:@>GML :G= NI==MBG@ BG=vRK>K

zG MABL <A:IM>K P> PBEE EHHD :M CZKBHKL B? KG=HFG>LL
BG *>M(H@H RHVH BFIE>F>GMG=HFG>LL BG *>M(H@H :G= MA>
<HGL>JN>G<>L H? =Byp&M =BLMKB;NMBEHEHHBD BGMH MABL ;><:NL>
:@>GM ;:L>= FH=>EL :k E:K@>ER LMH<A:LMB< GHGEBG>:K LBFNE:MB
FH=>EL MA:M>BNBK LHIABLMB<:M>= LRLM>F:MB< :G:ERLBL zQNMA> G>
<A:IM>KL P> =BL<NLL MHHEL ?HK LRLM>F:MB< :G:ERLBL zG MABL <A
P> ?H<NL HG MA> ;:LB<L H? MA> LMH<A:LMB<BMR BG :@>GM ;:.L>= FH=>
'‘4*53 :3(+78/4 +95-5
0A> ;:LB< <HFF:G= BG *>M(H@H MH @=>@I>KKG=HF GNF;>KL
BL G=HF ..G=HF F>.GL MA:M :G BGM>@>K O:EN> BLGEHFER
=KPG ?KHF MA> L>KB>L r z? RHN MRI> BG LAHP
KG=HF BG MA> <HFF:G= <>GM>K MA>G RHN PBEE @>M >GBly>K
O:EN> ®>KR MBF>
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Command Center

observer> show random 100
observer: 58

observer> show random 100
observer: 26

observer> show random 100
observer: 55

observer> show random 100
observer: 45

observer> show random 100
observer: 31

observer> show random 100
observer: 41

observer> show random 100
observer: 8

observer> show random 100
observer: 84

observer> show random 100
observer: 86

B8F®G +4GB67DI@E @7 @>>275 467E6C 27E6C 67E6C:?8
D@ @?5@> G2C:@FD E:>6D

z? RHN P:GM MH LBFNE:M> MH wBI : <HBG RAKIKL>GML A>:= :G=
M:BE RHN PBEE A:0> MK PAB<A @>GkeL O:EN>L :G=
z? RHN P:GM MH @>M>KO:EN>LHAK MH RHN PBEE A:0> MH
LN;MKM : O:EN> ME MA> IHLBMBO> O:EN>L @46=>R MA>G=HF
?NG<MBHG EBB® KG=HF k OKR BM HNM
L P> =BL<NLL>= BG A:IM>K : KG=HF GNF;>K BL :G HNM<HF>
?KIF : =>M>KFBGBLMB< ?NG<MBHG z? RHN LM:KM MA> ?NG<MBHG |



). &I

L:F> GNF;>K RHN PBEE @>M MA> L:F> L>IN>G<4N .G M>LM MABL ;
VKLM =>vGBG@ MA> O:EN> HBNMAB L>>= ; R L:RKG=HF L>>=
BG MA> <HFF.G= <>GM>K 0A>G EHHD :M MA> GNF;>KL MA:M :1I>:K B?
RHN NLXAH KG=HF : ?>P MBF>L *HP MRI> BBG=HF L>>=

‘@:BG :G==H :@:BG : MBF>LLAHP KG=HF 5HN PBEE @>M
MA> L:F> L>IN>G<> H?2G=HF GNF;>KL :LB<:EERP>A:=K>L>M MA>
L>IN>G<> H?KiG=HF p GNF;>KL PA>G P> INM B&G=HF L>>=
MA> L><HG= MBF> ELH ABKI BL @HH= MH MKR BM HNM :G= M>LM MA:|
F:R @>M : O>KR =BysBM L>IN>G<> B? RHN NL> : =Bg#KO:EN> ?HK
KG=HF L>>=

z? RHN P:GM MH A:G:EKGNF;>KL BGLM>:= H? BGM>@>K GNF;>KL RHN
A:0> MH NLKG=HF wH:M 3BMAKG=HF wH:M MA> GNF;>KL PBEE ;>
>MP>>G :G= FHK >IK><BL>ER BG MA>BGM>KO:E 7

+99/4- :)1> /4 )5453/) 1>89+38

:G RHN ;><HF> : FBEEBHG:BKR <A:G<> %>K P> LAHP : LBFIE>
FH=>E LN@@>LMBG@ MA:M BM BL IHLLB;E> /NIIHL> MA:M :@>GML w
<HBGL ":<AKNG= MA@N>LL PA>MA>K : <HBG MA:M PBEE ;> wBII>= BL
: A>=HK : M:BE EE :@>GML I:R | =HEE:KL MK E:PM ?M>K MA>
<HBG BL wBII>= MA> :FHNGM H? RRIGSHEE><M>H?KMA> ?>>L PBEE ;>
=BLMKB;NM>=:FHG@ MAHL> PAB<MEKRIKB<M>= MA> <HBG wBlI

%H =H P> BFIE>F>GM MABL FH=>E BG *>M(H@H ":<A MB<D MA>
:@>GML vKLM R : ?>> MH MA> IHHE :G= =>M>KFBG> MA>BR @N>LL
wBIIBG@ : <HBG #EBIIBG@ : <HBG BL FH®ES=HF PAB<A
IKHOB=>L O:EN>L :G= PBMA >JN:EHKBEBMB>L

ask turtles [
set earnings earnings - price
set guess random 2

]

0A> LBS> H? MA> IHHE BL >JN:E MH MA> ?>> MBF>L MA> GNF;>K H? :@>(
:G= MA> HNM<HF> H? MA> <HBG wBI BL =>R&S=HF

let pool nr-agents * price
set coinflip random 2
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*HP ?HK :EE :@>GML P> <A><D PASMARK@MLL>= <BKKIER MA>
HNM<HF> H? MARBGWBI

ask turtles [ ifelse guess = coinflip [ set correct? 1][ set c¢

OAHL> :@>GML PAH <BHKMER3KB<M>= MA> HNM<HF> H? MA> <HBG wBI
>:KG :G >INEE LA H? MA> IHHE 3M>LM PA>MA>K MA> GNF;>K H?
:@>GML PAH F:=> <HIKKM Ik=B<MBHGL B@EKMA:G $+KIH :OHB=

MA> NGEER IHLLB;BEBMR MA:M P> BOBAB<A BL GHM EEEH

let poolshare 0

if (count turtles with [correct? = 1] > 0)[ set poolshare pool
ask turtles [

if correct? =1

[ set earnings earnings + poolshare]

]

/H PA:M BL MA> HNM<HF> P> <:QI><M +G :O>K@> MA> >:KGBG@L
PBEE ;> SHKOA>kK BL GH FH&G® <HFBG@ BGMH MA> LRLM>F L P>
<:G L>> BG MA> LBFNE:MBHG H? :@>GML ?M>K MB<DL MA>
=BLMKB;NMBHG EHHI#:NHRB:G =BLMKB;NMBHG



) - +& */["*

histogram
500

0

-500 500

:8F®@ DEC:3FE:@? @7 62C?:?8D 27E6C E:4<D

%HP>0>K B? P> EHHD :M MA> F:QBFNF >:KGBG@L H? :@>GML BG N
IHINE:MBHG P> L>> MA:M MABL F:QBFNFIID @HBG@ NI zM =H>L
GHM @H NI FHGHMHGHNLER LBG<> EN<DR :@>*@MB>8<> LHF>
KHNG=L H? GHM PBGGBG@ PAB&EIKMA> 6>E H? MA> > KGBG@L

*> O>KMA>E>LL #B@MPL MA:M :M E>:LM HG> H? MA> :@>GML BL O>K
EN<DR :G=>:KGL : AB@A :FHNGM H? >:KGBG@L
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Maximum
520
v

#
J:,\.f"\l\;"l'.'\n

a

Y

ff\-'k,m Lh ; al

il
;mm“ 'f'.,-"" v rf

0 10500

8F®B  &2I:>F>62C?:?8D :? E96 AQAF=2E:@"?

0A> ?:<M MA:M HG> <:G >KG : ERVKA:G<> BL MA> IKBG<BIE> H?
EHMM>KB>L :G= <:LBGHRR 8A¥@> : LF:EE ?>> MH@IGBS> MAHL>
>0>GML L:R H? MA> <HGMKB;NMBHG MH MA> IHHE :G= B? P> BFIE>F>
MABL MAXHKGBS>KL PBEE @>M H? =HEE:KL H? MA> >ML I>K
KHNG= PAB<ABL =HEE:KL IFHNG= M MA>>G=H? MB<DL MA>

>LM >:KG>K >:KG>= LHF>MABG® EBBEE:KL ;NM MA> iKXGBS>KL

> KG>= =HEE:KL +; OBHNLBRA> FH=>E F:D>L LHF> LMHG@
'LLNFIMBHGL LN<A :L EHL>KL LM:RBG@ BG MA> @:F> zM BL GHM LNKIK
<:LBGHL IKOB=> 2 =KBGDL :G= HMA>K :F>GBMB>L ?HK MA> @:F;E>KL M
LM:R :G= <HGMBGN> MH IE:R LBG<>MRBE®G>K H? :EE MA>L> ;>ML BL
MA> H&:GBS>K
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histogram
500

0
-500 500
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Maximum
295 A
) 'hﬂf ¥ '.‘ [T )
llwl l]n W “mﬂﬂ ﬂMH
}h. . )
Jr .r‘ll ‘Fhﬁ”fl ﬁlh th
TRV f
fp’ f ‘l!i;

0 10500

8F®  &21:>F>62C?:?8D :? E96 A@QAF=2E:@7? H9682®®6CD 86E 2 766

'‘4*53%  '218

0A>Ke :K> =By>KGM P:RL MH FH=>E MA>GH>GM H? :@>GML HG :
E.G=L<:I> *H P P> IK>L>GM : LBFIE> FI®>F>GM FH=>E :G= LAM
MA> <HGL>JN>G<>L H? =B@M :LLNFIMBHGL

0A> FH=>E BL :L ?HEEH G :@>GM FHO>L LMK@AM PBMHA;IKBEBMR
IKH;LMIB@AMG= B? BM =H>L GHNDFHNB@AM BM PBEE MNKG KB@AM F
: KiG=HF GNF;>K H? =>@K>L :G= BM PBEE MNKG E>?M:GBNA : K
GNF;>K H? =>@¥L OANL LK :F>M>KL =>vG> MA> FB>F>GM
IKH;LMIB@ANG= =>@¥>L

0A> ;:LB< <H=>BG *>M(H@H EHHDBL EBD

ifelse random-float 1 < probstraight [
fd 1

Il
rt random degrees
It random degrees



). &I

fd 1
]

IBy>K>GM O:EN>L H?HKMIB@AM :G= =>@K <G E>= MH O>KR
=By>KGM ;>A:0OBHK :L P> L>> ;>PH3 > D>>| MK<D H? MA> I:M<A>L

MA:M MA> :@>GM OBLBML LH MA:M P> <:G OBLN:EBS> MA> |:MA H? L:F
MB<DL

ask patches [ set pcolor scale-color green freq 0 maxfreq]

zG MA> M:E> ;>EHRHN L>> [HLLB;E> IMM>KGL =2%@¥>L BL

MA> :@>GM BL F.BGERBE@ IB&AM F.DBG@ LF:EE :=CNLMF>GML 2z?
=>@¥>LBL :G= IKH,LMBB@ABL E>LL MA:G MA>:@>GM BMEG@
‘KHNG= IG=HFER BG : LF:EE K

Degrees\ | 0 0.45 0.9
probstraight i

20

90

360

B8FG®G  +A2E:2=>@6>67E A2EE6C?D 56A6?56?E @ 2>AE6CD
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IH =By>K>GM FKD>F>GM KNE>L BFIl:<M MA> HNM<HF>L H? : FHE>E O
BEENMAKMABL P> BFIE>F>GM MAXBH>GM KNE>L =>L<KB;>=QH
BG MA> N@%NGMHENMBHG FH=>E PAB<A <:G ;> ?HNG= BG NKKB<NE:
JH=>E8" $(" "OHENMBHG H? MA> *>M(H@H )H=>KREEE& MABL
FH=>E P> A:O> ;N@L :G= ;BKL N@L FHO> :KHNG= :M =By>iGM
LI>>=L :G= LEHP ;N@L :K> FHK> EBIER MH ;> <:N@ARN ; KG=HF
BKe L : <HGL>JN>G<> P> <:G >QI><M MA:NOHENMBHG: KR.ILKIEL
PBEE BSkK MA> ®©HENMBHG H? ?:LM>K :N@L PAB<A PBEE LMBFNE:M:
>OHENMBHG H? ?:LM=*K ;BK

3 > KIE:<> MA> <H=> H? FB>F>GM BG MAH#e=NK PB@@E> PBMA
MA> KG=HF FH O>F>GM KNE> NL>= % PAB<A =>|>G=L HG MA>
O:EN>L H2>@¥>L :.G= IKH;LMEB@AN > PBEE LN;L>IJN>GMER M>LM MA>
BFI:<M HG MA>GHENMBHG H? MA> LI>>= H? ;N@L :E=3BKKNG MA>
FH=>E MBF>L ?HK MB<DL ?HK LG>KE =By>KGM <HF;BG:MBHGL
H? I:K:F>M>K O:EN>L ?H&@¥K>L :G= IKH;LMIB@AN= L>> AHP MABL
BFIl:<ML MA>QHEO>= LI>>= *HM> MA:M P> A:= MA> L:F> tIGM>K
L>MMBG@L ?HK ;HMA MASBKIA> N@QL #B@NKAHPL MA:M PA>G
N@L FHO> :KHNG= FHK EH<:EER AB@@&¥>L :G= EHP O:EN> H?
IKH.LMBB@AMVA> :0>@> LI>>= @H>L NI z? MRPHNE= GHM B
?.LM MAHL> |:R>M>K L>MMBG@L BBEMA> :N@L :M MA> L:F>
EH<:MBHG :G= ;> : M@&>MR MA> ;BK %>G<> PA>G FHD>F>GM KNE>L
E>= :N@ MH A:0> FBKEH<:E F@>F>GML MAHL> PAH EDB@ @>K
LM>IL PBEE A:0> :®@BENMBHG:KR :=0:GM:@> 3KHIMIB@AHKL
>IJN:E MH :G= :@>GML MAMIDFH OBG@ BGB®IKM EBG>L P> =H
GHM L>> :G GHENMBHG:KR :=0:GM:@> H? @HBG@ ?:.LM>K 3A>G ;N
FH O> EH<:EEBM BL GHM @HENMBHG:KR :=0:GM:@> MH @H O>KR ?:L
:G= MASK?HK P> L>> MA> LI>>= H? ;BK =KHIIBG@ : ;BM PA>G MA>
IKH;LMIB@ABL BHMH :G= =>@¥>L BL AB@A
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I:K :F>M>KL =>@¥>L :G= IKH,LMIB@AMH OHEO>G#K MBF> 3A:M
PHNE= ;> MA> GHEO>= FBF>GM |:IMM>KGL 'H MA> BBF>GM
I:K :F>M>KL :EP:RL *OHEO> MH LBFBE:K O:EN>L HK =H P> L>> LHF>
=BLMBG<M EM>KG:MBO> :MBEMGRNKK MA> OHEO>= FBE>F>GM
:MM>KGL =By>&GM ?HK BKG=;N@L

29+74'9/;+ /897/(:9/548

/H ?:.K P> =BL<NLL>=:&=HF :G= K:G=HF wH:M PAB<A :Kk
NGB?HKF =BLMKB;NMBHGL *>M(H@H LNIIHKM O:KBHNL HMA>K =BLMKB

*HKF:E =BLMKB;NMBHG

0A> GHKF:E =BLMKB;NMBHG BL : PB=>ER :lIEB>= =BLMKB;NMBHG :(
=>vG>=; R MA> F>.G :G= LM:G=:K =>0B:MBHG

random-normal  average stdev

0A> =BLMKB;NMBHENK>L O:EN>LHKFBGNL BGVvGBMR MH IENL BGVGBMF
:G=BL LRFF>MKB<

,HBLLHG =BLMKB;NMBHG

0A> HBLLHG =BLMKB;NMBHG BL =XR@®#=>;F>:G :G= IKH=N<>L
IHLBMBO> BGM>@>KL zM BL MRIB<:EERKMNL>MKH IK;;;BEBMR H?
: GNF;>K H? >O>GML BG : <>KM:BG BGM>KO:E LN<A :L MA> GNF;>K F
>F:BEL K<>BO>= =NKBG@ MA> E:LM AHNK

random-poisson mean

$.FF: =BLMKB:NMBHG

0A> @:FF: =BLMKB;NMBHG BL : O>KR :@=BtKIKB;NMBHG MA:M <:G
IKH=N<> : JNBM> =BO>KL&@> H? LA:I>L H? MA> =BLMKB;NMBHG
=>[>G=>GM HG MA> O:EN>L H? :EIA: :G= E:F;=: zMH¥N<>L IHLBMBO>
K>:E GNF;>KL

random-gamma alpha lambda

"QIHG>GMB:E =BLMKB;NMBHG

0A> "QIHG>GMB:E =BLMKB;NMBHG BL #J@&4= F>.G :G= BL :
IKH;:;;BEBMR =BLMKB;NMBHG MA:M =>L<KB{2bIMABGHRAB<O>GML
H<<NK <HGMBGNHNLER :G= BG=>I>G=>GMER :M : <HG@# BM>0>K



https://en.wikipedia.org/wiki/Normal_distribution
https://en.wikipedia.org/wiki/Poisson_distribution
https://en.wikipedia.org/wiki/Gamma_distribution
https://en.wikipedia.org/wiki/Exponential_distribution
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ZM BL : LI><B:E <:L> H? MA> @:FF: =BLMKB;NMBHE=G=<# IHLBMBO>
K>:E GNF;>KL

random-exponential mean

1:33'7>

JHLM :@>GM ;:.L>= FH=>EL :K LMH<A:LMB< LBFNE:MBHG FH=>EL
0A>K?HK P> IKHOB=> : GNF;>K H? @:FIE>L BG MABL <A:IM>K MH
=>FHGLMI> MA> =By>&M P:RL MH BFIE>F>GM LMH<A:LM&=Ik>L
BG *>M(H@H MH @AMGAKMH<ALMB>SML BG MBF> :G= LI:<>
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Sensitivity Analysis

+ > 54)+698
zG MABL <A:IM>K P> PBEE

g @>M ?:FBEB:K NLBG@ >A:0BHK/I:<> MH KNG : *>M(H@H FH=>E

q >QI>KB>G<> AHVH NL> >A:OBHK/l:<> MH =H : L>GLBMBOBMR
‘G:ERLBL H? : FH=>E

g E>KG AFMH ©:EN:M> AMF:GR KNGL :K> LNx<B>GM MH @>M
KEB:;E> LM:MBLMB<L ?HK FH=>E :G:ERLBL

3BMA L>GLBMBOBMR :G:EREBEKRHKMA> :G:ERLBL H? MA> HNM<HF>
H? MA> :@>GM ;:L>= FH=>E ?HK =B@GMK:LLNFIMBHGL OABL <HNE= ;>
=By>KGM I:KF>M>K O:EN>L ?HK =ByG#f ?NG<MBHG:E ?HKFL =>vG>=
?HK LI><Bv< F><A:GBLFL BG MA> FH=>E OABHG ?HK =HBG@ MABL
:G:ERLBL BL MH =>KBO> : ;>MM>K NG=>KLM:G=BG@ H? MA> FH=>E :G=
KH;NLM MA> FH=>BEIMNEML >KMH :EM>KG:MBO>L PBMABG@#AH XK
NG<>KM:BGMR H;M:BG : ;>MM>K NG=>KLM:G=BG@ HE:WB=GLABI
>MP>>G =By>¥GM LLNFIMBHGL MH B=>GMB?R?KMA> L>GLBMBOBMR
H? MA> FH=>E :G= B=>GMB?R <HFIHG>GML H? MA> FH=>E MA:M <HNE-
LBFIEBv>=

OH =H : IKHI>K L>GLBMBOBMR :G:ERLBL P> vKLM #MFHEAMK



). &I

*>M(H@H MHHE >A:0OBHK/l:<> PAB<A PBEE :NMHF:M>HJARLIKI?
KNGGBG@ F:GR LBFNE:MBHGL :G=4+MHBG : <LO vE> 3 =BL<NLL
AHP MH B=>GMB?R MA> FBGBFNF GNF;>KI*H#BKIBO> FH=>E KNGL
LNx<B>GMER MH @E&H:;EK> LM:MBLMB<L H? MA> O:KB:;BEBMR H?
HNM<HF>L H? :G :@>GM ;:L>= FH=>E

5 <95 #8+ +.,/5716")+

>A:OBHK/I:<> BL : MHHE H? *>M(H@H MH :NMHF:MB<:EER &NG : E:K
GNF;>K H? LBFNE:MBHGL :G= <HEE><M MA> =:M: MA:NBGMMNK>=
BG BG : M VE> :G=HK %6E vE> >A:0OBHK/l:<> <:G ;> ?HNG= BG
*>M(H@H NG=>KIBIEL

>?HK> P> @H ?NKMA>K BM PHNE= ;> NL>?NE MH @>MHFAYA>E ?K
EB;iKR MH KNG LHF>KBF>GML ?HK :G :<MN:E FH=>=EPBEE L>E><M
MA> ;:LB< MK FH=>E ?KHF MA> *>M(H@H EBK /H<B:E /<B>G<>
OKx< :LB<

OABL FH=>E LBFNE:M>L : GNF;>K H? <KL MA:M A:0O> >:<A : LBFIE>
L>M H? KNE>L O0A> <:KGFHL MF E>?M MH KB@AM PBMA : <>KM:BG LI>>:
:G= LEWPL =HPG B? BM L>>L : <:K <EHL> :A>:= :G= LI>>=L NI :@:BG
B? BM =HrRMGL>> : <K :A>= 0A> FH=>E AL MPH [:KF>M>KL
=><>E>KIBHG :G= <<>EMBHG PAB<A =>vG>L PARP.LM : <K
K>=N<>L LI>>= :G= LI>>=L NI 0A> <:K :ELH A:L : FBGBFNF LI>>=

:G=: F:QBFNF LI>>= 3A>G P> KNG MA> FH=>E P> L>>
MA:M MKC:FL>F>K @> #B@NKAHPL MA> LBFNE:M>= >GOBRGM
PA>K> MA> <KL MA:NDBM MARK:M MA> KB@AM PBEE >GM>K :M MA> E
:@:BG L LN<A : @I H? <:KL BL =KBOBG@<BGL<BB= M C:FL
>SF>K@>

R&EK & & & Sodh o & & & &% & o &

BFG®G +4GB67?DI@E @7 ERRH,>@56= ,96 C65 42C :D E96 7@42=42C :? E96
G:DF2=K2E:@? @BBBSKD

3A>G =H P> @>M MK C:FL PBMAHNM :<<B=>GML HK HMA>K
H;LMKN<MBHGL /BG<> <KdMKMH >:<A HMA>K :G= A:0> =ByGM
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LI>>=L : LEHP>K <:K MA:G MA> HG> ;>ABG= BED MA> <K ;>ABG=
=><>E>KI> [/BG<> =><>EMBHG :G= <<>EMBHG XK GHM
BGLM:GM:G>HNL MA> BGRHGL ;>MP>>G <KL E>= MH MA>
>SF>K@>G<> H? DL H? <KL PBMA PHH>>= #B@NK LAHPL MA:M

‘M MA> >@BGGBG@ H? MA> LBFNE:MBBIGL NZ=>RKE&NE:KBNER

?M>K ;HNM  MB<DL MA> <:K LM:KML <MBGR G= =><>BHBG@
IK>=B<M:;ERA> vKLM I:KM H? MA> LBFNE:MBHG BL PA:M P> <:EE : P:KF
NI I>KBH= 0A> BGBMB:E <HG=BMBHGL BGBMB:E EH<:MBHG :G= LI>>= |
=>vG> MA>H.NEML NGMBE P> @>M : :MM>KG RWGs=I;KF>M>KL

H? MA> LBFNE:MBHG #BI@NIRL MA> :0>I@> LI>>=H? <:KL :G=A:L
:LBFBE:K :IMM>KG

Car speeds

1.1 Mred car
Bmin speed
Emax speed
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0 time 739
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Average speed car

0 715
8FG®G  ,96 2G6C286 DAG65 @7 42CD 5FC:?8 E96 D:>F=2E:@"7

INIIHL> P> P:GM MH >QIEHK PAB<A O:EN>L H? =><>EBKIG :G=
<<>E>HWIBHG MA> LI>>= H? MA> <Kt AB@A P> A:0> MH KNG MA>
FH=>E ?HK =By>&M |:KF>M>K L>MMBG@L :G= F>1:NKA> :0>>
LI>>=H? MA> <KL :?M>K L:R  MB<DL /BG<> MBEK MH<A:LMB<BMR BG
MA> FH=>E P> PBEE KNG MA> FH=>E FNEMBIE> MBF>L L:R MBF>L ?}
>:<A 'K :F>M>K L>MMBG@

zGLM>:= H? =HBG@ MABL F:GRXEPBEE NL> >A:OBHK/l:<> $H

:@:BG MH >A:0OBHK/l:<> BG oMHHEL p 3A>G MARBAEERKS IHIL
NI

@ BehaviorSpace
Experiments:

New Edit Duplicate Delete Run
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EB<D HGGeP p 3> PBEE 8HR>G>KI> MA> L>MMBG@L ?HK KNGGBG@
>QI>KBF>GM zG #B@Mk L>> MA:M MA> @EH;:E O:KB:;E>L BG<EN=BGG
MA> LEB=>KL HG MAs>G<KK> EBLM>= BG MA> EBLM H? O:KB:E>L R}
<:G O:KR OA> O:EN>L @BO>G MA> =>?:NEM O:EN>b ELH L>>
MA> GNF;>K H?>#>MBMBHGL P> P:GM MH KNG MA> FH=>E ?HK >:<A
I:K :F>M>K L>MMBG@

0A>G P> L>> MA> BG?HKF:MBHG P> PBEE L:OQRGENMKIEE VE>
0A> =>?:NEM BIHNGM MNKME>L p

3 > <:G LMHBKBG?HKF:MBHG ?HK >:<A MBF> LM>| HK HGERBEWA>: K
MA> >G= H? MA> LBFNE:MBHG )>:KNIGL :MG>KR MBF> LM>|

0A> L>MNI <HFF:G=L =>vG> MA:M MA> <HFF:G= L>MNI PBEE L>MNI
MA> FH=>E

0A> @H <HFF:G=L =>vG> MA:M MA> <HFF.G= @H PBEE E>M MA> FH=>E
KNG ?ER>K

0A> MBF> EBFBM BL MA> F:QBFNF GNF;>K H? MB<DL MA:M > PBEE :E
MA> FH=>E MH KNG
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Experiment name | 23sllglnl=Tpl8

Vary variables as follows (note brackets and quotation marks):

[
["number-of-cars" 201]
["deceleration" ©.0261]
["acceleration" 9.0045]

| Repetitions |1
Execute combinations in sequential order

Measure runs using these reporters as metrics:

count turtles

Run metrics every step

| Run metrics when

> Pre experiment commands:
Setup commands: Go commands:
setup go
> Stop condition: > Post run commands:

> Post experiment commands

Cancel Help

8F® +4®G6?DI@E @7 E96 DEEE:?8DABC:2BBE

Time limit |0

*H P P> P:GM MH KNG : L>KB>L QP>KBF>GMLR O:KRBG@ MA>EH?
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=><>E>KIBHG :G= <<>EMBHG NL>=R :EE :@>GML> PBEE O:KR MA>
O:KB:;E>L BG MA> TMEE® P:RL

['acceleration” [0.0025 0.0005 0.0075]]

["deceleration” [0.014 0.003 0.044]]

OABL F>:GL MA:M P>QIEHK MA> FH=>E ?HK O:EN>L H? <<MBHG
?KIF MH PBMA LM>IL H? %>G<> MA>K > PBEE ;>

=By>K>GM O:EN>L /BFBE:KER NL> =By>K>GM O:EN>L ?HK
=><>E>KIBHG OABL E>=L MH Q =By>kGM [:KF>M>K
<HF;BG:MBHGL ":<A l.KF>M>K <HF;BG:MBHG PBEE ;> KNG MBF>L

K >>MBMBHGL OABL F>.GL P> PBEE KNG : MHM:E H?

