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The Logic of Programming 
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IF a > b THEN 

     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. 
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��;HHE>:G�O:KB:;E>�A:L�HGER�MPH�IHLLB;E>�O:EN>L	�0.1"�HK�#�(/"��

0ABL�F>:GL�MA:M�B?�:�;HHE>:G�O:KB:;E>�Q�BL�GHM�0.1"	�BM�PBEE�;>�#�(/"��
/NIIHL>� I � BL� #�(/"�� 3A:M� BL� MA>� O:EN>� H?�2� BG� MA>� ?HEEHPBG@�

LM:M>F>GM��

IF x THEN a = 2 ELSE a = 1 

/BG<>�I �BL�#�(/"	� 2�BL�>JN:E�MH����
%./2+�2556�
/HF>MBF>L� RHN� P:GM� MH� K>I>:M� :� L>M� H?� <HFF:G=L� NGMBE� :�
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I:KMB<NE:K�<HG=BMBHG�BL�F>M��#HK�>Q:FIE>	�RHN�:K>�L>:K<ABG@�MAKHN@A�
:�EBLM�H?�GNF;>KL�NGMBE�RHN�vG=� :�LI><Bv<�O:EN>��5HN�FHO>�MH�MA>�
G>QM�BM>F�BG�MA>�EBLM�NGMBE�RHN�vG=�MA>�BM>F�RHN�:K>�EHHDBG@�?HK��5HN�
<:G�BFIE>F>GM�MABL�;R�NLBG@�PABE>�EHHIL��

1LBG@�MA>�L>:K<A�>Q:FIE>�RHN�<:G�BFIE>F>GM�MABL�:L�?HEEHPL�

position = 1 

WHILE a != searcha 

[ 

     a = list [position] 

    position = position + 1 
] 

PA>K>� L>:K<A:� BL� MA>� O:EN>� EHHD>=� ?HK�� .><:EE� MA:M� ��� F>:GL�
oNG>JN:E�MHp��+G>�FHO>L�MAKHN@A�MA>�EBLM	�EHHDBG@� :M�MA>�O:EN>�H?�
>:<A�BM>F�NGMBE�L>:K<A:�BL�?HNG=��

3A:M�PBEE�;>�MA>�O:EN>�H?�Q�BG�MA>�?HEEHPBG@�PABE>�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�:�IKH<>=NK>�MA:M�<:EEL�BML>E?�:G=�BM�BL�<HFFHGER�
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NL>=�BG�<HFINM>K�IKH@K:FL����LBFIE>�> Q:FIE>�BL�MH�<:E<NE:M>�G��;R�
MA>�?HEEHPBG@�IKH<>=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�?:<M�������#:<MHKB:E7�9�
#:<MHKB:E7�9�E>:=L�MH�?:<M�������#:<MHKB:E7�9�
#:<MHKB:E7�9�E>:=L�MH�?:<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��?:<M�����������
#BG:EER�BM�<:G�vGBLA�#:<MHKB:E7�9��?:<M��������������
0ANL���������
 '4*53�4:3(+78�
.:G=HF� GNF;>KL� BG� LBFNE:MBHG� FH=>EL� :K>� GHM� MKNER� K:G=HF��

zGLM>:=	� MA>R� :K>� @>G>K:M>=� ;R� MA>� LH
<:EE>=�K:G=HF� GNF;>K�
@>G>K:MHKL�� zG� ?:<M	� MA>� ?NG<MBHGL� NL>=� MH� @>G>K:M>� K:G=HF�
GNF;>KL� :K>� =>M>KFBGBLMB<� :G=� F:R	� MA>K>?HK>	� K>I>:M� MA>� L:F>�
L>JN>G<>� :?M>K� FBEEBHGL� H?� mK:G=HF� GNF;>KL�n� �G� > Q:FIE>� BL� MA>�
EBG>:K� <HG@KN>GMB:E� @>G>K:MHK� MA:M� @>G>K:M>L� L>JN>G<>L� H?�
GNF;>KL�Q�;R�NLBG@�MA>�G>QM�>JN:MBHG��

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

PA>K>� MA>� �	� �� :G=� )� :K >� IK>
L>E><M>=� <HGLM:GML�� *HM>� MA:M� )�
K>IK>L>GML�MA>�NII>K�E>O>E�H?�MA>�L>JN>G<>�H?�K:G=HF�GNF;>KL����
:G=���:K >�=>vG>=�BG�LN<A�:�P:R�MA:M�MA>R�F>>M�=>LBK:;E>�LM:MBLMB<:E�
IKHI>KMB>L���G�>Q: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>JN>G<>��

/NIIHL>�RHN�LM:KM�PBMA�Q����	�MA>G�MA>�G>QM�LM>I�P>�@>M�

x = (1664525 * 1 + 1013904223) mod 32 
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https://en.wikipedia.org/wiki/Random_number_generation
https://en.wikipedia.org/wiki/Random_number_generation
https://en.wikipedia.org/wiki/Linear_congruential_generator


/BG<>�FH=�F>:GL�FH=NEH�PAB<A�vG=L�MA>�K>F:BG=>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<>��	���	���	��
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�	����

�GR�B=>:�PA:M�MA>�G>QM�GNF;>K�PBEE�;>��
3A>G� RHN� LI><B?R� L>>=L� BG� LBFNE:MBHGL	� RHN� <:G� K>IEB<:M>� MA>�

L:F>�K >LNEML	�>O>G�MAHN@A�RHN�NL>�K:G=HF�GNF;>KL�� /HF>MBF>L�
MA>�L>>=L�:K>�BGBMB:EBS>=�NLBG@�MA>�<HFINM>KnL�K>:E
MBF>�<EH<D	�PAB<A�
F:R�IK HOB=>�>GHN@A�K:G=HFG>LL�?HK�LBFNE:MBHG�INKIHL>L	�;NM�MA>�
BG=BOB=N:E�K>LNEML�<:G�GHM�;>�K>IEB<:M>=��

0A>�?NG<MBHG�K:G=HF���BG�FHLM�IKH@K:FFBG@�E:G@N:@>L�IKH=N<>L�
:� K:G=HF� GNF;>K� ;>MP>>G� 
� :G=� �� :<<HK =BG@� MH� :� NGB?HKF�
=BLMKB;NMBHG�� 3A>G� MA>� NG=>KERBG@� L>JN>G<>� H?� K:G=HF� GNF;>KL�
?:EEL� ;>MP>>G� 
� :G=� )	� MA>� K:G=HF� GNF;>K� BL� =BOB=>=� ;R� )� MH�
IKH=N<>�:�K:G=HF�GNF;>K�;>MP>>G�
�:G=����
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0A>� HK=>K� BG� PAB<A� :� IKH@K:F� PBEE� >Q><NM>� MA>� <HFF:G=L� <:G�

;>�BFIHKM:GM��/NIIHL>�z�A:O>�MPH�:@>GML��":<A�:@>GM�A:L�:�FHG>R�
:<<HNGM�:G=�MA>�IKH@K:F�@BO>L�HG>�H?�MA>�:@>GML���=HEE:K��3A:M�PBEE�
A:II>G�BG�>:<A�H?�MA>�?HEEHPBG@�MPH�:E@HKBMAFL��

�E@HKBMAF����
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#HK��@>GM���7�<<HNGM�M�������<<HNGM�M����
9�
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zG� MABL� ;HHD	� P>� NL>� *>M(H@H	� :� FH=>EBG@� IKH@K:F� =>LB@G>=�

LI><Bv<:EER� ?HK� :@>GM
;:L>=� FH=>EBG@� :G=� =>O>EHI>=� NLBG@� &:O:��
&:O:�BL�:�LH
<:EE>=�H;C><M
HKB>GM>=�IKH@K:FFBG@�E:G@N:@>��*>M(H@H�
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https://en.wikipedia.org/wiki/Object-oriented_programming


IKHOB=>L� :� NL>K
?KB>G=ER� LA>EE� :KHNG=� &:O:�� *>M(H@H� BL� :ELH� :G�
H;C><M
HKB>GM>=� IKH@K:FFBG@� E:G@N:@>�� 0H� NG=>KLM:G=� AHP� MH�
K>:=� :G=�PKBM>�IKH@K:FL	�P>�G>>=�MH�=BL<NLL� ;KB>wR�PA:M�H;C><M

HKB>GM>=�IKH@K:FFBG@�F>:GL��

 :8FC6��	� =@H�5:28C2>�@7�@3;64ED�:?�2�4@>AFE6C�AC@8C2>	�

��IK H@K:F�BL�;NBE=�NI�;R�H;C><ML��#B@NK>�����0A>L>�H;C><ML�:K>�EBMME>�
IB><>L� H?� <H=>� MA:M� :K>� :<MBO:M>=� =NKBG@� MA>� LBFNE:MBHG�� #HK�
>Q:FIE>	� RHN� F:D >� :� FH=>E� H?� :GML� P:EDBG@� :KHNG=� BG� :G�
>GOBKHGF>GM	� L>:K<ABG@� ?HK� ?HH=	� :G=� ;KBG@BG@� ?HH=� ;:<D� MH� MA>�
G>QM��zGLM>:=�H?�F:DBG@�HG>�EHG@�EBLM�H?�<HFF:G=L	�RHN�LIEBM�BM�NI�
BGMH�<HFIHG>GML�LN<A�:L��AHP�MH�P:ED�PA>G�L>:K<ABG@	�AHP�MH�P:ED�
;:<D�MH�MA>�G>LM	�AHP�MH�K><H@GBS>�?HH=	�AHP�MH�=KHI�IA>K HFHG>	�
>M<��0A>L>�<HFIHG>GML�:K>�L>E?
LNLM:BG>=�:G=�<:G�;>�<:EE>=�NIHG�
; R�=By>K>GM�IE:<>L�BG�MA>�IKH@K:F��z?�MA>�NL>K�LM:KML�MA>�IKH@K:F	�
MA>�H;C><M�BG�MA>�E>?M�MHI�<HKG>K�PBEE�;>� :<MBO:M>=� �BG�*>M(H@H	�MA>�
H;C><ML�:K>�<:EE>=�IKH<>=NK>L	�:G=�MA>�LM:KMBG@�IKH<>=NK>�BL�H?M>G�
<:EE>=�m@Hn���0ABL�H;C><M�PBEE�<:EE�:GHMA>K�H;C><M	�:G=�;:L>=�HG�PA:M�
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H;C><ML�<:EE�MA>FL>EO>L��0ABL�BL�:G�>Q:FIE>�H?�K><NKLBHG��

zG� RHNK� *>M(H@H� FH=>EL	� RHN� PBEE� L>>� MA:M� RHN� vKLM� G>>=� MH�
:<MBO:M>�mL>MNIn	�:�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?� MA>�
O:KB:;E>L��+GER�PA>G�MABL�A:L�A:II>G>=	�MA>�IKH<>=NK>�m@Hn�<:G�;>�
:<MBO:M>=	�PAB<A�PBEE�KNG�MA>�FH=>E�MAKHN@A�O:KBHNL�BM>K:MBHGL��
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"LI><B:EER�BG�MA>� ;>@BGGBG@	�MA>� IKH@K:F�G> O>K�L>>FL�MH�=H�PA:M�
RHN�BGM>G=>=�BM�MH�=H���R�IK:<MB<BG@�K>@NE:KER	�RHN�L>>�MA:M�RHN�F:D>�
<HFFHG� FBLM:D>L� �MRIHL	� ?HK@>MMBG@� :� ;K:<D>M� 79	� >M<��� :G=� E>:KG�
MH� =>;N@	� RHN� PBEE� <H=>� ;>MM>K� HO>K� MBF>�� *HP:=:RL� P>� <:G� :ELH�
F:D >� NL>� H?� @>G>K:MBO>� �z� :L� :G� :LLBLM:GM� MH� A>EI� RHN� @>G>K:M>�
<H=>	�PAB<A�LMBEE�G>>=�MH�;>�>O:EN:M>=�:G=�M>LM>=�PA>MA>K�BM�PHKDL�
IKHI>KER��
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;>LM� IK:<MB<>L�� zM� BL� BFIHKM:GM� GHM� MH� LM:KM� IKH@K:FFBG@�
BFF>=B:M>ER�� #BKLM	� =>vG>� MA>� IKH@K:F� :G=� HNMEBG>� BM� BG� PHK=L� HK�
:�=K:PBG@��+G<>�RHN�A:O>�B=>GMBv>=�PA:M�<HFIHG>GML�G>>=�MH�;>�
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RHN� :==� :GHMA>K� <HFIHG>GM�� �R� MA>� >G=� H?� MABL� IKH<>LL	� RHNK�
IKH@K:F� LAHNE=� ;>� PHKDBG@� :L� RHN� BGM>G=� BM� MH�� �� <HFFHG�
NG=>KLM:G=BG@�:FHG@�IKH@K:FF>KL�BL�MA:M�MA>K>�:K>�GH�IKH@K:FL�
PBMAHNM�>KKHKL��0A>K>?HK>�BM�PBEE�;>�A>EI?NE�MH�=H�F:GR�M>LML	�LN<A�:L�
KNGGBG@�<HG=BMBHGL�?HK�PAB<A�RHN�DGHP�MA>�:GLP>K�MH�L>>�PA>MA>K�
RHNK�FH=>E�BL�:<<NK:M>��5HN�<: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>:K�
=H<NF>GM:MBHG��
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zG� MABL� <A:IM>K	� P>� BGMKH=N<>=� LHF>� <HG<>IML� MA:M� P>� PBEE� NL>�

		 ) � .  +&�*//"*

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


=NKBG@� MA>� K>LM� H?� MA>� ;HHD��  HFINM>K� IKH@K:FL� <HGLBLM� H?�
:E@HKBMAFL�� �E@HKBMAFL� :K>� :� L>M� H?� <HFF:G=L� RHN� @BO>� MH� MA>�
<HFINM>K�� HFINM>K�IKH@K:FL�:K >�O>KR�LMKB<M�LBG<>�MA>�<HFF:G=L�
:K>�M:D>G�EBM>K:EER��zM�PBEE�M:D>�:�EHM�H?�IK:<MB<>�MH�E>:KG�MH�IKH@K:F��
0A:M�BL	�RHN�G>>=�MH�=H�F:GR�>Q>K<BL>L�MH�E>:KG�MH�IKH@K:F��
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Introduction to NetLogo 
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q� @>M�IK:<MB<:E�>Q:FIE>L�MH�;NBE=�RHNK�vKLM�FH=>EL��

 
3 >� NL>� MA>� *>M(H@H� I:<D:@>� MH� BFIE>F>GM� MA>� :@>GM
;:L>=�

FH=>EL�=BL<NLL>=�BG�MABL�;HHD��0ABL�I:<D:@>�<:G�;>�=HPGEH:=>=�?HK�
?K>>�?KHF� A>K>��3 >�NL>�*>MEH@H�O>KLBHG��� 
���
���MH�;>� IK><BL>��BG�
MABL�;HHD��0A>�*>M(H@H�P>;LBM>�A:L�:�EHM�H?�BG?HKF:MBHG�:O:BE:;E>�
?HK�GHOB<>L�EBD>�MNMHKB:EL�:G=�>Q:FIE>�FH=>EL��

�5*+2�!97:)9:7 +8�
��*>M(H@H�FH=>E	�EBD>�HMA>K�IE:M?HKFL�?HK�:@>GM
;:L>=�FH=>EL	�

<HGLBLML�H?� :E@HKBMAFL� MA:M� IKH=N<>� :� L>JN>G<>�H?�<HFF:G=L�MH�
<:E<NE:M>� <A:G@>L� BG� :@>GMLn� :MMKB;NM>L�� #BKLM	� :� FH=>E� G>>=L� MH�
;>� BGBMB:EBS>=	� PAB<A� F>:GL� MA:M� :EE� :MMKB;NM>L� H?� :@>GML� :G=�
>GOBKHGF>GM:E� O:KB:;E>L� :K>� =>vG>=� :G=� A:O>� BGBMB:E� O:EN>L�� zG�
*>M(H@H	� I>HIE>� MRIB<:EER� NL>� MA>� IKH<>=NK>� oL>MNIp� MH� =H� MABL��
3A>G�RHN�EHHD�:M�HG>�H?�MA>�F:GR�=>FH�FH=>EL�BG�MA>�*>M(H@H�
EB;K:KR	�RHN�vG=�MA>�;NMMHG�oL>MNIp�BG�FHLM�BGM>K?:<>L��  EB<DBG@�HG�
MA:M�;NMMHG�BGBMB:EBS>L�:EE�MA>�K>E>O:GM�O: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


3A>G� :�FH=>E�BL�BGBMB:EBS>=	�MA>�FH=>E�<HGMBGN>L� ;R�<:E<NE:MBG@�
MA>�NI=:M>L�H?�MA>�:MMKB;NM>L�H?�:@>GML�:G=�MA>�>GOBKHGF>GM��0ABL�
BL�MRIB<:EER�LM:KM>=�;R�<EB<DBG@�HG�MA>�;NMMHG�o@Hp�BG�MA>�BGM>K?:<>��

3A>G�RHN�<EB<D�HG�o@Hp	�RHN�LM:KM� :�L>JN>G<>�H?�<:E<NE:MBHGL�� ��
FH=>E�<:G�;>�=>L<KB;>=�:L�?HEEHPL��

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	� I� MA>�
I:K :F>M>KL�H?�MA>�FH=>E	�:G=�M�K>?>KL�MH�MA>�MBF>�LM>I�=NKBG@�MA>�
LBFNE:MBHG	�:G=�#�Q	I	
� �BL�MA>�BGBMB:EBS>=�O>KLBHG�H?�MA>�FH=>E��
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,KH<>=NK>�?�F:R�<:EE� IKH<>=NK>L�@�:G=�A�� �G�BFIHKM:GM�:LI><M�H?�
LBFNE:MBHG�FH=>EL�BL�MA>�L>JN>G<>�BG�PAB<A�IKH<>=NK>L�:K>�<:EE>=	�
:G=�MANL�MA>�HK=>K�BG�PAB<A�O:KB:;E>L�H?�MA>�FH=>E� :K>�NI=:M>=��
/NIIHL>� RHN� A:O>� IK H<>=NK>L�5:6	� 62E�� :G=� >6E23@=:D>�� /NIIHL>�
RHN� vKLM� <:EE� MA>� IKH<>=NK>� 5:6� MH� <A><D� PA>MA>K� MA>� :@>GM� A:L�
LNx<B>GM� >G>K@R�� z?� GHM� >GHN@A� >G>K@R� BL� :O:BE:;E>	� MA>� :@>GM� BL�
K>FH O>=�?KHF�MA>�FH=>E��0A>G�MA>�IKH<>=NK>�62E�BL�<:EE>=	�:G=�MA>�
K>F:BGBG@� :@>GML� F:R� =>KBO>� FHK>� >G>K@R� ;>?HK>� MA>� IKH<>=NK>�
>6E23@=:D>�BL�<:EE>=��  HFI:K>�MABL� L>JN>G<>� PBMA� MA>�<:L>�PA>G�
vKLM�MA>� IKH<>=NK>�62E� BL�<:EE>=	�MA>G�5:6�� :G=�vG:EER	�>6E23@=:D>��
5HN�<:G�M>EE�MA:M�MA>�HK=>K�BG�PAB<A�MA>�:@>GML�:K>�NI=:M>=�>y><M�
PAB<A�:@>GML�K>F:BG�BG�MA>�FH=>E��%>G<>	�MA>�L>JN>G<>�BG�PAB<A�
RHN�<:EE�MA>�IKH<>=NK>L�BL�>LL>GMB:E��

0A>�L<A>=NEBG@�BL�GHM�HGER�BFIHKM:GM�?HK�MA>�HK=>K�BG�PAB<A�RHN�
<:EE�IKH<>=NK>L	�;NM�:ELH�MA>�HK=>K�BG�PAB<A�RHN�NI=:M>�MA>�:@>GML��
/NIIHL>� RHN� :EP:RL� NI=:M>� :@>GML� BG� MA>� L:F>� HK=>K	� :G=� MA>R�
A:O>�MH�EHHD�?HK�K>LHNK<>L��0A>G�MA>�vKLM�:@>GM�A:L�:G�:=O:GM:@>�BG�
vG=BG@�:O:BE:;E>�?HH=	�PABE>�MA>�E:LM�:@>GM�F:R�:EP:RL�>QI>KB>G<>�
:� L<:K<BMR� H?� K>LHNK<>L�� /N<A� :� vQ>=� HK=>K� E>:=L� MH� :KMB?:<ML� BG�
MA>�FH=>E��0A>K>?HK>�RHN�L>>�MA:M�MA>�HK=>K�BG�PAB<A� :@>GML� :K>�
NI=:M>=�BL�MRIB<:EER�K:G=HF��3A>G�BG�*>M(H@H	�RHN�<:EE�:LD�?HK:@>KL�
79	�?HK:@>K�:@>GML�:K>�NI=:M>=�K:G=HFER��

�/789�!9+68�</9.��+9�5-5�
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%HP� <:G� RHN� E>:KG� MH� NL>� *>M(H@H�� #BKLM	� RHN� <:G� ?HEEHP� MA>�
MNMHKB:E�HG�MA>�*>M(H@H�P>;LBM>�� /><HG=	�RHN�<:G�>QIEHK>� :�E:K@>�
GNF;>K�H?�>QBLMBG@�FH=>EL�BG�MA>�*>M(H@H�FH=>E�EB;K:KR��5HN�<:G�
>QIEHK>�MA>�;>A:OBHK�H?�:�FH=>E�;R�KNGGBG@�MA>�FH=>E�?HK�=By>K>GM�
:LLNFIMBHGL	�LN<A�:L�=By>K>GM�O:EN>L�H?�I:K:F>M>KL��(>MnL�NL>�MA>�
.:;;BML� $K :LL� 3 >>=L� FH=>E� BG� MA>� FH=>E� EB;K:KR� �#BE>� k� )H=>EL�
(B;K:KR�k��BHEH@R���

zG�MABL�FH=>E	�K:;;BML�FH O>�KHNG=L�?K>>ER�HG�MA>�E:G=L<:I>�:G=�
<HGLNF>�P>>=L�:G=�@K:LL��0A>�K:;;BML�A:O>�:�F>M:;HEBLF�H?�L:R�

��� >G>K @R�NGBML�>O>KR�MBF>�LM>I�� �R�>:MBG@�@K:LL	� :G=�P>>=L�MA>�
K:;;BML� =>KBO>� G>P� >G>K@R�� 3A>G� MA>� :<<NFNE:M>=� >G>K@R� H?� :G�
:@>GM� BL� :;HO>� MA>� ;BKMA
MAK>LAHE=	� MA>� :@>GM� PBEE� @>G>K:M>�
HyLIKBG@��0A>�<ABE=nL�@>G>K:MBHG�BL�BFIE>F>GM>=�:L�:==BG@�:�<EHG>�
H?�MA>�:@>GM�BG�:�G>:K;R�<>EE�:G=� IKHOB=BG@�A:E?�MA>�>G>K@R�H?�MA>�
I:K >GM� MH� MA>� <EHG>=� <ABE=�� �L� :� K>LNEM	� MA>� GNF;>K� H?� K:;;BML� BG�
MA>�IHINE:MBHG�>OHEO>L�HO>K�MBF>	�:L�P>EE�:L�@K:LL�:G=�P>>=	�PAB<A�
K>:II>:K�; R�:�vQ>=�<A:G<>�HG�:G�>FIMR�<>EE��

 :8FC6��	�'6E%@8@�:?E6C7246�@7�E96�*233:ED�!C2DD�/665D�>@56=�
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 :8FC6�
	��I2>A=6�@7�2���5:>6?D:@?2=�G:6H�@7�E96�*233:E�!C2DD�/665�>@56=	�

0A>� ;:LB<� NL>K� BGM>K?:<>� BG<EN=>L� MA>� oBGM>K?:<>	p� PAB<A� @BO>L� MA>�
@K:IAB<:E�HNMINM�H?�MA>�FH=>E��:L�=>IB<M>=�BG�#B@NK>���	�MA>�oBG?H	p�
PAB<A� IKHOB=>L� MA>� ;:<D@KHNG=� BG?HKF:MBHG� H?� MA>� FH=>E	� :G=�
o H=>	p� PAB<A� <HGM:BGL� MA>� LHNK<>� <H=>� H?� MA>� FH=>E�� 0A>� ;:LB<�
BGM>K?:<>	�:L�=>IB<M>=�BG�#B@NK>��	�LAHPL�FHK>�<HFIHG>GML����?>P�
:K>� BFIHKM:GM� MH� F>GMBHG�� o#BE>p� IKHOB=>L� MA>� HIMBHG� MH� L:O>� MA>�
FH=>E	� LM:KM� :� G>P� FH=>E	� HK� vG=� :� FH=>E� BG� MA>� FH=>E� EB;K:KR��
o0HHELp� BG<EN=>� L>O>K:E� A>EI?NE� MHHEL� EBD>� o/A:I>L� >=BMHKp� MH� L>E><M�
:� LA:I>� MH� K>IK>L>GM� :G� :@>GM	� o�>A:OBHK/I:<>p� MH� KNG� :� E:K@>�
GNF;>K� H?� LBFNE:MBHGL� :G=� LMHK>� MA>� K>LNEML� BG� :� =:M:� vE>	� :G=�
o�!� OB>P p� PAB<A� :EEHPL� RHN� MH� OBLN:EBS>� MA>� FH=>E� HNMINM� BG� �!�
�#B@NK>�����o%>EIp�BG<EN=>L�:�NL>?NE�EBGD�MH�MA>�NL>K�F:GN:E��zG�MA>�
=>M:BE>=�NL>K�F:GN:E	�MA>K>�:K>�=BL<NLLBHGL�HG�:�GNF;>K�H?�L:FIE>�
FH=>EL	� :L�P>EE� :L�A>EI?NE�MNMHKB:EL�MA:M�@H�MAKHN@A�MA>� ;:LB<L�H?�
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*>M(H@H��0A>�F:GN:E�:ELH�BG<EN=>L�=>M:BE>=�BG?HKF:MBHG�HG�AHP�MH�
=>O>EHI� MA>� BGM>K?:<>� :L� P>EE� :L� IKH@K:FFBG@� @NB=>EBG>L�� #BG:EER	�
MA>�F:GN:E�<HGLBLML�H?�: �GNF;>K�H?�MNMHKB:EL�HG�MA>�NL>�H?�?>:MNK>L�
EBD>� o/A:I>� "=BMHK	p� o�>A:OBHK� /I:<>	p� o/HNG=	p� :G=� o/RLM>F�
!RG:FB<L�p�

0H�NL>�MA>�BGM>K?:<>�BG�#B@NK>��	�RHN�<EB<D�HG�L>MNI	�PAB<A�PBEE�KNG�
MA>� <HFF:G=� MH� BGBMB:EBS>� MA>� FH=>E�� �?M>K� MABL	� RHN� <:G� <EB<D� HG�
o@Hp�MH�KNG�MA>�FH=>E��5HN�<:G�<A:G@>�MA>�I:K:F>M>KL�=NKBG@�MA>�
LBFNE:MBHG�:G=�L>>�MA>�>y><ML�=BK><MER��

�7 5-7 '33/4-�</9.��+9�5-5�
(>:KGBG@�MH�IKH@K:F�BG�*>M(H@H�BL�F:BGER�:�IKH<>LL�H?�E>:KGBG@


; R
=HBG@�� �R�PHKDBG@�MAKHN@A�MNMHKB:EL� :G=�>Q:FIE>�FH=>EL	�RHN�
PBEE�;><HF>�?:FBEB:K�PBMA�MA>�;:LB<L�H?�MA>�E:G@N:@>�:G=�PA>K>�RHN�
A:O>�MH�EHHD�?HK�LHENMBHGL�MH�MA>�IKH;E>FL�RHN�>G<HNGM>K��*HM>�MA:M�
RHN�PBEE�L>>�*>M(H@H�<H=>�NLBG@�=By>K>GM�<HEHKL�� 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:@>� :K>� =BL<NLL>=�
BG�MA>�?HEEHPBG@�I:K:@K:IAL�� �@>GML� :K>�<:EE>=�MNKME>L�BG�*>M(H@H��
*>M(H@H� A:L� ;>>G� ;:L>=� HG� ?HEEHP� NI� E:G@N:@>L� H?� (H@H	� :�
IKH<>=NK:E� IKH@K:FFBG@� E:G@N:@>� =>O>EHI>=� BG� MA>� ���
L�� 0A>�
B=>:� BG� MA>� =>O>EHIF>GM� H?�(H@H� BL� MH� A:O>� :� LBFIE>� E:G@N:@>�
MH� LM>>K� :G� :@>GM� HK� KH;HM	� MA>� MNKME>�� #HK� >Q:FIE>	� :� MNKME>� PBMA�
:� I>G� LMK:II>=� MH� BM� <:G� ;>� BGLMKN<M>=� MH� =H� LBFIE>� MABG@L� EBD>�
FH OBG@�?HKP:K=��

�LI:<>L�HK�MNKG�:KHNG=��0A>�v@NK>�;>EHP�LAHPL�
RHN� <:G� <K>:M>� :� LJN:K>� ; R� A:OBG@� MA>� ?HEEHPBG@� L>JN>G<>� H?�
<HFF:G=L��

Forward  50 

Right  90 

Forward  50 

Right  90 

Forward  50 
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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>>L��
#KHF�MA>L>�;NBE=BG@�;EH<DL	�RHN�<:G�;NBE=�FHK>�<HFIE>Q�LA:I>L�

EBD>�LJN:K>L	�MKB:G@E>L	�<BK<E>L	�>M<����LH?MP:K>�I:<D:@>�EBD>�*>M(H@H�
LBFNE:M>�IHINE:MBHGL�H?�MNKME>L�:G=�IKHOB=>�MA>F�PBMA�F:GR�FHK>�
<HFF:G=L��0 NKME>L�A:O>�<HHK=BG:M>L� �Q<HK	�R<HK�	� :G=�HKB>GM:MBHG�
�A>:=BG@�	� :G=� MA>R� <:G� FHO>� :KHNG=� BG� MA>� >GOBKHGF>GM� H?�
I:M<A>L��

0A>�<>EEL�H?�MA>�LI:MB:E�>QIEB<BM�>GOBKHGF>GM� :K>�<:EE>=� I:M<A>L��
,:M<A>L� A:O>� <HHK=BG:M>L� �I Q<HK	� I R<HK�	� G>B@A;HKL	� :G=� :� <HEHK��
,:M<A>L�<:G�:ELH�BG<EN=>�FHK>�BG?HKF:MBHG�EBD>�PA>MA>K�BM�BL�>FIMR	�
A:L�:G�:@>GM�HG�BM	�HK�<HGM:BGL�@K:LL�HK�P>>=��EBD>�BG�#B@NK>�����

0A>K>�BL�:ELH�:G�H;L>KO>K�I>KLI><MBO>��#KHF�MABL�I>KLI><MBO>	�RHN�
<:G� =>vG>� :@@K>@: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>>=�MH�;>�>Q><NM>=��

0A>� IKH@K:F�<HGLBLML�H?� :�GNF;>K�H?� IKH<>=NK>L�PAB<A�=>vG>�
MA>� :<MBHGL� H?� MA>� MNKME>L� :G=� I:M<A>L	� :G=� BG� PAB<A� HK=>K� MA>R�
:K>�>Q><NM>=����IKH<>=NK>�LM:KML�PBMA�MH�:G=�>G=L�PBMA�>G=���L�:G�
>Q:FIE>	�P>�=>vG>�;>EHP�MPH�>Q:FIE>�IK H<>=NK>L�L>M�:G=� @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 

z*0.+!1 0z+* 0+ *"0( +$+ 
�



   ] 
end 

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

0A>K>�:K>�MAK>>�F:BG�MRI>L�H?�IKH<>=NK>L�BG�*>M(H@H�
 HFF:G=L� :K >� :� EBLM� H?� :<MBHGL� ?HK� MA>� :@>GML� MH� <:KKR� HNM�� ��

<HFF:G=�:EP:RL�LM:KML�PBMA�MH�:G=�>G=L�PBMA�>G=	�A>G<>�:�MRIB<:E�
<HFF:G=�EHHDL�EBD>��

to  (commandname) 
     (actions) 
end 

zG� MA>� ?HEEHPBG@� >Q:FIE>	� MA>� G:F>� H?� MA>� <HFF:G=� BL�=K:P

IHER@HG	�:G=�BM�NL>L�O:EN>L�H?�@EH;:E�O:KB:;E>L�GNF
LB=>L�:G=� LBS>��
0A>� HMA>K� :<MBHGL� �I= 	� K>I>:M	� ?=	� KM�� :K>� IKBFBMBO>L	� :L� =BL<NLL>=�
;>EHP��(HHD�NI�MA>�F>:GBG@�H?�MA>L>�IKBFBMBO>L�MH�NG=>KLM:G=�PA:M�
MA>�<HFF:G=�=K:P
IHER@HG�BL�PBEE�;>�=HBG@��

to  draw-polygon 
   pd 
   repeat  num-sides 
  [ 
      fd  size 
      rt  ( 360  / num-sides) 
  ] 
end 

.>IHKM>KL�:K>�LHF>�LI><Bv<�<HFF:G=L��0A> R�K>IHKM�MA>�O:EN>�H?�:�
?NG<MBHG�PBMA�:�LI><Bv<�BGINM��/HF>MBF>L�RHN�A:O>�:�L>M�H?�:<MBHGL�
MA:M� RHN� NL>� BG� =By>K>GM� I:KML� H?� MA>� FH=>E�� zG� LN<A� :� <:L>	� BM� BL�
NL>?NE�MH�=>vG>�MABL�L>JN>G<>�:L�:�?NG<MBHG��0A>�@>G>K:E�E:RHNM�?HK�
:�K>IHKM>K�BL�

to-report  (namereporter) [ inputvariables] 
   (actions) 
end 
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/>>� ?HK� >Q:FIE>� :� ?NG<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>L� :K>� ;NBEM
BG� K>IHKM>KL� :G=� <HFF:G=L�� 0A>� =>O>EHI>KL�
H?� *>M(H@H� A:O>� =>vG>=� :� GNF;>K� H?� <HFFHG� K>IHKML� :G=�
<HFF:G=L� MA:M� F:GR� I>HIE>� NL>	� :G=� MA>G� ;NBE=� MAHL>� =BK><MER�
BGMH�*>M(H@H��z?�RHN�EHHD�:M�MA>�IKBFBMBO>L�=BK><MHKR�RHN�L>>�:�E:K@>�
L>M�H?�IKBFBMBO>L�EBD>�MNKME>L	�MNKME>L
A>K>	�:LD	�<E>:K
:EE	�>M<��(>:KGBG@�
PAB<A�IKBFBMBO>L�:K>�:O:BE:;E>�:G=�AHP�MH�NL>�MA>F�PBEE�M:D>�LHF>�
IK:<MB<>��0A>�;>LM�P:R�MH�E>:KG�MABL�BL�;R�EHHDBG@�:M�>Q:FIE>�FH=>EL�
:G=�L>>�AHP�HMA>K�FH=>EL�A:O>�BFIE>F>GM>=�<>KM:BG�IKH;E>FL��

2:KB:;E>L�MA:M�:K>�@EH;:EER�=>vG>=�<:G�;>�NL>=�>O>KRPA>K>�BG�MA>�
IKH@K:F�:G=�:K >�=>vG>=�:M�MA>�MHI�H?�MA>�IKH@K:F��

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<A>L�:K>�=>vG>=�@EH;:EER��

turtles-own  [attribute] 

patches-own  [attribute] 

0H�NI=:M>�:�O:KB:;E>�RHN�NL>�MA>�<HFF:G=�L>M	�?HK�>Q:FIE>�

set  year year + 1 

5HN�<:G�:ELH�=>vG>�:�EH<:E�O:KB:;E>�PBMABG�:�IKH<>=NK>�; R�

let  variable 0 

*HM>�MA:M�:�EH<:E�O:KB:;E>�<:G�HGER�;>�NL>=�PBMABG�:�IKH<>=NK>��
0H�NI=:M>�:�O:KB:;E>�?HK�:EE�MNKME>L�NL>�MA>�<HFF:G=�:LD��
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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>� I:M<A>L�HG�PAB<A�MA>K>� :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�I:M<A�

ask patch  2 3 [ set pcolor  green ] 

��FHK >�<HFIEB<:M>=�IKH<>=NK>�BL�

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

zG� MA>� IKH<>=NK>� :;H O>	� MA>� :@>GM� BL� GHM� =HBG@� :GRMABG@� B?� MA>�
:MMKB;NM>�BL�E>LL�MA:G�MA>�MAK>LAHE=��zG�MA>�?HEEHPBG@�IKH<>=NK>	�P>�
:=CNLM�MA>�>:KEB>K�IKH<>=NK>�MH�BG<EN=>�MA:M�:@>GML�F:D>�:�=By>K>GM�
=><BLBHG� B?� MA>� :MMKB;NM>� BL� LF:EE>K� HK� >JN:E� MH� MA>� MAK>LAHE=�� 3>�
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:ELH�PBEE�OBLN:EBS>�MABL�BG�MA>�@K:IAB<:E�BGM>K?:<>�;R�@BOBG@�MA>�MNKME>�
=By>K>GM�<HEHKL�?HK�>:<A�<HG=BMBHG��

ask  turtles 
[ 
   ifelse (attribute > threshold) 
   [ 
      set  attribute attribute -  1 
      set  color  white 
      rt  random-float 360 
      fd  1 
   ][ 
      set  color  red 
      rt random-float 90 
      fd  2 
   ] 
] 

�@>GML>ML�:K>�:�LN;L>M�H?�MA>�:@>GML	�?HK�>Q:FIE>�:EE�K>=�MNKME>L��

turtles  with  [ color = red ] 

HK�:EE�MA>�K>=�MNKME>L�HG�MA>�<NKK>GM�I:M<A��

turtles-here with  [ color  = red ] 

�GHMA>K�>Q:FIE>�BL�:EE�MA>�I:M<A>L�:M�MA>�KB@AM�I:KM�H?�MA>�L<K>>G�

patches with  [ pxcor >  0] 

#KHF�MA>�I>KLI><MBO>�H?�MA>�m<:EE>Kn	�:�MNKME>�HK�I:M<A	�RHN�<:G�=>vG>�
:G�:@>GML>M�H?�:EE�MNKME>L�PBMABG�:�<>KM:BG�K:=BNL��

turtles in-radius 3 

!>vGBG@�?HNK�G>B@A;HKBG@�I:M<A>L��GHKMA	�LHNMA	�>:LM�:G=�P>LM���

patches at-points  [[ 1 0 ] [ 0 1 ] [ -1 0 ] [ 0 -1 ]] 

;NM�MABL�<:G�:ELH�;>�=>vG>=�>:LB>K�PBMA�:�IKBFBMBO>�G>B@A;HKL���

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





3A:M�:K>�:@>GML>ML�?HK��3>EE�RHN�F:R�P:GM�MH�NI=:M>�:�LI><Bv<�
L>M�H?�:@>GML	�EBD>�

ask  [..] 