LBFNE:MBHGL H? MA> FH=>E

*HP P> A:0O> MH =>vG> PA:M BG?HKF:MBHG MH L:0> 0A> =>?7:NEM
<:L> BL MA> GNF;>K H? MNKME>L PAB<A BL GHM O>KR NL>?NE B
:G:ERLBL LBG<> BMBKGL <HGLM:GM )HKBGM>KMBG@ PBEE ;> MA>
:0>K@> LI>>= H? :EE <KL 0A>RHK P> G>>= MH L:0%>:G 7LI>>=9
H? MNKME>L

3 >=HGM P:GM MH L:0> MA> BG?HKF:MBB&KRHKMBF> LM>| LBG<>
P> :K>BGM>KM>= BG MA> (@K LI>>=:M MA> >G= H? MA> LBFNE:MBHG
0A>K?HK P> LAHNE= NG<A><D )>:LNKKNGL :MG>KR MBF> LM>|
OABL PBEE :ELH LI>>= NI MA> LBFNE:MBHGL LBG<> =:M: PBEE GHM ;> L:
>0>KR MB<D

3 > P:GM MA> FH=>E MH KNG MB<DL LH P> L>E><M : MBF> EBFBM |

*HP P> @>M LHF>MABG®& EBD
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Experiment name |experiment
Vary variables as follows (note brackets and quotation marks):

["number-of-cars" 201
["deceleration" [0.014 0.003 0.044]1]
["acceleration" [0.0025 5.0E-4 0.0075]]

Repetitions | 100
Execute combinations in sequential order

Measure runs using these reporters as metrics:

mean [speed] of turtles

Run metrics every step

Run metrics when

> Pre experiment commands:

Setup commands: Go commands:
setup go
> Stop condition: > Post run commands:

> Post experiment commands

Cancel Help

8F®B +4®B6?DI@E @7 E9@AGKEBC D6EE:?8D @7 692G:@C+A246

Time limit 1000

*H P P> <EB<D +' :G= @>M




/"*1z0z2z05 * ( 5/z/

Experiments:

experiment (12100 runs)

New Edit Duplicate Delete

Import Export Abort Run

B8F®B +4®G6?DI@E A@AMGE:>6?ED 27EGB®&C:>6?ED 92G6 3667 56Y?65

0A> O:EN> F>:GL MA:M P> A:0> =>vG>= KNGL *HM>
MA:M P> KNG >:<A [:iE>M>K L>MMBG@L  MBF>L :G= MAHKP>
A:0> =By>K >GM l.LKF>M>K L>MMBG@L #HKMAK®EL> P> P:GM MH
D>>1 MA> KNGMBF> LAHKM

*H P P> A:O> MH <EB<D HG @N&= @>M MA> ?PEG®
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O Run options
Spreadsheet output
Table output
Update view
Update plots and monitors

Simultaneous runs in parallel 16
If more than one, some runs happen invisibly in the background.

Defaults to one per processor core.
Cancel  (OKIN

8F®G +4GB67DI@E @7 CF? @AE:@?D

3 > A:0> MH =><B=> MH L:O> BM :L>#KA>>M HNMINM <€E :Q;E>

HNMINM L<BB)MwE> HK ;HMA> Bo<HFF>G= RHN MH NL> MAE>

HNMINM HIMBHG ;NI@NRHN MH <A><D HNM ;HMA P:RL H? L:OBG@ MA
=:M: 3A>G P> <EB<D HG HG> H? MA> HIMBHGL>PEDK= PA>K>

MH L:O0> MA> =:M: HG MA> <HFINM>K 3A>G P> A:O> =HG> MABL MA>
<HFINM>K KNGL MA> LBFNE:MBHGL G INA3K=:M: 3> PBEE MA>G
@>M MA> ?FBG® PBGRH



/"*1z0z2z05 * ( 5/z/

Model Speed
- ————o +

Run #2006 of 12100, step #0
Total elapsed time: 0:00:12
number-of-cars = 20
deceleration =0.017
acceleration = 0.007

Update view

Update plots and monitors

Abort Pause

8FG®G +4G67DI@E @7 HA6E:>67E :? 24E:@7

3> L>> Ak AHP F:GR KNGL BM AL =HG> LH ?:K>3.I>>= NI
MA> KNGLR NG<A><DBG@ MA> oll=M2OB= 0ll=:M> IEHML :G=
FHGBMHKLp LH MA:M MA> <HFINM>K =H>L GHM LI>G= MBF> MH NI=:M> |
L<k>G ?HK >:<A <:E<NE:MBHG G=P><:G INM MA> LEB=>K MH AB@A LI>
BGLM>:= H? GHKF:E LI>>= #HK M@&&BL> BM BL GHM O>KR BFIHKM:GM
;NM ?HK FHK<HFIE>Q FH=>EL P>F:R KNG >A:0OBHK/l:<> ?HK F:GR
AHNKL :G= MA>G BM BL NL>?NENMHMA> MBF> ?HK MA> <:E<NE:MBHGL
iR

*HP P> <:G EHHD :M MASLINKEML R BFIHKMBG@ MA> HMM2
M:;E> VE> BGMH32Q P> @>M MA> PBEE® IB<MNE > F:R <A><D
MA> =By3iG<>L BG AHMA> BG?HKF:MBHG BL>+ NHKP>>G MA>
LIK>:=LA>>M :G= MA> M:;;E> z3R>K MH NL> MA> M:;E> ?HK FR :G:ERLBL
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A B Cc D E F G
1 BehaviorSpa: Table version 2.0
2 Traffic Basic.nlogox
3 experiment
4 06/26/2026 10:34:07:368 -0700
5 'min-pxcor max-pxcor min-pycor  max-pycor
6 -25 25 -4 4
7 [run number] number-of-c: deceleration acceleration [step] mean [speed] of turtles
8 9 20 0.014 0.0025 1000 0.68578483
9 2 20 0.014 0.0025 1000 0.96561478
10 5 20 0.014 0.0025 1000 0.69697503
11 6 20 0.014 0.0025 1000 0.77162535
12 12 20 0.014 0.0025 1000 0.77346211
13 11 20 0.014 0.0025 1000 0.93794803
14 7 20 0.014 0.0025 1000 0.81411655
15 8 20 0.014 0.0025 1000 0.71823379
16 10 20 0.014 0.0025 1000 0.88627813
17 20 0.014 0.0025 1000 0.76803964
18 1 20 0.014 0.0025 1000 0.77917128
19 20 0.014 0.0025 1000 0.73947791
20 14 20 0.014 0.0025 1000 0.73689333
21 13 20 0.014 0.0025 1000 0.75607498
22 15 20 0.014 0.0025 1000 0.90556372

8FG®G  +4C667DI9@E B@96 52E2 :D DERRTE96 23=6 7T@C>2E @C 6249 CF?
E96 A2Z>6E6C G2=F6D 275 @FEAFE :D =:DE65

3 ><:G GHP NL>"Q<>E MH><KI> : #B@NK NL>?NE MHHE MiKHL_L MA>
=:M: BL MABOHME&> BG MA> zGL>KM M:; 3A>G P=MK : V@NK H?
MA> :0>I@> LI>>=H? MA> KNGL ?HK >:<A I:K->M>K <HF;BG:MBHG
P> @>M : @K EBD #B@NK 3 > L>> MA:M P> <:G BG<Ks MA>
:0>K@> LI>>= H? MA> <:KL MH MA> F:QBFNBPEE B? MA> =><MBHG
KM> BL PHG= MA> <<>E>KIBHGM> BL ?:.LM ?M>K LHF> BGBMB:E AB<D
NIL MA> <:KL >G= NI ;>BG@ PBMABG LNx<B>GM =BIHFG<x=A?K
HMA>K GHM MENK> LI>>= z? <KL ¥=N<> LI>>= JNB<DER PA>G
MAR L>> : <:K BG AKGM H? MA>F MABL E>:=LXMHCMK *HMB<> :
<KBMB<:E :LLNFIMBHG BL MA:M :EE <:KL A:0> MA> L:EN¥MBHGEGK
=><>E>KIBHGM>L ==BMBHG:E :G:ERLBL <HNE= ;> =HGEHBHKMA>
<HGL>JN>G<> B? MABK LHF> O:KB:MBHG H? MAW:LE KMP>>G MA>
<:KL
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3 > NL>="&>E MH F:B MA> v@NK:G= =H MA> :G:ERLBL ;NM HG>
<:G NL> HMA>K =:M: :G:ERMB<L MHHEL LN<A :L.L<KBIML MH :G:ERS> |
<LO vE>L MA:M >A:0BHK/l:<>HKN<>L z? RHN>R:FBEB:K PBMA . MKR
HNM MBIEB<:M> MABL :G:ERLBL :G= NL> . 2-MB&@ MA> @NK

speed

acceleration

0.014
0017 g0y
0.023 9026
T 0029 g3
0.035 o038

0.0025

0.041
deceleration 0.044

8F® *6=2E:@? 36EH66? E96 2&BEDA665 @7 42CD 7@ GBR@EGD @7
5646=61E:@7? 2?5 2446260Q7

JHK> BG?HKF:MBHG HG >A:OBHK/li<> <G ;> ?HNG= M
AMMI _<<E GHKMAP>LM>KG >=N G>MEH@H =H<L ;>A:0BHKLI:<> AMFE

5 < '4> :48

@>GM ;.L>= FH=>EL =H H?M>G BG<EN=> LMH<AH4#BKIK :G=
:L LN<A E>:= MH =By>&M HNM<HF>L >:<A MBF> RHN KNG : FH=>E z?
P> P:GM MH =>KBO> BGLB@&RMAZIKH=>E P> G>>= MH =H LNx<B>GM
KNGL H? : <>KM:BG:FKM>K L>MMBG@ MH @>M :G B=>: H? MA> O:KB:M|
H? MA> HNM<HF>L H? MA> FH=>E z? P> P.GM MH <IPRHUA>K
. =By>K>GM O:KB:MBHG H? MA> FH=>E E>:=L MH LB@GBv<GMER =By
HNM<HF>L H? MA> FH=>E P> G>>= MIP PEGHMA>K P> A:0> KNG MA>
FH=>E LNx<B>GM MBF>L MHH:DN<A : <HFI:KBLHG

/IBG<>:G :@>GM ;:L>= FH=>E <:G ;> ?HKFNE:M>= BG F:GR =BG
P:RL MA>KBL GH LI><Bv< :lIkd:<A MH =>M>KFBG> MA> L:FIE> LBS>
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MA> GNF;>K H? KNGL BG>KMH A:0> HNM<HF>L PBMA : <>KM:BG
IK><BLBHG OABL BL BG:KMGWHK HMA>K LMH<A:LMB< F>MAH=L EBD
):KD HO IKH<>LL>L PAB<A *FHK> <HGLMBGM BG MA>BK ?HKFNE:MBHGL

EMAHN@A MABK LN;C><MBOBMR BGOHEO>= BG =>M>KFBGBG@ : LN
GNF;>K H? KNGL MH @>M LBFNE:M>= =:M: MA:M RHN <:G NL> MH <HFI:K
K>EB:;ER =By>&M HNM<HF> =BLMKB;NMBHGL P> <:G :lIER LHF> ?HKF.E
dIK H:<A>L :L>=HG (>>>M E P>IK >L>GM : F>MAH= MA:M
=H>L GHM LLNF> GHKF:E =BLMKB;NMBHGL NG=>KERBG@ MA> :@>GM
FH=>E

0OA> VvKLM F>MAH= BL ;.L>= HG MA> O:KB:G<> H? MA> LBFNE:M>=
HNM<HF>L :G= :BFL MH A:O> LNx<B>GM KNGL MH =>KBO> : LM:E>
O:KB:;BEBMR

3 > VKLM <:E<NE:M> MA> <H>x<B>GM H? O:KB:MBHEBH MAMIKA>
LM:G=:k =>OB:MBHG H? : L:FIE> j MH BML F>:G h

<oj h

0A> <H>x<B>GM H? O:KB:MBHG <:G O:KR JNBM> : ;BM ?HK LF:EE L:FIE
LBS>L 3A>G P> KNG : FH=>E F.:GR KNGL P> PBBEEN:M> MA>
O:KB:;BEBMR<pIB > =>vG> : <KBM>KBHG :GHKKR:K@BG " z? MA>
=By>KG<> ;>MP>>G <HGL><NMBO> O:EN2l?HR BG<KBG@ O:EN>L
H? MA> L:FIE> LBS> LM:RL ;PEH P> A:0> ?HNG= HNK FBGBFNF
GNF;>K H? LBFNE:MBHGL MRIB<:E O:EN> ?HK " <HNE= ;>

%>G<> MA> FBGBFNF GNF;>K H? KNG£pgBL =>vG>= L

Gres K @F: QU k< U " <Q <F G

PA>K> GeggBL MA> >LMBF:M>= FBGBFNF L:FIE> LBS> Q BL : =BLMBG«<I
HNM<HF> H? BGM* :G= F BL LHF> L:FIE> LBS> G ?HK PAB<A MA> <
H? >:<A HNM<HF> BL F>:LNK

3 > BEENMAK MA> <:E<NE:MBHG 7?HK MA> FBGBFNF GNF;>K H?
LBFNE:MBHGL PBMA MA> FKx=EBKB= BG MA> /H<B:E /<B>G<> ?HE=>K
H? MA> *>M(H@H EBRKOA> FH=>E BL :G @M>GLBHG H? MA> LB<
OKx< FH=>E P> =BL<NLL>= >:KEB>K ;NVPG INM <:KL BG : @KB=H?
KH:=L PA>K> <KL >QI>KB>G<> LMHIIBG@ EB@AML :KLAPBHEG.EH
B? MA>BL : <:K BG AR H? MA>F HK : ¥= LMHI LB@G :G= LI>>= NI
MH F:QBFNF LI>>= B? MA>KK> GH <:KL BGHKH? MA>F #B@NK
LAHPL MA:M MK C:FL >F>K @BG@ BG MABL <BMR BB&EHEXBHK
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LRLM>F <HFI:K>= MH CNLM HG> MB<D @BO>G MA> O:KB:MBHG H? LI>
MA> LRLM>F

Average Speed of Cars
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3 > KNG MA> FH=>E MBF>L :G= <E<NE:M> MA> LM:G=&B:MBHG

:G= F>:G ?HK :G BG<KLBG@ GNF;>K H? KNGL OABLPIEEH# MH
<:E<NE:M> MA> <H>x<B>GM H? O:KBB@BHK 3 >vG= MA:M :?M>K
mHNM MB<DL MA><A:G@> BllI=K ?HK MA> vKLM MBF> BEH

L LN<A P> =><B=>= MA:M MA> FBGBFNF GNF;>K H? KNGL G>>=L MH
> KNGL zG LNF MA> :G:ERLBL LRHMA:M ::HNM KNGL K
G>>=>= MH A:0> MA> =>tBik<NK<R H? MA> HNMINM F>MKB<L zM BL
@HH= MB:EBS> MA:M MABL GNF;>K =>I>G=L HG MA> LI><BwiKK
L>MMBG@L NL>= MH <:E<NE:M> MA> FBGBFNF GNF;>K H? KNGL
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L : L>GLBMBOBMR :G:ERLBL P> <:E<NE:M>= @8> LD>K ?HK
=By>KGM GNF;>KL H? <:KL BG MA> LRLM>F #HK >:<A LI>>= P> KNG MA>
FH=>E MBF>L #B@NKIEHML MA> O3> LI>>= ?HK MA> <:KL :G=

==L :G >KKHK ;:K PBMA MA> LBS> H? MA> LM:&9B:MBHG ?HK MA>
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0.3

Average speed

100 110 120 130 140 150 160 170 180 190 200
Number of cars
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OA> L>GLBMBOBMR: 4K P> =BL<NLL>= :;HO> BL <:EE>= +G> :M MA>
MBF> PA>K P> O:KR HG> I:.KF>M>K LRLM>F:MB<:EER :@&:EN:M>
MA> HNM<HF>L 0A>K> F.GR FHK> :=0:G<>= F>MAH=L IHLLB;E>
+G> LBFIE> >QM>GLBHG BL MH O:KF->M&KL LRLM>F:MB<:HER>
=B= ?HK #B&@NK3 > <HNE= :ELH L:FIE> MA> I:k>M>K LI:<> :G=
>LMBF:M> : LM:MBLMB<:E FH=>E H? MAM*KL RHN O:KB>= :G= MA>
HNM<HF> zG MABL FRRIN NL> MA> LBFNE:MBHG FH=>E MEM@>G>K
=:M: MH >LMBF:M> : LM:MBLMB<:E FH=>E HB86E€EBRL> LHF>MABG@
EBDO:KB:G<> ;:L>= L>GLBMBOBMR :G:ERLBL PRBM. .MHEHLMBF:M>
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:@>GM ;:L>= FH=>EBG@ BL (>>>M :E
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PAB<A <HNE= ;> NL>= ?HK L>GLBMBOBMR :G:ERLBL #NRMA>KFHK
IKHOB=>= @NB=:G<> HG MA> GNF;>K H? LBFNE:MBHG KNGL MH NL> E
L>GLBMBOBMR :G:ERLBL



/"*1z0z2z05 * ( 5/z/

+,+7 +4)+8
(>> &N/NG@ :¥B:G: #BE:KdH KBD: (B@F:GG 6B>EBGLD: HAR
%:LLBGB ):AFHH>B #HKKM /MHG>=:AE zKBL (HKL<A>B=R B+BGE

$.KR ,HEABEE 6A:GEB /NG :G= !PG . KEX 0A>
HFIE> QBMB>L H? @>GM :L>= )H=>EBG@ +NMINM GtgR®12= @7
CE:Y4:2= +@4:6E:6D 275 +@4:2= +>F=2E:@?

AMMI C:LLL LH< LNREK ND AMFE

(HKL<A>B= zKBL >KG=+EBO>K %>BG> :G= ):MMRBK )>
+I>GBG@ MA> m;E:<@;H? LBFNE:MBHGL>ZIG<KMKGLI:K >G<R :G=
>y><MBO> <HFFNGB<:MBHGHNV@K MA> LRLM>F:MB< =>LB@G H?
>QI>KBF>GML@>AFE2E:@7?2= 2?75 &2E96>2E:42= 8ATK2E.@7
,96@CJ Kk

z? RHN P:GM MH LX@:HE>L H? NLBG@ . MH :G:ERS> HNMINML H?
*>M(H@H FH=>EL RHN F:R <A><D HNM $B\8%N; KHLBMHKFBMA
>Q:FIE>L ?HK MA> BE?/A>>| FH=>E



http://jasss.soc.surrey.ac.uk/18/4/4.html
https://github.com/comses/wolf-sheep
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Comparing simulated data with
empirical data

+ > 54)+698
zG MABL <A:IM>K P> PBEE

g =BL<NLL AHMH ©:EN:M> : LBFNE:MBHG FH=>E PBMA >FIBKB<:E
=:M:
g BGMKN<> >A:0OBHK/>:KA ?HK HIMBFBS:MBHG M:LDL

q =>FHGLM#I> AP MH NL> >A:0BHK/>%A MH vG= MA> ;>LM
I:K (F>M>K O:EN>L ?HK MA> <:EBKG H? :G :@>GM ;:L>=
FH=>E

g NL> IIK HQBF:M> :R>LB:G HFINM:MBHG MH vG=
=BLMKB;NMBHGL H? NIFsMH O:EN>L MA:QIE:BG MA>
>FIBKB<:E H;L>KO:MBHGL ;>LM

%HP =H P> DGHP PA>MA>K HNK :@>GM ;:.L>= FH=>E BL : @HH=
KIK>L>GM:MBHG HEBRMBA>K> :K> F:GR MRI>L H? =:M: :G= F:GR
P:RL MH ®:EN:M> FH=>E HNM<HF>L zG MABL <A:IM>K P> PBEE
=>FHGLMKI> : 7>P <HGO>GMBHG:E P:RL MH <HFLBFNE:M>=>KNEML
PBMA =:M: :G=:=CNLM FH=>E IEKEM>K O:EN>L MH @>M : ;>MM>K vM
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NM vKLM P> G>>= MH =BL<NLL LHF> H? MA> NG=>KERBG@ <A:EE>C
3A>G P> =>O>EHI : FH=>E P> F:=> <AHB<>L HG PA:M O:KB:;E>L :G=
IKH<>LL>L MH ?HKF.EBS> ,>KA:IL P> L>E><M MAHL> O:KB:;E>L ;><:NL>
MA>KBL JN:GMBM:MBO> BG?HKF:MBHG :OBE:&> MHXEBS> MA:M
;R F.-DBG@ : ?HKF:E FH=>E P> LBFIEB3EBME:= H?M>G F.D>
<AHB<>L MH ?:0HK JN:GMBvV<:MBHG %>G<> PA>:GNEM> PA>MA>K
MA> FH=>E @>GMKL =:M: LBFBE:K MH >FIBKB<:E =:M: P> A:0> MH
K>:EBS> MA:M P> A:O> F.=> <AHB<>L HG PA:M MA> FHKELKGML
:G=PA:M MA> BFIHKM:GM O:KB:;E>L K

zG MABL <A:IM>K P> PBEE vKLM =BL<NLL <HFFHG P:RL BG :@>Gl
;:L>= FH=>EBG@ MHD*EN:M> FH=>E HNM<HF>L PBMA >FIBKB<:E =:M:
0A>G P> =>FHGLMKI> >A:0OBHK/>:KA : <HFINM:MBHG:E MHHE MA:M
RHN <:G NL> MHQ¥EHK MA> |:KF>M>K Ll:<> H? : *>M(H@H FH=>E
?HKQ:FIE> ; RNLBG@ HIMBFBS:MBHG MHHEL MH vG= MA> ;>LM vM ;>MI
=:M::G=MA> LBFNE:MBHGL #BEEHER MA> MAK :IIK H:<A>L ?HK
<:EB;MWMBHG MH MA> KMBv<B:.E G:L:SB FH=>E

"7 ++<'>895+ ;'2:'9+'35*+2 @9 </9. *'9'

<HFFHG P:R MH >O:EN:M> MA> [>K?HKF:G<> H? : FH=>E BL MH
<HFI:K > MA> LBFNE:M>3 IG= >FIBKB<:E =:M: » ?HK Q:FIE> ; R
MA> LNF H? ¢ G Lgk >g EHP>K O:EN> H? MABL LNF BL : ;>MM>K
vM ;>MP>>G LBFNE:M>= :G= >FIBKB<:E =:M: %:0BG@ : @HH= vM =H>L
GHM F>.G MA:M : FH=>E BL <H{K zM BL IHLLB;E> MA:M>By>K
F><A:GBLFL E>:= MH LBFBE:K HNM<HB3NBVG:EBMRHK <HFIEX)
LRLM>FL P> F:R :ELH EHHD :M : GNF;>K H? =ByGKI O:KB:;E>L ;NM
AHP =H P> P>B@A MA> =By&M O:KB:E>L XMAR :EE >JIN:EER
BFIHKM:GM

LM:G=:K= :lIK H:<A ?HK ©:EN:MBG@ : FH=>E BL MH NL>
HIMBFBS:MBHG MH vG= MABF>MEK O:EN>L MA:M FBGBFBS> MA>
=By>KG<> ;>MP>>G MA> LBFNE:M>= :G= MA> :<MN:E =:M: /BG<>:@>GM
L>= FH=>EL K> H?M>G LMH<A:LMB< FH=>EL vG=BG@ : @EH:;:E
HIMBFNF FB@AM ;> : <A:EE>G@> IHNE= NL> <HFINM:MBHG:E
HIMBFBS:MBHG MHHEERD EBEMB< :E@HKBNMWEHE P> A:O> MHEBS>
MA> =>KBO>IMBF:Ep I:KF>M>K O:EN>L <:GGHM ;> @&K>>= MH



https://en.wikipedia.org/wiki/Equifinality
https://en.wikipedia.org/wiki/Genetic_algorithm
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> MA> ;>LM vM PBMA MAECMKB<M>= MBF> P> A:O>OEHX MA>
I:K :F>M>K LI:<>

$KBFF >M :E IK HIHL> MM>KG +KB>GM>= FH=>HERGRAB<A
RHN =>vG> : GNF;>K H? :MM>KGL BG MA> =:M: :G= :G NG<>KM:BGMR
K> :KHNG= MA> :MM>KG )H=>E O>KLBHGL MA:N@EBBKE:M>=
=:M: PBMABG MA> NG<>KM:BGMR ;HNG=:KB>L H? :EE IMM>KGL
<HGLB=>K MH ;> >IJN:EER O:EB= %>G<> RHNsHM EHHDBG@ ?HK MA>
;>LM FH=>E O>KLBHG ;NM MA> FH=>E O>KLBHBQBHIKI> :EE
I:MM>KGL O0A> FHK=BO>KL> [:MM>KGL RHN <HGLB=>K MASBHEHK
FH=>E O>KLBHGL MAMNEN<> KLNEML PBMABG MA> NG<>K&B&MR K
‘K> LMKN<NBER LHNG= +G> H? MA> <A:EE>G@>L BL MH =>vG> |:MM>K(
0A> I:MM>KGL <HNE= ;> LI:MB:E :G= M>EEHHKMM>KGL =BLMKB;NMBHGL
:M MA> IHINE:MBH®E&E F>MKB<L HTBIF>GM :G= <A:G@> 0ABL PBEE
;> . LHF> PA:M LN;C><MBO> F-MM>K @{><M:MBHG BL MA:M>FHK
:MM>KGL X;>MM>K LBG<> BRBK>L FHK<HGLMBGML ?HK IHM>GMB:E
FH=>E <HGV@NKBHGL NM GHM> MA:M B? GH FH=>E {viIBN@ NIG
F>>M MA> I:MM>KGL MA> FH=>E BL GHM <HQUB&IK:BG MA> =:M:
3A:M BL MA> MHE=K H? >KHK z? RHN A:0> FNEMBIE> H;L>KO:MBHGL
LN<A L >QI>KBF>GM:E =:M: RHN <:G =>vG> : LM:MBLMB<:EER ;:L>=
BGM>KO:E PsB>K ?HK F:GR :IIEB<:MBHGL RHN A:0> HGER HG> <:L>
:G= .L LN<A RHN F:R A:0> MH =>vG> QI>KM ;.L>= MHE&&>
BGM>KO:EL

MABK :lIK H:<A P> EHHD BGMH BL H®BF:M> :R>LB:G

HFINM:MBHG OA>K > BL : EHG@ ABLMHKR HMHQB&:M>
‘R>LB:G HFINM:MBHG >:NFHGM G=;l>=HG 2 G =K
2::KM >M E P> =BL<NLL MA> :lIEB<:MBHG ?HK =HBGE>MKK
>LMBF:MBHG PBMIAKMBHG 0A> ?HEBG @ BL MA> ;L BH<k=NK
2.6 =>K 2:KM>M E

k I>vG> IKBHK =BLMKB;NMBHGL ?HK :EE H? MAKFR=N=KL RHN
P:GM MH >LMBF:M>

k .NG MA> :@>GM ;L>= FH=>E > @ MBF>L NLBG@GKHF
L:FIE>L ?KHF BML IKBHK =BLMKB;NMBHGL

k <<>IM MA> > @ KNGL MA:MHRB=> FH=>E HNMINML MA:M :>LM
vM MA> >FIBKB<:E =:M:



https://en.wikipedia.org/wiki/Pattern-oriented_modeling
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k G:ERS> MA> <<>IM>= [:K>M>KL MH H;M:BG :IIKQBF:M>
IHLM>KBHK =BLMKB;NMBHGL

>?HK> P> =BL<NLL :G ©:FIE> P> PBEE BGMK<> >A:0BHK/>:KA

+.5/571+'7 ).

>A:OBHK/>:k<A BL : LH?MP>KMHHE ;NG=E>= PBMA *>M(H@H MH
>QIEHK :@>GM ;;L>= FH=>EL BG :G :NMHF:M>= P:R MH vG=
LK :F>M>K L>MMBG@L H? MA> FH=>E MA:M E>= MH <>KM:BG =>L
HNM<HF>L >A:OBHK/>#%A NL>L <HFINM:MBHG:E :E@HKBMAFL LN<A :L
@>G>MB< :E@HKBMBEHFK_>:K <A LBFNE:M>= .GG>.EBG@ :G= ABEE
<EBF;BG@ MH EAKIA> [:KF>M>K LI:<>

3A>G RHN HI>G >A:OBHK/>:KA RHN @>M MA>*G@KLAHG
;>EHP 5HN PBEE vG= : @HH= MNMHKB:E H? MA> FH=>E B? RHN <EB
0%>El p BN <:G NL> o KPL> ?HK FH=>Ep MH B=>GMB?R MA> *>M(H@!
FH=>E RHN P:GM MIQIEHK 0A> ,:K :F>M>K /I><Bv<:MBHG BG<EN=>L
MAHL> I:KF>M>KL :G= O:EN>L RHN A:0> =>vG>= HG MA> zGM>K?:<>
H? *>M(H@H o/>MNIG= o/M>p =>vG> MA> IH<>=NKL MA> FH=>E
NL>L MH BGBMB:EBS> MA> FH=>E :G= LBFNE:M>L >:<A MB¢D 0)>:LN
BL MA> F>MKB< HG> P:GMLOMHN:¥M> OABL <HNE= ;> MA> =BLM:G<>
;>MP>>G LBFNE:M>= :G= >FIBKB<:E =:M: MA:M HG> P:GML MH FBGBFBS>
zZzM BL : @EH;:E O:KB:;E> MA:M =IIMINNM<HF>L H? BGIUNMKME MA>
FH=>E 3BMA 0)>:LNkK Bf RHN <:G <HGNEK?HK PAB<A MB<DL F>:LNK
BL <E<NE:M>= #HKHEE> P> <:G BG<EN=> oMB<DL p MH HGER
<E<NE:M> F>LNKBMB<DK> HKE:K @>K

o/MHI B?BL :G HIMBHG:E <HG=BMBHG MH LMHI MA> FH=>E pBlil>| (BFBI
MA> F:QBFNF GNF;>K H? MBF>L MAH&>=NK =>vG>= ; R o/M>p BL
<EE>=
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® O Untitled - BehaviorSearch 1.10
File Help

Some Model.nlogo Browse for model

Model | Search Objective = Search Algorithm

Parameter Specification 2

["integerParameter" [0 110]]
["continuousParameter” [0.0 "C" 1.0]] Setup: | setup
["choiceParameter" "near" "far"]

Step:  go

Measure: | mean [energy] of turtles
Measureif:  true
Stopif: | count turtles > 1000

Steplimit: 100 model steps

Load parameter ranges from model interface

Run BehaviorSearch

B8FG®G +4GB67DI@E 692G:@C482C

3 > PBEE 8HH:=:G >Q:FIE> 1L> o#BE>»:M MA> E>?M MHI H? M&GL<K
:G= @H MH MA> LN=BWHKR :ll ;>A:OBHKL>¥A >Q:FIE>L H? RHNK
*>M(H@H ?HE=>K :G= L>E><M MA> #EIQxBBG @ > GH° BFIHKM MA>
BG?HKF:MBHG ?HK NpABE> :G= L>> ?:FBEB:K :KF>M>KL #B@NK

*HM> MA:M RHN G>>= MH <EB<D HG o(HFE>M%K KG@>L MF
FH=>E BGM>K<MH @>M MA> KB@AM LFAAMIZKLK 0A> F>:LNK> BL
MA> LM:G=:K=>0B:MBHG H? MA> <A:G@> H? IHLBMBHG LBG<> MA> F+
EHHDL ?HK I&eM>K L>MMBG@L MA:M E>:= wH<DBG@ :@>GMR>MH <HG
JNB<DER MH :E@#+BG MA> L:F> =B¥UBHG
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File  Help

/Applications/NetLogo 7.0.4/models/Sample Models/Biology/Flocking.nlogox Browse for model

Model | Search Objective | Search Algorithm

Parameter Specification ?
["population” [111000]]
["max-align-tumn" [0 0.25 20]] Setup: | setup
["max-cohere-tun" [0 0.25 20]]
["max-separate-turn" [0 0.25 20]] Step: | go
["vision" [0 0.5 10]]
["minimum-separation” [0 0.25 5]] Measure: | standard-deviation [dx] of turtles

Measureif: | ticks >=75
Stopif:

Steplimit: = 100 model steps

Load parameter ranges from model interface

Run BehaviorSearch

8F®G +4G67DI@E :>A@CE6BS5 '6E%@8@ >@56=:? 692@@C+62C

z? P> <EB<D HG MA> M:; &l&:K;C><MBO>p P> <.G =>vG> PA:M P>
P:GM MH HIMBFBS> zG MABLE> P> EBB MH FBGBFBS> MA> O:EN>
H? MA> F>.LNK PAB<A P> <:G L>> ME MA> L>E><MBHG H? 0)BGBFBS>
#BMG>LL pIIS <HNE= :ELH A:O> L>E><M>= 0):QBFBS> #BMG>Lt p 0A>K
‘K> =By>KkGM HIMBHGL MH =>vG> vMG>LL 3BEE MABL ;> MA> O:EN>
F>LNK> :M MA> E:.LM LM>| H? MA> LBFNE:MBHG MA> HbLGEEK
LM>IL H? MA> LBFNE:MBHG MA> FBGBFNF HK F:QBFNF O:EN>L =NKBC
MA> LBFNE:MBHG MA> F>=B:G H? :EE LMORGHKA> O:KB:G<> %>G<>
RHN A:O> F:GR HIMBHGL MH =>vGP AHN P:GM MH3EN:M> MA>
HNM<HF>L H? MA> FH=>E

OH =>vG> MA> vMG>LL O:EN> =H P> G>>= MH KNG : FH=>E FNEMBIE>
MBF>L LBG<> :G :@>GM;L>= FH=>E F:R BG<EN=> LMH<A:LMB<
>E>F>GML G=B? P>KNG : FH=>E F:GR MBF>LPAH P> :@ @K@:M>
MA> BG?HKF:MBHG BGMH HG> vMG>LL ©:€8>NB> MA> F>:.G
F:QBFNF FBGBFNF F>=B:G O:KB:G<> :G= LM:G=:K =>OB:MBHG H?
MA> LBFNE:MBHGL



). &I

SHN <:G L>E><ftDb> =>KBO:MBO> p B? RHN P:GM MH >LMBF:M> PA>MA
RHN :k EH<:M>= BG : EH<:E HIMBFNF @BO>G : <>KM:BG> F#?LNK
>KKK %R>0>K MABL PBEE ;> :G NGNLN:E <AHB<> ?HK :G :@>GM ;:L>:
FH=>E LBG<> LMH<A:LMB< FH=>EL PBEE ;> =BxNENtMHBEG MA>BK
=>KBO:MBO>L

File Help

/Applications/NetLogo 7.0.4/models/Sample Models/Biology/Flocking.nlogox Browse for model

Model | Search Objective | Search Algorithm

Objective [ Fitness Function ?
Goal: Minimize Fitness ~
Collected measure: MEAN_ACROSS_STE.»
Fixed Sampling v 5 replicates
Combine replicates: MEAN -

Take derivatives?

Run BehaviorSearch

8F®B +4®B6?DI@E +6BG3;64E:G6 E23

z? P> GR <EB<D HG o/<K E@HKBMAF p RHN vG= ?HNIK>EB}¥FKRL

MH O©IEHK MA> [LKF>M>K Lli<> ..G=HF />K <A $>G>MB<
E@HKBMAF /BFNE:M>= GG>.EBG@ :G= %BEE EBF;BG@ ..G#dF />K
@>G=N>L KG=HF <HF;BG:MBHGL H? I:}x>M>K O:EN>L :G= ®>IL

MKD H? MA> >LM-IKNEML $>G>MB< E@HKBMAF A:L : IHINE:MBHG H*
LHENMBHGL MAHE®> MH ;>MM>K HNM<HF>L /BFNE:M>= GG>:EBG@ :G
%BEE EBF;BGE) A GNF>KB<:E :llIK:<A>L MH vG= EH<:E HIMBF:

*HG> H? MAHL> :lIKH:<A>L @N:IGM>> MA> vG=BG@ H? MA> ;>LM vM
B? P> A:0O> LMH<A:LMB< GHG EBG>:K FH=x@bG*EER NL> $>G>MB<
E@HKBMAF ;><:NL>BM BL : NL>?NE MHBBREHG EBG>:K LMH<A:LMB<
LRLM>FL :G= ;><:NL> P> A:0> @HH=QI>KB>G<> PBMA BM
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File  Help

/Applications/NetLogo 7.0.4/models/Sample Models/Biology/Flocking.nlogox Browse for model

Model | Search Objective | Search Algorithm

Search Method Configuration

StandardGA v ?
Parameter Value
mutation-rate 003
population-size 50
crossover-rate 07
population-model generational
tournament-size 3
V| Use fitness caching Evaluation limit: 12000 model runs
Search Encoding Representation

Best-checking replicates: 10
GrayBinaryChromosome v ? ng repl

Run BehaviorSearch

:8F® +4®6?DI@E +68BC=8@C:E9> E23

zG #B@NK RHN L>> MA>>KNEML B? P> <EB<D 0.NG >A:0B&K({r:K

5HN L>> MA> #BMG>LL O:ENsKHMBF> NLBG@ MA> $>G>MB< E@HKBM/
zM LAM. :M MA> KB@AM MAP>MEGK L>MMBG@L E>=BG@ MH MA> ;>L
HNM<HF> :G= BG=B<:M>L MA><M>= =NKIBHG H? MA> I<AKzG MABL
>Q:FIE> P> L>> MA> vMG>LL O:EN> @HBG@ NI PAB<A <:G A:lI>G BG

: $>G>MB< E@HKBMAF 0A2 @>G>KIBHG H? : L>M H? LHENMBHGL F:R
GHM <HGM:BG MA> ;>LM I>K?HKFBG@ LHENMBHIBHR M@E>BHBEHG

‘@:BG zG %BEE EBF,BG@ MRI> HX<AK. RHN PBEE <HGMBGN> MH
BFIKHO> MA> O:EN>L H? MA> vMG>LL OKRKINM >A:OBHK/>=K:G=

M>LM HNM PA:M A:lI>GL PBMA MA>=B{tK> KA :E@HKBMAFL
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@ 2 ¥+ Progress Dialog
Search Progress In Search #1:
08
Best found so far:
07
population = 50
06 max-align-turn = 19.75
max-cohere-turn = 0
max-separate-turn = 15.5
05 vision = 10
] minimum-separation= 0.75
@
£ 04
2
03 Fitness=0.00601512
(re-checked)= 0.0297688
02
01
. e e
0 250 500 750 1,000 1,250 1,500 1,750 2,000 2,250 2,500
# of model runs
O Search1
Performing search 1of 1: | NS (0:29 elapsed - 1:52 remaining)

| |

8F®G +4G67DI@E +BBQC@8EDD @7 2 8676E:4 2=8@C:E%9 D62C

79/@)/'2 4'8'?/ ='362+

3 > PBEE =>FHGLMIKK MA#®: :IIK H:<A>L MKBMBHG:E <:ERBHGL
MM>KG +KB>GM>=  )H=>EBG@ :G=  HOQRBRF:M> ‘R>LB:G
HFINM:MBHG PBMA MA> KMBV<B.:E G:L:SB FH=>E PAB<A <.G ;> ?HNG=
BG MA> *>M(H@H :ER;K/H<B:E L<B>G<> NGO>KBv>= FH=>EL
KMBv<B:E G:L:SB QM>EE >M :E GsEHI>= MABL FH=>E MH
NG=>KLM:G= PA>MA>K MA> =>IHINE:MBHG H? (HG@ °RHRLBQ®
KBSHG: 1/ :K HNG= <:G;>> QIE:BG>=R I>KLBLM>GMNKQAM
HK PA>SMA>K HMA>K ?:<MHKL FB@AM ;> B&IEHR=>E KNGL AK

MH BG :GGN:E MBF> LM>IL OABL BL MA> I>KBH= BG PAB<A MA>
IHINE:MBHG BG MABER BGx=K >= MH :;HNM  AHNL>AHE=L :?M>K
PAB<A BM =><EBG>= ?M>K MABK GH GB=>G<> H? B&>
<HGLMKN<MBHGL H? AHNL>L BG RI/SMABE®A P> NL> MA> =:M: :L
IK><BL>>LMBF:M>L H? IHINE:MBHG GNF;>KL>MEB¥R BL MA:K MA>
;:L>= HG @N>LMBF:M>L HX>0:M>= LBM>L EMAHN@A P> =H GIRM DGH
AHP MA> £x:0:M>= ;NBE=BG@L PMNK>= >LMBF:M>L H? H<<NI:MBHG



+), .z*$ /z)1( 0"! ! 0 3z0% "),z.z ( 10

K> F:=> NLBG@ HHF <HNGML #HK >:<A H? MA> LBM>b MA>K
>LMBF:M>L H? H<<NI:MBHG:MBHG :G= : IHLLB;E> GNF;>K H?
H<<NI.GML %>G<> MAL : EHM H? NG<>KM:BGMR PBMABG MA> >FIBK
=:M: ;NM BG HNK :G:ERLBL P> PBEE NL> MASHOR=H< :L MA> MKN>
>FIBKB<:E H;L>KO:MBHGL P> P:GMQIEBG 0A>XLHG BL MA:M MABL
=:M: :0O:BE:;E> BL MA> ;>LM P> A:O> :O:BE:;;E> ;NM MA> NG<>KM:BGMR I
MA> =:M: N&@>L NL MH BGM:MKMA>KNEML PBMA><:K

<A :@>GM KK>L>GML HG> AHNL>AHE= <HGLBLMBG@ H? I>KLHG
0A> <HFIHLBMBHG H? AHNL>AHE=L BL GHM <A@ BG®@ER>H ":<A
AHNL>AHE= @>O#KL : =>F:G= ?HK : <>KM:BG @&>E H? ?HH=HO0
LNIIEER MABL =>F.G= MA> :@>GM I>K?HKFL :@KB<NEMMNKEE HG
PAB<A :G :@>GM ?:KFL BL =B¥3M <HFI:K>= MH MA> <>EE :G :@>GM
H<<NIB>L ?HK BML AHNL> ":<A :@>GM A:L BML NGBJN> <>EE ?HK ?:KF
;NM FHK> MA.G HG> :@>GM <:G A:0> : AHNL> HG : <>EE>0B>IGH
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dIK H:<ASL #BKLM P> =>M>KFBG> MAFSMSK Lii<> 3 > PBEE
>0:EN:M> LLKF>M>KL O0A> [LK:F>M>KL PBMA MAXGE@>L :G=
BG<>GML H? MAHL> tFeM>KL K> =>vG>= L ?HEEH

OfertilityO [0 0.001 0.2]
Odeath-ageO [26 1 40]
Oharvest-varianceO [0 0.01 1]
Ofertility-ends-ageO [26 1 36]
Oharvest-adjustmentO [0 0.01 1]

OABL E>:=L MH =By>K >GM I:KF>M>K <HF;BG:MBHGL zG HNK
=>FHGLMIKIBHG P> PBEE KNG 7?7HK >:<A H? MAJKIAK<A>SL MA>
FH=>E MBF>L :G= LAH P MA> I:KF>M>K >LMBF:MBHG :G= vM
PBMA =:M: 3 NL> MA> L:F> GNF;>K H? KNGL ?HK >:<A :IH<A BG
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g BGMKN<> <:KKRBG@ <:l:<BMR
g IK>L>GM : FH=>E PASK.@>GML KHKG :G= =B>

g =>FHGLMIKI> ?:<MHKL MAXMMKB<M MA> LBS> H? MA>
IHINE:MBHG BG : E:G=L<:I>
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G>>= MH A:O> >KHNK>L MH LNKOBO> RIABBEE LxK MA>
>GOBIGF>GM ?HIKSIHNK>L :G= <HEE><M MA>F O0A> :FHNGM H?
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:GR >=@>L ":<A <>EE <:G <HGM:B&.HKIK> NGBM O0ABLHNK> NGBM
IKHOB=>L :G :FHNGM H? >@R MH :G :@>GM B? MA> :@>GM <HEE><ML
z? .G :@>GM AL <HEE><M>=MANK> NGBM H? : <>EE P G>_HNK>
NGBM <:G :lI>:K HG MA> <>EE PBMA;:;;BEBMR«I

OH BFIE>F>GM MABL BG *>M(H@H P> PBEE EHHD :M >:<A I:M<A |
=>M>KFBG> PA>MA>K MAKK IGLHNK>L HG MA> <>EE z?>MK>K
GH KLHNK>L HG MA> <>EE MA>G MBA>K<A:.G<>IKH; MA:M &>
KSLHNK>L PBEE ;> :==>= MH MA> <>EE zG : LBFIE> FH=>E MA> HGE!
HIMBHGL :O:BE:E>>KSLHNK>L HG MA> <>EE HK XRHNK>L HG
MA> <>EE OABL <:G ;> BFIE>F>GM>= L PEFB@NK LAHPL :
L<k>GLAHM H? LN<A : E:G=L<:I>
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if pcolor = black [
if random-float 1 < prob

[

set pcolor green
]
]
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@>GML G>>= MA> >@RMH LNKOBO> ":<A MBF> LMRINItA>
NGBML H? >@ROABL BL MA>BK F>M:HEBLFROAS =>KBO> >G@R
2KIF <HEE><MBGIBINK> NGBMLHPKMA> E:G=L<:I> @>GML Fe&>
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KG=HFER :KHNG= :G=B? MR¥> HG : <>EE PBMALKNK> NGBM NRA>
<HEE><M MABINK> NGBM z? :@>GML A:0> KNG HNMaHRVH®RRBEE
=B> +G MA> HMA>K A:G= B? MA>HEBR-B>KK<A>L FHK> MA:G3E
MA> ;:BKMA MMAKIE= MA> :@>GM PBEE LIEBM BGMH MPH :@>GML OABL -
BL : LBFIEBLMB< P:R H? LBFNE:MRB@KMBHG

3 > PBEE 8HBL<NLL : *>M(H@H K&K MA:M LBFNE:M>L MA> FH=>E
=>L<KB;>= :;;HO> #BKLM P> A:0> MH =>vG> MA:M :@>GML A:0> MA:>
:MMKB;NM> >@R0ABL BL MA> HGER MNKME> :MMKB;NM> MA:M P> G>
BG<EN=> +? <HNKL> MA> MNKMERI<HKBM:BG : GNF;>K H? =>?:NEM
:MMKB;NM>L LN<A :L EH<:MBHG <HEHK :G= A>:=BG@

turtles-own [energy]

OH BGBMB:EBS> MA> FH=>E P> A:0> MH =>vG> MASHABNMBIRR>
MA> :@>GML A:O0> zG MAHBIE> P> LLNF> MA:M :M MA> LM:KM :EE
:@>GML A:O> NGBML H? 3@RK> INM MA> :@>GMEHIFER HG MA>
E.G=L<:I> :G= K>IK>L>GM MA>F L PABM> =HML

3 > :ELH G>>= MH BGBMB:EBS> MAGF>GOBKHK >:<A [:M<A P>
wBI : <HBG MH =>vG> PA>MA>K MA> [:M<A AALHKK> NGBM HK GHM
z? MA> I:M<A A.L : KLHNK> NGBM P> =>vG> MA> <HEHK H? MA> |:M<A
@¥>G HMA>KPBL> BNBIGL ;E:<D *HM> MA:M P> NL>=: LM:G=K
:MMKB;NM> H? MA> |:M<A MH =>vG> PA>MIRENKKNGBM BL :O:BE:;E>
:G=LH P> PBEE GHM A:0> MH =>vG>P. GIMKB;NM> ?HK [:M<A>L 0A>
BGBMB:E =>GLBMBINKKL BL :LLNF>= MH ;> >JN:E MBGBMB:E =>GLBMR
: O:EN> =>M>KFBG>R;: LEB=>K BG MA> BGM>K?:<>

to setup
ca
set-default-shape turtles "dot"
create-turtles number [

set energy 10
set color white
setxy random-xcor random-ycor

ask patches [
if random-float 1 < initial-density
[ set pcolor green ]]
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end