HK�<A><D�PA>MA>K�MA>K>�BL�:GR�LI><Bv<�:@>GML>M��

show any? 

HK�<HNGM�AHP�E:K@>�MA>�:@>GML>M�BL�

show count 

��LI><Bv<�>Q:FIE>�BL�MA>�?HEEHPBG@�PA>K>�MA>�MNKME>�PBMA�MA>�EHP>LM�
vMG>LL�BL�K>FH O>=�

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

/I><B:E� :@>GML>ML� :K>� ;K>>=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?�LI><Bv<�
IKBFBMBO>L�?HK�;K>>=L�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>�;K>>=�H?�:�MNKME>�

ask  turtle 100  [ set breed  consumer] 

�L� F>GMBHG>=� ;>?HK>	� E>:KGBG@� MH� NL>� *>M(H@H� BL� :� F:MM>K� H?�
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�ELH� :==� MPH� LEB=>KL�� oGNF;>K p� PBMA� :� FBGBFNF� H?� �� :G=� :�
F:QBFNF� H?� �

� PBMA� :� LM>I� LBS>� H?� �	� :G=� o=>GLBMRp� PBMA� :�
FBGBFNF�H?�
�:G=�:�F:QBFNF�H?��

�PBMA�:�LM>I�LBS>�H?����

*> QM	�RHN�PBEE�@H�MA>�o H=>�M:;p	�:G=�=>vG>�L>MNI�:L�?HEEHPL�

to  setup 
   clear-all 
   set-default-shape  turtles  ÒbugÓ 
   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 

0ABL� L>MNI� IKH<>=NK>� K:G=HFER� :EEH<:M>L� PHH=� <ABIL� �R>EEHP�
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!H>L�BM�PHKD��
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z*0.+!1 0z+* 0+ *"0( +$+ 
�



<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�?HEEHPL�

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

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

to  wiggle 
   fd  1 
   rt  random  50 
   lt  random  50 
end 

#BG=�:�G>P�IBE>�BL�=>vG>=�:L�

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



 ) � .  +&�*//"*



#BG:EER	�=KHI�Hy�<ABI�BL�FH=>E>=�EBD>�

to  put-down-chip 
   ifelse pcolor =  black 
   [ 
      set  pcolor  yellow 
      set  color  white 
      get-away 
   ][ 
      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 
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Using AI for agent-based 
modeling 
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FHK>�MA>�FRLM>KB>L�H?�(()L�BGLM>:=�H?�<K:?MBG@�FH=>EL�BG�EBG>�PBMA�
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Cellular Automata 
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zG�MABL�<A:IM>K	�P>�PBEE��

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

q� >QIEHK>�MA>�>F>K@>G<>�H?�<HFIE>Q�I:MM>KGL�?KHF�LBFIE>�
KNE>L	�

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

 
+KB@BG:EER	� MA>�<>EENE:K� :NMHF:M:� � ��� :IIK H:<A� P:L� BGMKH=N<>=�

; R�&HAG�OHG�*>NF:GG� :G=� /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� >GOBKHGF>GM� H?� <>EEL� MA:M� <:G� A:O>� :� EBFBM>=�
GNF;>K� H?� LM:M>L�� 0BF>� @H>L� ;R� BG� =BL<K>M>� LM>IL�� �<<HK=BG@� MH�
LHF>� �=>M>KFBGBLMB<�� KNE>L� L>M� ;R� MA>� K>L>:K<A>K	� PAB<A� :K>� MA>�
L:F>�?HK�>:<A�<>EE	�MA>�LM:M>�H?�:�<>EE�:M�MA>�G>QM�MBF>�LM>I�=>I>G=L�
HG� BML� IK>L>GM� LM:M>� :G=� MA>� LM:M>L� H?� :EE� BML� LNKKHNG=BG@� <>EEL� :M�
MA>�IK>L>GM�MBF>�LM>I��0A>�K>LNEMBG@�LNKIKBLBG@ER�<HFIE>Q�=RG:FB<L�
MA:M�>OHEO>=�?KHF�MABL�LBFIE>�L>M�H?�KNE>L�A:O>�E>=�L<AHE:KL�BG�F:GR�
=BL<BIEBG>L�MH�LMN=R�MA>�<HFIE>Q�=RG:FB<�;>A:OBHK�H?�LRLM>FL�LBG<>�
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<HFFHG�  �L� :K >� ;NBEM� BG� HG>� HK� MPH� =BF>GLBHGL�� 0A>� <>EEL� <:G�
<A:G@>�MA>�LM:M>�;R�MK:GLBMBHG�KNE>L	�PAB<A�=>M>KFBG>�MA>�LM:M>�H?�
MA>� <>EEL� ?HK� MA>� G>QM� MBF>� LM>I�� #HK� >Q:FIE>	� B?� MA>� <>EE� PBMA� MA>�
AB@A>LM� I:RHy� BG� MA>� G>B@A;HKAHH=� BG� MA>� E:LM� MBF>� LM>I� P:L� :�
<HHI>K:MHK	�<HHI>K:M>�BG�MA>�G>QM�MBF>
LM>I��

�GHMA>K�>Q:FIE>�BL�?HK�:�<>EE�MH�:=HIM�:G�BGGHO:MBHG�B?�4�I>K<>GM�
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 �L�A:O>�;>>G�O>KR�LN<<>LL?NE�:L�MA>HK>MB<:E�FH=>EL�H?�<HFIE>QBMR�
:G=�A:O>�;>>G�:IIEB>=�MH�=BO>KL>�MHIB<L�LN<A�:L�E:G=
NL>�<A:G@>�
:G=� <:G<>K� FH=>EBG@�� zG� MA>� K>F: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�EB;K:KB>L��

�'3+�5,��/,+�
&HAG�  HGP:R� =>O>EHI>=� MA>� <>EENE:K� :NMHF:M:�$:F>� H?� (B?>� BG�

���
��":<A�I:M<A�<:G�A:O>�MA>�LM:M>�o=>:=p�HK�o:EBO>�p�":<A�MB<D�MA>�
LM:M>�H?�:EE�I:M<A>L�:K>�NI=:M>=�L>JN>GMB:EER��0A>�LM:M>�H?�MA>�<>EE�
=>I>G=L�HG�MA>�LM:M>�H?�I:M<A>L�BG�MA>�)HHK>�G>B@A;HKAHH=�:G=�
BML�HPG�LM:M>��

3 >�PBEE�EHHD�:M�MA>�FH=>E�o(B?>p�BG�MA>�*>M(H@H�EB;K:KR�o HFINM>K�
/<B>G<>� >EENE:K� �NMHF:M:�p�0A>�KNE>�MA:M�=>vG>L�MA>�LM:M>�H?�MA>�
I:M<A�BL�BFIE>F>GM>=�BG�MA>�*>M(H@H�FH=>E�:L�

ifelse  live-neighbors = 3 
         [ cell-birth ] 
         [ if  live-neighbors !=  2 
            [ cell-death ] ] ] 
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https://en.wikipedia.org/wiki/Conway's_Game_of_Life


3A>K>�EBO>
G>B@A;HKL�P:L�vKLM�<:E<NE:M>=�:L�

set live-neighbors count  neighbors with  [living?] 

0A>�KNE>�L:RL�MA:M�B?�MA>K>�:K>���G>B@A;HKL�:EBO>	�MA>�I:M<A�BL�:EBO>	�
:G=�B?�MA>K>�:K>���G>B@A;HKL�:EBO>	�MA>�LM:M>�H?�MA>�I:M<A�K>F:BGL�MA>�
L:F>�:L�MA>�IK >OBHNL�MB<D��zG�:EE�HMA>K�<:L>L	�MA>�LM:M>�H?�MA>�I:M<A�
BL�=>:=��

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

*H P� MKR� HNM� MA>� FH=>E� �#HK� *>M(H@H� P>;� O>KLBHG� <EB<D�A>K>���
5HN�<:G�LM:KM�PBMA�:G�BGBMB:E�K:G=HF�=BLMKB;NMBHG�H?�:EBO>�:G=�=>:=�
I:M<A>L�� 5HN�L>>� :� <HGMBGNHNL� <A:G@>� H?�MA>�LM:M>L	� :G=� BM�EHHDL�
EBD>�MA>�FHO>F>GM�H?�I:MM>KGL�HG�MA>�L<K>>G��0ABL�BL�:G�>Q:FIE>�H?�
:G�>F>K@>GM�IA>GHF>GHG�LBG<>�MA>�KNE>L�=>vG>�HGER�MA>�LM:M>�H?�
BG=BOB=N:E�I:M<A>L	�GHM�MA>�E:K@>K
L<:E>�HNM<HF>L��
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0A>K>�:K>�F:GR�>E>F>GML�MH�>QIEHK>�PBMA�MA>�FH=>E��+G>�>Q:FIE>�
BL� MH� O:KR� MA>� BGBMB:E� =>GLBMR� H?� :EBO>� I:M<A>L�� �K>� MA>K>� K:G@>L� H?�
=>GLBMB>L�H?�BGBMB:E�:EBO>�I:M<A>L�?HK�PAB<A�MA>�LRLM>F�PBEE�=B>�HNM��

3 >� PBEE� GHP� NL>� MA>� (B?>� FH=>E� :L� :� P:R� MH� =>FHGLMK:M>� MA>�
BFIHKM:G<>�H?�MA>�MBFBG@�H?�NI=:MBG@�BG?HKF:MBHG��zG�IKH<>=NK>�@H�
RHN� L>>� MA:M� MA>� I:M<A>L� :K>� NI=:M>=� :<<HK=BG@� MH� MA>� ?HEEHPBG@�
EBG>L�H?�<H=>��

   ask  patches 
      [ set  live-neighbors count neighbors with  [living?] ] 
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   ask  patches 
      [ ifelse  live-neighbors = 3 
         [ cell-birth ] 
         [ if  live-neighbors !=  2 
            [ cell-death ] ] ] 

+G>�F:R�MABGD�MABL�<HNE=�;>�LBFIEBv>=	�EBD>�

   ask  patches 
      [ set  live-neighbors count neighbors with  [living?] 
        ifelse  live-neighbors = 3 
         [ cell-birth ] 
         [ if  live-neighbors !=  2 
            [ cell-death ] ] ] 

3A:M�=H�RHN�MABGD�PHNE=�A:II>G�:G=�PAR��0KR�BM�HNM���
3A:M�RHN�PBEE�L>>�BL�MA>�=By>K>G<>�;>MP>>G�L>JN>GMB:E�:G=�GHG


L>JN>GMB:E� NI=:MBG@�� zG� MA>� HKB@BG:E� BFIE>F>GM:MBHG	� :EE� I:M<A>L�
P>K>�NI=:M>=�NLBG@�MA>�LM:M>�H?�MA>� I:M<A>L�H?�MA>� IK>OBHNL�MB<D��
%HP>O>K	� BG� MA>� G>P� BFIE>F>GM:MBHG	� MABL� BL� GH� EHG@>K� MA>� <:L>�
LBG<>� MA>� LM:M>� H?� G>B@A;HKBG@� I:M<A>L� FB@AM� ;>� NI=:M>=� ;>?HK>�
RHN�<:E<NE:M>�EBO>
G>B@A;HKL�?HK�MA>� I:M<A�RHN� :K>�NI=:MBG@�� �L� :�
K>LNEM	�RHN�@>M�O>KR�=By>K>GM�HNM<HF>L��

3A:M�BL�MA>�<HKK><M�P:R�H?�NI=:MBG@��0A:M�=>I>G=L�HG�MA>�LRLM>F�
RHN� MKR� MH� LBFNE:M>�� 0A>� @:F>� H?� EB?>� P:L� ;:L>=� HG� L>JN>GMB:E�
NI=:MBG@	�:G=�RHN�=H�GHM�@>M�MA>�L:F>�BGM>K>LMBG@�HNM<HF>L�B?�RHN�
NL>�GHG
L>JN>GMB:E�NI=:MBG@��3>�PBEE�>QIEHK>�MA>�<HGL>JN>G<>L�H?�
HMA>K�MRI>L�H?�NI=:MBG@�L>JN>G<>L�BG�HMA>K�>Q:FIE>L�BG�MA>�;HHD��

�2+3+49'7>��+22:2'7��:953'9'�
0A>�LBFIE>LM� IHLLB;E>�<>EENE:K� :NMHF:MHG�<:G� ;>�<HGLB=>K>=�MH�

;>�BG�HG>
=BF>GLBHG	�PA>K>�MA>�I:M<A�A:L�HGER�:�G>B@A;HK�MH�MA>�
E>?M�:G=�MH�MA>�KB@AM�:G=�A:L�MPH�=By>K>GM�LM:M>L�
�:G=����*HP�P>�
<:G�=>vG>�>B@AM�IHLLB;E>�G>B@A;HKAHH=L��
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MA>�I:M<A�?HK�PAB<A�MA>�LM:M>�BL�>O:EN:M>=	�:G=�MA>�KB@AM�G>B@A;HKBG@�
I:M<A�� #HK� >:<A� H?� MA>� �� IHLLB;E>� LBMN:MBHGL	� P>� <:G� =>vG>� MA>�
HNM<HF>� ;>BG@�
�HK� ���#HK�>Q:FIE>	� 
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PBMA�MA>�LM:M>�
�:G=�MPH�G>B@A;HKBG@�I:M<A>L�;>BG@�S>KH	�MA>�G>P�
LM:M>	�BG�MA>�G>QM�MB<D	�PBEE�;>����

3 >� =>vG>� :� KNE>� :L� MA>� HNM<HF>� ?HK� >:<A� IHLLB;E>�
G>B@A;HKAHH=L��#HK�>Q:FIE>	�MA>�LH
<:EE>=�.NE>��
�BL�=>vG>=�:L�
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G>P�LM:M>�?HK�<>GM>K�<>EE� 
� �� 
� �� �� 
� �� 
�
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FH=>E� BG� MA>� /H<B:E� /<B>G<>� ?HE=>K�� 0A>� FH=>E� <HGLB=>KL� :@>GML�
K:G=HFER� :EEH<:M>=� HG� MA>� I:M<A>L	� HG>� I>K� I:M<A	� PA>K>� >:<A�
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https://en.wikipedia.org/wiki/Thomas_Schelling
https://en.wikipedia.org/wiki/Agent-based_computational_economics


:@>GM�A:L�HG>�H?�MPH�IHLLB;E>�<HEHKL��0A>K>�:K>�:�GNF;>K�H?�>FIMR�
I:M<A>L�:O:BE:;E>��":<A�MB<D�:@>GML�=>vG>�PA>MA>K�MA>R�:K>�A:II R��
z?� MA>R� :K>� GHM� A:IIR� MA>R� FHO>� MH� :G� >FIMR� I:M<A�� 0A>� :@>GMLn�
NI=:MBG@�BL�MA:M�MA>R�vKLM�=>M>KFBG>�PA>MA>K�MA>R�:K>�A:II R	�:G=�
MA>G�FHO>�:EE�:@>GML�PAH�:K>�=>vG>=�NGA:II R�MH�>FIMR�I:M<A>L��

3A:M�=>vG>L�PA>MA>K�:G�:@>GM�BL�A:IIR���G�:@>GM�BL�A:IIR�B?�MA>�
GNF;>K�H?�MNKME>L�HG�MA>�>B@AM�I:M<A>L�:KHNG=�:G�:@>GM�PAB<A�A:O>�
MA>� L:F>� <HEHK� :L� MA>� <HEHK� H?� MA>� :@>GM� BML>E?� B?� :;HO>� :� <>KM:BG�
MAK>LAHE=��
LBFBE:K
P:GM>=��0ABL�BL�<:E<NE:M>=�:L�?HEEHPL��#BKLM	�MA>�
GNF;>K�H?�:@>GML�G>:K;R�PBMA�MA>�L:F>�<HEHK�:G=�MA>�GNF;>K�H?�
:@>GML�PBMA�:�=By>K>GM�<HEHK�BL�=>vG>=��0A>G�BM�BL�<A><D>=�PA>MA>K�
MA>�I>K<>GM:@>�LBFBE:K�H;L>KO>=�BL�:;HO>�MA>�MAK>LAHE=��

set similar-nearby count  ( turtles-on neighbors )    with  [ color =
set  other-nearby count  ( turtles-on neighbors ) with  [ color !=
set  total-nearby similar-nearby + other-nearby 
set  happy? similar-nearby >= (%-similar-wanted *  total-nearby 