+G<> P> <EB<D H@&MA> :@>GML PBEE-E:BNF;>K H? =><BLBHGL
PBMABG >:<A MB<D O0A> vKIE>K P> ?:<> BL BG PAB<A=HK
=><BLBHGL G>>= MH ;> F:=> 3BEE :G :@>GM >:M vKLM :G= NO&>G FH
IH>L >:<A :@>GM I>K?HKF MA> L:F> :<MBHGL BG MA> L:E>KIK
zG PAB<A HKK =H P> NI=M> MA> :@>GML 3BEE LHF> :@>GML @>M
IKBHKBMIR>L> =><BLBHGL HG MA>HKIBG PAB<A =><BLBHGE:#
<:G A:O> BFIHKM:GM <HGL>JN>G<>L HG MA> HNM<HF>L H? MA> FH=>E
zG HNK LBFIE> FH=>E BM PBEE GHM A:0> : AN@> BFIL<{MF3
MA:M MA>#HK H? MA> :<MBHGL BOSIRHGM >MBG@ F>M:;HEBLF
KoIKH=N<MBHG :G==RBG@

#BKLM EE :@>GML PBEEHK MA> GOM <MBHGIN6L>> MA:M
MA> :@>GML <A:G@> MASBKIBBIGG<HFER ;>?HK M:DBG@ HG> LM>|
?HKP:K OH FH=>E MA>®=HF MRI> H? FHO>F>GM P> <A:G@> MA>
=BK<MBHG H? MA> :@>GML >.<A MBF> LMst£BG@? MA> .@>GM BL
<A:G@>= R FHOBG@ BM MH MA> KB@AM 0A> GNF>K HEM-BEH_
MH MA> KB@AM®BEHKGNF;>K ;>MP>>G :G= 0A>G MA>:@>GM
FH O>L MH MA> E>?M :@:BG ELIGMFER =KPG GNF;>K ;>MP>>G

:G=  +G:0>K :@> MA> A>=BG@ H? MA> :@>GM<BI>=BKBQ@AM
?HKP:K ;NM FHLM :@>GML PBEE <A:G@> BML A>:=BG@ : LF:EE :FHNC
MH MA> KB@AM HK E>?M 3BMA : LF.EE <A:G@> MA> .@>GM PBEE
BiM A>:=BG@R LXO>K =>@K>L BG HG> LM>I ?M>K MA<MBHG BL
=>M>KFBG>= MA>:@>GM PBEEIEBDLM>| ?HKP-KNLBG@-

ask turtles [
rt random 45
It random 45
fd 1]

z? MA& K> HG : I:IM<A MA:M BL <HEH&¥X>G MANL A:L : KLHNK>

MA> :@>GM PBEE <HEEMNK¥s>NGBM PAB<A PBEE:@>IG6IKK@R
LEB=>K O:EN> NGBML H@R®#RL IHLLB;E> MA:M-AHWK.G HG> :@>GM

BL HG : <>EE zG MAM <:L> MA> :@>GM PAIPG.IvikkM MH >:M PBEE
<HEE><M MAHKK> NGBM :G= INM MA> <HEHK H? MA> <>EE >JN:E MH :E::
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ask turtles [
if  (pcolor = green ) [
set pcolor black
set energy energy + penergy]]

0A>G MA> >G@R B>E H? :EE :@>GMbBI<K= PBMA MA> :FHNGM
H?F>M:;HEBLF LEB=>K O:EN>

ask turtles [ set energy energy - metabolism]

z? MA> >GaIR B>E BL FHIMA:G MABKMA MAKHE=LEB=>K O:EN> P>
VKLM A:E? MA> :@rGGHIDR B>E ;>?HKP> @>G>KI> : <HIR %M<A
F>:GL MA:M MA> :@>GM BL <EHG>= z? M AHE2 MA> X@RKWKLM P>
PBEE @>M MPH :@>GML PBM&HER MA:G MBKMA MAKHE zG
LN<A : LBMN:MBHG MA> LRLM>F PHNE:M@>G>KR R IKH=N<BG@
HyLIKBG@ PAB<A BL GHM IHLLB;E>

ask turtles [
if energy > birth-threshold [
set energy (energy / 2)

hatch 1]]

#BG:EER? :G :@>GM AL : G>@:MBO> NGBM @R%E>K@>GM PBEE =B>
:G= BL KFH O>= 7HF MA> LRLM>F

ask turtles [if energy < O [die]]

3 > :ELH G>>= MH NI=:M> MAsLKNK> NGBML HG MA> [:M<AQEKR
MBF> LM>I z? : I:M<A AL GHKHNK> NGBM P> :LLNF> MA:M PBMA
: IK H;;;BEBMRIE>GBLAF>GNMEG LEB=>K O:EN> : B¥>LHNK> NGBM
PBEE ;> :==>= MH MA> |:M<A 0A> *>M(H@H FH=>E ?HK MABL P:L
=BL<NLL>=:;HD> PA>G P> =BL<NLL>= MA> >HGBKXGM

*H P P> <:G LBFNE:M> MA> FH=>E BG *>M(H@H zGiEB@NK
RHN L>> LHF> MRIB<:ELKEML H? MA> FH=+HIN BEE L>> MA:M MA>
IHINE:MBHG 6>E =>I>G=L <KBMB<:EER H®NAHEMA> IFKM>KL
PAB<A <G ;> <A:G@>= R MA> LEB=>KL 2z? F>M:HEBLF BL AB@A
<HFI:K >= MH >GX®R I>K X.HNK> NGBM MA> [HINE:MBHG Bt FHK
JNB<DER MH =B> HNM zG HMA>K LBMN:MBHGL P> L>> MA:M MA> [HII
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K>:<A>L : LHF> PA:M LM:;E> E>>E H2KHNK>L HK A:L LHF> I>KBH=B<
WN<MN:MBHGL 3AR =H P> @>M wN<MN:MBHGL H? MA> IHINE:MBHG LBS
:@>GML >:M NI MASLKINK>L JNB<DER :G=HKN<>: EHM H? HyLIKBG@

0A> BG<KLBG@ IHINE:MBHG <:NL>L : [<BK¥R H2.KNK> NGBML N>

MH MA> L<BMR®>GML <:GGHM @>M >GHN@@R-@+KF:BGM:BG MA>BK
F>M:;HEBLF :G= FHK> :@>GML PBEE =B> MA&GHKG 3A>G MA>
IHINE:MBHG LBS>HHK FHK> KSLHNK>L ;><HF> :0:BE:;E> ?HK MAHL>

PAH LNKOBO>= >M<

8FG®G +4GB67DI@E @7 2 EJA:42=CF? @7 E96 >@56=
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Timeseries
1680 food
Magents
ju
£
0
0 Time 620

B8F®G [2>A=6 @7 @QFE4@>6D @7 E96 AQAFE=@2E6 2?HBD@HB6
8®6? @6C E:>6

%H F:.GR :@>GML <:G LNKOBO> BG MABL E:G=L<:I> 0A> =>?:NEM
I:K :F>M>KL H? MA> :@>GMt K

metabolism =1
birthrate = 20
foodenergy = 3

O0A> >GOBIGF>GM BL Q <>EEL MANL <>EEL /NIHL> MA>
>GOBIGF>GM IK=N<>L?HH=>G>®R KIE>GBLAF>GNM

<>EEL MA>G MA> HGBBGM IK=N<>L NGBML H? >G@R BL MA>

K IE>GBLAF>GMMe BL >IJN:E MH OABL <HNE= ?>>= :@>GML
%HP>0>K :@>GML PBEE A:0> @ M :GHMA>K <>EE MH vG= ?HH=
@>GML FB> KG=HFER LH BM PBEE GHM ;> MA> FHLM >x<B>GM
>QIEHMBHG M E>.LM P> <:QI><M MA:M MA> MHM:E GNF;>K H? :@>GML
MA:M LNKOBQ@>KIMA> EHG@>K M>KF PBEEKVAHG @>GML

3A>G P> KNG MA> FH=>E P> L>> MA:M MA> IHINE:MBHG LM:;BEBS>
:KHNG= :@>GML #HK >:<A BG<K> BG MA>K>GBLAF>GMS P>

<:G >QI><M : EBG>:K B&kKBG MA> IHINE:MBHG
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Timeseries
1540 I food
Magents
ju
S
.J\'-V'*;,—“\,FM.. T R N
0L
0 Time 2990

8F®G *6D@F@5 D:K6 2?5 A@AF=2E:@? D:K6 FBA82 09>67E2E6
6BF2=E@

+48/9> +6+4*+49 +85:7 )+ 7 5<9.

3 > LLNF>= BG MA> IKOBHNL L><MBHG MA:MLMAKK NGBML PBEE
:EP:RL K<HO>K MHE :G >FIMR <>EE NLBG@ >vQKIE>GBLAF>GM
KM> OABL BL O>KR MERBEBMA F.GRIKINK>L 0A> FHK> M¥GL BG
:G >FIMR LIHM BG : G>B@A;HKAHH= MA>HEBMER MA:M L>>=EBG@L
PBEE ?:EE HG MABL LIHM :G2 M&> PBEE ;> @>@¥K= z? MA>K
K> GH ML :KHNG= GH > MK>L PBEEB®&>G>KI> OABL BL <:EE>=
=>GLBMR =>I>G=>GM/MA :G=BM BL : <HFFHG F><A:GBLF BG F:.GR
><HLRLM>FL

#HK MA> PAHE> >GIOBKRGM P> <:G GPI>QI><M : EH@BLMEBXMAK
zG ?:<M MA> FH=>E Q% BL : LI:MB:EEQIEB<BM O>KLBHG H? MA> ?:FHNL
EH@BLMBRNAK?NG<MBHEHL> MA> K>SLHNK> LBS> BL =>VG>R;
47M9 ?HK MBF> LM>I M OA>G-M#WKK LBS> :M MBF> LM>| M BL
=>vG>= L

47TM 9 47M9 K 47M9  k47M9

3A>K> K BL MA>@HKPMA WI> :G=" MA><:KKRBG@ <:I:<B¥RHNK
>GOBIGF>GM :;HO> ' BL G:F>ER <>EEL PA>K > >«<A



https://en.wikipedia.org/wiki/Logistic_function
https://en.wikipedia.org/wiki/Carrying_capacity
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<>EE <:G HGER ;> H<<NIBR-HG> :@>GM LBFNEM:G>HMERB@A>LM
K@HKPMA W> PBEE A:lI>G PA>G A:E? H? MABHNK> BL :O:BE:;;E>
F>.GBG@ 47M9 ?HK" z? KBL>IN.EMH  MA> K>LHNK>
@HKPL HO>K MBF> :L BG #B@NKABL BL MA> <E:LLB< / waHiKMA>
EH@BLMBRNMK?’NG<MBHG

10000
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8000
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4000
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oMo Mo wnmnowmwo ;Mo wmouwmowumowmow;m
oo NN NS S NN W WONRMNOW00E G

100
105
110
115
120
125
130
135
140
145
150

Ticks

8F® *6D@F6 =66= @7 =@3:IBHEBC@56=H:E9C 275%

zG : LEMB:E FH=>E MA>@HKPMA K> GHM HGER =>I>G=L HG MA>
O:EN> H? K ;NM :ELH H® MA> KLHNK> BL =BLMKB;NM>= LI:MB:EER
FH=>E MABL BG *>M(H@H P> F:R BGBMB:EER MABGD :;HRBG@A> ?HE
BFIE>F>GM:MBHG

ask patches [

if pcolor = black [
if random-float 1 < replenishment-rate *
(count neighbors with [ pcolor = green ])]

[ set pcolor green ]

]
]

OABL F>:GL MA:M ?HIO=KR I:M<A PBMA GHHNK> MA>=KBL :
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IKH;:;;BEBMR MA:M BM-BBEE:KI> OABL IK;;;BEBMR PBEE ;> AB@A>K MA>
FHK> G>B@A;HKBG@ <>EEL MA:M ANESINGBML

%HP>0>K MABL BFIE>F>GM:MBHG BL H?M>G R><MRB<:E >HK
I>HIE> F:D > BG :@>GM ;:L>= FH=>EL 0A>HtKE>F BL MA> ?HEEG@
EE <>EEL>:NI=:M>= KG=HFER HG> ;R HG> z? RHN A:0> .G >FIMR
<>EE :G= MABL <>EE ;><HF>L : <>EE PRMAKKNGBM MABL <>EE BL GH
EHG@>K L>>G L >FIMR MA> GM <>EE MH ;> NI=:M>= 0ABL <:G E>:=
MH LMI@> KLNEML LBG<> MASKHBG PAB<A <>EEINIK:M>= y><ML
MA>K_NEML zM BL MMB4KEER IHLLB;E> MA:M .G >FIMR E:G=L<:I> PBMA
CNLM HG> <>EE PBNIANK> NGBM <HNE= E>:= MH : <HFIE>MBKXKR
BG HG> MBF> LM>I OABL BL :6:EBIKVIBCL>GM:MBHG

/H AHP MH BFIE>F>GM MA>@SG=KIBHG H? MA> <>EEL>PR>K
HGER M:[BGMH :<<HNGM MA> LM:M> H? MA> <>EEL :M MA> LM:KM H? M
LM>l 3> G>>= MH :== .G :==BMBHG:E :MMKB;NM> MH MA> |:M<A MA
KeF>F;>KL MA> HE= LM:M> H? MA> <>EE 0A>G P> <X3MHWA> FH=>E
BG MA> ?HIBH® P:R

ask patches [set oldstate pcolor ]

ask patches [
if oldstate = black [
if random-float 1 < replenishment-rate *
(count neighbors  with [oldstate = green ])
[ set pcolor green set penergy food-energy 1

]

3BMA : KIE>GBLAF>GNMM$ >JN:E MH P> @>M MA> =RG:FB<L P>
H;L>KO> BG #B@NKBA> K>LHNK> :G= IHINE:MBHG GNF;>KL =H GHM
LM:;BEBS> :G=® @HBG@ NI :G=#6G 3A>G MA>KBL : EHM H? ?HH=

MA> :@>GML LM:KM MH <HGLNF> : EHMI=B=<3K EHM H? HyLIKBG@
OABL E>:=L MA>UKINK> E®>EL MH @HPEHF:DBG@ BM A¥K ?HK MA>
:@>GML MH vG= ?HH= /BG<> MA>BK F>M:HEBLF G>X@R SGKR

MBF> LM>| LHF> :@>GML PBEE =B>>UNEM MA> IHINE:MBHG LBS> ?:EEL
:G=7>P>K KRLHNK>L (K> >:M>G 0ABL BG MNKG E>:=L MH MA> KBL>H? M
KSLHNK>
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Timeseries
2000 Ulfood
Magents
Q.
=i
oo
|
sy
I | | NAANA A A A AR
0
0 Time 5850

8FB )@AF=2E:@7 2?5[@HB6 D:K6 7@C 567?D:EJ 56A676BTBHEI @7
GD@B6 H:E9 GB@HEYS CE6 6BF2=E@ '@E6 E92E 7@ @B @HE D:K6
5:G:5653 E@ 92G6 E96 ?F>36CD 2E 2 D:>:=2C D42=6

3 > <G IHKMIR MA> =RG:FB<L H? MA> IHINE:MBHG *GHNKK> BG :

LH <EE>#A:L>=B:@KF #B@NK OABL LAHPL MA> <R<EB<:E =RG:FB<L
H? MA> MPH O:KB:E>L E>=BG@ MA> LRLM>EMHKINBK BG :
<HGVG>= :k: H? MA> IAL> =B:@K ;NM G>0O>K L>MME> BGMH
>JNBEB;KBNF


https://en.wikipedia.org/wiki/Phase_diagram
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:8FG®G  )92D6 5:28C2> @7 A@QAF=2E:@? BIH@AG H:E9 EB@HE9 CE6 @7
8676QEG6S5 :? 146= H:E®BOF=ELGre :8F®

3A>G P> BG<KL> MA> K@WPMA K> MH MA> IHINE:MBHGDEE
<BKE>L >MP>>G :G= ;NM G> O>K LM:;BEBS>L #B@DBIK>
IHINE:MBHG =H>L GHM =B> HNM 3A>G>ANKS BL EH :@>GML
=B> HNM :G= MASLKNK> ke<HO>KL %PHO>K FHLM LI><B>L =H GHM
KeIKH=N<> ;R <EHGBG@ :G= P> PBRHEHK MA> <HGL>JN>G<>L H?
A:OBG@ MPH &ML BG MARQGH . ><MBHG



o+, 1( 0z+* " +( +$5
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:8F® )92D6 5:28C2> @7 A@AF=2E:@? BYHE@AG6 H:E9 EB@HE9 CE6 @7

"+ C+)985, '9/4-

INIIHL> :@>GML <:G HGERIKH=N<> PA>G MPH :@>GML F>>M PAH
A:0> >G>I@R ;RHG= MA> FBGBFNF@&sE H? >G@IR/N<A : KNE>
PBEE BFIER MA:M GHM EE :@>GML PBNEXERKMA:G MA> ;BKMA
MAKLAHE= PBEE @>M HyLIKBG@ LBG<> >:<A IHM>GMEZE>:H. MH
vG=: LNBM:;E> F:M>

OH BFIE>F>GM MABL :G :@>GM PAH A:L MA> FBGBFNRaRG>K
K>INBK= ?HK IKI=N<BG@ HyLIKBG@ G>>=L MH ENI> K= <A><D
PA>SMA>K MA>BL G :@>GM G>K; PBMA LNx<B>GM XRKA>
IKBFBMBBS ¥BNL@BO>L MA> L>M H? :@>GML>MAIMGE PBMABG :
K=BNL H? : =>vG>= LBS> OANUNKMEBE ¥BNLL>:K<A K=BNLPBMA
7>G>@R ;BKMA MAKKHE=BL MA> L>M H? :@>GML BGBWASHR LBS>
L>:K<A K=BNLPAH A:0> FHK> >G>KR MA:G MA> FBGBFNF :FHNGM H?
>G>K@R G>>=>= MHHKN<> HyLIKBG@

3 > HGER P:GM MHG®HHG B? MAXK> :GR :@>GML MA:M F>>M MABL
<HG=BMBHG OANL ;>?FKOBG@ HG P> NL> IKBFBNHBO>PAB<A
<A><DL PA>MA>K MAXK :@>GML PBMABG MA> :@>GM L>M :G= MANL
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if any? turtles in-radius search-radius with [energy > birth-

*H P MA>K BL :GHMA>KHKE>F 0A> :@>GM PAH BL EHHDBG@ ?HK : F:M>
BL BG<EN=>= BG MA> :@>GM L>M LBG<> BM BL :G :@>GM RBMABG M
K=BNL OA>K?HK P> A:0> MH vG=: P:R MH&EN=> MA> :@>GM PAH

BL L>:KABG@ ?HK : F:M> HGL>JN>GMERA><D PA:M MA> B=>GMBMR
BL ?HK MA> .@>GM EHHDBG@ ?HK : FMENZ= MABHRPKIA> EBLM H?
:@>GML MA:M ;><HF>: F:M>

let agentwho who
if any? turtles in-radius search-radius with  [energy > birth-

/H :M MABL IHBGM P> A:O>: L>M H? <:G=B=:M> F:M>L 0A>:@>GML K
GHM O>KR IB<BR :LLNF> MAXR LDBI LI>>= =:MBG@ :G= CNLM :<<>IM
:GR F:M> MA:M F>>ML MA> FBGBFNF <HG=BMBHGL %>G<> MH L>E><M
F:M> P> M:D> HG> :@>GM H? MA> L>M H? <:G=B=:M>L OA> GNF;>K H?
<:G=B=:M>L FB@AM ;> HG> :G= MA>G MA:M HG> BL <AHL>G NM B? MA>
BL E®>K MA:G HG> HG> :@>GI@BHRER L>E><M>=

let mate one-of turtles in-radius search-radius with  [energy

3 > LLNF> MA:M MA> BGBMB:H@FRGHR MA> <ABE= BL H? MA>
<HF;BG>= >G>K@R H? MA> MPH>IGML ":<A I:K>GM <HGMKB;NM>L :G
>JN:E LA:K> MH MA> >G@R H? MA> HyLIKBG@ OABL BL BFIE>F>GM>=:L

let childenergy (energy + [energy] of mate) / 10
set energy energy - 0.5 * childenergy
ask mate[ set energy energy - 0.5 * childenergy]

[ hatch 1 [set energy childenergy]]

3A>G P> KNG MA> FH=>E PBMA>GHPMA KWI> >IN:E MH :G=

: L>K<AK=BNL H? P> @>M MA> |A:L> =Bf@i{? #B@NK 0A>
:FIEBMN=> H? MA> <R<E> BL : ;BMIKEMA:G #B@NRBMAHNM F:MBG@
3A:M BL MA>K HG ?HK MABL
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1000
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:8FG®G  )92D6 5:28C2> 7@C A@AF=2E:@? @D®EB6 D:K6 H:E9 >2E:?8

1:337>

OABL <A:IM>K IKL>GML : ;:LB< IHINE:MBHG FH=>E /N<A : FH=>E
<HNE= ;> =>L<KB;>= R =By>KG<> HK =By>kKMB:E >JN:MBHGL
LLNFBG@ : E®> >GHN@A IHINE:MBHG> 3IHNE= :ELH NL>
OBLN:EBS:MBHGL H? :@>GM ;.L>= FH+MNEM_L EBBL>= FHK>
<HFFHGER ?HK =Byfk<> >JN:MBHG FH=>EL LN<A :L IAlL>
=B:@KL 3A>G P> BGMK=N<>= F-MBG@ P> BG<EN=>= :G :==BMBHG
MA:M  PHNE= ;> FHK LNBM:;E> ?HK :@>GM;L>= FH=>E
BFIE>SF>GM:MBHG %>G<> MABL <A:IM>K =>FEALNA:M FH=>EL
MRIB<:EER LMN=B>= PBMA>GBy>KIJN:MBHGL <HNE= :ELH ;>
BFIE>F>GM>= R :@>GM ;:L>= FH=>EL :G= =N> MH MA> LMH<A:LMB<
G:MNK H? :@>GM ;.L>= FH=>EL =>KBO> LBFBEWERHM MA> L:F>
K>LNEML

+,+7 +4)+8

INKKSMM .B<A=KG=/BFHG (> OBG 0A> zFIHKM:G<> H? >BG@
IBL<kM> :G=/:MB:E ,96 @6E:42=)@AF=2E.@? .@=@8J



). &I

Governing the Commons

+ > 54)+698
2G MABL <A:IM>K RHN PBEE

q ;> BGM#N<>= MH MA>@HER H? MA> <HFFHGL
q =>FHGLM#& > MA> N@#&=R BG : *>M(H@H FH=>E

g ;> LAHPG MA:M :@>GML <:G L>E>>@E MA>BK bAK
KeLHNK>L

SLHNKSL K GlIK HIKB:M>= :G= PA>G @NKIL H? I>HIE> LAK
KLHNK>L BM <G ;> : <A:EE>G@> MH :OBBXKAKO>LMBG@ H? MA>
LAK>= IGLHNK>L #HK @:FIE> <HGLB=>K vVLA>KL VLABG@ MA> H<>:GL
?:KF>KL INFIBG@ NI @HNG=P:M>K HBE <HFI.GB>L =KBEEBG@ ?HK H
HK FHOB> P:M<A>KL NLBG@ MA> EBFBM>= ;:G=PB=MA H? MA> <HFFNC
BGM>KG>M <HGG><MBHG zG ;BHEH@BIM %8G PKHM> :
?:FHNL >LL:R BG MA> CHNKG:E /<B>G<> NBMBKX@o=R H? MA>
HFFHGL p %> NL>= MA> F>M:IAHK H? LA>>IASKL LAKBG@ :
F>=H P 3ABE> >:<A A>¥>K PBEE ;>G>vM :L :G BG=BOBaFE ?K
==BG@ :G @MK.A>>| MH MA> I.LMNK L : @KHNI MAR PBEE ;>:K
MA> <HLML H? MA> :==BMBESBE@G= >LI><B:EER PA>G BM>K
. LBMN:MBHG BG PABSB@® H<<NKL ?:LM>K MA:G>MANKEK <:G



https://en.wikipedia.org/wiki/Garrett_Hardin
https://en.wikipedia.org/wiki/Tragedy_of_the_commons
https://en.wikipedia.org/wiki/Tragedy_of_the_commons

$+ 2".%2*8  0%"  +))+*/

> K>@>G>K>= EE A=¢KL LA MA> <HLM HOHRISBG@ ;NM MA>
;>G>vM H? MAXMKA>> @H>L MH MA> LAM>LHE> PG>K

OH :OHB=B8>KA:KO>LMBG@ H2MKe %:K=BG K@N>= MA:M MA>K
BL : G>>= ?HK LMKBEMK@H>GM:E®@NE:MBHG HK IKBO:MBS:MBHG H? M
KLHNK>L 3BMAHNM MA>L> BGM>KO>GMBHGL=>KIA>PKANE=
BGOBM:;EROEKA:KO>LM %B@ >LL:R P.L AB@AER BGWN>GMB:E :FHG@
>SF>K@BG@ >GIOBKGM:EBLML PAH P>kR<HFBG@ BG<KBG@ER
<HG<>KG>= PBMA MA> F:GR ANF:G <:NL>= >BGBKGM.E IK;E>FL
0A>R <:EE>= MA>@HKGF>GM MH :<MBHG & IG@NE:MBHGL P>K
PKBMM>G #K> IHEENMBHG :G= :OHB=KA:KO>LMBG@

/BG<> %:KB@ >LL:R BG<KLBG@ :P:KkG>LL :ELH >F>K>= MA:M
. MK@>=R BL GHM MA> HGER IHLLB;E> HNM<HF> PA>G I>HE> LAK
. <HFFHG K>LHNK> O0A>kK :K> F:GR >Q:FIE>L H? EHG@ E:LMBG@
<HFFNGBMB>L MA:M A:0> F:.BGM:BG>= MA>BK <HFEHKX
>y><MBO>ERG<> MA> L MA>K AL >>G :G BG<KLBG@
BGM=BL<BIEBG:KR >yHKM MH =>;NGD MA> LBFIEBIMBAX =R
H? MA> <HFFHGL"EBGHK +IH#K :G= HMA>KL LA¥= MAKN@A :
<HFI:K :MBO> :G:ERLBL H? F:GR <:L> LMN=B>L MA:M ANF.GL <.G L>E?
@B>KG MA>BK <HFFHGHNK>L zG A>K <E:LLB< LMN=R=$8BG@ MA>
HFFHGL p "EBGHK +LMK=>vG>L >B@AM IKBG<BIE>L MA:M >GA:G<> MA>
EBIEBAHH= H? L>EQX®B:G<> BG<EN=BG@ >y><MBO> FHGBMHKBG@
LMKB<M ;HNG=:KB>L H>MANK>

zG MABL <A:IM>K P> PAMAKN@A LHF> LBFIE> FH=>EL PA:M
A:lI>GL PA>G :@>GML <HGLNF> LAX= IGCLHNK>L :G= K> @K>=R
HK PA>G MA&BFBM:M> HMA>K LN<<>LL?NE :@>GML :G= PA:M A:lI>GL
PA>G FHGBMHKBG@ :G= L:G<MBHGBG@ BL BG<EN=>=

5*+2/4-9.+"  T-+*>

3 > IK>L>GM : LBFIE> FH=>E PA>SK@>GML A:KO>LMP?KLA:K >=
K>LHNK> PBMAHNM.MKB<MBHGLPBEE L>> MA:M MABL E>:=L MH MA>
HO>KA:KO>LMBG@ H? M&= KALKINK> 0A>kK BL : GNF;>K H? MP>:DL
MH MA> FH=>E PAB<A B&WMKL LHF> G IKBFBMBO>L :@:BG 3
NL>= MA> 3:EMA 'BLMKB;NMBHG BG MA> /H<B:E /<B>G<> ?HE=>K H? *>M
; R1KB 3BE>GLDR :L MA> LM:KMBG@ IHBGM +NK FH=>E O>RBHG MA:M
MABL L><MBHG :G= MBMG:G ;> =i PGEH:=>=A>K>


https://en.wikipedia.org/wiki/Elinor_Ostrom
https://www.comses.net/codebase-release/9712c8e9-dac2-4de4-aafc-6fd1cf8b6e14/

) - +& */["*

#BKLM P> FH=>E MACHNNK> *HM >KR <>EE A:L MA> L:F> <:KKRBG@
<I:<BMR#BKLM P> L>M : EKGM:@P>K<>GM ;>LM E:G4? MA> <>EEL
‘M MA> F:QBFNF <KKRBG@ <:l:<B&BL BL MA> ;>LM E:G= BG MA>
E:G=L<:I>

ask patches

[

set max-resource-here 0
if  (random-float 100.0 ) <= percent-best-land

[

set max-resource-here max-resource
set resource-here max-resource-here

]

OABL E>:=L MH :G&HFER =BLMKB;NM>= GNF;>K H? <>EEL MA:M A:O> MA
F:QBFNF K >LHNK> ES®>E L LAPG BG #B@NK
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:8F@ DEC:3FE:@? @7 A2E496D ¢DEDHAGD 2E E96 >2I:>F> =66= H9:E6
A2E496D

IN;L>IN>GMERP> NL> MA> IKBFBMBB¥NL>MH LIK:= K>LHNK>L MH
G>B@A;HKBG@ |:M<MNL> KSLHNK> A>kKe F>.GL MA:M

H? MA>KHNK> E®>E H? : |:M<A BL =BLMKB;NM>= MH MANG=RIG@
I:IM<A>L OABL BL =HG> ?HK BMHGL ?HK [IM<A>L MA:M A:O>
K>SLHNK>L HG MA>BK |:M<A BG MA> <H= ;6BBL E>:=L MBLKINK>
=BLMKB;NMBHG L BG#B@NK

repeat 5
[ ask patches with [max-resource-here I= 0]
[ set resource-here max-resource-here ]



). &I

diffuse resource-here 0.25 ]

:8F®@ DEC:3FE:@? @D@HB6D @? A2E496D

repeat 10

diffuse resource-here 0.25



$+ 2".%2*8  0%"  +))+*/

:8F® :?2=5:DEC:3FE:@?DT@HBED 6BF:G2=67E E@ 42CCJ:?8 42A24:E:6D @7 EC
A2E496D %:89E6C 4@B7ECE@ 9:89666=® @7 HBIB@HE

G :@>GM EHHDL MH MA> GHKMA >:LM P>LM :G=LHNMA I:M<A zM PBE!
: GNF;>K H? I:M<A>L :A>:= :<<HK=BG@ MH BML OBLBHG :G= =>M>KFBG
MA> K HNK> E®>E H? MA> |:M<A PBMA MA> AB@AINKA IEO>E
?HK >:<A =BKMBHG O0A> :@>GM MA>G =>M>KFBG>L PAB<A H? M
G>B@A;HKBG@<NBBHGL A:L MA> AB@/AOMHER2MAR KNK> 2?2 MASK
BL FHEK MA:.G HG> G>B@A;HK PBMA MA> AB@ANKM KO>E HG>
BL =G :M KG=HF O0A> :@>GM MA>G MNKGE.KMHMA> ;>LM
G>B@A;HKBG@ |:M<A :G=#LD LM>| ?HKP:K

".<A MB<D MA> :@>GM PBEE A:KO>LM L EHG@ :L MA> I:M=A A:L FH



). &I

MA:G HG> NGBM H? MASNK> :0:BE:;E> 0A> K. HNK> PBEE@&HP

NLBG@ : EH@BLMB< >IN:MBHGIQRDBM@ #d> H? I>K MB<D #B@NK
LAHPL MA>KXLNEML PA>G :@>GMk B HNK>L PA>GXO>K MR K>

:0:BE:;;E> 0A>L> @K=R :@>GML E>:= MH : <HEE:IL> H?-NIANK>

8F®G G6C286 GD@KB6 D:K6@BC E:>6 7@665C 2867ED

z? P> BG<EN=>: A>NKBLMB< MA:M :@>GML PBEE GHM AIKOD#M B? MA>
BL ;>ER: <>KM:BG BE>E P> F:R =>KBO> : FHKLNLM:BG:;E> HNM<HF>
#HK ®Q:FIE> PA:M PBEE A:llI>G B? P> :LLNF> MA:M :@>GML PBEE GHM
A:KO>LM : H HNK> PA>G BM HK ;>EHP NGBM HK E>LL MA:G
H? MA:M <EEEKRKRBG@ <:l:<BMB<> MA>KHNK> @HPL :<<HK=-BG@
MH : EH@BLMERVMAKNG<MBHG MA> F.QBFNHIPKX K> A:lI>GL
PBMA : KLHNK> E®>E H? H? MA> <:KKRBG@ <:|:<BbHE<> B?
:@>GML KA:KO>LM>= :M H? MA> <:KKRBG@ <:Il:<BMIR PBEE
K><>BO>: F.QBFNF KkMNKG BG MA> EHG@>K M>KF OABL HNM<HF> BL H"
<:EE>=MAQBFENF LNLM:BG::E> RB>ENIIHL> P> A:O> MA> EH@BLMB<
@HKPMA >IN:MBHG ?BKHNK> 4

47M 9 47TM9 K 47M9  k47M9 ' k %7M9

3A>K> %7M9 BL MA> A:KO>LM :M MBF> LM>| M>@ERNIANRE: :G=
'BL MA> <:KKRBG@ <:I:<BGIRIA> EHG@ M>KF MA> LNLM:BG:;E> LHENMB



https://en.wikipedia.org/wiki/Maximum_sustainable_yield
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BL MH A:KO>LM >:<A MBF> LM>I MA> L:F> :FHNGM :L>UANKe
@>G>=K>L OABL F>.GL MA:M

%7M9 K 47M9 k47M9

z? 4BL>IJN:E MH F>.GBG@ : <HEE:IL> H?>NMANK> MA> A:KO>LM
E®©>E BL 0A>HMA>K >JNBEB;KBNF BL PA>G 4 BL >JN:E MH ' OABL Bl
=>KBO>=R M:DBG@ MA> =>KBO:MBO>H? K4 k4' :G=L>M BM >JN:E MH

#B@NK LAHPL MA> KLNEM BL MA> A>NKBLMB< ;*EHMA>
<:KKRBG@ <:l:<BBR L>> MA:M MA>LKINK> BL GHM <HEE:ILBG@ ;NM
LM:RL :M : LM>=R@>E ;;HO> H? MA> LRLM>R <:KKRBG@ <:l:<BMR
LBG<>:@>GML =H GHM A:KO>LALINMESK>EHP H? >:<AL:IM<A h
<:KKRBG@ <:I:<BMR

8F®G G6C286 GD@HKE6 D:K6@BC E:>6 7@C E96 ?@CH@2867ED

3A:M B? :@>GML <:G BFBM:M> MA> :>A:0BHK H? HMABKNF3

MA:M :@>GML :EE A:0> =BMKMAKAHE=L :G= BFBM:M> GHKFL NL>=

; R HMA>K :@>GML PAH A:0=\@K P>:EMA MA:G MA>FL>EO>LERA

BL =>vG>= L MA> =BL<HNGM>= LNF H? >KGBG@L H? MA> [.LM ":<A
MB<D [|.LM >:KGBG@IFMEMBIEB>R ; PAB<A F>:GL : =BL<HNGM

KM> H? : K >=N<MBHG H? OABL F>.GL MA:M<KGM >:KGBG@L



). &I

A:O> : AB@A>K P>B@AM MA:G >KGBG@L ?:K BG MA> |.LM 3A:M BL
<HGL>JN>G<> H? MABL LN<<>LL ;B:L>= BFBM:MBHG

z? :@>GML BFBM:M> MASAMBK H? HMA>KL [>K?>GAERE :@>GML
LM:KM PBMA MA> L:F>MMHE= H? H? MA> <:KKRBG@ <:l:<BMR
PBEE GHM L>> :GR =Byx=KL <HFI:K>= MH #B@NKEMAHN@A LHF>
:@>GML F:R >:KG FHK MA:G HMA>KL MABK GH =BO>KLBMRBN®. MK
%HP>0>K B?:@>GML O:KR BG MA>BK BGBMB:E GHKFL ;>MP>>G :G=
P> L>> MA:M MA> :0&¢ MAKAHE= O.EN> @H>LPEH #B@NK
OABL F>:GL MA:M :@>GME BHK> >:@>K MH A:KO>BMHNK>L ?KF
I:M<A>L PBMA : BPHK :FHNGM H?3HNK>L O0A> K:LHG ?HK MABL BL
MA:M :@>GML PAH :ELH A:KO>LM>= |:M<A>L PBR#X::BHNGM H?
K>LHNK>L =>KBO> FEIR>.EMA MA:G MAHL> PAH LM:KM EHHDBB@ ?HK G!
K>LHNK>L JNB<tK 0A> BFBM:MBHG H? MAHL> :@>GML PAH <HEE><M FI
K>LHNK>L E>:=L MH ::K> MH MA> ;HMMHF

:8F® G6C286 G2=F6 @7@¥=5 >:?6D@HE6 5FC:?8 2 EJA:42= CF?
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8FG®G 96 2G6(286 GD@HKEE D:K6 5FC:?8 E96 D2>6 D:>F=2E:@7? 2B :8FC

225</4- 5742, 5 +74'4)+

3 > GHP BGMIkN<> MA:M :@>GML F:R EOFBLM:BL BG BFBM:MBG@
MA> MAKAHE=L MA:M HMA>KL NL> R?BEBM:M> RABFBM:M> MA>
MAKLAHE= NL>=R MA> :@>GM RIBFBM:M> ;NM P> PBEE :==: GHBL>
M>KF EE :@>GML PBEE LM:KM PBMA : GHKF O:EN> H?  0A> FBLM:LC
BG BFBM:MBHG F:R E>:= LHF> :@>GML MH LM:KM NILBRGI@= \MHEKe

:G= HMA>KL ;>EHP  +O>K MBF> P> L>> MA:M MA> MAKRHE=
PBEE =KBCBE:KHL. :G= MA> K>LHNK> PBEE ;> =>IE>M>= L IAB
BG #B@NK

%HP =H P> BGM>KHKI MABELKEM @>GML>:RBEEBG@ MR H;>
MAKLAHE= H? LNLM:BG:;E> NL> H? MEAENK> :NM :=CNLM MA>BK
LMKI>@R B? RA>> MA:M HMA>KL =H >M®R>KHM HRBG@ MA>
MAKLAHE= zG MA> FH=>E EE :@>GML A:0> @HH= BGM>GMBHGL R>
: R BFI>K?><M <RBG@ P> @>MHRBG@ HNM H? MA>EFMHIKF
H? LNLM:BG:;E> NL> H? MAHKK> %>G<> @HH= BGM>GMBHGHNMK
LNx<B>GM ?HK LNLM:BG:;E> NL> H2 NN



). &I

8F®G G6C286 GD@KB6 D:K6@BC E:>6 7@C 286?ED H9@ :>A6C764E=J :>:E2E6
36EE6C A6C7@C>:?8 2867ED

0A> >OHEOBG@IMAKE=L <:G ;> L>>G L GHKFL BG : IHINE:MBHG
0A> >Q:FIE> ;;H O> LAR>= MA:M B? :@>GML CNLM BFBMIAMHEMAK
H? FHK LN<<>LL?NE :@>GML L>EVLA ;>A:OBHKIBt>K :G= MA>
Mi@>=R H? MA> <HFFHGL A:ll>GL /H MH :BERHK> <HHI>KMBO>
GHKFL MHOHEO> P> G>>= MH BG<EN=>>G28KI

3 > GHP BG<EN=> MA> HIMBHG MA:M :@>GML <:.G @BO> >:<A HMA:
P:KGBG@ #HK : LF:EE :FHNGM H? <HLM G :@>GM=N&> KVA>
> KGBG@ H? :GHMA>K :@>GM PAH BL <:N@QAM RtRO@H AHE=
zG MA> E>:LM G :@>GM <:G L:G<MBHG MAHL> PAH A:KO>LNRPA>G M
MA>FL>EO>L PHNE= GHM A:KO>LM

"'<A :@>GM PBEE <A><D PAB<A :@>GML BG BML OBLBH& AL : E
A:KO>LM>=B>KHFI:K >= MH MABBG GHKF KLHNK> H? MA> BGBMB:E
:@>GM 0A> O:KB:E&KO>LM>=@sE BL <:E<NE:M>= BG AKCRLM ;
=BOB=BGEHNK> A>K ; R F:Q K>LHNK> A>K 0A> IKBFBMB®%
K=BNL=>vG>L : K=BNLH? LBS>3#BNL :KHNG= MA> :@>GM

let threshold min-norm-resource
let cheatingagents turtles in-radius radius with [harvestedlev
if cheatingagents I= nobody [
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set wealth wealth b count cheatingagent * costpunish
ask cheatingagents [ set wealth wealth B costpunished]

]

3A>G MA>K :K> HMA>K :@>GML BG MBNLKMA:M NL>FE GHKFL
MA:G BML>E? MA> :@>GM PBEE INGBLA :EE MARLK=KBEGV@ BML
P>.EMA PBMALMINGBLA>M MA> <HLM<+H_MINGBIMH BML>E? @>GML
‘K> GHM :EE¥= MH INGBLA B? MA>BK P>EMA BL GHMAEBK
<HLMINGBLA6>G<> :G :@>GM PBEE A:0> MH A:KO>LM MH ;> :;;E> Mt
INGBLA :G= MA>RHK MA> GHKF PBEBHEO> MH O>KR AB@A O:EN>L
PAB<A PHNE= F>.G :@>GMKHKER A:KO>LMIPRIA> KLHNK> zG MA>
KSLNEML ;>PHB@MNK P> L>> MA:M PBMA : LF:EEK=BNL BM
BL <A:EE>G@BG@ MH @>MBBHISGKKFIOHEOBG@ 3A>G MAMNK BL
<HHI>K :MBO> GHKFIOHEO> PA>G MA> I>G:EMR BL LBQ MBF>L AB@A
MA:G MA> <HLM H? INGBLAF>GM NM : O>KR AB@A I>G:EMR PBEE GHM ;;
LH<B>MR L BM PBEE E>:= MH : EHLL H? P>EMA LLNFBG@ MA> I>G:
:K> EHLM MH LH<BBMR MA:M MASLKEML >KH;M:BG>= ?HK KNGGBG@
MA> FH=>E MBF>LM>IL ?HK MBF>L ?HK >:<A H? MASFKM>K
<HF;BG:MBHGL

8F®  ,96 2G6286 G2=F6 @7 E9®BE9@=5 2D 2 7TF?4E:@? @7 E96 AGB2=EJ =6
4962E6CDABC:6?46 7@C EREFD =66=D
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B8F®B G6C286 GD@KBE =66=652E:G6 E@ E96 42CCJ:?8 42A24:EJ 2D 2 7TF?4AE:@"
@7 E96 AG?2=KEIJ6=64962E6TRGE:6746 7@C ERGFO =66=D

8F®G  G6C286 H62=E9 A6C AGCD@? 2D 2 7TF?4E:@? @7 E9&AE?2=EJ =6
4962E6CDABC:6746 7@C ERGFD =66=D

+G> H? MA> <A:EE>G@>L BL MH :G<AHK MA> GHKF MH : LNI.O#BG:;E> E:
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0A> :@>GML NL> BG?HKF:E GHKFL :G= I>>K INGBLAF>GM-H4RHN
?>>E ;;HNM INGBLABG@ RHNK I>>KL 'H RHN P:ED NI MH I>HIE> PAH
LFHD> BG IE:<>L MR>:K> GHM :EE¥= MH LFHD HK B? LHF>H=R
MAKP MHKA HG MA> LMKM 3> MRIB<:EER :OHB= I>>K INGBLAF>GM
:G= <K>:M> ?HKF.E KNE>L MAM>G&?HES= ; R [IIHBGM>= >G?KKKL
NM >G?H&KL =H GHM A:OR>L O>KRPA>K G >QM>GLBHG H? MABL
FH=>E BL MH FH=>E :IIHBGM>= >G2KK PAI CH; BL MH >G2HK
MA> KNE>L PoHGR >G?HK>KL =H RHN G>>= MH :<@B:NLM:BG:;E>
HNM<HF>L :G RHN XER HG :IIHBGM>= >G2HKL HGERGHMA>K
>QM>GLBHG BL MH BFIE>F>6NMIM@K L.G<MBHGBG@ @>GML PAH
I>KLBLM BG>;RBG@ MA> KNE> F:R @>M AB@A>K I>G:EMB>L #BKLM
:@>GML KD : KNE> @>M : P.KGBG@ :G= @>M AB@A>K :G= AB@A
L:G<MBHGIOBK MBF>HBl F:R :=CNLM MA> FH=>E MH BG<EN=> MAHL>
:LI><ML :G= L>> PA>MA>K RHN @>M : LNLM:BG:;E> HNM<HF>

1:33'7>

zG MABL <A:IM>K P> =BL<NLL>= MA> BLLN> H? F.G:@BG@ LAK
KSLHNK>L O0A> M¥BMBHG:E I>KLI><MBO> IHINE:KBR>=$:KK-M
%:K=BG P:L MA:M BG=BOB=N:EL <HFI>M> ?HK>MAHBK_KBG : #/
K<> MH <HEE><M MA> ;>G>HAMAS KLHNK> :G= LA:K> MA> <HLML
H? KD>KA:KO>LMBG@ PBMA HMAKIH 3>FHGLNMY>= : *>M(H@H
FH=>E PBMA :G :EM>KG:MBO> [>KLI><MBO> ;L>= HG >FIBKB<:E
H;L>KO:MBHGL H? L>E»@6>= <HFFNGBMB>L zG=BOB=N:Ex>>G?HK
GHKFL :;HNM B>IBG@ =>IE>M>=LKINK>L Hy EBFBMR ;INGBLABG@
MAHL> PAH =H GHM 7PiBEA> GHKFL OABL E>:=L MH LNLM:BG:E>
HNM<HF>L H2KHNK> @B>KG:G<>

+,+7 +4)+8

G=>KB>L &HAG ) :G= )K<H & GLL>G INLM:BGBG@ MA>
HFFHGL >GM>K ?HK >A:0BHK zGLMBMNMBHGL :G= MAF>GRBK

KBSHG: IM:M> 1GBO>KLBMR >> ?K> M®M;HHD ‘M
AMMIL LNLM:BGBG@MA><HFFHKIEEL HK
HPE>L [:FN>E ,HEB<B>L !>LB@G>= ?HK />E? zGM#K=

BMBS>GL ):R 1G=>KFBG®A»> )HK:E />GMBF>GMLp "OB=>GH¥F ?K
"<HGHFB< "QI>KBF>GMt4:6?746


https://sustainingthecommons.org/
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%:K=BG $:KKMM 0 K@>=R H? MA> HFFHGL+4:6746

+LMKF "EBGHK $H O>KGBG@ MA> HFFHGL :F,KB=@>
1GBO>KLBMR.IK
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Managing Rangelands

+ > 54)+698
2G MABL <A:IM>K RHN PBEE

g >QIEHKFH=>EL MA:M *<HF;BG:MBHGL H? =BySK>
>IJN:MBHGL :G=:G :@>GM ;:L>= FH=>E

q E>:KG APMH =HX_BEB>G<> :G:ERLBL PBMA :@>GM ;:L>=
FH=>EL

g NL>HIMBFBS:MBHG MH vG= MA> ;>LM F:G: @>FAGMABHK

.G@>E:G=L :k MA> L>FB :KB=>&BHGL H? MA> PHKE= MAMHHK
=KR ?HK>EKEB:E> #H <NEMBO:MBHG :G= A>G<> NL>= ?HK EBO>LMH
IKH=N<MBHG H? HG> ?HKF HK :GHMA®LD&>MA> MHB<L :G=
M>FI>KM> SHG>L O:KRBG@ <HGHRBG MA>BK O>@>M:MBHG :G=
G:MBO> ?:NG: 0A> O>@>M:MBHG BIM=KBLMB<:EER : FBQH#NK
@KL>L LAKN;L :G= ML KG@BG@HPKINK> @KLE:G=L MH MA>
PHH=E:G= L:0:GG:L H? MA> LN;ANFB=HIB&L !'>I>G=BG@ HG MA>
DBG= H2HK@>E.G= MA> P>E2iH? MA> |.LMHEBLML PAH EBO> BG MA>F
BL ;.L>= HG @BBG@ :GBF.EL <:MME> :G= LA>>| EBQ@>>=>KL
KHPL>KL :G= @R>KL EBD<:F>EL :G= @H:ML HK : <HF;BG:MBHG
H? HMA #BKA:L ;>>G :G BGM>@XKI:KM H? MA> >GABK>GM H?



). &I

KG@>E:G=L :G= MA> G>M >y><M A.L ;>>G MH F:BGME@GKG=L BG
FHK> HI>G @KLR LM:M>L MA:G PHNE= ;> :<@B=BG MA> :;;L>G<> H?
vK> #BK BL GHM : =BLMNK;:G<> BG FHA@>E:G=L vKLNIIK>LLBHG
BL : =BLMNK;:G<>

zG MABL <A:IM>K P> ?H<NL HG : FH=>EG®3.G= F.G:@>F>GM
BG L>FB :KB= NLHER: 3> NL> MABL FH=>E MH =BL<NLL>MBEBKG<>
H? LH<B:E ><HEH@B<:E LRLM>FL :GiVBEERIPH<:G NL> FH=>EL
MH vG=HNLM F.G:@>F>GM LNk @B>L BG LRLM>FL PBMA @B AIR>
O:KB:;BEBMR

OA> FH=>EL =BL<NLL>= BG MABL <A:IM3K < HG K>L>:K<A MA>
‘NMAHK =B=BG MA>>:KER L PBMA <HEE>:@N>L H? MA> HFFHGP>:EM.
/<B>GMBV< :G=zG=NLMKB:E A>*K®:GBL:MBHG BG HBVIE:GLL>G
>M E G=>KB>L >M E )< EEBLM>K >M :E
#B@NK

:8FG®G 96 2FE9@C :? FDEE€2? 2?86=275D

+8/2/+4)+ '4* :29/62+ 19'(2+ 19'9+8
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0A> <HG<>IM H¥LBEB>GBG ><HEH@B<:E LRLM>FL P:L VvKLM
BGMKN<>= BG ; R MA> :G:=B:G ><HEH@BLM NSSp %HEEBG@
BG HiK MH =>L<KB;> MA> I>KLBLM>G<> HE GRINKFL BG MA> ?:<>
H? =BLMNK;:G<>L LN<A :I5Y{KG= I>LM HNM;KDL %HEEBG@
LBG@E> LRLM>F <:G A:O> FNEMBIE> MRI>L H? LMQ/BIEHIE D >
<:G ;> >BMA>K <E>:K HEX@KG= FNKDRKG@>E.G= <:G A:O> : FBQ
H? A>:EMAR M:EBL@¥= PBMA : ?P MK>L :G= LAKN;L HK BM <:G ;>
<HO>kK= PBMA ®BHNL P>>=L z?: LRLM>F LM:MsLBER>GM-BBIGL
BG MA:M LM:I@>G B? BM@HbE>= MH =BLMNK;:G<>L z? : LRLM>F LM:M>
EHL>L BMLBEB>G<> ?RK-HE> =N> MH vK LNIIK>LLBHG =><:=>L
H? GNMKB>GM EH:=BG&\. BE&KED IDISBGQB@>E:G= BM F:R GHM ;>
;E> MH K<HO>K ME > O>G : LF:EE =BLMNK;:G<> PAB<A PHNE= <:NL>
BM MH wBI BGMH :G NGE>ILBKM>
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LAHKM>LM I:IMAL H? ?HNK EBGDL ;>MP>>% M=K 3> <G
<E<NE:M> MA> :@@K LAHKM>LM |:MA ;>MP>>@>KR MPH GH=>L H?

: G>MPHKD OABL E>:=L MH AK@> LAHKM>LM [:MA E>GEMA
G>MPHKD *>MPHKD LMKNgMKKL MA> E>SG@MA H? MA> LAHKM>LM |:M£
:G= MA>K?HK BM ;><HF>L :G BFIHKM:GM BG=B<:MHK MH xHFI:K
G>MPHKDL 0A> LAHKM>K MAX@®*KA E>SG@MA MA> ?:LM>K P> PBEE
>QI><M BG?HKF:MBHG PBEE =ByNL> PBMABG : G>MPHKD



https://en.wikipedia.org/wiki/Average_path_length
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#BG:EER> EHHD :M MAENLM>KBG@ <H>x<B2GNG>MPHKD OABL

<H>x<B>GM BG=B<:MR.ALIN>GMER EBGDL H? : GH=EB&EDB PBMA

>:<A HMA>K zG LH<B:E G>MPHKDL P> <:G MABGD H? ?KB>G=L H? |>k
‘ELH ;>BG@ ?KB>G=L H? >:<A HMA>K AB@A>K :FHNGM H? ?KB>G=L

?KB>G=L E>:=L MH PHRIENLM>KBG@ zG MAs;¥@RKRHN L>> MA:M

MA> ¥= GH=> A:L MA¥X R>EPH?KB>G=L ;NM GHG> H? MA>L> ?KB>G=L

K> <HGG><M>= OANL MA> <ENLM>KBG@ <H>x<B>GM GRIAABLK

S>K (H <:E<NE:M> MA> <ENLM>KBG@ <H>X<B>GM ?HK : G>MPHKD P>

MA> .0>@> H? MA> <ENLM>KBG@ <H>x<B>GML ?HK :EE GH=>L



https://en.wikipedia.org/wiki/Clustering_coefficient
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G>MPHKD BL OBLN:EBS>= LIA @RM>G MA>L> @X. A:O> GH
LI:MB:E KIK>L>GM:MBHG zM A:L PA>SEIBM.KGML AB@AP:RL HK HMA>K
IARLB<:E G>MPHKDL +MA>KPBL> MARAL>:KDK CNLM : @GAB<E
KIK>L>GM:MBHG H? ME:MBHGLABIL>®BEE 8HBL<NLL : GNF;>K
H? =By>GM MRI>L H? G>MPHKDL :G= L MAR =By>K BG MA>
G>MPHKD F>MKB<L =>@KIA E>G@MA :G= <ENLM>KBG@

'‘4*53 +9<5718
(>Mb LM:KMR EHHDBG@ :M : LBFIE> G>MPHKIGMSGEMPHKD zG
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MABL G>MPHKD MBE>KIHINE:MBHG H? G GH=>L +@&HG> P> ==
EBGDL ;>MP>>G GH=>l> 3H MABLR KG=HFER IB<DBG@ MPH GH=>L
:G= EBGDBG@ MA>F B?BIAGK EBGD:HK

zG MA> *>M(H@H <H=> $B:GM HFIHG>GM BG MA> *>MPHKDL ?HE=:
H? MA> *>M(H@H EK®RK RHN L>> MA:M :==BG@G=KIF EBGD BL =HG>
L 2HEEM. ,B<D MPH MNKME>L :G= <A><D PA>SMA>IBIMAKCR
EBGD ;>MP>>G MA>H 6H MABL P> F:B NL> H?EBGD G>B@A;#HK
PAB<A BL : IKBFBMBO> MA:M BL MKKBB? BBGH ;>MP>>G MA> MNKME>
:G=4 z? MASKBL GH EBGD:#HK P> <G <K>:M> : G>P EBGD ;>MP>>G
MA> MPH MNKME>L NKBG@EBGD PBMAA> IKH<>=NK == >=@>
BL : K<NKLBO> EHHI MAMLDEHHDBG@ ?HK GH=>L MAGHM R>M
<HGG><M>= ;>?HI=BG@ : GP EBGD

to add-edge
let nodel one-of turtles
let node2 one-of turtles

ask nodel [
ifelse link-neighbor? node2 or nodel = node2
[ add-edge ]
[ create-link-with node2 ]
]
end

zG #B@NK RHN L>> AHP MA> G>MPHKD BL OBLN:EBS>= =NKBG@ N
<HGLMKN<MBHG H? EBGDt= EBGRL :G= MNKMEsIMAC E@>LM
<HGG><M>= <HFIHG>GM H? MA> G>MPHKD
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3 > <:G OBLN:EBS> MA=MBO> LBS> H? MA> .B@@>LM <HFBHB>GM H
MBF> #B@NK zGBMB:EHR> LBS> BL O>KR LF:EE CNRNINRME>L
0A>G MASKK> CNFIL :L LF:EE <HFIHG>GML @>M <HGG><M>=>tM M:D

: PABE> NGMBE :EE MNKMBEIGK<M>=
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E96 H9@=6 ?6EH@C< ,96 G6CE:42==:76 :D E96 >@>67E :8 ES@&IR4 2D
>2?J =:?<D 2D EFCE=6D

*HM :EE MNKME>L A:O> MA> L:F> GNF;>K H? EBGBL #B@NKR

PBEE >:<A A:O>: FBGBFNF H? LBG<> MA> FH:GEKEMBE :EE MNKME>L
P>K> <HGG><M>= zG MAYFE> LBFNE:MBHG P> L>> MA:M MA>
GNF;>K H? EBGDL O:KBHE ?KIH 0A> F>=B:G =>@K>> BL 0A>
<ENLM>KBG@ <H>x<B>GM BL :G= MA@ EKIA E>G@MA BL

EBGDL
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+G> F:R A:O> > QI>KB>G<>= :G >G<HNGM>K PBMAG@MKEBGD
PBMABG CNLMP: #¢4GG><MBHGL PBMA RHN zG MABG>PFB@AM
;> CNLM : P A:G=LA:D>L :P:R ?KHF MA> ,KkLB=>GM H? MA> 1GBM>=
/M:M>L  (>K =>vG> 0A:G=LADp A>K K> EBMBER LA:DBG@
LHF>HG>h A:G=:L RHN F>>M BG I>KLHG HK :GR :EM>KG:MBUBG@E®R
KBMN:E =NKBG@ : I:G=>FB<h(>¥EN=> MA> A:G=LA:D ,K>LB=>GML
@BO> MH MAP=<RA>G MAR A:O> KEEB>= /H AMF:GR A:G=LA:D >L
‘K> RHN :P:R ?KIF MA> KLB=>GM HN F:R ;> LNKIKBL>= :M AR
LF:EE MABL GNF;>K BL ?HK FHLM I>HIE® 6HMMABL PBMA : I>KLHG
IB<D= :M KG=HF ?KHF MA> ;BEEBHGL H? :=NEML EBOBG@ HG MABL IE
:G=MKR MH =>VG>AR.GR A:G=LA:D >L MAR :K>:P:R GR @N>LL
%>k P> PHNE= ®QI1><M MA:M MABL GNF;>K BL GHM FN<AVAG :
A:G=?NE H? A:G=LAXRL

OABL LN@@>LML MA:M MA@>QHMA E>G@MA H? LH<B:E G>MPHKDL
‘KHNG= MA> PHKE= BL LF:EE ,LR<AHEN@BIM)BE@K =B= :G
>QI>KBF>GM BG MA> L PASKA> :LD>= : GNF;>K H? I>HIE> BG
MA> FB=P>LM>KG 1GBM>= /M:M>L MH L>G= : E>SMM>K MH LHF>H=R
HLMHG %P>O>K MR>=B= GHM<4%BO> MA> I>KUHG-=K>LL ;NM


https://en.wikipedia.org/wiki/Stanley_Milgram
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CNLM : GNF;>K H? ABGMt :BBB<<NI:MBHG H) K:<A MA>BK KM
I>HIE> A:= MH L>G= MA> E>MM>K MH LHF>HERMWAIN@AM PHNE=
A:0> FHK> LN<<>LL BG vG=BG@ M&>M:KRBEBK.L BGM>IkLM>= BG
PA>MA>K MA> E>MM>KL PHNE= :KKBO> :NOMK>BEHM:KG= AHP
F:GR <HGG><MBHGL BM PHNE=WNNDEE E>MM>KIAK= MA>BK NBKM
‘NM H? MAHL> MAsMAS= MA> MB®>M MA> :08K GNF;>K H? EBGDL
P:L LBQ OABL E>= MH MA> L:RBG@ MA:M :EEX>HEQKK®> CNLM
LBQ A:G=LA:BL :P:R 0A>>QI>KBF>GM P:LHEB<:M>= R>:KL E:M>K
PBMA >F:BEL :G= :@:BG MA> :@sKGNF;>K H? EBGDL ;>MP>>G MA>
LHNK> :G= MA> M@>M P:L ?HNG= MH ;> LBQ H==L >M :E

zL MA>:&=HF G>MPHKD : @HH= FH=>E ?HK LH<B:E G>MPHKDL *H
LBG<> LH<B:E G>MPHKDL A:0> :GHMA>K =BLMBG<MBO> :MMKB;NM:
?KB>G=L H? : I>)KLHG>KELH ?KB>G=L H? >:<A HMA>K OABL BL <:EE>=
<ENLM>KBG@ PBMABG G>MRHEDIE 01> MA> <ENLM>KBG@ <H>x<B>GM
: GH=> P> PBEE EHHD :M :EE MA> ?KB>G=L H? MABL GH=> :B= <HNGN
F:GR IHLLB;E> ?KB>G=LABIQBLM ;>MP>>G GH=>L 0A> MHM:E :<MN:E
?KB>G=LABIL :FHG@ ?KB>G=L =BGBMA>;MHM:E IHLLB;E> ?KB>G=LABIL
OABL BL MA> <ENLM>KBG@ <H>x<B>GM PAB<A P:L :BEHHA> K
G>MPHKDXZFIE> zG KG=HF G>MPHKDL MABL <H>x<B>GM BL GHM O>K
AB@A LBG<> F:GR <HGG><MBHM&G3H#HF :G= ?KB>G=L :K GHM
?KB>G=L H? >:<A HMA>K

3 > PBEE 8HEHHD :M MAB:EE PHKE= G>MPH¥AM <:IMNK ;HMA
MA> AB@AOEBE H? <ENLM>KBG@ :G= : LAHI? MK E>G@MA 0A>
FH=>E P:L =>0O>EHI>= RING<:G 3 :MMLG= /M>0>G /MK@:MBDA>R
LM:KM>= PBMA@NE:K G>MPHKD H? GH=>L MAKMG@>= BG : <BK>
#B@NK ":<A GH=> BL <HGG><M>= MH MPH GH=>L MH MA> E>?M :G= MF
GH=>L MH MA> KB@AM OABL F>:GL MA:M MA> <ENLM>KBG@ <H>x<B>G|
LBG<> H? MA>EBGDL ;>MP>>G MA> ?KB>G=L H? : SH&Go<M>=
PBMA >:<A HMA>K #HK : G>MPHKD H? GH=>L MAXQ©OKIA
E>G@MABL :;HNM EBGDL



https://en.wikipedia.org/wiki/Small-world_network
https://en.wikipedia.org/wiki/Duncan_J._Watts
https://en.wikipedia.org/wiki/Steven_Strogatz
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EH@ ?@56D @? E96 =67E 2?5 EH@ ?@56D @? E96 C:89E

3A>G P> K>EBGD : P>GH=>L MA> :03@> IIMA E>G@MAHHK
LB@GBv<:GMGRIA> V@NKEHP MA> KEBGD H? ?HNK GH=>L E>:=L MH
: =KHI BG MA> :0:@> |:MA E>SG@MBRPK MH EBGDL OA>3EBGD :
GH=> P> <AHL> : KG=HF GH=> :G= MA>G <AHL> IG=HFER 7KF
MABL GH=> HG> H? MA> EBGDL PBMA :GHMABSK>GBH=> BL MA>G
K>IE:<>= PBMA : 1G=HFER <AHL>G GH=>HKMA> PAHE> IHINE:MBHG
H? GH=>L &>IM GH=> :G=>QBLMBG@ GH=>L H? GH=>

3 > PBEE BHEHHD :M MA> *>M(H@H BFIE>F>GM:MBHG H?HKEEL3
BG MA> *>MPHKDL ?HE=>K H? MA> *>M(H@&H GBX IKBFBMBO> P>
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NL> BI>G= PAB<A BG=B<:M>L MA> vKLM MNKME> H? : EB&D>2G : =BK
EBGD MABL PBEE ;> MA> LBNRKRHK NG=B>= EBGDL BM PBEE ;> MA>
MNKME> PBMA RAHAH GNF;>K 3 > VvKLM <A><D PA>MA>R 6BGDL

<:G LMBEE ;> :==>= MH MA> MNKME>H? EGMABL BL MA> <:L> : MNKME:
BL =G PAH BL GHM R>M <HGG><M>= MH MA> MNKXE4 B2 NBGNB>K
<k:M>: EBGD ;>MP>>G ;HMA MNKME>L zG *>MEH@H MABL EHHDL EBD

let nodel endl

if [ countlink-neighbors ] of endl < (countturtles - 1)
[
let node2 one-of turtles with [
(self 1= nodel) and ( not link-neighbor? nodel)
ask nodel[ create-link-with node2]

]

3A>G P> LM:KM3¥EBGDBG@ P> PBEE<#IDL <NMLBKHG> |:KM H?
MA> G>MPHKD MH :GHMA>K |:KM>#B@N8{ PBEE E>.= MH LAHKM>K
I:MAL ;>MP>>G MA> >G=L H? MA> G>MPHKD

8F®  *6=:7<:78 6:89E ?@56D 3@FC =:?<D @7 2
®G8F=2C ?6EH@C<
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z? P> KEBGD F:GR GH=>L MA> :@KI:MA E>G@MA PBEE BGBMB:EER =k
JNB<DHRA> :0>K@> <ENLM>K <H>x<B>GM LM:RL BGBMB:EERRXB@A L L.
BG #B@NKMA> LAHKM<NMi=K<> MA> |:MA E>G@MA ;>MP>>G GH=>L
?IKIF ;HMA LB=>L H? MA> G>MPHKD ;NM =H GHM :y><M MA> EBGDL :FH
?KB>G=L L P> L>> BG #B@NKCNLM : ?P KSEBGDBG@L E>:= MH
G>MPHKDL PBMA AB@A <ENLM>KBG@OGK @BH:MA E>G@MA O0ABL
BL MA> <A¥M>KBLMB< H? LF.EE PHKE= G>MPHKDEEBGDP>EKE MA>
GH=>L P> PBEE >G= NI PBMAGZKF G>MPHKD PBMA EG>K@>
I:MA E>G@MA :G=:EEHFHNGM H? <ENLM>KBG @

3A:M P> <:EE : LF.EE PHKE= G>MPHKD BL : G>MPHKD PBMA CNLM : LF:
?K<MBHG H? LAHKM <NML OABL E>:=L MH : AB@A <ENLM>KBG@ <H>x<E
: LAHKM I:MA E>G@MA OABL BL :ELH MA> DBG= H? G>MPHKD MA:M P>\
LH<B:E G>MPHKDL )HLM I>HIE> <ENLMs=K :G= ?KB>G=L H? ?KB>G=L
:K>?KB>G=L NM B? CNLM : LF.EEGMK@> H? MA> ?KB>G=LABRBMA
O>KR =By>&M I>HIE> MA> :0x8> |:MA E>G@MA PBEE ;> LF.EE

8F® *6=:7<:?8 6:89E ?@56DIF @FC =:?<D @38R-2C ?6EH@C<
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8FG®G  ,96 2G6C286 A2E9 =678E9 2A= 2?5 4=FDE6C:?8 4@6[4:67E 44 7@C 27?
:?4®2D:?8 ?F>36C @7 ?@565. %85 :? 2 76EH@C< @7 ?@56D

N2+ 7 ++ +9<571

0A> vG:E <.KMHHG G>MPHKD P> PBEE =BL<NLL BL MA> L<E>?
G>MPHKD 0A> M>KF <:KMHHG G>MPHKD BL NL>= LBG<> :<MN:E G>MP
=H GHMQ@:<MER ?HEM¥A> B=>:EBS>= G>MPHKDLPPHK>EBG@ )HK
=>M:BE>= LBFNE:MBHG FH=>EL G>>= MH ;> NL>= MB EHWXRK
=>M:BE>= G>MPHKD <MKKBLMB<L H? LI><Bv< G>MPHKDL

0A> L<:E> 2K G>MPHKD <:IMNKMA> H;L>KO:MBHG MA:M>=>@K
=BLMKB;NMBHG BL GHM GHKF:EER =BLMKB;NM>=:BBHKESR K
G>MPHKDL L L>>G BG #B@NB= #HK > Q:FIE> F.GR P>;LBM>L
=H GHM EBGD MH HMA>KL ;NM LHF> A:O> F:GR EBGDL OABL E:LM <:M>
BL <HGLB==KMH ;> : AN; z? P> IEHMM>= MA> =ss@#8LMKB;NMBHG
HG : EH@ EH@ L<B>PHNE= L>> : LMB@AM EBG> z? BM P.L : GHKF:E
=BLMKB;NMBHG MM>@KR H? H;L>KO:MBHGL PBMA : AB@A>BG =>@K
L:R PHNE= ;> <EHL> MH S*K OABL F>:GL MA:M BG : L<:E>®K
=BLMKB;NMBHG MA> =BLMKB; NMBINGBEIA>K> K> FHK> HNMEB>KL
MA:G PHNE= A:0> ;>>G BG : GHKF:E =BLMKB;NMBHG

K ;LB :G= E;>KM IN;EBLA>= : LBFIE> FH=>E MA:M
@>G>K>L G>MPHKDL MA:M A:O> : L<:E> 2K@¥> =BLMKB;NMBHG 0A>


https://en.wikipedia.org/wiki/Log%E2%80%93log_plot
https://en.wikipedia.org/wiki/Fat-tailed_distribution
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FH=>E BL ;L>= HGIK>?>KGMB:E :MM:<AMAG/M:KMBG@ PBMA MPH
GH=>L ®>KR ®&GH=> PBEE ;> EB&DIH MAXQBLMBG@ G>MPHKD ;NM
PBMA : AB@A>KIKKG<> MH GH=>L PBMA : AB@A>K=ERK,>K
OANL GH=>L PBMA : AB@A =>@i10> : AB@A>K K:;;BEBMR H? @>MMBG@
FHK> GH=>L <HGG><M>= OABL BL :ELH <:EEXB¥M>eHF> KB<A»K
IA>GHF>GHG

OH FH=>E MA> IK<>LL H? =RBG@ : <HGG><MBG@ GH=> ;.L>= HG
MA> =>@K H? MA> GH=>L =R BG MA> G>MPHKD P> PBEE NL> MA>
K>?>KGMB:E MM:<AF>GM FH=>E BG MA> *>MPHKDL ?HE=>K H? N\
*>M(H@H EBKR #BKLM P> #K K :G=HF O:EN> ;>MP>>G :G= MA>
MHM:E =>@IGNF;>K BG MA> G>MPHKD:GEHkE HK=>K MA> =>@&K
H? MNKME>L BL :kNt?MK?2HF MABLG=HF O:EN> NGMBE MA> :E@HKBMAF
@>ML MH : =>@HK? : MNKME> :>BGRBKEHA:G MA> :=CNLM:&=KF
O:EN> BGBMB:EERN®»=GGKBL BL : :KMG>KBG@ MNKME> A& MIBL =K
;> <HGG><M>= MH MAP GINKME>L 0A> AB@A>KMEHEMA> =>@K
MA> FHK EBIER MA:M MNKME> PBEE ;> =K

let total random-float sum [ count link-neighbors ] of turtles
let partner nobody
ask turtles

[

let nc count link-neighbors
if partner = nobody

ifelse nc > total
[ set partner self ]

[ set total total - nc]

]
]

zG #B@NKRHN L>> : LG:ILAHM H? MA> G>MPHKD @NMBHG BG MA>
IKH<>LL 0A>LBS>H? MA> GH=>HBHKWVBHG:E MH MA>=>80KL>>

: ?2>P AN;L :G= F:GR GH=>L MA:M ik HGER <HGG><M>= MH HG> HMA>K
GH=>


https://en.wikipedia.org/wiki/Preferential_attachment
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#B@NK LAH PL MA> =>@K =BLMKB;NMBHG H? MA> G>MPHKD H?
GH=>L @>GM>= BG MAXQFIE> H? #B@NK O0A> =BLMKB;NMBHG
JdIK HQBF:M>L : L<:E> 2k =BLMKB;NMBHG F>.GBG@QAKEBG> HG :
EH@ EH@ L<:E> H? MA> GNF;>K H? GH=>L :G= M&>0Aa>MPHKD
AL GH=>L PBMA =>@# HG> :G= HGER MPH GH=>L PBMA >=>@K
AB@A>K MA:G

0A> <ENLM>KBG@ <H>x<B>GM BL LBG<> ?KB>G=L H? GHB>G=L :k
?KB>G=L 0A> :Q@&C |:MA E>G@MA BL PAB<A BL AB@A>K MA.G MA>
:0>K@> I:MA E>G@MA PA>G MA> G>MPHKDGRHRER @>GM>=

%H P =H P> <:E<NE:M> MAHL> F>MKB<LR HWIA> 3£©.GM

IKH<>=NKL ?KF MA> /F.EE 3HKE= FH=>E MH MA>?X£GMB.E
MM:<AF>GM FH=>EKR BM HNM
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1:33'7>

@>GML <G ;> <HGG><M>= BG G>MPHKDILIGMBG@ LH<B:E HK
IARLB<:Ex:MBHGLABIL zG MABL <A:IM>K H=NBGMWIA> ;:LB<L H?
G>MPHKDL :G= RMH BFIE>F>GM <E:LLB< G>MPHKDL LN&kHFK
LF:EE PHKE= :G= L<:E>2KG>MPHKDL BG *>M(H@H

+,+7 +4)+8

'K ;;ZLB (BGD >= %H "O>KRMABG@ BL HGG><M>= MH
"O>KRMABG@ "EL> ,ENF> :F;KB=@> )

'K ;ZLB  E;>KM (ZLSE" :G= \D: E;>KM "F>K  @>G<> H?

L<:EBG@ B&KF G>MPHKDI+4:6?746
IH==L >M>K/ .H; R)NA:F:= :G=ING<:G& 3 :MML G
"QI>KBF>GM:E /MN=R H? /=K BG $EH;:E /H<B:E *>MPHKP4L:6?746

*>PF:G ):KD E;>KM (ZLSE* K :;;ZLB :G= ING<:G & 3 :MML
7>=L9 0A> IMKN<MNK :G= IRG:FB<L H? *>MPHKDL ,KBG<>MHG
*& ,KBG<>MHG 1GBO>KLBMR ,K

IMK@:MS /@>G % "QIEHKBG@ <HFIES G>MPHKDREFGG

3:MML ING<G & :G= /MI@:MS /I@>G % HEE><MBO>
=RG:FB<L H2mMEE PHKE=n G>MPHRBEG k
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Epidemics

+ > 54)+698
2G MABL <A:IM>K RHN PBEE

g ;> BGM#EN<>= MH MA> /z. FH=>E MH FH=>E >IB=>FB<L

g L>>MA>=>vGBMBHG H?. PAB<RLRA>MA>K :G
>|B=>FB< PBEE A:lI>G HK GHM

g >QIEHKMA> >y><M H? G>MPHKD LMKNGVNAS LEK= H?
BG?><MBHNL =BL>:L>L

zG MA> FBB>HGM:@BHG;BK= wN BG?><M>= F>.E BG %HG@ 'HG@
<NL>L : @EH;:E I:G=>FB< DBEEBG@ FBEEBHGL H? I>HIE> 0A> E>:= <M}
MKR MEKMKHPG MA> LHNEK H? MA> OBKNL :G= <:E<NE:M> MA> O:KB:;E>

MA> ;.LB< K>IKH=N<MBHG GNF;>K MH NG=>KLM:B=2ANI MA>
OBKNL PBEEBHKA> +2z! |.G=>FB<P>> QI>KB>G<>=?HEEH
: LBFBE:K L<KBIM PAB@>K MA>IKH=N<MBH®/K . BL LMBEE HG> H?
MA> BR O:KB:;E>L =BL<NLL>= MH =>M>KFBG>O#KBMR H? MA>IOBKNLn
;BEBMR MHAK

zG?><MBHNL =BL>:L>>EIKPKHF ANF:G MH ANF.G :G= <G
LIK>:= EBB PBE=WK !>[>G=BG@ HG MA> =BL>:L>QURBLLBHG <:G


https://en.wikipedia.org/wiki/Contagion_(2011_film)
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;> <:NL>=; R <HN@ABG@N:E BGMHKIKL> =HHKDGH;L MHBE>M L>:ML
:G= ;EHH= MKL?NLBHG

zG?><MBHNL =BL>:L> =RyNL>= MAN@A : IHINE:MBHG OB: MA>
BGM>#IBHGL H? :@>GML zG MABL <A:IM>K P> PBEE =BL<NLL :@>GM ;
FH=>EL H? BG?><MBHNL =BL>::3®BBE LRAHP G>MPHKD LMKN=MNK
y><ML MA> LIK= H? MA> OBKNL> 3:G NL> MA> FH=>E MH L>> MA>
IHM>GMB:E >y><ML H? BGM>KO>GMBHEEILBERD L<AHHEL IARLB<:E
=BLM:G<BG@ P>KBG@ F:LDL :G= P.LABG@ A:G=b=N&*+ KIA>
MIGLFBLLBHG H? MA> OBKNL

OA> FH=>E P> =BL<NLL BG MABL <A:IM>K BL ;:L>= HG : ;:LB< wN MRI>
OBKNL:KBHNL HMA>K OBKNL>L <HGM=BeHRHK>Q =RG:FB<L :G=
LM:@>L H? BG?><MBHNLG>LL

ID 5*+2

<E:LLB< P:R MH =>L<KB;> MA> =ByNLBHG H? : =BL>:L> BG : IHINE:MBHC
BL MH =BLMBG@NBBA<MRIKIG>GML LNL<>IMB;E> BG?><M>= :G=
Ke<HO>K= O0A> LH<EE>Fz. FH=>E BL MRIB<:EER LMN=B>= NLBG@
=By>KGMB:E >IJN:MBHGL BAKK MAK> O:KB:;E>L / MA> GNF;>K H?
LNL<>IMB;E> z MA> GNF;>K H? BG?><M>= :G= . MA> GNF;>K H?
Ke<HO>K= z? P> XXEN=> |[HINE:MBHG <A:.G@> :G= HGER EHHD :M MA>
OBKNL P> <:G FH=>E MA:M MA> GNF;>K H? LNL<>IMBEE=>HR>K
MBF> 0A>:KI> H? MABL =>4k =>I>G=L HG MA> GNF;>K H? BG?><M>=
:G=LNL<>IMB;E> I>HIE> 0A> FHKLNL<>IMB;E> I>HIE> MA>=K> MA>
FHK> I>HIE> <:G ;><HF> BG?><M>= 0A> FHKBG?><M>= [>HIE> MA>K
K> MA> FHK MAR <:G BG?><M LNL<>IMB;E> I>HIE> OAF*M>K
d BL MA> <HGM:<M>KKIK>L>GMBG@ MAMs> KI? BG?><MBHGL PA>G
BG?><MBHNL :G= LNL<>IMB;E> BG=BGB+NER BGM:x=M

+0E 1 +OE1UP ]JOE1 +OE1l

0A> GNF;>K H? BG?><M>= I>HIE> BLBIG<K, R MA> GNF;>K MA:M
@>ML BG?><M>= FBGNL MA> GNF;>K H? I>HIE>8AHK ,>HIE>
Ke<HO>K :M : v@= KM> :G= MA>3HD>KRK> BL @BOR=,

JOE 1 JOE1 P ]JOE1 +OE1UQ ]OE1

*0E 1 *OE1 Q ]OE1

3A>G PBEE MA>K .G >IB=>FB< 0A:M BL MA> <:L> PA>G z7M9 BL
BG<KLBG@ ®GFK MBF> 0AxB< K IKH=N<MBHG GNF:>K <:G ;>



https://en.wikipedia.org/wiki/Compartmental_models_in_epidemiology#The_SIR_model
https://en.wikipedia.org/wiki/Basic_reproduction_number
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=>KBO>= L :G QIK>LLBHG H? [:R>M>KL MH F>.LNKPA>G z BG=#>
HO>K MBF> . IKIOB=>L MA®><M>= GNF;>K H? @BG?><MBHGIE?K
: LBG@E> BG?><MBHNL I>KLHG BG MA> IHINE:MBHG z?2 I>HIEHK
@>M BG?><M>= PBMA >:<A BG?><MBHG :G= MA=IOBBNP* KK O>
:G >IB=>FB< . BL=>vG>=:L
d e

OH <HF;:M MA> >IB=>FB< . G>>=L MH ;><HF> B*K MA:G (™
=H MABL P> G>>= MitM<> d PAB<A F>.GL : <A:G@> BG ;>A:OBHKL
MH ¥=N<> MA> LIK= MAKIN@A BGMMMBHGL LN<A :L A:G= P:.LABG@
>MM>K AR@B>G> :G= NLBG@ <HG=HFL>Hl BG:4B<A PBEE ;> MA>
BFIKHO>F>GM H? F>=B<:ENW>GML MH BHR> k<HO>KR

ID 5*+254"' +9<571

0A> =By>kG<> >IJN:MBHG ;.L>= FH=>E L =>L<KB;>= :B©>
:LLNF>L MA:M F.GR :@>GML >KKG=HFER BGM=MIBG@ >3 GHP
=BL<NLL :G :@>GM ;:.L>= FH=>E PA>K> =BLMBG@NBLA LNL<>IMB;E>
BG?><M>= G>#D>K= :@>GML 3 PBEE NL> MA> FH=2BKINL HG
: *>MPHKDp BG MA> *>MPHKDL ?HE=>K H? MA> *>MKROH EBK
LM:KMBG@ IHBGM

$BO>G K :@>GML <HGG><M>= BG : G>MPHKD O0A> G>MPHKD I
@>G>Kl>=:L ?HEPH #BKLM :EE MA> :@>GMIGHHFER INM HG MA>
E.G=L<:I>

crt number-of-nodes

[
]

0A>G P> =>vG> MA> GNF;>K H? EBGDL MA:M PBEE ;M&-1GddA MA:M
MA> G>MPHKD AL : LI><Bv< :@@k =>@¥> :0>K@> GH=> =>@#

setxy random-xcor random-ycor

let num-links (average-node-degree * number-of-nodes) /2

(BGDL :K :==>= HG> ; R HG> NGMBY- EBGRBL KX<A>= "O>KR MBF>
LM>| HG> H? MA> MNKME>L BL L>E=KMER KG= MA> G>¥ .M MNKME>
MH BM BL L>E><M>=:G=: EBGD BL F:=> ;>MP>>G MA>F

while [ count links < num-links]
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ask one-of turtles

[

let choice min-one-of ( other turtles with [ not link-neigh
if choice != nobody [ create-link-with choice]

]

@>GML PAH X<HGG><M>= F.R :y><M >:<A HMASKM:M> zG?><M>=
:@>GML F:R BG?><M LNL<>IMB;E> :@>GML ":<A LNL<>IMB;E> G>B@A
H? :G BG?><M>= :@>GM A:L MA,BEBMBBKNL L= <A:G<> H?
@>MMBG@ BG?><M>= ":<A BG?><M>= :@>Gt;BHBMIKRe<HO>KR
<A:G<>H? K<HO>KBG@ z? :G :@>6SMNDKKL BM <:G ;><HF> BFFNG>
PBMA : IK;::BEBM®:BGH BLM:G<> <A:G<HK ><HF> LNL<>IMB;E>
:@:BG 0ABL BL BFIE>F>GM>= BG *>M(H@H BG MRS @HERH

ask turtles with  [infected?]

[

ask link-neighbors with [not resistant?]

[

i f random-float 100 < virus-spread-chance
[

set infected? true

set resistant? false

set color red

]

ask turtles with [infected?]

[

if random 100 < recovery-chance

[

ifelse random 100 < gain-resistance-chance
[

set infected? false

set resistant? true

set color gray
Il

set infected? false

set resistant? false
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set color green

]

3> L>> MAIM MA> OBKNE:#IKMAKN@A MA> G>MPHKD #B@NK
zGBMB:EERS :@>GML KBG?><M>= :G= PBMABG MBF> LM>IL P>
L>> MA>3¢ <HEHK LM:KML>IHRG@ z? MAHIKBEBMR H? ;><HFBG@
K-LBLM:GM BL AB@A MA> =BL>:L> LMHBA@ >.KER <HFI¥ MH

: EHP>K E®>E HR-<HO>KR <A:G<#B@NK LAHPL MA:M PBMA :FEH
O:EN> HRe<HO>KR <A:G<>MA> OBKNL KL MH ;;HNM  H? MA>
IHINE:MBHG LBG<> :@>GML @>M LB<D :@:B&H2PMIK K<HFBG@
LNL<>IMB;E> PABE> BM BL <HGM:BG> MHPBMIA K-<HO>KR
<A:G<>>JN:E MH

8F®G ?6EH@C< @7 2867ED BS8EE5? 2867ED BMFD46AE:3=6b €867ED
2@® :?764E65 2?5 8C2867ED BIB4 @665 2867ED (? E96 =67E :D E96 :?:E:2=
DE2E6 @7 E96 ?6EH@C< *:89E :D E96 ?6EH@C< 27E6C E:>6 DE6AD ,96
A@323:=:E:6D FD66 GCCFD D56 492?46 C 64@6CJ 492746

27?5 82:? GD:DE2746 492?46
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8FG®G +AG25 @7 E96 G:CFD :? E96 A@AF=2E: @ZBBEI 892746
E@A 27568@6CJ 492?46

3 > PBEE 8H-QIEHK MA> <HGL>JN>G<>L H? MA>F:HI>KL OBKNL
LIK>:=<A:G<> :G= K<HO>KR <A:G<>G= LLNF> :@>GML PAH
Ke<HO>K =H GHM ;><HF> LNL<>IMB;E> :@@BGH BLM:G<> <A:G<>
3 > PBEE L>> MA> >y><ML ?HK@O>=@KeL :G= ?HK

:@>GML ":<A LK :F>M>K <HF;BG:MBHG BL KNG MBF>L #B@NK
LAHPL MA:M : AB@A>K =>@He:=L MH FHK: @>GML @>MMBG@ MA> OBKN
#NKMA>KFHKP> L>> MA:M : AB@A>KIKBEBMR H? BIKBG@ MA> OBKNL
E>:=L MH FHK:@>GML @>MMBG@ LB<D PSK kKEHO>KR:K> :ELH
E>:=L MH FHK:@>GML @>MMBG@ LB<D

8FG®G  ,96 2G6286 ?F>36C @7 DFD46AE:3=6 286?ED @QFE @7 2 A@QAF=2E:@7? @
27E6C CF?D @7 E:>6 DE6AD 7@C 62BEQ\2Z>6E6C D6EE:?8D ,96 FAAGC

Y8F® :D 7@C 2? 22856866 @7 E96 >:55=6 7@C 27 28586866 @7 2?5

E96 @B C YSFEC7@C 2? 2@86 56866 @7 ,96 9@C:K@?E2= 2I:BHIDEE@H

A@323:=:EJ E96 G:CFDBRDA@> E@ 27?5E96 :?5:G:5F2==:?6D 2

E96 5:\6@G?E -66=D @A@6CJ 492?46D E@

52/)> D49+7;+49/54
zG HEGK MH LMHI MA> KK H? BG?><MBHNL =BL>:L>L P> A:O> :
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GNF;>K H? HIMBHGL =8 <:G 0:<<BG:M> I>HIE> B? : O:<<BG> BL
:O:BE;;E> 3BMA O:<<BG:MBHG N4 MA> BE>E H? LNL<>IMB;E>
BG=BOB=N:EL :G= PBE¥<K MA> O:EN> H? . GHMA>K HIMBHG BL MH
K>=N<> MA> BGMMBHGL ;>MP>>G :@>GML z&VB<> L<AHHEL :K
H?M>G <EHL>= =NKBG@ :G*DIMXK: OBKNL LBG<> <ABE#K :G
>y><MBO> AHLM BG MA=HR =BL>:L.>L EBMA> wN 3BMAQ@N:EER
MIGLFBMM>= =BL>:L>L>E®R22 M:k@>MBG@UKIBMNM>L BL : <HFFHG
JdIK H:<A LBG<> MR>K> MA> AN;L BG BGMMBHGL ;>MP>>G :@>GML
L :G > @KBL> P> <.G BFIE>F>GM MA> HIMBHG H? =>:<MBO:MBG@
:@>GMR <EB<DBG@ MA>F PBMA RHNK FHNL> .NG MA> FH=>E :G= L>
PA>MA>K RHN <:G BLHE:M> MA> OBKHNL #B@&M¥<:G L>> MABL BL
GHM :G >:LR :IIKH:<A

OH BFIE>F>GM MH FHNL> HIMBHG RHN G>>= MH BG<EN=> LHF> <H=
EBD

if mouse-down? [
ask turtles [

if distance patch mouse-xcor mouse-ycor < 1]
set infected? false
set resistant true
set color blue
ask my-links [set color blue - 2]

]

5HN F:R A:O> MH LEH=HPG MA> LI>>= H? MA> FH=>E LEB=>K BG
zGM>K?:<> MH :OHB= MA> FH=>E @HBG@ MHH ?2A=MMEHHIRHNK
3 BEBMR MH <EB<D HG MA> MNKM EtHL BRHHNE BNBD
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8F® +4®G6?DI@E @7 2 ?6EH@C8& H®6EDG6C EC:65 E@ :D@=2E5G:CFD C
?@56D B5624E:G2E:?8 ?@56D 3=F6

GHMA>K :lIKH:<A BL MH =>:<MBO:M> MA> EBGDL PBMA MA> AB@
=>@¥>L (H FH=>E MABL BG *>M(H@H P:M=K PABE> EHHI BG MA>
L>MNI IKH<>=NK :G= P> vG= HG> H? MA> MNKME>L MA:M A:O> MA> FHLN
G>B@A;HKL :G= A:0> GHM ;>>G BLHE:M>= R3WA8G BLHE:M> MA:M
:@>GM 3A>G :G :@>GM BL BLHE:M>= P> @BO> MA>F MA> <HEHK ;EN>

let i O
while [i < numberofisolatedagents]

[

let target max-one-of turtles with [color != blue ][ countl
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ask target [
set infected? false
set resistance? true
set color blue

]
set il + 1

]

3 >LBFNE:M> MA> FH=>E MBF>L ?HK =By6M GNF;>KL H? :@>GML

MH ;> BLHE:M>= :G= P> L>> MA:M ¥H&R>GML KGHM @>MMBG@ LB<D
3A:M BL MA> ;>G>vM H? BLHE:MBG@ : I>KLHG 2zG BEB@ANKP MA:M

?HK >:<A BLHE:M>= [>KLHG HG :@>KHG> HK MPH HMA>K I>KLHGL
K> LIEK >= %HP>0>K :?M>K BLHE:MBG@ :@>GML @BSEK>G>VM
LM:KML MH =><EBG>

:8FG®G ,96 C2E6 @BEFC? 85F465 ?F>36C @7 :?764E:@?D U :D@=2E65 2867ED
5:G:565 J E96 ?F>36C @7 :D@=2E65 286?ED

(HHDBG@ :M :@QFIE> H? PA'M MA> LIWKk@R BL =HBG@ #B@NK

P> L>> MA:M BLHE:MBG@ MA> :@>GML PBMA MA> AB@&>H BE@K
NGG><>LL:KR LBG<> BM BL BG >y><M BLHE:MBG@ :@>GNE. ?:K :P:R
MA> BG?><MBHG #NKMA>RBRWHEKH>L GHM BLHE:M> NdA> HHPKMA>
=BL>:L>
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BFG®G +4GB67DI@E @7 2 ?6EH@C< H:E9 :D@=2E65 286?ED

+? <HNKL> BM PHNE= ;> MA> FHLM >y><MBO@ERVIMH BLHE:M> MA>
GH=>L G&®M MH MA> BG?><M>= :@>GML ;NM MA:M PHNE= GHM ;> :
LMKI>@R LBG<> MABK BG<HFIE>M> :G= =>E:R>= BG?HKF:MBHG BG
K>:EBMR :;;HNM PAH BL BG?><M>=

/INIIHL> MA:M P> <:G BLHE:M> HG> :@>GM >:<A MB<D PAB<A :@>GM
PHNE= P> P.GM MH BLHE:M> ]G <AHHL> HG> :@>GM PBMA MA>
AB@A>LM =>@K:<A MB<D PBMABGBNL. 4 H? BG?><M>= MNKME>L
LF:EE>K :KBNL PHNE= BG=B<:M> MA:M MAHEHESMRAH BL BLHE:MBG@
:@>GML A:= ;>MM>K BG?HKF:MBHG HSBB&IM>= :@>GML *KHK
LNKIKBLBG@ER L>> MA:M : LAHKM =BLM:G<> E>=L MH ;>MM>K



). &I

I>K?HKF:G<> #B@HNK NM GHM MHH <EHL>PAB>K LBG<> MA>K
FB@AM GHM ;> : LNx<B>GM GNF;>K H? AB@AER <HGG><M>= GH=>L E
LF:EE KEBNL MA:M <HNE= LMHI MA>+4IKB@NK :ELH LAHPL MA:M
FHK> MA:G BLHE:M>= :@>GML LM:KM @BOBG@ E>LL >y><M I>K BLF
:@>GM L G &KkBL> MKR MH BFIE>F>GM MABLQIEMKG= L>>
PA>MA>K RHN <:GIEB<:M> MASLINEML BG #B@NK

EMAHN@A :@>GMLGKM BLHE:M>= :M MA> LM:KM H? MA> LBFNE:ME
MA> I>K?HKF:G<> BL FN<A ;>MM>K MA:G BLHE:MBG@ :@>GML PBMA :
=>@¥> :M MA> LM:KM H? MA> LBFNE:MBHG ;><:NL> MABL :=NM@®> LMK
BL :BF>=:M LMHIIBG@ MA>4Ki? MA> =BL>:L>

8F® G6C286 QE6 @BEFC? :? :D@=2E:?8 286?ED H96B3B&S5:FD
5:DE27?746D 27?5 2 5:\@2E ?F>36C @7 :D@=2E65 2862EDGAC

$D

zG MA> <HKIG:OBKNL /. H2  <:NL>=: @EH;:E I:G=>FB<
):GR FH=>EL :K> BG =9©>EHIF>GM MHIEHK MA> <HGL>IJN>G<>L
H? =By>=KGM LNk @B>L LN<A :L IARLB<:E =BLM:G<BG@ P>:KBG@ F:LDL
P:LABG@ A:G=L EHHPGL H? <BMB>L :G= LM:M>L >M< /BG<> P> K
=NKBG@ MA2z! <KBLBL :M MA> MBF> H? PKBMBG@ :G= MA> L<B>GN
BGLB@AML <A:GIB=BR P> =H GHM IKL>GM : LI><Bv< FH=>E A>K



https://en.wikipedia.org/wiki/COVID-19_pandemic
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0A>Ke K> : ?>P =By>kG<>L PBMA : LBFIE> /z. FH=>E #BKLM =N> MH
MA> LRFIMHF:MB< LtK= H? MA> OBKNL HG> <HNE=M =By=>GM
BG?><MBH®>K B? LHF>H=R BL :LRFIMHF:MB< O>KLNL ;>BG@
:LRFIMHF:MB< :G= MANL ?>>EBG@ LB<D <:NLBG@ MA> :@>GM MH B
BML>ERRPKIMA>KL GHMA>K BLLN> BL MA> M>LMBR@ ?@xGML
<:.G ;> M>LM>= I[HLBMBO> ><HikEKR HK GHM PAB<A E>:=L MH @>MMBG@
JIN:K:GMBG> /BG<> BMIWBF> MH @>M MbNEML HG> F:RMEHK
MA> <HGL>JN>G<>L H? =>E:RL BG @>MMBG@NEMW®:LM KIABK
<HFIHG>GM H? : +2z! FH=>E PBEE ;> MA> AHLIBM:E <:l:<BMR
AHLIBM:EL @>M G>:K <:l:<BM& =>:MA K> PBEE BG<K PAB<A BL
HG> H? MA> F:BGKHGL MH w:MM>G MA> <NKO> ?HNKMA BM>F H? M
<HKIG:OBKNL |:G=>FB< PAB<A BL BGMBK@ RQHEHKPBMA : FH=>E
BL MA> IHEBMB<:E <HGG><MBHG PBMA P>KBG@ F:.LDL @>GML L
BGWN>G<> >:<A HMA>K HG MA>BK HIBGBHGL MH P>:K F:LDL :G= <HFIE
PBMAXKHFF>G=>= ;>A:0BHK N> MH MA> P>>DL H? =>E:R ;>MP>>G
BG?><MBHG :G= OBLB;E> <HGL>JN>G<>L H? : EHxIE HN¥BKE
BGWN>G<> |E:RL :G BFIHKM:GM I.KM BG MA> :MM>FIML MH <A:G@
>A:OBHK :G= K=N<> MA>HKH=N<MBHGVK zM :ELH AL MH ;>
:<DGHPE>=@>= MA:M O:KBHNL I:KML H? MA> =BL>:L>><R&BSHG
LN<A L K> Ke<HO>K= I:MB>GML BFFNG> MH MA> OBKNL HK R:G MA>
;><HF>LNL<>IMB;E>:@:BG PBEEMA>& >y><MBO> O:<<BG> PA:M
BL MA> BG?><MBHGBK =By>&M DBG= H? EH<:MBHGL :G= ;>MP>>G
=By>KGM :@> @IKIL

1:33'7>

0A> LIK>:= H? =BL>:L>L <:G ;> FH=>E>= NLBG@ MA> /z. FH=>E
zG MABL <A:IM>K P> =>FHGMMK AHP MA> /z. FH=>E <HNE= ;>
BFIE>F>GM>= PBMA :@>GML HG : G>MPHKD O0A> HBMBLMKI
<HGG><MBHGL ;>MP>>G :@>GML MA:M <HNE= E>:= M+ Mi®> LIK
BG?><MBHNL =BL>:L> O0A>L> <HGG><MBHGL <HNE= BG<EN=>
<HEE>.@N>L <HFFNM>KL HG MA> L:F> ;NL HWIE I:KMG>KL 3
:ELH =>FHGLNM>= MA:M G>MPHKD HKB>GM>= IHEB<B>L <HNE= ;> NL>=
LMHI MA> LIK= H? MA> =BL>:L> >y><MBO>ER
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Diffusion of Innovations

+ > 54)+698
2G MABL <A:IM>K RHN PBEE

g LMN=R AHBGGEB:MBHG LitcL BG IHINE:MBHGL
g ;> IK >L>GM>= PBMA FH=>EL MH LMN=R =ByNLBHG

g >QIEHKMA> >y><M H? G>MPHKD LMKN&WNK> =ByNLBHG H?
BGGBMBHG

#:<>;HHD P:L BGMK=N<>= BG #>;KN:KR ; R):KD 6N<D>K;>K@
?IKIF ABL =HKF KHF :M %:KO:kKk 1GBO>KLBMR ):K <A
;:BEEBHG [>HIE> A:= : #:<>;HHD :<<HNGM OABL BlF:MB< LN<<>LL
LMHKR H? MA> =ByNLBHG H? :G:MBid& 1LN:EBPR>G LHF>H=R
=>0>EHIL : GP IKH=N<M BM <:G MR»:KL MH @>M BM HNM HG MA>
F:KD>M #HKQ@FIE> MA>/HGR >M:F:Q P:L <HGLB=>K= MH ;> :
M><AGHEH@B<:EER LNI>HBNKMKHK<KIKBG@ 02 @KL ;NM BM
G>0>K ;><:F> IHINE:K zGLM>:= MA2%/ LRLM>F HE &2 ;><:F>
MA> =HFBG:GM ?HKF:M OA¥#S F:GR wHIL :G= LHF> LN<<>LL>L BG
BGGBIMBHGL zG MABL <A:IM>K P> PBEE NL> FHSHEHHRMAR MABL
BL MA> <:L>

0A> LMN=R H? =ByNLBHG ?H<NL>L HG MA> :MMKB;N@=BtPCBRGGH



https://en.wikipedia.org/wiki/Mark_Zuckerberg
https://en.wikipedia.org/wiki/Betamax
https://en.wikipedia.org/wiki/VHS
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MA:M y><M MA> LI>>= :G= L<HI> H? =ByNLBHG O0A> LH<B:E G>MPHKL
LMKN<MNKG :y><M MA> LIK= 3A>G MA> :O>K@> I:MA E>G@MA
H? :@>GML PBMABG : G>MPHKD BL LF.EE MMBBGGEEHR LIK=
?2.LM>K 9%+ O0>K MA> =ByNLBHG LI>>= :G= L<HI> :ELH =>I>G=L HG
MA> F>=BNF H? =ByNLBHG zL :G BAMBHG >:LR MH :<INBA>G HG>
<HF>L BG <HGM:<M PBMA BM :G MA> B=>>= 0OR: F.LL F>=B:
HK =H>L HG> G>>= MHBRK [>KLHG MH :<JNBKMA> LDBEE zG MABL
<A:IM>K P> =BL<NLL : GNF;>K H?Q*FIE>L H? =ByNLBHGHK>LL>L
3 >PBEE EHHD :M MA> =ByNLBHGHHABE&EHG= MA> :=HIMBHG R? G>
IKH=N<ML

/C:8/54 5, D445 ;'9/548

0A> =ByNLBHG |:KkB@F P:L =>0O>EHI>= R .R:G :G=$KHLL
MPH KNKLH<BHEH@BLML PAH LMN=B>= MA> =ByNLBHG H? AR;KB= <HK
BG MPHRHHFFNGBMB>L 0A> BAR;KB=<HKG B&MK>=BG
BG<KL>= IK H=N<MBH®R; :G= P.L FHK > =KHN@AMIKBLM:GM
%HP>0>K 7?2:KF>KL G>>=>= MH KWKL> G>P L>>=L ><A R>K
BGLM>:= H? L>E? L>E><MBG@ HFMAZRKRG IE:GML 0A> B
M><AGHEH@&K?HK E>= MH LB@GBvV<:GM <A:G@>L ?HK MA> ?:KF>KL |
LNKORBG@ FBIKWMA:G  ?:KF>KL BG <HFFNGBMB>L =NKBG@
.R:G :G= $K HLL LAW>= MA:M =ByNLBHG BL : LH<BE>K. MA:M
LIK>:=L :=HIMBHG BG MA> <HFFNGBMRNX LN;C><MBOEN:MBHG
KMA>K MA:G BG=BOB=WHHK :E <AHB<>

IBYNLBHG IK<>LL>L H?M>8EB<:M> MA> H;L>KO>= LMREBS>= ?:<M H*
'G [LA:I>= <NKO> H? <NFNE:M>= :=HIM>KL H? MA> 8GBM@HG zG
?:<M MA>B&ERG@ GNF;>K H? :=HIM>KL BL BG >LL>G<> MA> =ByNLBHC
IKH<>LL OA> :=HIMBHG H?R5IK H=N<ML BL : <HFIEXIKH<>LL MA:M
MRIB<:EER <HGLBLML H®> HKR H? :@>GML BEMB&@ PBMA >:<A
HMA>K @+K : EHG@ I>KBH= H? MBEBMBHG:E :G:ERMB<:E FH=>EL
=>L<KB;>= =ByNLBHGHK>LL>L HG MA> F:ikM E>>E LBG<> :O:BE:E>
=:M: BL H?M>G :@@1>= PBMAHNM :MM>GMBHG MH LI:MB:E =BLMKB;NMN
BG=BOB=N:E <AKBLMB<L 3A>G BG=BOB=N:E =:M: BL :O:BE:;E> MA>
‘K> LG:ILAHML H? :=HIM>KLn LNKIO>

IBYNLBHG IK<>LL>L A:O> ;>>G LMN=B>= BG F:GR =BL<BIEBG>L LN<A
L :GMAKIHEH@R:KD>MBG@ KNKH<BHEH@R <HFFNGB<:MBHG



https://en.wikipedia.org/wiki/Diffusion_of_innovations

). &I

L<B>G<>"O>KMM .H@>KL LRGMA>LBS>= MA> PHKD H? F.GR
LMN=B>L :G= ©sEHI>= : ?K> PHKD H? MRIB<:E LN<<>LL?NE
BGGB:MBHGL zG@BMHKL F:B MA> BGBMB:E :=HIMBHG H? (& NBEHEE
:?M>K PAB<A >:KER :=HIM>KL >:KER F:CE#BMRCHKBMNER VG:EER
E:@@K F.R :=HIM MA> BGGPIMBHG

L P> => O>EHI : FH=>E H? MA> =ByNLBHG HOBGEHG P> G>>=
MH <HGLB=>K MA:M>M3A>(0:KB:;BEBMR PBMABG MA> IHINE:MBHG PA:
=HIMBG@ LHF>MABG@® &> BGGHMHKL O>KLNL E:@@:K
#NKMA>KFEKMA>K BL EBER BGMMBHG :FHG@ :@>GML MA:M E>:=L
:@>GML MH BFBM:M> HKBGEHMHKLN ;>A:OBHK 0A> IHLBMBHG H? MA>
BGGB:MHK PBMABG : LH<B:E G>MPHKD F:R :y><M MA> =ByNLBHG I:MM>|

EMAHN@A MA> >FIBKB<:E BGO>LMB@:MBHG H? =RE&BBE FB<K
IKH<>LL>L BL EBFBM>= :G= =Bx<NEM MH :<<HFIEBLA <HFINM:MBHC
FH=>EL A:0> ;>>G =>0>EHI>= PAB<A <.G ;> NL>= MH BGO>LMB@:M> MA>
<HGL>JN>G<>L H? =Byp&M LLNFIMBHGL H? :@>GML HG MA> =ByNLBHC
H? :G BGGHMBHG

0A> MKBMBHG:E FH=>E HG MA>>@®&K I>G>MKBHG H? B>
IKH=N<ML BL MA: FH=>E PAB<A ?HEEHPL .H@>KLn =ByNLBHG
H? BG@4VBHG .H@>KL OA> :LL FH=>E >FIA:LBS>L MA> HE>
H? <HFFNGB<:MBHG G:F>E@M>KG:E BGWN>G<> OB: :=O>KMBLBG@ :C
F.LL F>=B: :G= BGM>KG:E BGwWN>G<> OB:=PHR FHNMA G
BG=BOB=N:En<BLBHG BL =>L<KB;>= L HIBEBMR H? :=HIMBG@
G>P IKH=N<M :M MBF> M PAB<A BL LLNF>= MH =>I>G= EBG>.KER H
MPH ?H#&L 0A> vKLM 24KBL GHMBEKM>= MH3RBHNL :=HIM>KL :G=
KIK>L>GML MARQM>KG:E BGWN>G<> :G= MA> HVA> I I >GML
MA> BGM>KG:E BGWN>G<> %EMBEKMH MA> GNF;>K H? :=HIM>KL

'OE1 A >UOEl1l B> 'OEl >U'OEl

PA>K> 'OE1BL MA> <NFNE:M>= GNF;>K H? :=HIM>KL :M MBFBM
MA> I[HM>GMB:E GNF;>K H? :=HIM&KE&w><ML MA> BGWN>G<> MA:M BL
BG=>I>G=>GM H? MASOBHNL :=HIMBHG :G=3Ws<ML MA> BGWN>G<>
=N> MH PHKH? FHNMA EMAHN@A MA> :LL FH=>EL vM O>KR P>EE
PBMA FN<A H? MA> =:M: BEIBIG<> MH>KE <HGLNF>K ;>A:OBHK BL
JN>LMBHG>= +G> H? MA}BSFL BL MA:M MA> FH=>E HQHERBGL :G


https://en.wikipedia.org/wiki/Everett_Rogers
https://en.wikipedia.org/wiki/Bass_diffusion_model
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H;L>KO>= LN<<>LL?NE =ByNLBH&IK. :G= <:GGHM HB<M PA>MA>K

: G>P IKH=N<M PBEE ;> : LN<<>LL HK : Z2BENK

+G> P:R MH LBFNE:M> MA> =ByNLBHG LK HMF .G :@>GM ;:L>=
I>KLI><MBO> BL MH >JNBI MA> :@>GML PBMAEMIARA>G MH :=HIM

:G BGGA:MBHG #HR:FIE> ).KD $K :GHO>MM>K IK >L>GM>=

. ?KF> PHKD MA:M :LLNF>= MA:M MAKE=L MH CHBG : <HEE><MBO:
;>A:0BHK =By>K :FHG@ BG=BOB=N:EL :G= MA:M MA> MRI> H? =BLMKB;N
y><ML MA> LRLMEHA:<KH =RG:FB<L $KGHO>MM>K ?H<NL>=

HG IKH<>LL>L BG PAB<A MA> PAHBENI@KNE= FHGBMHK :=HIMBHG
JHK> KE®:GM ?HK F.:GR =ByNLBHGH<dKLL>L BL MH ;L> MA>
MAK_AHE= FH=>E HG I>KLHG:E G>MPHKE:GM> :G:ERS>L BG
=>M:BE MAKHE= FH=>EL ?HK : GNF;>K H? =:M: L>ML>QAKIE=L BG ABL
FH=>EL :k> ;:.L>= HG MA> BG=BOB=N:E I>KLHG:E G>MPHKIL.MBGIZER
E>LL KBLDR EBKBHGL Ik ?:LM>K B? MA> <3d6NMHGG><M>= :@>GML
A:0> : EHP MAKLAHE= ?HK :=HIMBHG #HK-FKIBLDR B@AWBHGL E>LL
<HGG><M>= BG=BOB=N:EL :=HIM N#S<M vKLM PAB<A FR=K<>
NG<>KM:BGMB>L :G= E>:= MH =ByNLBHG MH MA$N\P AHESK@ K

1/362+ /C:8/54 5*+2
3 > PBEE 8HK>L>GM : L>KB>L H? *>M(H@H FH=>EL H? =ByNLBHG

IKH<>LL>L PAB<A <:.G ;> =PGEH:=>=A>K zG MA> vKLM FH=>E P>
A:0> :@>GML P:EDBG@HMFER :KHNG= EE :@>GML>:KG=HFER

IE:<>= BG MA> >GBBR>GM 3BMA : K;;;BEBMKH;LM>| :G :@>GM
:=CNLML BML>=BIBHG :G= PBEEOFHHG> LM>| ?HKEK EE :@>GML

:K> PABM>Q@<>IM ?HK HG> PAH A.L MA> <HBEHK"R>KR MBF> LM>|

:G :@>GM PBEE <A><D MA> :@>@WBHGEWRBMA MA><KIEHK BG MA>
I:M<A MA> :@>GM BL EH<:M>= z?:4MBHTKH2K:@>GML BL B>

MA> MAKAHEoMAK AHE=pI? MA> :@>GM : PABM> :@>GM PBEE ;><HF>
: K>= :@>GM ¥ PBEE <HFI:K >:<A :@>GHl >y><M PBMA : MAKHE=

>IJN:E MH PBMA >:<A :@>GM A:OBG@=>LMAEK= O:EN>GQ<HFER

=KPG ;>MP>>G :G= 0 H BFIE>F>GM MABL BG *>M(H@H P> NL> MA>
<H=>;>EHP ONKME>L ABL MA> L>M H? :EE MNKME>L HGIMAW<AEE>K

R :==BG@ MA> HMA>K L>M PBEE GHM <HGM:BG MA> <:EE>K zM <A>
PA>MA>KNF LNF BL E®>K MA:G $+KIH :OHB= =BOBLRBIEZK



https://en.wikipedia.org/wiki/Mark_Granovetter
https://www.comses.net/codebase-release/de2ac286-a8a0-42e4-bb67-d04afc5c852b/
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z? MA>2KIBHG H2>-KMNKME>L BL AB@A>K MA:GLIMAEMAKA> <HEHK H?
MA>:@>GM PBEE+>®= PBEE LM:R MA> L:F> PABM>HKIKIA>KPBL>

let sumO O

let suml O

ask turtles

[
set sumO count other turtles-here with [ color= white ]
set suml count other turtles-here with [ color = red ]

if sumO+suml > O

[

if (suml / (sumO+suml) > threshold)

[

set color red

]
]
]

3BMA :G BGBMB:E =>GLBMR H2= @>>GML P> L>>: LPHR @RBG@
GNF;>K H? k= :@>GML #B@NK3A>G MA> MAKLAHE= O:EN>L O:KR
'FHG@ MA> :@>GML MA> =ByNLBHG BL ?:LM>K MA:G MAs AHE=MAK
O:EN> ?HK :EE MA> :@>GML OABL BU>BHEBII#BI@GNKPA>K> MA>
A>M3H@>G>HNL <:L> A:L : LF:EE>K GNF;>K H? MB<DL MH <HF> MH MA>
=ByNLBHG H2-K @>GML <HFI:k= MH : AHFH@>GHNL MAHE= H?

/HF> BGGH O:MHKL KFHK> EBIER MH :=HIM MA> BBMBHG PA>G
MA>KBL A>MHEIQ>G>BMR PA>G CNLMHGESGM BL HG MA> |:M<A
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:8FG®G 96 DA2E:2= A2EE6C? @7  2867ED
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:8FG®G  ,96 ?F>36C @7 25@AEG5 286?ED 7@ @BER® FD &BDI@=5 G2=F6D
@E?86 2?52 Y165 E96DI@=5 G2=F6 @7 3=F6 7@C 2==E96 2867ED

/C:8/54 /14" 15)['2 +9<571
INIIHL> :@>GML K <HGG><M>= PBMABG : LH<B:E G>MPHKD EBD

LF:EE PHKE= G>MPHKD /M:KMBG@ PBMA@ENK PABM> :@>GML PAH
A:0> : K>= G>B@A;HK PBEE :=HIM MAOB@&&H> OABL E>:=L MH MA>
LIK>:= H? BGGBIMBHG MAIK®A MA> G>MPHKD L RHN <:G L>>BG #B@NK
MA> =ByNLBHG MO AHKM <NML+EBGDB GH=>L 0A> LAHKM>K MA>
:O>K@> I:MA E>G@MA BG : G>MPHKD MA> ?:LM>KO/WMBHB&BGBEE

LIK>:=



\z##1/z+* +# z**+ 2 0z+*/

8FG®G +?2ADI@E @7 E9GPRA@7 :?7@RE:@? @7? 2 D>2== H@C=5 ?6EH@C<

OH FH=>E MA> =ByNLBHG BG G>MPHKDL P> <HNGM ?HK >:<A GH=> |
GNF;>K H? ?KB>G=L MA:M> K= EE :@>GML >=KNI=:M>=
LRG<AHGHNLERA>K?HK P> vKLM =>vG> MA> GNF;>K H2=KKB>G=L

?HK >:<A GH=>G:G :G= MA>G <A><D PA>MA>K MA>LWMKHE= BL
l.LL>= A><D HNM PA:M AIlI>GL B? MA> NI==MBG@ BL GHM
LRG<AHGHNL O0A> ;:LB< <H=> H? MA> FH=>E BL:GRHEHM.

ask turtles [
let nodel self
set nan count turtles with [ link-neighbor? nodel and color



). &I

ask turtles [
if nan >= threshold [ set color red]
]

zG #B@NKLHF> LBFNE:MBHG KNGE IKHOB=>= ?HK : GSMPHKD H?

GH=>L PBMA =BpaM3¥°BKBG@HIKBEBMB>L 0A>BL HG>>< :@>GM

‘M MA> LM:KM H? MA> LBFNE:MBHG @>GML :=HIM PA>G :M E>.LM HC
MA>BK G>B@A;HKL A:L :=HIM>=L%> MA:M PA>G :EE :@>GMIBK :

<B¥E>I GH K-PBKBG@ | MA> GNF;>K H2¥ :@>GML LiK= EBG>.KER
NGMBE :EE :@>GMERKM>= 3A>G MA>K BL : LF.EE IK;;;BEBMR H?
K>PBKBG@ MA> :=HIMBHG BL :ELH EBG>:K NGMBE MA> LAHKM <NM BL
LI>>=L NI MA> :=HIMBHG:IM> 3> L>> MA:M ?HK @:KK3RPBKBG @KL

MA> =ByNLBHG @H>L ?:LM>K>PK>RBKBG@K>IN:E MH E>:=L MH

: K:G=HF G>MPHKD

8F®B \FD:@7? :? ?6EH@C<D H:E9 586€ 6H:C:?8 A@323:=:E:6D

z? P> <A:G@> MA> MMIE= MH MPH G>B@A;HKL G>>=BG@ MH A:O
:=HIM>= MA> BGGHMBHG ;>?HIKIA> :@>GM :=HIML P> L>> MA:M MA>
:=HIMBHG PBEE GHM+MAKIN@A MA> PAHE> IHINE:MBHG PA>G MA>K



\z##1/z+* +# z**+ 2 0z+*/

‘K> KPBKBG@ H? MA> HKB@BEK EBGDL ;>MP>>G G>B@A;HKL #B@NFk
LAHPL MA> GNF;>K H? :=HIM>= :@>GML HNM H? :@>GML :?M>K

MB=BIL :O=K>=HO>K KNGL 3A>G MA>K:K>FHK> KG=HF EBGDL

MA>KBL : LF:EE>K IK;:;;BEBMR MA> :=HIMBHG EIK?:K 3BMA FHEK

KG=HF EBGDL MA> <ENLM>KBG@ <H>x<BN3SM-=BIG< BM ;><HF>L

E>LL EEER MA:M :M E>:LM MPH G>B@A;HKL A:O> :=HIM>=OtAMBBGGH

:8FG®G  ,96 ?F>36C @7 25@AEG5 2867ED 7@ ®BB6AD323:=:E:6D @BIC?8

5)1/45, 7 5*)98

3AR =H P> LHF>MBF>L A:0> HG> IH=N<M =HFBG:MBG@ : KD
>0>G B? BM BIHAN<M MA:M LHF>@KWN> MH ;> BG?>KBHK "Q:FIE>L K
)B<KHLH?M 3".05 D >R;H:K=L MA> $HH@E> L=AK>G@BG> >M< 0ABL
BL MA> HKKE>F H? EH<D B&GHGHFBLMKB:G KMANK LMN=B>=
MA> IiK;E>F H? EH<D BG H? M><AGHEH@BX>B4== LHF> FH=>EL
MA:M LBFNE:M> EH<DHBG LK >L

0A> ;:LB< B=>: BL MA> ?HEE /NIIHL> MA>KK> MPH IKI=N<ML
MH <AHL>KK L:R )B<KHLH?M :G= IIE> 0A> FHKe I>HIE> BG RHNK



https://en.wikipedia.org/wiki/QWERTY
https://en.wikipedia.org/wiki/Vendor_lock-in
https://en.wikipedia.org/wiki/W._Brian_Arthur
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>GOBIGF>GM PBMA PAHF RHN LAFH<NF>GML PAH NL> HH=N<M
MA> FHK O:EN:;E> IKH=N<M BL z?:I>KLHG A:L MH <AHHL> ;>MP>>G
MPH IKd=N<ML A> HK LA> PBEE ;>>FHBIER MH <AHHL> MAd=NM<M
PBMA : F.CHKBMR H? NL>KL B? MA> H¥RKMIK A:O> LBFBE:K
I>K?HKF.G<>

3 > <:.G BFIE>F>GM MABLH&>LL BG : LBFIE> FH=>E "O>KR MBF>
LM>l :@>GML F:=>: <AHB<> 0A> <AHB<> ?HKNKM BL KKIHKMBHG:E
MH MA> LAKH? IKH=N<M H? ;HMA H&EN<ML L <AHL>G BG MA>
IK>OBHNL MBF> LM>l /M:KMBG@ MA> FH=>E PBMAI;>BREEMIB>L
HG> H? MA> MPHHEN<ML LM:KML MH =HFBG:M> 3AB<A<KI PBEE
=HFBG:M> <:GGHM ;> #B<M>=FK MA> LM:KM .:G=HF 6>GML F:R
@BO> HG> H? MA3=N<ML : E®>K F:KBM LA:K :G= LMBFNE:MBG@
=HFBG:G<> BG ?NMMNIBF> LM>IL #B@NK

B8FG®G  +92C6 @766 A@S5F4ED 2>@78 2867ED HI9@ 3@ F8@IHE4EC
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zG #B@NK P> LAHP K>LNEML H? : FH=>E PA>KO>KR MBF> LM>I
:GHMA>K :@>GM PBEE =><B=> MH >GM>K:MH<BIBHG ;>MP>>G
IKH=N<ML :G= "O>KR MBF> LM>| :@>GML PAH A:O> F.:=> : <AHB<>
>MP>>G :G= PBEE K<HGLB=>K BM ;:.L>= HG MA>>ANKK=HIMBHG
LA:K>L /NIIHL> :@>GML PBEE GrHKLB=>K MA>BK =><BLBHGL MA>G P>
F:R @>M LM:;;E> FBOLA:K>SL H? IKH=N<ML :G= #B@NK +G<>:

E:K@> GNF;>K H? :@>GML A:0> F:=> MA>BK <AHB<> ;>MP>>G .G=
>0>KR &:@>GM PBEE <AHBEAMBO> MH MAIN2K<R H? IK=N<ML

:G=  %>G<> P> G>>= MH BG<EN=> LHHKLB=MBHG H? :@>GML

BG HKeK MH =>KBO> EH<D BG H? HG> H=MAMILKPBMA <>KM:BGMR

8FG®G +92C6 @766 A@SF4ED 2>@78 2867ED H9@ 3@ F3@ISE4¥HO67?
2867ED 5@ ?@&®?D:56C

zG #B@NKRHN L>> MASKNEML H? : @K GNF;>K H? LBFNE:MBHGL 3
KNG MA> FH=>E ?HK MBF> LM>IL :G= NL> =ByGKl IK;:;;BEBMB>L



). &I

?HK :@>GML MKHGLB=>K MA>BK <AHB<>L #HK H;5BHRBMR
LBFNE:MBHGL P>KK?HKF>= :G= MA> AMBHG H?HKN<M P:L
=>M>KFBG>= :M MA> >G= H? MA> LBFNE:MBHG O0A=GKR> NK>
LBFNE:MBHGL :<=B&@ MH MA> (MK IKH=N<M 3> L>> MA:M ?HK :
Ke<HGLB=3¥YBHG I;:;;BEBMR H? MA> LAK? [KH=N<M ?HHEHH:
NGB?HKF =BLMKB;NMBPSO$H ?HK H;BEBMR >JN:E MH HG>
MABKA? MA> LBFNE:MBHGL A:Ox<MBKG H? 85KG= HG> MABK.L :
?K<KMBHG H? %>G<> MA> =BLMKB;NMBHG BL ;BIHE:K

BFG®G 96 TQ24E:@? @7 B2@7 @GF4E 2E E96 6?5 @7 D:>F=2E:@7?D 7@C
5:\6C67E A@323:=:E:6D @7 28GZDAD:56C:?8 E96:C 49@:46

1:33'7>

%H =H G>P M><AGHEH@B>L>:EIKPBMABG : G>MPHKD H?
<HGLNF>KL zG MABL <A:IM>K P> =BL<NLL>= O:KBHNL <E:LLB< FH=>EL |
<IMNKe MA> MIBMBHG:E / <NKO> H? =ByNLBHG H? LN<<>LOMBHE&GH
:G=MA> EH<D BG H? M><AGHEH@R :M MA> <HLM H? : <HFI>MBG@ M><A
ORIB<:E KNE>L H? :=HIMBHEME MH MA> AHKR? IKH=N<ML PBMABG :
EH<:E G>MPHKD :G= MA>IMAK=L MA:M LMBFNE:M> :@>GML MH :=HIM
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:G BGGA:MBHG zG MAXRIG><A:!IM>K P>Q@M>G=>= MABL PHID ;
BG<EN=BG@ FHIQIEB<BM =B¥M MRI>L H? FHMBO:MBHGL H? MA>
<HGLNF>KL

+,+7 +4)+8

KMANK 3 KB:G zG<K > LBG@KINKGL :G= I:MA =>I>G=>G<>
BG MA> ><HGHFRG K;HK 1GBO>KLBMR H? )B<AB@LG ,K

Q>EK= .H;>KM IBLL>FBG:MBHG H? <NEMNKH=>E H? EH<:E
<HGOX>G<> :G= @EH;.E IHE:KBS:MERIBC?2= @7 @7?Z:4E *6D@=FE.@"

.LL #K:GD) G> P IK H=N<M @BVIA FH=>E ?HK <HGLNF>K
=NKE>L &27286>67E +4:6?46

$E:=P>EE ):E<HEF 0A> MBIIBG@ IHBGM B>-5HKD (BMME>
KHPG

$KGHO>MM>K ):KD OAK>LAHE= FH=>EL H? <HEE><MBO>
;>A:OBHK >6C:42? #@FC?2= @7 +@4.@=@8J

H@>KL "O=HIM ) 0OA> =ByNLBHG H? BGGHMBHGL #5HKD
#K> K>LL

.R:G KR<> :G=*>E $K HLL 0OA> =ByNLBHG H? AR;KB=
L>>= <HKG BG MPR:zHFFNGBMB>PFFQ= +@4:@=@8J

2:E>GM> OAHF.L 3 *>MPHKD FH=>EL H? MA> =ByNLBHG H?
BGGBIMBHGL >KLDBEE *& %:FIMHGIK zG<
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Fads and Fashions

+ > 54)+698
2G MABL <A:IM>K RHN PBEE

q ;> BGMIEN<>= MH : FH=>E H? <HGLNF>K ;>A:0BHK

g >QI>KB>G<> :@>GML PAH NL> =ByWKA>NKBLMB<L =>|>G=>GM
HG B? MAXS L:MBLv>= HK NG<>KM:BG

g >QIEHKMA> <HGL>IN>G<>L H? =B@GM :LLNFIMBHGL H?
=><BLBHG F:DBG@ HG BME>RG:FB<L

3A:M BL BG LMRE> ):GR I>HIE> ?RBE¥KG=L BG MA> <EHMA>R MA>
P>:K MA>BK ABMML MA> DBG= H? OPLAMA:M MR>P:M<A MA> DBG=
H? MRL <ABE=K IE:R PBMA >M< G= PA:M BL BG LMRE> <AG®>L H
MBF> 3A:M BL <E>:K BL MA:M I>HIESMEBBFBM:M> MA> ;>A:OBHK H?
HMA>KL +? <HNKL> LHF> I>HIE> =H GHM P:GM MH CHBG MA> F:CHKE
<Kk:MBG@ : <HNGM>K <NEMNK

3A:M :y><ML ?:=L :G= ?:LABHG BG HNK ;>A:0OBHKL 3AR LKIF>
BM>FL EBEEHMABG@ FRKABHG:E> MA:.G HMA>KE> EBD>E@>GM
3AR =H ?:LABHG:;E> BM>FL =BL:lI>:KG>K MBF>
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