/NIIHL>�P>�LM:KM�PBMA�:�K:G=HF�=BLMKB;NMBHG�H?�:@>GML	�PA>K>��
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H?� MA>� G>B@A;HKL� A:O>� MA>� L:F>� <HEHK� :G=� :LLNF>� MA:M� MA>�
MAK>LAHE=��
LBFBE:K
P:GM>=�BL��
���3A:M�PHNE=�A:II>G�B?�NGA:II R�
:@>GML�PHNE=�FHO>	� :G=�P>�LBFNE:M>�NGMBE�MA>K>� :K>�GH�NGA:II R�
:@>GML�� zM� FB@AM� ;>� LNKIKBLBG@� MA:M� MABL� E>:=L� MH� :� LBFBE:KBMR�
I>K<>GM:@>�H?�����:G=�:�L>@K>@:M>=�LH<B>MR��3AR�BL�MABL�A:II>GBG@�
PABE>� :@>GML� :K>� A:II R� B?� MA>� F:CHKBMR� H?� MA>� G>B@A;HKL� :K>�
=By>K>GM�� 0A>� K>:LHG� BL� MA:M� LHF>� :@>GML� A:O>� E>LL� MA:G� �
��
LBFBE:K� BGBMB:EER� ;><:NL>� MAHL>� :@>GML� FHO>� MH� G>P� EH<:MBHGL	�
BG<K>:LBG@�MA>�E>O>E�H?�LBFBE:KBMR�;>MP>>G�:@>GML��"O>G�MAHN@A�FHLM�
:@>GML� P>K>� BGBMB:EER� A:IIR	� FH OBG@� MAHL>� PAH� P>K>� NGA:II R�
BG<K>:L>L�MA>�E>O>E�H?�L>@K>@:MBHG�:�EHM��
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?HK� :@>GML�MH�;>�A:IIR	�P>�L>>�MA:M� :�LBFBE:KBMR�MAK>LAHE=�H?� �
��
E>:=L�MH�:�F:<KH
E>O>E�LBFBE:KBMR�H?�FHK>�MA:G��
��BG=>I>G=>GM�H?�
MA>�=>GLBMR�H?�MA>�:@>GML��#B@NK>�����3A>G�P>�BG<K>:L>�MA>�LBFBE:KBMR�
MAK>LAHE=	� MA>� :@@K>@:M>=� LBFBE:KBMR� D>>IL� LEHPER� @KHPBG@	� >Q<>IM�
?HK�LBFNE:MBHGL�PBMA�:�AB@A�=>GLBMR�H?�:@>GML	�:G=�NGA:IIR�:@>GML�
D>>I�FH OBG@�:KHNG=�PBMAHNM�vG=BG@�:�A:IIR�LIHM��
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A2C2>6E6C�D6EE:?8	�

0ABG@L�RHN�<:G�=H�PBMA�MA>�/<A>EEBG@�FH=>E���==�:�ABLMH@K:F�:G=�
L>>� AHP� MA>� =BLMKB;NMBHG� H?� LBFBE:KBMR� <A:G@>� HO>K� MBF>�� 3A:M�
A:II>GL� B?� :@>GML� A:O>� :� ;B@@>K� G>B@A;HKAHH=� MA:G� MA>� ��
G>B@A;HKL�BFI:<MBG@�MA>BK�A:IIBG>LL��?HK�>Q:FIE>	�NL>�:�K:=BNL�:G=�
>QIEHK>�AHP�:�;B@@>K�K:=BNL�BFI:<M�MA>�HNM<HF>L���3A:M�A:II>GL�
PA>G�MA>K>�:K>�FHK>�MA:G���@KHNIL��3A:M�B?�:@>GML�A:O>�=By>K>GM�
MAK>LAHE=L�MA:M�=>vG>�A:IIBG>LL��

0A>� FH=>E� BL� :ELH� :G� >Q<>EE>GM� >Q:FIE>� MH� >QIEHK>� MA>�
<HGL>JN>G<>L�H?�=By>K>GM�P:RL�H?�NI=:MBG@�:@>GML��zG�MA>�<NKK>GM�
O>KLBHG	� :@>GML� vKLM� =>vG>� :EE� PA>MA>K� MA>R� :K>� NGA:II R� HK� GHM��
0A>G�:EE�NGA:IIR�:@>GML�FHO>	�>O>G�MAHN@A�MA>�>:KEB>K�FHO>F>GM�
H?� :@>GML�=NKBG@�MA:M�KHNMBG>�<HNE=�F:D>� :@>GML�MA:M�P>�=>vG>=�
NGA:II R�A:II R�:@:BG��%>G<>�:G�HIMBHG�PHNE=�;>�MH�BG<EN=>�MNKME>Ln�
FH O>F>GM�BG�MA>�IKH<>=NK>�H?�NI=:MBG@�MA>�A:IIBG>LL�H?�MNKME>L��
3A:M�PHNE=�;>�MA>�<HGL>JN>G<>L��

z?�RHN�NL>�:LD	�MA>�NI=:MBG@�PHNE=�;>�BG�K:G=HF�HK=>K���NM�HG>�

/+ z�( ! 5*�)z / 
�



<HNE=� :ELH� BF:@BG>� MA:M� FHLM� NGA:IIR� :@>GML� :K>� FHLM� >:@>K� MH�
FH O>�� /H� PA:M� B?� RHN� NL>�LHKM
HG� MH� :EEHP� :@>GML� PAH� :K>� FHLM�
NGA:II R�MH�FHO>�vKLM�MH�:�G>P�EH<:MBHG��
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�� D >R� IKH;E>F� LMN=B>=� ;R� LH<B:E� L<B>GMBLML� BL� LH<B:E� =BE>FF:L�

PA>K>� MA>K>� BL� :� <HGwB<M� ;>MP>>G� MA>� BGM>K>LM� H?� MA>� BG=BOB=N:E�
:G=�MA>�BGM>K>LM�H?�MA>�@KHNI���G�> Q:FIE>�BL�=HBG@�@KHNI�IK HC><ML�
?HK� RHNK� <E:LL�� �EMAHN@A� >O>KRHG>� BG� MA>� @KHNI� PHNE=� ;>G>vM� B?�
>O>KRHG>� INM� BG� :� EHM� H?� >yHKM� BGMH� MA>� @KHNI� IK HC><M� MH� @>M� MA>�
;>LM�HNM<HF>	�>:<A�BG=BOB=N:E�PHNE=�;>G>vM�?KHF�?K>>
KB=BG@�HG�MA>�
>yHKM�H?�HMA>KL��3BEE�MABL�E>:=�MH�:�=BL:LM>K�?HK�:EE�@KHNI�IK HC><ML	�HK�
=H�P>�vG=�@KHNIL�PAH�PHKD�O>KR�P>EE�MH@>MA>K��0A>K>�:K>�F:GR�H?�
MAHL>�LH<B:E�=BE>FF:L�BG�>O>KR=:R�EB?>	�?KHF�LM:G=BG@�BG�EBG>�?HK�MA>�
<:LAB>K�MH�I:RBG@�M:Q>L	�@>MMBG@�O:<<BG:MBHGL	�:G=�<HKK><MBG@�:KMB<E>L�
HG�3BDBI>=B:��

��<E:LLB<�@:F>�BG�MA>�LH<B:E�=BE>FF:�EBM>K:MNK>�BL�MA>�,KBLHG>KLn�
=BE>FF:� @:F> �� 0A>� @:F>� A:L� BGBMB:EER� ;>>G� <HGLMKN<M>=� ;R�
F:MA>F:MB<B:GL� )>KKBEE� #EHH= :G=  )>EOBG� !K>LA>K :M� .�*!�
<HKIHK:MBHG�BG����
���E;>KM�0N<D>K�?HKFNE:M>=�MA>�FH=>E�?HKF:EER�
:G=�@:O>�BM�MA>�MBME>�IKBLHG>KL�=BE>FF:�@:F>	�PA>K>�MA>���IE:R>KL�
P>K>�F>F;>KL�H?�:�<KBFBG:E�@:G@�PAH�A:=�MH�=><B=>�MH�<HHI>K:M>�
PBMA�MA>� IHEB<>�HK�GHM�:G=�PA>K>� IKBLHG�E>G@MA�P>K>�MA>� I:RHyL��
3 >�=BL<NLL�MA>�@:F>�BG�FHK>�@>G>K:E�M>KFL��

$BO>G�:K>�MPH�IE:R>KL	�:@>GM���:G=�:@>GM��	�PAH�A:O>�MH�=><B=>�
MH� <HHI>K:M>� HK� =>?><M�� 0A>K>� BL� GH� <HFFNGB<:MBHG� ;>MP>>G� MA>�
:@>GML	�:G=�MA>R�HGER�<HGLB=>K�MA>�F:M>KB:E�I:RHy��z?�;HMA�IE:R>KL�
<HHI>K:M>	� MA>R� ;HMA� K><>BO>� :� I:RHy� H?� �� NGBML�� z?� ;HMA� IE:R>KL�
=>?><M	�MA>R�;HMA�K><>BO>�:�I:RHy�H?���NGBM��%HP>O>K	�B?�HG>�IE:R>K�
<HHI>K:M>L� :G=� MA>� HMA>K� =>?><ML	� MA>� <HHI>K:MHK� @>ML� GHMABG@	�
:G=�MA>�=>?><MHK�K><>BO>L���NGBML��%>G<>�L>EvLA�K:MBHG:E�:@>GML�PBEE�
=>?><M�BG�MABL�@:F>��0ABL�BL�<:EE>=�:�*:LA�>JNBEB;KBNF	�G:F>=�:?M>K�
&HAG�*:LA��zG�0:;E>���P>�IK HOB=>�MA>�I:RHy�F:MKBQ��
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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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3A>G� MABL� @:F>� BL� I>K?HKF>=� PBMA� ANF:GL� PA>K>� MA>� I:RHy� BL�
FHG>R	�P>�=H�GHM�vG=�MA:M�:EE� IE:R>KL�=>?><M�:EE�MA>�MBF>��zG�?:<M	�
P>�PHNE=�GHM�A:O>�:G� :=O:G<>=�ANF:G�LH<B>MR�B?�ANF:GL�PHNE=�
F:BGER� =>?><M� BG� LH<B:E� =BE>FF:L�� 0A>K>� :K>� F:GR� ILR<AHEH@B<:E�
K>:LHGL� PAR� ANF:GL� =H� GHM� ;>A:O>� EBD>� ILR<AHI:MAL� ;NM� A:O>�
?>>EBG@L	� FHK:E� O:EN>L	� ?HEEHP� LH<B:E� GHKFL	� <HFFNGB<:M>	�
>QI>KB>G<>�IE>:LNK>�?KHF�<HHI>K:MBHG	�>M<��

3 >�PBEE�GHM�=P>EE�HG�MA>�ILR<AHEH@B<:E�>QIE:G:MBHGL�A>K>�;NM�EHHD�
:M� MABL� IKH;E>F� ?KHF� :� FH=>EBG@� I>KLI><MBO>� � z?� I>HIE>� BGM>K:<M�
PBMA�HMA>KL�BG�LH<B:E�=BE>FF:L	�PA:M�:K>�MA>�<HG=BMBHGL�?HK�PAB<A�
P>�L>>�<HHI>K:MBO>�HNM<HF>L��3>�PBEE�BEENLMK:M>�MABL�PBMA�MA>�FH=>E�
o,KBLHG>KnL�!BE>FF:�*
,>KLHG�zM>K:M>=p�BG�MA>�*>MEH@H�EB;K:KR�?HE=>K�
/H<B:E� /<B>G<>�,KBLHG>KnL� !BE>FF:�� zG� MABL� FH=>E	� :@>GML� P:G=>K�
K:G=HFER�:KHNG=	�:G=�>:<A�MB<D�:G�:@>GM�MKB>L�MH�vG=�:�I:KMG>K�BG�
:�G>B@A;HKBG@�I:M<A��z?�:G�:@>GM�BL�I:KMG>K>=�NI	�MA>�:@>GM�IE:RL�:�
,KBLHG>KnL�!BE>FF:�@:F>��":<A�:@>GM�A:L�:�LMK:M>@R�MA:M�<HNE=�M:D>�
BGMH�:<<HNGM�MA:M�MA>R�F>>M�NI�:@:BG	�:G=�MA>R�F:R�D>>I�K><HK=L�
HG�IK>OBHNL�>G<HNGM>KL��

#HK�LBFIEB<BMRnL�L:D>	�E>MnL�A:O>��
� :@>GML�PAH�:EP:RL�<HHI>K:M>�
:G=� �
� :@>GML� PAH� :EP:RL� =>?><M�� 3A>G� P>� KNG� MA>� FH=>E	� P>�
L>>� MA:M� MA>� :O>K:@>� I:RHy� ?HK� =>?><MHKL� BL� :KHNG=� �	� :G=� MA>�
:O>K:@>� I:RHy�?HK�<HHI>K:MHKL�BL� :;HNM� ���� �#B@NK>� ����0ABL�BL�GHM�
LNKIKBLBG@�LBG<>�:@>GML�PBEE�;NFI�BGMH�:�<HHI>K:MHK�HK�=>?><MHK�;R�
>JN:E� <A:G<>	� :G=� :� <HHI>K:MHK� PBEE� K><>BO>� �� �PBMA� :� <HHI>K:MHK�
I:KMG>K��HK�
��PBMA�:�=>?><MHK�I:KMG>K�	�:G=�MA>�=>?><MHK�PBEE�K><>BO>�
���PBMA�:�<HHI>K:MHK�I:KMG>K��HK����PBMA�:�=>?><MHK�I:KMG>K���
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zG� ���
� ,HEBMB<:E� /<B>GMBLM�.H;>KM� �Q>EKH=� IN;EBLA>=� MPH� I:I>KL�
PBMA� MA>� K>LNEML� H?� :� MHNKG:F>GM�� !K�� �Q>EKH=� BGOBM>=� <HEE>:@N>L�
MH� LN;FBM� :G� :E@HKBMAF� ?HK� :� IE:R>K� PAH� PBEE	� BG� :� <HFINM>KBS>=�
MHNKG:F>GM	�IE:R�MA>�,KBLHG>KnL�!BE>FF:�@:F>�?HK��

�K HNG=L�PBMA�
>:<A� HMA>K� IE:R>K	� :L� P>EE� :L� MA>� HPG� LMK:M>@R� :G=� :� LMK:M>@R� H?�
K:G=HFER�=><B=BG@�MH�<HHI>K:M>�HK�=>?><M��0A>�PBGG>K�H?�MA>�vKLM�
KHNG=� P:L� MA>� F:MA>F:MB<:E� ILR<AHEH@BLM��G:MHE� .:IHIHKM�� 0A>�
LMK:M>@R	� 0BM� ?HK� 0:M	� P:L� MA>� LBFIE>LM� LN;FBMM>=� :G=� PHKD>=� :L�
?HEEHPL�� /M:KM� PBMA� <HHI>K:MBHG	� :G=� B?� MA>� I:KMG>K� <HHI>K:M>=� BG�
MA>� IK>OBHNL�KHNG=	�<HHI>K:M>	� :G=�B?�MA>� I:KMG>K�=>?><M>=�BG�MA>�
E:LM� KHNG=	� =>?><M�� zG� MABL� P:R	� MA>� LMK:M>@R� LM:KML� GB<>	� K>P:K=L�
<HHI>K:MBHG	� :G=� INGBLA>L� =>?><MBHG�� �� L><HG=� KHNG=� H?� MA>�
MHNKG:F>GM�P:L�IE:R>=�PA>K>�I>HIE>�DG>P�PAB<A�LMK:M>@R�PHG�BG�
MA>�vKLM�KHNG=	�BGOBM>=�<HGMKB;NMBHGL�?KHF�:�;K H:=>K�:N=B>G<>	�:G=�
=B=�GHM�A:O>�:�vQ>=�GNF;>K�H?��

�K HNG=L	�;NM�:�IKH;:;BEBMR�MA:M�
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https://en.wikipedia.org/wiki/Robert_Axelrod
https://en.wikipedia.org/wiki/Anatol_Rapoport


>:<A�KHNG=�<HNE=�;>�MA>�E:LM�KHNG=���@:BG�0BM�?HK�0:M�P:L�MA>�;>LM�
LMK:M>@R��

�GHMA>K� LMK:M>@R� MA:M� P:L� =HBG@� P>EE� P:L� <:EE>=� oNG?HK@BOBG@	p�
PA>K>�:G�:@>GM�LM:KML�PBMA�<HHI>K:MBHG�;NM�PBEE�LPBM<A�MH�=>?><MBHG�
HG<>� MA>� I:KMG>K� =>?><M>=� HG<>�� 0A>� LMK:M>@R� H?� 0BM� ?HK� 0:M� :G=�
NG?HK@BOBG@�EHHD�MA>�L:F>��0A>�:@>GM�<A><DL�PA>MA>K�MA>�I:KMG>K�
=>?><M>=�;R�<A><DBG@�MA>�BG?HKF:MBHG�BG�MA>�I:KMG>K�ABLMHKR�EBLM��z?�
MA>�I:KMG>K�BL�EBLM>=�:L�:�=>?><MHK	�MA>�:@>GM�PBEE�=>?><M	�PABE>�B?�MA>�
I:KMG>K�BL�GHM�EBLM>=�:L�:�=>?><MHK	�MA>�:@>GM�PBEE�<HHI>K:M>��

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

0A>�K>:E�=By>K>G<>�;>MP>>G�MA>�LMK:M>@B>L�BL�AHP�MA>R�NI=:M>�MA>BK�
ABLMHKR�H?�MA>BK�I:KMG>KLn�=><BLBHGL��zG�MA>�BGBMB:EBS:MBHG	�;HMA�:@>GML�
A:O>�?:EL>ER�EBLM>=�?HK�>:<A�IHLLB;E>�I:KMG>K��+G<>�:�MBM�?HK�M:M�:@>GM�
IE:R>=�:�@:F>	�MA>�ABLMHKR�PBEE�;>�NI=:M>=�:EHG@�PBMA�MA>�=><BLBHG�
H?�MA:M�@:F>��zG�<HGMK:LM	�MA>�NG?HK@BOBG@�:@>GM�NI=:M>L�MA>�ABLMHKR�
B?�MA>�I:KMG>K�=>?><M>=	�A>G<>�;>BG@�NG?HK@BOBG@��

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-defected?) 
   ] 
end 

3 >�GHP�KNG�MA>�FH=>E�PBMA�>JN:E�GNF;>KL�H?�K:G=HF	�<HHI>K:MHK	�
=>?><MHK	� MBM� ?HK� M:M	� :G=� NG?HK@BOBG@�� 3>� L>>� MA:M� MA>� NG?HK@BOBG@�
LMK:M>@B>L� E>:=� MH� AB@A>K� :O>K:@>� I:RHy� MA:G� MBM� ?HK� M:M� �#B@NK>�
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���� .:G=HF� LMK :M>@B>L� A:O>� MA>� PHKLM� I>K?HKF:G<>�� 3AR� =H� P>�
L>>� NG?HK@BOBG@� ;>BG@� MA>� ;>LM� LMK:M>@R� PABE>� MBM� ?HK� M:M� PHG� MA>�
MPH� MHNKG:F>GML�� zL� MBM� ?HK� M:M	� GHM� MA>� ;>LM� LMK:M>@R�� 3 >EE	� MA:M�
BL� GHM� LH� LBFIE>� MH� :GLP>K�� 0A>� ;>LM� LMK:M>@R� =>I>G=L� I:KMER� HG�
MA>�LMK:M>@B>L�LN;FBMM>=�;R�HMA>K�IE:R>KL��zG�#B@NK>���P>�L>>�MA:M�
B?�P>�K>FH O>�MA>�K:G=HF�LMK:M>@R	�MA>�MBM�?HK�M:M�LMK:M>@R�:G=�MA>�
NG?HK@BOBG@�LMK:M>@R�LM:KM�MH�;><HF>�>JN:E�BG�I>K?HKF:G<>��

 :8FC6��	�,96�2G6C286�A2J@\�7@C�E96���DEC2E68:6D��F?<?@H?�:D�?@E�:?4=F565��

@G6C�E:>6	�

�� ) � .  +&�*//"*
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�Q>EKH=� IN;EBLA>=� BG� ����� ABL� <E:LLB<� ;HHD� o0A>� "OHENMBHG� H?�
 HHI>K :MBHG	p�BG�PAB<A�A>�LM:KML�>QIEHKBG@�:EE�DBG=L�H?�O:KB:MBHGL�H?�
LMK:M>@B>L�BG�=By>K>GM�?HKFL�:@>GML�<HNE=�IE:R��0ABL�E>=�MH�:�PAHE>�
v>E=�H?�BGO>LMB@:MBHG�H?�MAHNL:G=L�H?�IN;EB<:MBHGL�PA>K>�<HFINM>K�
LBFNE:MBHG�P:L�NL>=�MH�>QIEHK>�AHP�<HHI>K:MBO>�LMK:M>@B>L�<HNE=�
>OHEO>�HK� I>KLBLM�BG�O:KBHNL�MRI>L�H?�@:F>L	�PBMA�=By>K>GM�LI:MB:E�
BGM>K:<MBHG	�<HFI>MBMBHG	�:G=�>OHENMBHG�H?�LMK:M>@B>L	�=By>K>GM�MRI>L�
H?�BG?HKF:MBHG�:O:BE:;E>�MH�MA>�IE:R>KL	�>M<��

3BMA�MA>�FH=>E�P>�A:O>�NL>=�BG�MABL�>Q:FIE>	�RHN�<HNE=�>QIEHK>�
LHF>� BGM>K>LMBG@� O:KB:MBHGL� MHH�� 3A:M� B?� :@>GML� PBMAHNM� I:KMG>KL�
D>>I�FH OBG@�MHP:K=L�MAHL>�PAH�A:O>�@HH=�K><HK=L�:G=�:P:R�?KHF�
MAHL>�PAH�A:O>�;:=�K><HK=L��3A:M�:@>GML�<:G�LA:K>�BG?HKF:MBHG�
:;HNM�MA>BK�ABLMHKR�H?�HMA>K�:@>GML��

".+��2��'7 52��75(2+3�
�KB:G� �KMANK� BL� :G� ><HGHFBLM� PAH� A:L� ;>>G� BGLMKNF>GM:E� BG�

<HGG><MBG@� <HFIE>QBMR� MA>HKR� PBMA� ><HGHFB<L�� %>� BL� IKBF:KBER�
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https://en.wikipedia.org/wiki/W._Brian_Arthur


DGHPG� ?HK� ABL� LMN=R� H?� MA>� BFI:<ML� H?� IHLBMBO>� ?>>=;:<D� BG�
><HGHFB<L	� PAB<A� LAHPL� AHP� LF:EE� K:G=HF� > O>GML� <HNE=� :y><M�
PAB<A�IKH=N<ML�=HFBG:M>�MA>�F:KD>M��3>�PBEE�=BL<NLL�MABL�BG�:�E:M>K�
<A:IM>K�� zG� MABL� <A:IM>K	� P>� PBEE� EHHD� :M� :� IKH;E>F� �KB:G� �KMANK�
?HKFNE:M>=�BG�>:KER�����	�PAB<A�BL�GHP�DGHPG�:L�MA>�"E�#:KHE��:K�
IKH;E>F��

0A>� F:BG� @BLM� H?� MA>� IKH;E>F� BL� MA:M� I>HIE>� A:O>� MH� F:D>�
=><BLBHGL�NG=>K�NG<>KM:BGMR	�PABE>�P>�H?M>G�LMBEE�L>>�:�<>KM:BG�HK=>K�
BG�MA>�K>LNEML��"E�#:KHE�BL�:�;:K�BG�/:GM:�#>	�*>P�)> QB<H	�1/�	�PAB<A�BL�
MA>�BGLIBK:MBHG�?HK�MA>�IKH;E>F��$BO>G�BL�:�vGBM>�IHINE:MBHG�*��"O>KR�
0ANKL=:R�GB@AM	�:EE�*�:@>GML�=><B=>�MH�@H�MH�MA>�"E�#:KHE��:K��/BG<>�
"E�#:KHE�BL�JNBM>�LF:EE	�BM�PBEE�GHM�;>�?NG�B?�>O>KRHG>�<HF>L	�BM�PBEE�;>�
MHH�<KHP=>=��0A>K>?HK>	�MA>�IK>?>K>G<>�H?�:EE�:@>GML�:K>�=>vG>=�:L��

z?�MA>�LA:K>�H?�MA>� IHINE:MBHG� :M�MA>� ;:K�BL�E>LL�MA:G� �
�	�MA>G�
MA>R�:K>�A:II R	�PABE>�B?�MA>�I>K<>GM:@>�H?�MA>�IHINE:MBHG�:M�MA>�;:K�
BL�FHK>�MA:G��
��H?�MA>�:@>GML�:K>�NGA:II R��

*HM>�MA:M�MA>�IKH;E>F�P:L�?HKFNE:M>=�BG�MA>�>:KER����
L	�:�MBF>�
;>?HK>�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:O>�MA>�L:F>�
=>M>KFBGBLMB<�LMK:M>@R	�MA>R� :EE�PBEE�>G=�NI� :M�AHF>�� /BG<>�BM�BL� :EE�
:M�MA>�;:K�HK�:EE�:M�AHF>��+G>�<:G�=>vG>�LMH<A:LMB<�LMK:M>@B>L	�L:R�
:@>GML�wBIIBG@�<HBGL	�MA:M�<HNE=�E>:=�MH�:G�:MM>G=:G<>�MA:M�F:D>L�
:@>GML�BG�MA>�;:K�A:IIR�FHLM�H?�MA>�MBF>��0A>�FH=>E�BG�MA>�*>M(H@H�
EB;K:KR� �"E� #:KHE� BG� MA>� /H<B:E� /<B>G<>L� ?HE=>K�� =>FHGLMK:M>L� PA:M�
PHNE=� A:II>G� B?� :@>GML� A:O>� =>M>KFBGBLMB<� LMK:M>@B>L	� ;NM� GHM� :EE�
:@>GML�A:O>�MA>�L:F>�LMK:M>@R��

�� LMK:M>@R� BL� :� FH=>E� MH� IK>=B<M� :MM>G=:G<>�� �:L>=� HG� MA>�
IK>=B<M>=�:MM>G=:G<>	�FHK>�MA:G��
��HK�GHM	�MA>�:@>GM�PBEE�=><B=>�
MH�@H�HK�GHM��0A>�IK>=B<MBHG�BL�;:L>=�HG�H;L>KO:MBHGL�H?�I:LM�MB<DL	�
:G=�:EE�:@>GML�A:O>�MA>�L:F>�BG?HKF:MBHG�H?�I:LM�:MM>G=:G<>�;NM�
F:R� NL>� =By>K>GM� LMK:M>@B>L� MH� IK>=B<M� :MM>G=:G<>� ?HK� ?NMNK>�
KHNG=L��0A>�LMK:M>@R�BL�?HKFNE:M>=�:L�

I�M�� �� <� �� �

� ��Q�M�k� ��� �� :�M� k� ��� ��Q�M�k� ��� �� :�M� 
��� �r�� ��Q�M�k�
)")+.5
/z6"����:�M�k�)")+.5
/z6"��
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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


�@>GML� :K>� :LLNF>=� MH� A:O>� :� GNF;>K� H?� LMK:M>@B>L	� GNF;>K

LMK:M>@B>L	�MH�IK>=B<M�MA>�?NMNK>���M�MA>�;>@BGGBG@�H?�MA>�LBFNE:MBHG	�
:EE�:@>GML�@>G>K:M>�GNF;>K
LMK:M>@B>L�BGBMB:E�LMK:M>@B>L�EBD>�

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

PA>K>� G
O:EN>L� @>G>K:M>L� :� EBLM� H?� E>G@MA� GNF;>K
LMK:M>@B>L�
<HGM:BGBG@� O:EN>L� <HFINM>K� ;R� K>I>:M>=ER� KNGGBG@� MA>� K>IHKM>K�
K:G=HF
LMK:M>@R�� zG� K:G=HF
LMK:M>@R	� MA>� P>B@AML� H?� >:<A� H?� MA>�
LMK:M>@B>L�:K>�K:G=HFER�@>G>K:M>=�;>MP>>G�
��:G=����

to-report  random-strategy 

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

end 

!NKBG@�>:<A�MB<D	�MA>�:@>GM�<A><DL�BML�HPG�L:FIE>�H?�LMK:M>@B>L	�MH�
L>>�PAB<A�LMK:M>@B>L�;>LM�IK>=B<ML�MA>�H;L>KO>=�ABLMHKB<:E�I:MM>KG��
0A>�ABLMHKB<:E�H;L>KO:MBHGL�:K>�<HFI:K >=�PBMA�>:<A�LMK:M>@R�BG�MA>�
IHKM?HEBH�H?�MA>�:@>GM	�:G=�MA>�;>LM�LMK:M>@R�BL�MA>�LMK:M>@R�PBMA�MA>�
;>LM�vM�PBMA�MA>�ABLMHKB<:E�H;L>KO:MBHGL��

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

3A>G�MA>�:@>GM�F:D>L�:�IK >=B<MBHG	�MA>R�NL>�MA>�;>LM�LMK:M>@R�MA:M�
>QIE:BG>=� MA>� I:LM� :G=� NL>� MABL� MH� F:D>� :� IK >=B<MBHG� :;HNM� MA>�
?NMNK>��

set  prediction predict-attendance best-strategy sublist  history 

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

to-report  predict-attendance [strategy subhistory] 
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3BMA� MABL� FH=>E	� P>� <:G� >QIEHK>� MA>� ;>G>vM� H?� FHK>� FH=>EL� BG�
RHNK� IHKM?HEBH	� :G=� FHK>� ABLMHKB<:E� =:M:� BG� RHNK� F>FHKR� BL�� 3BEE�
FHK>�=:M:�:G=�FH=>EL�E>:=�MH�;>MM>K�I>K?HKF:G<>��3>�LBFNE:M>=�
�


� KNGL� ?HK� �

� MB<DL� ?HK� :� GNF;>K� H?� =By>K>GM� F>FHKR� LBS>L�
:G=� L>O>K:E� FH=>EL� :G=� EHHD>=� :M� MA>� :MM>G=:G<>� :M� MA>� ;:K� :M�
MB<D� �

�� #HK�>:<A�LBFNE:MBHG	�P>�<A><D�PA>MA>K�MAHL>�PAH�P>GM�
MH� MA>� ;:K� P>K>� A:II R�� #B@NK>� �� LAHPL� MA:M� B?� :@>GML� A:O>� HGER�
HG>�LMK:M>@R	�;:K
@H>KL�:K>�GHM�A:IIR�=N>�MH�HO>K<KHP=BG@��3A>G�
P>� A:O>� :;HNM� �� LMK:M>@B>L� :G=� :� F>FHKR� H?� �� MH� �
� MB<DL	� P>�
L>>�MA>�;>LM�I>K?HKF:G<>�H?��
��H?�MA>�MBF>�:@>GML�BG�MA>�;:K�BL�
A:II R��zGM>K>LMBG@�BL�MA:M�FHK>�FH=>EL�:K>�GHM�G><>LL:KBER�;>MM>K��
0ABL�FB@AM�;>�>QIE:BG>=�;R�MA>�H;L>KO:MBHG�MA:M�PBMA�FHK>�FH=>EL	�
MA>�;>LM�LMK:M>@R�BL�MA>�HG>�PAH�;>LM�=>FHGLMK:M>=�MA>�I:LM�:G=�
PBMA� F:GR� FH=>EL� MH� vM	� MABL� F:R� E>:=� MH� LPBM<ABG@� MA>� PAHE>�
MBF>� ;>MP>>G� FH=>EL� PAH� ;>LM� >QIE:BG>=� MA>� I:LM� ;NM� :K>� GHM�
G><>LL:KBER�;>�KH;NLM�IK>=B<MHKL�?HK�MA>�?NMNK>��
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MH�MA>�;:K	�=H�GHM�A:O>�I>K?><M�BG?HKF:MBHG�:;HNM�MA>�:MM>G=:G<>�:M�
MA>�;:K�E:LM�P>>D��3A:M�B?�:@>GML�PBMA�MA>BK�?KB>G=L	�:LLNFBG@�:@>GM�
:K>�BG�:�LH<B:E�G>MPHKD	�<:G�LA:K>�MA>BK�BGM>GMBHGL�MH�@H�MH�MA>�;:K	�
PBEE�MABL�BFIKHO>� IK>=B<MBHGL��3A:M�B?�GHM�:EE� :@>GML�@H�MH�MA>� ;:K�
>O>G�MAHN@A�MA>R�MABGD�BM�<HNE=�;>�@K>:M�LBG<>�LHF>MABG@�<:F>�NI��
 A><D�HNM�:�O:KB:MBHG�H?�MA>�FH=>E�:G=�E>M�F>�DGHP�PA:M�RHN�vG=��

!:33'7>�
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� :@>GMnL� =><BLBHG� KNE>� =>I>G=L�
HG�MA>�LM:M>�H?�MA>�:@>GM��A:IIR�HK�GHM��:G=�MA>�:@@K>@:M>=�LM:M>�
H;L>KO>=� :;HNM� HMA>KL� �GNF;>K� H?� G>B@A;HKL�� GNF;>K� H?�
<HHI>K:MHKL	� GNF;>K� H?� ;:K� OBLBMHKL��� 0A>� :@>GML� :EE� A:=� LBFIE>�
K>:<MBO>� KNE>L� MH� EH<:E� <N>L� E>:=BG@� MA>� F:<KH
E>O>E� I:MM>KGL� H?�
LH<B:E�K>E>O:G<>��

 +,+7 +4)+8�
�KMANK	� 3��KB:G� ������� zG=N<MBO>� .>:LHGBG@� :G=� �HNG=>=�

.:MBHG:EBMR���F>KB<:G�"<HGHFB<�.>OB>P������
�k�����
�Q>EKH=	�.H;>KM�����
��"y><MBO>� AHB<>�BG�MA>�,KBLHG>KnL�!BE>FF:	�

&HNKG:E�H?� HGwB<M�.>LHENMBHG	������
����
�Q>EKH=	� .H;>KM� ����
�� )HK >� "y><MBO>�  AHB<>� BG� MA>� ,KBLHG>KnL�

!BE>FF:	�&HNKG:E�H?� HGwB<M�.>LHENMBHG	�������
�
���
�Q>EKH=	�.H;>KM��������0A>�"OHENMBHG�H?� HHI>K:MBHG��*>P�5HKD��

�:LB<��HHDL��/<A>EEBG@	�0� ���������)H=>EL�H?�L>@K >@:MBHG	 �F>KB<:G�
"<HGHFB<�.>OB>P	�����	������	  ���k�����

/<A>EEBG@	� 0AHF:L�  �� ������� !RG:FB<� )H=>EL� H?� />@K>@:MBHG	�
&HNKG:E�H?�):MA>F:MB<:E�/H<BHEH@R	�����	�II�����k�����

/<A>EEBG@	� 0AHF:L�  �� ������� )B<KHFHMBO>L� :G=� ):<KH;>A:OBHK	�
*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�H?�FHO>F>GM�E>:=�MH�O>KR�
=By>K>GM�F:<KH
E>O>E�I:MM>KGL	�

q� E>:KG�MA:M�MA>�L:F>�FB<KH
E>O>E�KNE>L�<:G�K>IKH=N<>�
H;L>KO>=�LI:MB:E�I:MM>KGL�H?�=By>K>GM�LI><B>L	�

q� H;L>KO>�MA:M�:@>GML�:=CNLMBG@�MA>�>GOBKHGF>GM�BL�HG>�P:R�
H?�<HFFNGB<:MBHG�:G=�<K>:M>�>F>K@>GM�I:MM>KGL��

 
zG�MABL�<A:IM>K	�P>�EHHD�:M�:�O:KB>MR�H?�FH=>EL�PA>K>�:@>GML�FHO>�

:KHNG=	�E>:=BG@�MH�>F>K@>GM�LI:MB:E�I:MM>KGL��zG�MAHL>�FH=>EL	�MA>�
:@>GML�PBEE�FHO>�:M�:�<>KM:BG�LI>>=�:G=�=><B=>�PA>K>�MH�FHO>�G>QM��
0A>� >Q:FIE>L� LAHP� MA>� =By>K>GM� <HGL>JN>G<>L� H?� AHP� MH� F:D>�
=><BLBHGL� PA>G� MH� FHO>� PA>K>�� !><BLBHGL� <:G� K>E:M>� MH� <NKK>GM	�
:G=�I:LM�IHLBMBHGL�H?�HMA>KL�H;L>KO>=�=BK><MER�HK�OB:�>GOBKHGF>GM:E�
<N>L��

�25)1/4-�5,��5/*8�
#EH<DL�H?�LM:KEBG@L�HK�L<AHHEL�H?�vLA�A:O>�F>LF>KBS>=�F:GR�H?�

NL� PBMA� MA>BK� <HFIE>Q� =RG:FB<� I:MM>KGL�� %HP� =H� MAHL>� :GBF:EL�

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


<AHK>H@K:IA�MAHL>�<HFIE>Q�=RG:FB<L��%HP�=H�MA>R�<K>:M>�MAHL>�
I:MM>KGL� PBMAHNM� A:OBG@� :� <AHK>H@K:IA>K� HK� E>:=>K� PAH� =BK><ML�
PA:M� MH� =H� PA>G��  :G� P>� LBFNE:M>� MAHL>� I:MM>KGL� NLBG@� LBFIE>�
KNE>L�HGER��

�BHEH@BLML�A:O>�;>>G�NLBG@�<HFINM>K�LBFNE:MBHGL�MH�NG=>KLM:G=�
MA>� ?HKF:MBHG� H?� wH<DL� H?� ;BK=L� :G=� L<AHHEL� H?� vLA��  HFINM>K�
@K:IAB<L�>QI>KM� K:B@� .>RGHE=L	�PAH�PHKDL�BG�MA>�%HEERPHH=�vEF�
BG=NLMKR	� =>FHGLMK:M>=� BG� ����� :� LBFNE:MBHG� FH=>E� H?� :KMBv<B:E�
;BK=L	�;HB=L	�PAB<A�;>A:O>=�:L�wH<DL�H?�;BK=L�NLBG@�HGER���LBFIE>�
KNE>L��

�EE� ;HB=L� A:O>� MA>� L:F>� LI>>=� :G=� F:D>� >:<A� MB<D� :� =><BLBHG�
MH� :=CNLM� BML� =BK><MBHG�� 0A>� :=CNLMF>GM� H?� =BK><MBHG� BL� MA>� K>LNEM�
H?� ��=><BLBHG�KNE>L	�G:F>ER�L>I:K:MBHG�k� :=CNLM�=BK><MBHG�MH� :OHB=�
;NFIBG@� BGMH� G>:K;R� wH<DF:M>L	� :EB@GF>GM	� :=CNLM� =BK><MBHG�
MHP:K=� MA>� :O>K:@>� A>:=BG@� H?� EH<:E� wH<DF:M>L	� :G=� <HA>LBHG	�
:=CNLM�=BK><MBHG�MH�FHO>�MHP:K=L�MA>�<>GM>K�H?�MA>�EH<:E�wH<DF:M>L��
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https://en.wikipedia.org/wiki/Craig_Reynolds_(computer_graphics)
https://en.wikipedia.org/wiki/Boids


if  any?  flockmates 
      [ set  nearest-neighbor min-one-of  flockmates [ distance myself
         ifelse  distance  nearest-neighbor < minimum-separation 
            [ separate ] 
            [ align 
               cohere ] ] 
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http://intro2abm.com/Flocking.html
http://collectivebehaviour.com/
https://www.youtube.com/watch?v=xIOu6iPUBHc&feature=youtu.be
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http://intro2abm.com/Heroes%20and%20Cowards.html
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http://intro2abm.com/Paths.html
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http://intro2abm.com/Ants.html
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   set  vision-points [] 
   foreach  ( range  1 (vision + 1)) [ n -> 
      set  vision-points sentence  vision-points ( list  ( list  0 n) (
   ] 
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   let  move-candidates ( patch-set patch-here ( patches at-points
   let  possible-winners move-candidates with-max  [psugar] 
   if  any?  possible-winners [ 
      move-to  min-one-of  possible-winners [ distance myself ] 
   ] 
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https://en.wikipedia.org/wiki/Lorenz_curve
https://en.wikipedia.org/wiki/List_of_countries_by_income_equality
https://www.comses.net/codebase-release/df630826-b2cf-4cd1-bb60-0384285ac730/
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GHM�LHF>MABG@�P>�<:G�:GLP>K�=BK><MER��%HP>O>K	�:�K>L>:K<A>K�F:R�
=>KBO>�:�;>MM>K�NG=>KLM:G=BG@�H?�:�LRLM>F�:G=�@>M�:�@HH=�B=>:�H?�
PA:M�>FIBKB<:E�K>L>:K<A�BL�G>>=>=�MH�:GLP>K�:G�>FIBKB<:E�JN>LMBHG�
HG�MA>�FHMBO:MBHGL�H?�=><BLBHG�F:DBG@��
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 :8FC6��	�&@56=:?8�4J4=6	��2D65�@?� :8FC6��	��@7�*2:=D324<�2?5�!C:>>��
��
�	�

+G<>� P>� A:O>� =>vG>=� :� K>L>:K<A� JN>LMBHG	� P>� <:G� =>vG>�
ARIHMA>L>L	�PAB<A�PBEE�A>EI�?HKFNE:M>�PA:M�HNMINML�MH�BGO>LMB@:M>�
:G=�PA:M�F><A:GBLFL�MH�BG<EN=>�BG�:�FH=>E��#HK�>Q:FIE>	�oBL�K:<B:E�
=BL<KBFBG:MBHG� MA>� LHE>� K>:LHG� ?HK� L>@K>@:MBHG�p�� 0H� M>LM� MABL	� P>�
<HNE=� HGER� =>KBO>� L>@K>@:MBHG� BG� :� FH=>E� PA>K>� :@>GML� :K>� HGER�
oA:II Rp�B?�MA>�F:CHKBMR�H?�MA>BK�G>B@A;HKL�:K>�MA>�L:F>�:L�MA>F��0A>�
FH=>E�H?�/<A>EEBG@�=>FHGLMK:M>L�MA:M�L>@K>@:MBHG�:ELH�A:II>GL�B?�
:@>GML� :K>� vG>� BG� EBOBG@� BG� G>B@A;HKAHH=L� PA>K>� MA>� F:CHKBMR� BL�
=By>K>GM�?KHF�MA>F��

*H P�P>�A:O>�:�;>MM>K�B=>:�H?�MA>�JN>LMBHGL�P>�EBD>�MH�IHL>��P>�
LM:KM�<K:?MBG@�:�FH=>E���ELH	�A>K>�BM�BL�A>EI?NE�MH�EHHD�:M�IN;EB<:MBHGL�
H?� FH=>EL� EBD>� MA>� HG>� RHN� P:GM� MH� BFIE>F>GM�� zG� ?:<M	� z� PHNE=�
LN@@>LM�RHN�K>IEB<:M>�HG>�HK�FHK>�FH=>EL�K>E:M>=�MH�RHNK�MHIB<�H?�
BGM>K>LM	�LH�RHN�@>M�:�;>MM>K�B=>:�:;HNM�PA:M�DBG=�H?�FH=>EL�:K>�HNM�
MA>K>	�:G=�MA>�<A:EE>G@>L�HMA>KL�A:O>�>QI>KB>G<>=��zM�BL�GHM�NGNLN:E�
?HK�FH=>E>KL�MH�;>�HO>KER�HIMBFBLMB<�BG�MA>BK�:F;BMBHGL��0A>K>?HK>�
@>MMBG@�:�K>:EBMR�<A><D�HG�MA>�=>M:BEL�H?�:G�>QBLMBG@�FH=>E�PBEE�A>EI�
=>KBO>�:�FHK>�K>:EBLMB<�L<HI>�?HK�MA>�FH=>EBG@�:<MBOBMB>L��

�G�BFIHKM:GM�@NB=>EBG>�BG�<K:?MBG@�:�FH=>E�BL�MH�D>>I�MA>�FH=>E�
:L�LBFIE>�:L�IHLLB;E>	�;NM�GH�LBFIE>K�MA:G�MA:M��0ABL�BL�>:LB>K�L:B=�
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MA:G�=HG>��zG�?:<M	�LBFIE>�FH=>EL�:K>�=Bx<NEM�:G=�MBF>�<HGLNFBG@�
MH� <K:?M	� PABE>� BM� BL� >:LR� MH� <K>:M>� <HFIEB<:M>=� FH=>EL�� /BFIE>�
FH=>EL	� MA:M� <:IMNK>� MA>� >LL>G<>� H?� MA>� MHIB<� H?� BGM>K>LM� :K>� MA>�
K>LNEML� H?� F:GR� BM>K:MBHGL� H?� MBGD>KBG@� PBMA� MA>� FH=>E�� �L� LN<A	�
FH=>EBG@�BL�:G�:KM	�EBD>�<K>:MBG@�:�L<NEIMNK>�HK�I:BGMBG@	�PA>K>�MA>�
NEMBF:M>�L<NEIMNK>�HK�I:BGMBG@�<HGLBLML�H?�CNLM�:�?>P�o;KNLA�LMKHD>Lp�
MH�OBLN:EBS>�MA>�>LL>G<>��

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

'GHPBG@�MA:M�FH=>EBG@�BL�:�IKH<>LL	�=HGnM�LI>G=�:EE
MBF>�HG�MA>�
=K:PBG@� ;H:K=�� %:OBG@� =HG>� K>IEB<:MBHG� H?� :� K>E:M>=� FH=>E	� HK�
;NBE=BG@� HG� :� IK>OBHNL� LMN=R� A>EIL� RHN� GHM� LM:KM� ?KHF� L<K:M<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=>EBG@� IKH<>LL	� MA>�
IKH@K:FFBG@	�:G=�L>>BG@�MA>�K>LNEML�H?�:LLNFIMBHGL�RHN�F:=>	�BL�
:�E>:KGBG@�IKH<>LL�MA:M�A>EIL�RHN�MH�K>=>vG>�MA>�FH=>E�LMKN<MNK>��

+G<>� RHN� A:O>� :G� BGBMB:E� O>KLBHG� H?� MA>� FH=>E	� =H� :� IKHI>K�
:G:ERLBL��zG�MA>�>G=	�RHN�F:R�LI>G=�FHK>�MBF>�HG�FH=>E�:G:ERLBL�
<HFI:K >=� PBMA� <H=BG@� MA>� FH=>E�� "QIEHK>� >QMK>F>� <HG=BMBHGL� H?�
MA>�FH=>E� :G=�M>LM�PA>MA>K�MA>�FH=>E�PBEE�LMBEE� IKH=N<>�K>E>O:GM�
HNM<HF>L�� #HK� >Q:FIE>	� PBEE� RHN� @>M� :GML� ?HKFBG@� MK:BEL� B?� MA>�
IA>KHFHG>L� >O:IHK:M>� BFF>=B:M>ER�� z?� MA>� IHINE:MBHG� BG<K>:L>L	�
PBEE� MA>� K>LHNK<>� =RG:FB<L� ?HEEHP� >QI><M>=� MK>G=L�� 3A:M� B?� MA>�
IHINE:MBHG�E>O>EL�BG<K>:L>�MPB<>�:L�?:LM��

3A>G�RHN�LM:KM�A:OBG@�<HGv=>G<>�BG�MA>�PHKDBG@L�H?�MA>�FH=>E	�
RHN�<:G�LM:KM�=>O>EHIBG@�:�FHK>�?HKF:E� :G:ERLBL�� �� ;:LB<� :G:ERLBL�
PBEE� ;>� :� L>GLBMBOBMR� :G:ERLBL� PA>K>� RHN� O:KR� I:K:F>M>KL�
LRLM>F:MB<:EER��5HN�<:G�LM:KM�;R�O:KRBG@�MA>�I:K:F>M>KL�HG>�;R�HG>�
MH� B=>GMB?R� PAB<A� I:K:F>M>KL� BFI:<M� MA>� FH=>E� HNM<HF>L� FHLM��
/N;L>JN>GMER	�RHN�<:G�LRLM>F:MB<:EER�O:KR�MPH�I:K:F>M>KL�HK�=H�:�
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<HFIK >A>GLBO>�O:KB:G<>
;:L>=�L>GLBMBOBMR�:G:ERLBL��3>�PBEE�=BL<NLL�
LHF>�>Q:FIE>L�BG�MA>�<HFBG@�<A:IM>K��

/N<A� :� L>GLBMBOBMR� :G:ERLBL� PBEE� A>EI� RHN� NG=>KLM:G=� MA>� FH=>E�
;>MM>K� :G=� F:R� E>:=� MH� :=CNLMF>GML� BG� MA>� FH=>E� HK� >O>G�
K><HGLB=>K�MA>�K>L>:K<A�JN>LMBHG�RHN�:K>�:==K>LLBG@��+MA>K�MRI>L�
H?� :G:ERLBL� <HNE=� ;>� =HG>� K>E:M>=� MH� MA>� K>L>:K<A� JN>LMBHGL� RHN�
A:O>� :G=� PA>MA>K� RHN� A:O>� JN:EBM:MBO>� HK� JN:GMBM:MBO>� =:M:� MH�
>O: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� @KHNI� =BL<NLLBHGL� <HNE=� K>O>:E�
<>KM:BG�IK:<MB<>L�H?�AHP�AHNL>AHE=L�F:D>�MA>BK�<AHB<>L�HG�AHP�MH�
<HI>�PBMA�K>LHNK<>�L<:K<BMR��5HN�F:R�=>KBO>�BG?HKF:MBHG�:;HNM�MA>�
DBG=�H?� :=:IM:MBHG�LMK:M>@B>L� :O:BE:;E>� :G=�<:G�NL>�MA>�FH=>E�MH�
>QIEHK>�AHP�P>EE�LN<A�:=:IM:MBHG�LMK:M>@B>L�<HI>�PBMA�=BLMKB;NMBHGL�
H?�K>LHNK<>�:O:BE:;BEBMR��"O>G�PBMA�JN:EBM:MBO>�=:M:	�RHN�<:G�F:D>�:�
JN:GMBM:MBO>�FH=>E��zG�?:<M	�F:GR�BGLB@AML�P>�A:O>�=>KBO>=�?KHF�MA>�
>Q:FIE>�FH=>EL�BG�IK>OBHNL�<A:IM>KL�:K>�JN:EBM:MBO>	�G:F>ER�AHP�
IA>KHFHG>L�BFI:<M�FHO>F>GM�H?�:GML	�AHP�I:MAL�:K>�?HKF>=	�AHP�
L>@K>@:MBHG�:G=�wH<DBG@�I:MM>KGL�<HNE=�>F>K@>	�>M<��

z?�RHN�A:O>�JN:GMBM:MBO>�=:M:	�RHN�<:G�NL>�MABL�MH�=>vG>�=BK><MER�
I:K :F>M>K�O:EN>L�?KHF�H;L>KO:MBHGL	�LN<A�:L�MA>�H;L>KO>=�:FHNGM�
H?� DBEH@K:FL� H?� vLA� <:N@AM� PA>G� vLABG@� K><K>:MBHG:EER� �RHN� F:R�
NL>� MA>� F>:G� HK� =K:P� ?KHF� :G� >FIBKB<:EER� BG?HKF>=� IKH;:;BEBMR�
=BLMKB;NMBHG��� -N:GMBM:MBO>�=:M:�<:G� :ELH� ;>�NL>=�MH�>O:EN:M>�RHNK�
FH=>E�� %HP� =H� MA>� FH=>E� HNM<HF>L� F:M<A� PBMA� MA>� >FIBKB<:E�
H;L>KO:MBHGL�� zM� BL� :<MN:EER� GHM� >OB=>GM� PA:M� P>� F>:G� PBMA� :�
oF:M<A�p�/NIIHL>�RHN�A:O>�:�FH=>E�MA:M�@>G>K:M>L�MA>�P:M>K�NL>�H?�
AHNL>AHE=L	�=H�P>�F>:G�PBMA�:�@HH=�F:M<A�:�<EHL>�:IIKHQBF:MBHG�
H?�MA>�LBFNE:M>=�:G=�:<MN:E�F>:G�P:M>K�NL>�I>K�=:R	�HK�=H�P>�P:GM�
MH� NL>� MA>� M>FIHK:E� I:MM>KGL� =NKBG@� MA>� =:R	� P>>DL� HK� FHGMAL	�
HK� M:D>� BGMH� :<<HNGM� MA>� AHNL>AHE=� MRI>L�� z?� P>� BG<EN=>� FHK>�
BG?HKF:MBHG� MH� >O:EN:M>� MA>� F:M<A	� =H� :EE� DBG=L� H?� BG?HKF:MBHG�
P>B@A�MA>�L:F>	�HK�=H�LHF>�DBG=L�H?�BG?HKF:MBHG�P>B@A�FHK>��

zG�:�E:M>K�<A:IM>K	�P>�PBEE�IK>L>GM�LHF>�>Q:FIE>L�H?�<:EB;K:MBG@�
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:�FH=>E�MH�>QIE:BG�>FIBKB<:E�H;L>KO:MBHGL� :G=�LAHP�LHF>�H?�MA>�
<A:EE>G@>L�BG�>O:EN:MBG@�FH=>EL�PBMA�>FIBKB<:E�=:M:���>LB=>L�?HKF:E�
JN:GMBM:MBO>� M>LML	� MA>K>� :K>� :ELH� LN;C><MBO>� IKH<>LL>L� LN<A� :L�
=>KBOBG@� ?>>=;:<D� ?KHF� K>E>O:GM� LM:D>AHE=>KL� HK� >O>G� =HBG@� :�
0NKBG@� M>LM� PBMA� LM:D>AHE=>KL� PAH� :K>� :LD>=� MH� <AHHL>� ;>MP>>G�
LBFNE:M>=�:G=�K>:E�=:M:��zG�MA>�>G=	�MA>K>�BL�GH�HG>�H;C><MBO>�P:R�MH�
=>vG>�PA>MA>K�RHNK�FH=>E�BL�:�@HH=�K>IK>L>GM:MBHG�H?�MA>�H;C><M�
H?� RHNK� LMN=R�� �R� =HBG@� LRLM>F:MB<� >O:EN:MBHGL� :G=� =>KBOBG@�
?>>=;:<D�?KHF�=By>K>GM�>QI>KML	�BG<EN=BG@�LM:D>AHE=>KL	�RHN�F:R�
H;M:BG�FHK>�<HGv=>G<>	�;NM�BM�K>F:BGL�:�LN;C><MBO>�>O:EN:MBHG��

3A>G� RHN� =H� :� LRLM>F:MB<� FH=>E� :G:ERLBL	� NLBG@� =:M:� HK� GHM	�
;>� <KBMB<:E� :;HNM� RHNK� FH=>E�� z� :F� :EP:RL� A>LBM:GM� MH� MKNLM� MA>�
HNM<HF>L� H?� MA>� FH=>E� :G=� G>>=� MH� ?NEER� NG=>KLM:G=� PAR� z� @>M�
<>KM:BG�HNM<HF>L�B?�MA>R�:K>�GHG
BGMNBMBO>�� /BG<>�MA>�FH=>E�BL�CNLM�
:� L>M� H?� EH@B<:E� LM:M>F>GML	� RHN� <:G� MK:<>� ;:<D� PAR� RHN� @>M� MA>�
HNM<HF>L� RHN� @>M�� 5>L	� RHN� F:R� ;>� LNKIKBL>=� ;R� LHF>� FH=>E�
K>LNEML	�;NM�BG�MA>�>G=	�RHN�G>>=�MH�NG=>KLM:G=�PAR�:G=�MA>�FH=>E�
HNM<HF>L�LAHNE=�GHM�;>�LNKIKBLBG@�:M�:EE��

!NKBG@� MA>� IKH<>LL� H?� BFIE>F>GMBG@� MA>� FH=>E	� BM� BL� :� @HH=�
IK:<MB<>�MH�LM:KM�=H<NF>GMBG@�RHNK�FH=>E��$HH=�=H<NF>GM:MBHG�H?�
:G�:@>GM
;:L>=�FH=>E�BL�GHM�>:LR�LBG<>�MAHL>�FH=>EL�:K>�MRIB<:EER�
;> RHG=�:�L>M�H?�>JN:MBHGL����IKHMH<HE�MA:M�<:G�A>EI�RHN�MH�=>O>EHI�
@HH=� LRLM>F:MB<� =H<NF>GM:MBHG� BL� MA>�+!!� IK HMH<HE	� =>L<KB;>=�
BG�=>M:BE�BG�$KBFF�>M� :E�� ��
�
	� �
�
��� +!!� LM:G=L�?HK�o+O>KOB>P	�
!>LB@G�  HG<>IML	� :G=� !>M:BEL�� 0A>�HO>KOB>P� IK HOB=>L�BG?HKF:MBHG�
?HK�PA:M�MA>�FH=>E�BL�:;HNM	�MA>G�:�=>L<KBIMBHG�H?�O:KBHNL�<HG<>IML�
;>ABG=�MA>�FH=>E	�:G=�vG:EER	�:�=BL<NLLBHG�H?�=>M:BEL�EBD>�FH=NE>L�
H?�MA>�FH=>E��#B@NK>�����

0A>� +O>KOB>P� LM:KML� PBMA� =>vGBG@� MA>� ,NKIHL>� H?� MA>� FH=>E��
3A:M� BL� MA>� K>L>:K<A� JN>LMBHG� MA:M� BL� :==K>LL>=� ; R� MA>� FH=>E��
'GHPBG@� MA>� K>L>:K<A� JN>LMBHG� PBEE� A>EI� MA>� K>:=>K� NG=>KLM:G=�
PAR� LHF>� =>LB@G� =><BLBHGL� :K>� F:=>	� LN<A� :L� LBFIEBv<:MBHGL� H?�
IKH<>LL>L�MA:M�FB@AM�;>�BFIHKM:GM�?HK�HMA>K�K>L>:K<A�JN>LMBHGL��

*> QM	�P>�=BL<NLL�MA>�<HFIHG>GML�H?�MA>�FH=>E	�LN<A�:L�MA>�MRI>L�

��
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H?� :@>GML� :G=� I:M<A>L� RHN� BG<EN=>� BG� MA>� FH=>E	� :L� P>EE� :L� MA>�
BFIHKM:GM�:MMKB;NM>L�H?�MAHL>�<HFIHG>GML��3A:M�:K>�MA>�M>FIHK:E�
:G=�LI:MB:E�L<:E>L�H?�MA>�FH=>E��3A:M� :K>�MA>�@EH;:E�O:KB:;E>L�H?�
MA>�FH=>E	�B?�:GR��

3A>G�P>�=>L<KB;>�MA>�IKH<>LL�HO>KOB>P�:G=�L<A>=NE>	�BM�PBEE�;>�
A>EI?NE�MH�<K:?M�:�wHP�=B:@K:F�:;HNM�AH P�MA>�O:KBHNL�<HFIHG>GML�
:G=�IK H<>LL>L�H?�MAHL>�<HFIHG>GML�BGM>K:<M�PBMA�>:<A�HMA>K��3A:M�
:K>�MA>�:<MBHGL�MA>�FH=>E�M:D>L�=NKBG@�>:<A�MB<D��

0A>� !>LB@G�<HG<>IML�=>L<KB;>� :�GNF;>K�H?� ;:LB<�<HG<>IML�MA:M�
PBEE� A>EI� MA>� K>:=>K� AHP� MA>� FH=>E� BL� BFIE>F>GM>=�� !H� :@>GML�
E>:KG	�IK>=B<M�MA>�:<MBHGL�H?�HMA>KL	�:K>�F>F;>KL�H?�@KHNIL��!H>L�
MA>�FH=>E�BG<EN=>�LMH<A:LMB<�IKH<>LL>L�:G=�>OHENMBHG��

0A>� =>M:BEL� H?� MA>� FH=>E� LM:KM� PBMA� :� =>L<KBIMBHG� H?� MA>� BGBMB:E�
<HG=BMBHGL�H?�MA>�FH=>E��3A:M�:K>�MA>�BGBMB:E�O:EN>L�H?�MA>�:MMKB;NM>L�
H?�MA>�:@>GML	�AHP�:K>�MA>R�:EEH<:M>=�HG�MA>�E:G=L<:I>	�PA:M�BL�MA>�
BGBMB:E�F>FHKR�HK�LMHK:@>��

z?� RHN� A:O>� BGINM� =:M:	� PA:M� BL� MABL� =:M:	� :G=� AHP� BL� MABL� =:M:�
=>KBO>=��

#BG:EER	�RHN�=>L<KB;>�LN;FH=>EL	�EBD>�IKH<>=NK>L�BG�*>MEH@H��0ABL�
<HNE=�;>�=HG>�NLBG@�F:MA>F:MB<:E�>JN:MBHGL�H?�IL>N=H<H=>��
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�2+3+498�5,�9.+�����67 595)52�

�;+7;/+ <�

��� ,NKIHL>�

��� "GMBMB>L	�LM:M>�O:KB:;E>L	�:G=�L<:E>L�

��� ,KH<>LL�HO>KOB>P�:G=�L<A>=NEBG@�

�+8/-4�)54)+698�

��� !>LB@G�<HG<>IML��

q� �:LB<�IKBG<BIE>L�

q� "F>K @>G<>�

q� �=:IM:MBHG�

q� +;C><MBO>L�

q� (>:KGBG@�

q� ,K>=B<MBHG�

q� />GLBG@�

q� zGM>K:<MBHG�

q� /MH<A:LMB<BMR�

q�  HEE><MBO>L�

q� +;L>KO:MBHG�

�+9'/28�

��� zGBMB:EBS:MBHG�

��� zGINM�!:M:�

��� /N;FH=>EL�

 :8FC6�
 :8FC6�
 	�(G6CG:6H�@7�E96�(���AC@E@4@=�7@C�56D4C:3:?8���&D	�
0A>�+!!�IK HMH<HE�BL�@NB=:G<>�BG�=H<NF>GMBG@�:�FH=>E��1LBG@�MA>�

+!!�IK HMH<HE�BL�GH�@N:K:GM>>�MA:M�RHN�A:O>�@HH=�=H<NF>GM:MBHG��
+?M>G�z�GHMB<>�MA:M�FH=>E>KL�NLBG@�MA>�+!!�IKHMH<HE�=>L<KB;>�MA>BK�
FH=>EL�BG�PHK=L� :G=�G>@E><M�MA>�NL>�H?�F:MA>F:MB<:E�>JN:MBHGL	�
IL>N=H<H=>	� :G=� wHP� =B:@K:FL�� 0AHL>� E:LM� �� BM>FL� :K>� <KBMB<:E�
BG� =>L<KB;BG@� RHNK� FH=>EnL� LMKN<MNK>� :G=� =>M:BEL	� LH� D>>I� MA>F�
BG<EN=>=��

3A>G�RHN�A:O>�=H<NF>GM>=�RHNK�FH=>E	�RHN�<:G� :K<ABO>�RHNK�
FH=>E� <H=>� :G=� =H<NF>GM:MBHG�� �� K><HFF>G=>=� FH=>E� :K<ABO>�
BL� MA>�  HFINM:MBHG:E� )H=>E� (B;K:KR� 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=�F:D>�LNK>�RHNK�?NMNK>�L>E?�:ELH�A:L�
MA>�=>M:BEL�H?�PA:M�RHN�A:O>�=HG>��

�	� ) � .  +&�*//"*
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#BG:EER	�PA:M�=B=�RHN�E>:KG�:;HNM�MA>�FH=>EBG@�IKH<>LL��5HN�F:R�
MABGD� MA:M� RHN� =H� GHM� G>>=� MA>� FH=>E� :GRFHK>� GHP� RHN� A:O>� :�
FN<A�;>MM>K�NG=>KLM:G=BG@�H?�MA>�IKH;E>F�RHN�P>K>�FH=>EBG@��zG�
PKBMBG@�NI�:�F:GNL<KBIM�:;HNM�MA>�FH=>E	�>FIA:LBS>�MA>�K>L>:K<A�
JN>LMBHGL	� :G=� ?H<NL� HG� MA>� FH=>E� :G:ERLBL� BG� :==K>LLBG@� MA>�
K>L>:K<A� JN>LMBHGL�� 5HN� =H� GHM� A:O>� MH� BG<EN=>� :EE� =>M:BEL� BG� :�
F:GNL<KBIM�:G=�FHO>�:�EHM�H?�MA>�M><AGB<:E�=>M:BEL�BG�:G�:II>G=BQ��

!: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>EI� NL>� FH=>EBG@� MH� :==K>LL� RHNK� K>L>:K<A�
JN>LMBHGL��.>IEB<:MBHG�H?�>QBLMBG@�FH=>EL�BL�NL>?NE�MH�=>KBO>�:�@HH=�
NG=>KLM:G=BG@� H?� K>L>:K<A� K>E:M>=� MH� RHNK� BGM>K>LML� :G=� BFIKHO>�
RHNK�*>M(H@H�IKH@K:FFBG@�LDBEEL��

 +,+7 +4)+8�
$KBFF	�2 HED>K	�1M:��>K@>K	�!HG:E=�(��!>�G@>EBL	�&�$:KR�,HEABEE	�&:KE�

$BLD>	�:G=�/M>O>G�#�� .:BEL;:<D���
�
�	�0A>�+!!� IK HMH<HE�� ��K>OB>P�
:G=�vKLM�NI=:M>	�"<HEH@B<:E�)H=>EBG@���������

������

$KBFF	� 2 HED>K	� /M>O>G� #�� .:BEL;:<D	�  AKBLMB:G� "�� 2BG<>GHM	� 1M>�
�>K@>K	� :K:�$:EE:@A>K	�!HG:E=�(��!>�G@>EBL	��KN<>�"=FHG=L	�&B:JB�
$>	� &:KE� $BLD>	� &_K@>G� $KH>G>O>E=	� �EB<>� /���� &HAGLMHG	� ��� )BEE>L	�
&:<H;�*:;>
*B>EL>G	�&��$:KKR�,HEABEE	�2BDMHKBB:�.:=<AND	�):KB>
/HIAB>�
.HAP[=>K	�.B<A:K=����/MBEEF:G	�&:G�0AB>E>�:G=�!:GB>E��REE^G���
�
��
0A>� +!!� ,K HMH<HE� ?HK� !>L<KB;BG@� �@>GM
�:L>=� :G=� +MA>K�
/BFNE:MBHG�)H=>EL����/><HG=�1I=:M>�MH�zFIKHO>� E:KBMR	�.>IEB<:MBHG�
:G=� /MKN<MNK:E� .>:EBLF	� &HNKG:E� H?� �KMBv<B:E� /H<B>MB>L� :G=� /H<B:E�
/BFNE:MBHG�������� ��

.:BEL;:<D	� /M>O>G� #�� :G=� 2 HED>K� $KBFF� ��
���� �@>GM
�:L>=� :G=�
zG=BOB=N:E
�:L>=� )H=>EBG@�� �� ,K:<MB<:E� zGMKH=N<MBHG	� ,KBG<>MHG�
1GBO>KLBMR�,K>LL�

!+z*$ ."/" � .  % 3z0% )+!"(/ �	�

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

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

q� E>:KG�AHP�MH�@>G>K:M>�K:G=HF�GNF;>KL�BG�*>M(H@H	�

q� "QI>KB>G<>�MA>�=By>K>G<>�;>MP>>G�K:G=HF�NI=:MBG@�H?�
:@>GML�:G=�NI=:MBG@�BG�:�vQ>=�HK=>K��

 
zG�MABL�<A:IM>K	�P>�PBEE�EHHD�:M�O:KBHNL�>Q:FIE>L�H?�K:G=HFG>LL�

BG� *>M(H@H	� AHP� MH� BFIE>F>GM� K:G=HFG>LL� BG� *>M(H@H	� :G=� MA>�
<HGL>JN>G<>L�H?�=By>K>GM�=BLMKB;NMBHGL��3>�EHHD�BGMH�MABL�;><:NL>�
:@>GM
;:L>=� FH=>EL� :K>� E:K@>ER� LMH<A:LMB<� GHGEBG>:K� LBFNE:MBHG�
FH=>EL�MA:M�K>JNBK>�LHIABLMB<:M>=�LRLM>F:MB<�:G:ERLBL��zG�MA>�G>QM�
<A:IM>KL	�P>�=BL<NLL�MHHEL�?HK�LRLM>F:MB<�:G:ERLBL��zG�MABL�<A:IM>K	�
P>�?H<NL�HG�MA>�;:LB<L�H?�MA>�LMH<A:LMB<BMR�BG�:@>GM
;:L>=�FH=>EL��

 '4*53��:3(+78�/4��+9�5-5�
0A>� ;:LB<� <HFF:G=� BG� *>M(H@H� MH� @>G>K:M>� K:G=HF� GNF;>KL�

BL�K:G=HF�� .:G=HF��

�F>:GL�MA:M�:G�BGM>@>K�O:EN>�BL�K:G=HFER�
=K:PG� ?KHF� MA>� L>KB>L� 
	� �	� �	� r��	� ��	� ���� z?� RHN� MRI>� BG� LAHP�
K:G=HF��

�BG�MA>�<HFF:G=�<>GM>K	�MA>G�RHN�PBEE�@>M�:�=By>K>GM�
O:EN>�>O>KR�MBF>��

�	� ) � .  +&�*//"*

�	�



 :8FC6��	�+4C66?D9@E�@7��@>>2?5�46?E6C�27E6C�6?E6C:?8�

D9@H�C2?5@>�����G2C:@FD�E:>6D	�

z?�RHN�P:GM�MH�LBFNE:M>�MH�wBI�:�<HBG�PA>K>�
�K>IK>L>GML�A>:=�:G=�
��M:BE	�RHN�PBEE�A:O>�MH�NL>�K:G=HF �� 	�PAB<A�@>G>K:M>L�O:EN>L�
�:G=�
���z?�RHN�P:GM�MH�@>G>K:M>�O:EN>L�?KHF�
�

�MH�
�	�RHN�PBEE�A:O>�MH�
LN;MK:<M�:�O:EN>�?KHF�MA>�IHLBMBO>�O:EN>L�@>G>K:M>=�;R�MA>�K:G=HF�
?NG<MBHG�EBD>�LAHP�K:G=HF ��

�k��

 ��0KR�BM�HNM��

�L�P>�=BL<NLL>=�BG� A:IM>K��� :�K:G=HF�GNF;>K�BL�:G�HNM<HF>�
?KHF� :� =>M>KFBGBLMB<� ?NG<MBHG�� z?� RHN� LM:KM� MA>� ?NG<MBHG� PBMA� MA>�

/0 + %�/0z ,.+ "//"/ �	�



L:F>�GNF;>K	�RHN�PBEE�@>M�MA>�L:F>�L>JN>G<>��5HN�<:G�M>LM�MABL�;R�
vKLM�=>vGBG@�MA>�O:EN>�H?�MA>�K:G=HF
L>>=� ; R�L:R�K:G=HF
L>>=� �
�
BG�MA>�<HFF:G=�<>GM>K��0A>G�EHHD�:M�MA>�GNF;>KL�MA:M�:II>:K�B?�
RHN�NL>�LAHP�K:G=HF� �

 �:�?>P�MBF>L��*HP�MRI>�BG�K:G=HF
L>>=
�
 �:@:BG�:G=�=H�:@:BG�:�?>P�MBF>L�LAHP�K:G=HF ��

 ��5HN�PBEE�@>M�
MA>�L:F>�L>JN>G<>�H?�K:G=HF�GNF;>KL���:LB<:EER	�P>�A:=�K>L>M�MA>�
L>JN>G<>�H?�oK:G=HF p�GNF;>KL�PA>G�P>� INM�BG�K:G=HF
L>>= � �
�
MA>�L><HG=�MBF>���ELH	�A>K>�BM�BL�@HH=�MH�MKR�BM�HNM�:G=�M>LM�MA:M�RHN�
F:R�@>M�:�O>KR�=By>K>GM�L>JN>G<>�B?�RHN�NL>�:�=By>K>GM�O:EN>�?HK
K:G=HF
L>>= ��

z?�RHN�P:GM�MH�A:O>�K>:E�GNF;>KL�BGLM>:=�H?�BGM>@>K�GNF;>KL	�RHN�
A:O>�MH�NL>�K:G=HF
wH:M��3BMA�K:G=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/)�!>89+38�
 :G�RHN�;><HF>�:�FBEEBHG:BK>�; R�<A:G<>��%>K>�P>�LAHP�:�LBFIE>�

FH=>E�LN@@>LMBG@�MA:M�BM�BL�IHLLB;E>��/NIIHL>�MA:M��
	


�:@>GML�wBI�
<HBGL��":<A�KHNG=	�MA>R�@N>LL�PA>MA>K�:�<HBG�MA:M�PBEE�;>�wBII>=�BL�
:�A>:=�HK� :�M:BE�� �EE� :@>GML� I:R� I�=HEE:KL�MH�F:D>� :� ;>M�� �?M>K�MA>�
<HBG�BL�wBII>=	�MA>�:FHNGM�H?�FHG>R�<HEE><M>=�?KHF�MA>�?>>L�PBEE�;>�
=BLMKB;NM>=�:FHG@�MAHL>�PAH�<HKK><MER�IK>=B<M>=�MA>�<HBG�wBI��

%HP� =H� P>� BFIE>F>GM� MABL� FH=>E� BG� *>M(H@H�� ":<A� MB<D� MA>�
:@>GML� vKLM� I:R� :� ?>>� MH� MA>� IHHE� :G=� =>M>KFBG>� MA>BK� @N>LL� ;R�
wBIIBG@� :� <HBG�� #EBIIBG@� :� <HBG� BL� FH=>E>=� ;R�K:G=HF � � 	� PAB<A�
IKHOB=>L�O:EN>L�
�:G=���PBMA�>JN:E�IKH;:;BEBMB>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?�:@>GML	�
:G=�MA>�HNM<HF>�H?�MA>�<HBG�wBI�BL�=>vG>=�;R�K:G=HF �� ��

let  pool nr-agents *  price 
set  coinflip random  2 

�		 ) � .  +&�*//"*



*H P� ?HK� :EE� :@>GML� P>� <A><D� PA>MA>K� MA>R� @N>LL>=� <HKK><MER� MA>�
HNM<HF>�H?�MA>�<HBGwBI��

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

0AHL>�:@>GML�PAH�<HKK><MER�IK>=B<M>=�MA>�HNM<HF>�H?�MA>�<HBG�wBI�
>:KG� :G�>JN:E�LA:K>�H?�MA>� IHHE��3>�M>LM�PA>MA>K�MA>�GNF;>K�H?�
:@>GML	�PAH�F:=>�<HKK><M�IK>=B<MBHGL	�BL�E:K@>K�MA:G�S>KH�MH�:OHB=�
MA>�NGEBD>ER�IHLLB;BEBMR�MA:M�P>�=BOB=>�;R�
	�PAB<A�BL�GHM�:EEHP>=��

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>�<:G�>QI><M��+G� :O>K:@>�MA>�>:KGBG@L�
PBEE� ;>� S>KH�� 0A>K>� BL� GH� FHG>R� <HFBG@� BGMH� MA>� LRLM>F�� �L� P>�
<:G�L>>�BG�MA>�LBFNE:MBHG�H?� �
	


� :@>GML� :?M>K� �
	


�MB<DL	�MA>�
=BLMKB;NMBHG�EHHDL�EBD>�:�$:NLLB:G�=BLMKB;NMBHG��

/0 + %�/0z ,.+ "//"/ �	




 :8FC6�
	��:DEC:3FE:@?�@7�62C?:?8D�27E6C��������E:4<D	�

%HP>O>K	� B?� P>� EHHD� :M� MA>� F:QBFNF� >:KGBG@L� H?� :@>GML� BG� MA>�
IHINE:MBHG	� P>� L>>� MA:M� MABL� F:QBFNF� D>>IL� @HBG@� NI�� zM� =H>L�
GHM�@H�NI�FHGHMHGHNLER�LBG<>�EN<DR�:@>GML�F:R�>QI>KB>G<>�LHF>�
KHNG=L� H?� GHM� PBGGBG@	� PAB<A� K>=N<>L� MA>� E>O>E� H?� MA>� >:KGBG@L��
*> O>KMA>E>LL	�#B@NK>���LAHPL�MA:M�:M�E>:LM�HG>�H?�MA>�:@>GML�BL�O>KR�
EN<DR�:G=�>:KGL�:�AB@A�:FHNGM�H?�>:KGBG@L��

�	� ) � .  +&�*//"*



 :8FC6��	�&2I:>F>�62C?:?8D�:?�E96�A@AF=2E:@?	�

0A>� ?:<M� MA:M� HG>� <:G� >:KG� :� EHM� ;R� <A:G<>� BL� MA>� IKBG<BIE>� H?�
EHMM>KB>L� :G=� <:LBGHL�� 0A>R� <A:K@>� :� LF:EE� ?>>� MH� HK@:GBS>� MAHL>�
>O>GML	�L:R����H?�MA>�<HGMKB;NMBHG�MH�MA>�IHHE	�:G=�B?�P>�BFIE>F>GM�
MABL	�MA>�HK@:GBS>KL�PBEE�@>M����H?�
���=HEE:KL�H?�MA>��
	


�;>ML�I>K�
KHNG=	�PAB<A�BL��
�=HEE:KL�I>K�KHNG=���M�MA>�>G=�H?��
	


�MB<DL	�MA>�
;>LM�>:KG>K�>:KG>=�LHF>MABG@�EBD>��

�=HEE:KL	�;NM�MA>�HK@:GBS>KL�
>:KG>=��

	


�=HEE:KL��+; OBHNLER	�MA>�FH=>E�F:D>L�LHF>�LMKHG@�
:LLNFIMBHGL	�LN<A�:L�EHL>KL�LM:RBG@�BG�MA>�@:F>��zM�BL�GHM�LNKIKBLBG@�
<:LBGHL�IKHOB=>�?K>>�=KBGDL�:G=�HMA>K�:F>GBMB>L�?HK�MA>�@:F;E>KL�MH�
LM:R�:G=�<HGMBGN>�MH�IE:R�LBG<>�MA>�K>:E�PBGG>K�H?�:EE�MA>L>�;>ML�BL�
MA>�HK@:GBS>K��
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 :8FC6��	�&2I:>F>�62C?:?8D�:?�E96�A@AF=2E:@?�H96?�@C82?:K6CD�86E�2����766	�

 '4*53�% '218�
0A>K>�:K>�=By>K>GM�P:RL�MH�FH=>E�MA>�FHO>F>GM�H?�:@>GML�HG�:�

E:G=L<:I>��*H P�P>�IK >L>GM�:�LBFIE>�FHO>F>GM�FH=>E�:G=�LAHP�
MA>�<HGL>JN>G<>L�H?�=By>K>GM�:LLNFIMBHGL��

0A>�FH=>E�BL�:L�?HEEHPL���G�:@>GM�FHO>L�LMK:B@AM�PBMA�IKH;:;BEBMR
IKH;LMK:B@AM	�:G=�B?�BM�=H>L�GHM�FHO>�LMK:B@AM	�BM�PBEE�MNKG�KB@AM�PBMA�
:�K:G=HF�GNF;>K�H?�=>@K>>L	� :G=�BM�PBEE�MNKG�E>?M�PBMA� :�K:G=HF�
GNF;>K� H?� =>@K>>L�� 0ANL	� �� I:K :F>M>KL� =>vG>� MA>� FHO>F>GM�
IKH;LMK:B@AM�:G=� =>@K>>L��

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

ifelse  random-float  1 < probstraight [ 
   fd  1 
][ 
   rt  random  degrees 
   lt  random degrees 

/0 + %�/0z ,.+ "//"/ �	�



   fd  1 
] 

!By>K>GM� O:EN>L� H?� IKH;LMK:B@AM� :G=� =>@K>>L� <:G� E>:=� MH� O>KR�
=By>K>GM�;>A:OBHK	�:L�P>�L>>�;>EHP��3 >�D>>I�MK:<D�H?�MA>�I:M<A>L�
MA:M�MA>�:@>GM�OBLBML	�LH�MA:M�P>�<:G�OBLN:EBS>�MA>�I:MA�H?�L:R��


�
MB<DL��

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

zG� MA>� M:;E>� ;>EHP	� RHN� L>>� �� IHLLB;E>� I:MM>KGL�� z?�=>@K>>L� BL� �
�
MA>� :@>GM�BL�F:BGER�FHOBG@�LMK:B@AM	�F:DBG@�LF:EE� :=CNLMF>GML��z?
=>@K>>L�BL���
�:G=� IKH;LMK:B@AM�BL�E>LL�MA:G�
��	�MA>�:@>GM�BL�FHOBG@�
:KHNG=�K:G=HFER�BG�:�LF:EE�:K>:��

 :8FC6��	�+A2E:2=�>@G6>6?E�A2EE6C?D�56A6?56?E�@?�
�A2C2>6E6CD	�

�
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!H�=By>K>GM�FHO>F>GM�KNE>L�BFI:<M�MA>�HNM<HF>L�H?�:�FH=>E��0H�
BEENLMK:M>�MABL�P>�BFIE>F>GM�MA>�FHO>F>GM�KNE>L�=>L<KB;>=�:;HO>�
BG�MA>��N@%NGM H>OHENMBHG�FH=>E�PAB<A�<:G�;>�?HNG=�BG� NKKB<NE:K�
)H=>E8�"� $("� "OHENMBHG� H?� MA>� *>M(H@H� )H=>E� EB;K:KR�� zG� MABL�
FH=>E	� P>� A:O>� ;N@L� :G=� ;BK=L�� �N@L� FHO>� :KHNG=� :M� =By>K>GM�
LI>>=L	� :G=�LEHP� ;N@L� :K>�FHK>�EBD>ER�MH� ;>�<:N@AM�;R� :�K:G=HF�
;BK=���L�:�<HGL>JN>G<>	�P>�<:G�>QI><M�MA:M�>OHENMBHG:KR�IK>LLNK>L�
PBEE�BG<K>:L>�MA>�>OHENMBHG�H?�?:LM>K�;N@L	�PAB<A�PBEE�LMBFNE:M>�MA>�
>OHENMBHG�H?�?:LM>K�;BK=L��

3 >�K>IE:<>�MA>�<H=>�H?�FHO>F>GM�BG�MA>�IKH<>=NK>�PB@@E>�PBMA�
MA>� K:G=HF� FH O>F>GM� KNE>� NL>=� :;HO>	� PAB<A� =>I>G=L� HG� MA>�
O:EN>L�H?�=>@K>>L�:G=� IKH;LMK:B@AM��3 >�PBEE�LN;L>JN>GMER�M>LM�MA>�
BFI:<M�HG�MA>�>OHENMBHG�H?�MA>�LI>>=�H?�;N@L�:G=�;BK=L��3 >�KNG�MA>�
FH=>E��

�MBF>L�?HK��
	


�MB<DL�?HK�L>O>K:E�=By>K>GM�<HF;BG:MBHGL�
H?�I:K:F>M>K�O:EN>L�?HK�=>@K>>L�:G=� IKH;LMK:B@AM�:G=�L>>�AHP�MABL�
BFI:<ML�MA>�>OHEO>=�LI>>=��*HM>�MA:M�P>�A:=�MA>�L:F>�I:K:F>M>K�
L>MMBG@L�?HK�;HMA�MA>�;BK=L�:G=�MA>�;N@L��#B@NK>���LAHPL�MA:M�PA>G�
;N@L� FHO>� :KHNG=� FHK>� EH<:EER� �AB@A�=>@K>>L�:G=� EHP� O:EN>� H?
IKH;LMK:B@AM�	�MA>�:O>K:@>�LI>>=�@H>L�NI��z?�MA>R�PHNE=�GHM�FHO>�
?:LM	� MAHL>� I:K:F>M>K� L>MMBG@L� PBEE� D>>I� MA>� ;N@L� :M� MA>� L:F>�
EH<:MBHG�:G=�;>�:�M:K@>M�;R�MA>�;BK=L��%>G<>�PA>G�FHO>F>GM�KNE>L�
E>:=� ;N@�MH�A:O>�FHK>�EH<:E�FHO>F>GML	�MAHL>�PAH�F:D>� ;B@@>K�
LM>IL� PBEE� A:O>� :G� >OHENMBHG:KR� :=O:GM:@>�� 3A>G�IKH;LMK:B@AM� BL�
>JN:E�MH� �	� :G=� :@>GML�MANL�D>>I�FH OBG@� BG�LMK:B@AM�EBG>L	�P>�=H�
GHM� L>>� :G� >OHENMBHG:KR� :=O:GM:@>� H?� @HBG@� ?:LM>K�� 3A>G� ;N@L�
FH O>� EH<:EER	� BM� BL� GHM� :G� >OHENMBHG:KR� :=O:GM:@>� MH� @H� O>KR� ?:LM	�
:G=�MA>K>?HK>�P>�L>>�MA>�LI>>=�H?�;BK=L�=KHIIBG@�:� ;BM�PA>G�MA>
IKH;LMK:B@AM�BL�EHP	�:G= �=>@K>>L�BL�AB@A��
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�



 :8FC6��	��G6C286�DA665�@7�E96�3F8D�7@C�5:\6C6?E�G2=F6D�@7�E96�>@G6>6?E�

A2C2>6E6CD�568C66D�2?5�AC@3DEC2:89E	�

 :8FC6��	��G6C286�DA665�@7�E96�3:C5D�7@C�5:\6C6?E�G2=F6D�@7�E96�>@G6>6?E�

A2C2>6E6CD�568C66D�2?5�AC@3DEC2:89E	�

�� G> QM� LM>I� MA:M� HG>� <HNE=� >QIEHK>� BL� MH� :EEHP� MA>� FHO>F>GM�

�
� ) � .  +&�*//"*



I:K :F>M>KL�=>@K>>L� :G=� IKH;LMK:B@AM� MH� >OHEO>� HO>K� MBF>�� 3A:M�
PHNE=� ;>� MA>� >OHEO>=� FHO>F>GM� I:MM>KGL�� !H� MA>� FHO>F>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>� <HGv@NK:MBHGL�� �K>� MA>� >OHEO>=� FHO>F>GM�
I:MM>KGL�=By>K>GM�?HK�;BK=L�:G=�;N@L��

�29+74'9/;+��/897/(:9/548�
/H� ?:K	� P>� =BL<NLL>=� K:G=HF� :G=� K :G=HF
wH:M	� PAB<A� :K>�

NGB?HKF�=BLMKB;NMBHGL��*>M(H@H�LNIIHKM�O:KBHNL�HMA>K�=BLMKB;NMBHGL��
*HKF:E�=BLMKB;NMBHG�
0A>� GHKF:E� =BLMKB;NMBHG� BL� :� PB=>ER� :IIEB>=� =BLMKB;NMBHG� :G=� BL�

=>vG>=�; R�MA>�F>:G�:G=�LM:G=:K=�=>OB:MBHG��

random-normal  average stdev 

0A>�=BLMKB;NMBHG�IKH=N<>L�O:EN>L�?KHF�FBGNL�BGvGBMR�MH�IENL�BGvGBMR�
:G=�BL�LRFF>MKB<��

,HBLLHG�=BLMKB;NMBHG�
0A>� ,HBLLHG� =BLMKB;NMBHG� BL� =>vG>=� ;R� MA>� F>:G� :G=� IKH=N<>L�

IHLBMBO>� BGM>@>KL�� zM� BL� MRIB<:EER� NL>=� MH� >QIK>LL� MA>� IKH;:;BEBMR� H?�
:� GNF;>K� H?� >O>GML� BG� :� <>KM:BG� BGM>KO:E	� LN<A� :L� MA>� GNF;>K� H?�
>F:BEL�K><>BO>=�=NKBG@�MA>�E:LM�AHNK��

random-poisson  mean 

$:FF:�=BLMKB;NMBHG�
0A>� @:FF:� =BLMKB;NMBHG� BL� :� O>KR� @>G>K:E� =BLMKB;NMBHG� MA:M� <:G�

IKH=N<>� :� JNBM>� =BO>KL>� K:G@>� H?� LA:I>L� H?� MA>� =BLMKB;NMBHG�
=>I>G=>GM�HG�MA>�O:EN>L�H?�:EIA:�:G=�E:F;=:��zM�IKH=N<>L�IHLBMBO>�
K>:E�GNF;>KL��

random-gamma  alpha lambda 

"QIHG>GMB:E�=BLMKB;NMBHG�
0A>� "QIHG>GMB:E� =BLMKB;NMBHG� BL� =>vG>=� ;R� MA>� F>:G� :G=� BL� :�

IKH;:;BEBMR�=BLMKB;NMBHG�MA:M�=>L<KB;>L�MA>�IKH<>LL�BG�PAB<A�>O>GML�
H<<NK�<HGMBGNHNLER�:G=�BG=>I>G=>GMER�:M�:�<HGLM:GM�:O>K:@>�K:M>��

/0 + %�/0z ,.+ "//"/ �
�

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


zM�BL�:�LI><B:E�<:L>�H?�MA>�@:FF:�=BLMKB;NMBHG�:G=�IKH=N<>L�IHLBMBO>�
K>:E�GNF;>KL��

random-exponential  mean 

!:33'7>�
)HLM� :@>GM
;:L>=� FH=>EL� :K>� LMH<A:LMB<� LBFNE:MBHG� FH=>EL��

0A>K>?HK>	� P>� IKHOB=>� :� GNF;>K� H?� >Q:FIE>L� BG� MABL� <A:IM>K� MH�
=>FHGLMK:M>�MA>�=By>K>GM�P:RL�MH�BFIE>F>GM�LMH<A:LMB<�IKH<>LL>L�
BG�*>M(H@H�MH�@>G>K:M>�LMH<A:LMB<�>O>GML�BG�MBF>�:G=�LI:<>��
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Sensitivity Analysis 

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

q� @>M�?:FBEB:K�NLBG@��>A:OBHK/I:<>�MH�KNG�:�*>M(H@H�FH=>E	�

q� >QI>KB>G<>�AHP�MH�NL>��>A:OBHK/I:<>�MH�=H�:�L>GLBMBOBMR�
:G:ERLBL�H?�:�FH=>E	�

q� E>:KG�AHP�MH�>O:EN:M>�AHP�F:GR�KNGL�:K>�LNx<B>GM�MH�@>M�
K>EB:;E>�LM:MBLMB<L�?HK�FH=>E�:G:ERLBL��

 
3BMA�L>GLBMBOBMR�:G:ERLBL	�P>�K>?>K�MH�MA>�:G:ERLBL�H?�MA>�HNM<HF>�

H?�MA>�:@>GM
;:L>=�FH=>E�?HK�=By>K>GM�:LLNFIMBHGL��0ABL�<HNE=�;>�
=By>K>GM� I:K:F>M>K� O:EN>L� ?HK� =By>K>GM� ?NG<MBHG:E� ?HKFL� =>vG>=�
?HK� LI><Bv<� F><A:GBLFL� BG� MA>� FH=>E�� 0A>� K>:LHG� ?HK� =HBG@� MABL�
:G:ERLBL�BL�MH�=>KBO>�:�;>MM>K�NG=>KLM:G=BG@�H?�MA>�FH=>E�:G=�AHP�
KH;NLM� MA>� FH=>E� K>LNEML� :K>� MH� :EM>KG:MBO>L� PBMABG� MA>� K:G@>� H?�
NG<>KM:BGMR	�MH�H;M:BG� :� ;>MM>K�NG=>KLM:G=BG@�HG�MA>�K>E:MBHGLABI�
;>MP>>G�=By>K>GM�:LLNFIMBHGL	�MH�B=>GMB?R�:K>:L�H?�MA>�L>GLBMBOBMR�
H?�MA>�FH=>E	�:G=�B=>GMB?R�<HFIHG>GML�H?�MA>�FH=>E�MA:M�<HNE=�;>�
LBFIEBv>=��

0H� =H� :� IK HI>K� L>GLBMBOBMR� :G:ERLBL	� P>� vKLM� =>FHGLMK:M>� MA>�

/"*/z0z2z05 �*�( 5/z/ �



�





*>M(H@H� MHHE� �>A:OBHK/I:<>	� PAB<A� PBEE� :NMHF:M>� MA>� IKH<>LL� H?�
KNGGBG@�F:GR�LBFNE:MBHGL�:G=�LMHK>�=:M:�BG�:�<LO�vE>��3>�=BL<NLL�
AHP� MH� B=>GMB?R� MA>� FBGBFNF� GNF;>K� H?� K>I>MBMBO>� FH=>E� KNGL�
LNx<B>GMER� MH� @>M� K>EB:;E>� LM:MBLMB<L� H?� MA>� O:KB:;BEBMR� H?� MA>�
HNM<HF>L�H?�:G�:@>GM
;:L>=�FH=>E��

�5 <�95�#8+��+.';/57!6')+�
�>A:OBHK/I:<>�BL�:�MHHE�H?�*>M(H@H�MH�:NMHF:MB<:EER�KNG�:�E:K@>�

GNF;>K�H?�LBFNE:MBHGL�:G=�<HEE><M�MA>�=:M:�MA:M�RHN�:K>�BGM>K>LM>=�
BG� BG� :� M>QM� vE>� :G=�HK� "Q<>E� vE>�� �>A:OBHK/I:<>� <:G� ;>� ?HNG=� BG�
*>M(H@H�NG=>K�0HHEL��

�>?HK>�P>�@H�?NKMA>K	�BM�PHNE=�;>�NL>?NE�MH�@>M�:�FH=>E�?KHF�MA>�
EB;K:KR�MH�KNG�LHF>�>QI>KBF>GML�?HK�:G�:<MN:E�FH=>E��3>�PBEE�L>E><M�
MA>�;:LB<�MK:x<�FH=>E�?KHF�MA>�*>M(H@H�EB;K:KR��/H<B:E�/<B>G<>�
��
0K:x<��:LB<���

0ABL�FH=>E�LBFNE:M>L�:�GNF;>K�H?�<:KL�MA:M�A:O>�>:<A�:�LBFIE>�
L>M�H?�KNE>L��0A>�<:K�FHO>L�?KHF�E>?M�MH�KB@AM�PBMA�:�<>KM:BG�LI>>=�
:G=�LEHPL�=HPG�B?�BM�L>>L�:�<:K�<EHL>�:A>:=	� :G=�LI>>=L�NI�:@:BG�
B?� BM� =H>LGnM� L>>� :� <:K� :A>:=�� 0A>� FH=>E� A:L� MPH� I:K:F>M>KL	�
=><>E>K:MBHG	� :G=� :<<>E>K:MBHG	� PAB<A� =>vG>L� AHP� ?: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�MK:x<�C:FL�>F>K @>��#B@NK>���LAHPL�MA>�LBFNE:M>=�>GOBKHGF>GM�
PA>K>�MA>�<:KL�MA:M�>QBM�MA>�KH:=�:M�MA>�KB@AM�PBEE�>GM>K�:M�MA>�E>?M�
:@:BG���L�LN<A	�:�@KHNI�H?�<:KL�BL�=KBOBG@�BG�<BK<E>L	�:G=�MK:x<�C:FL�
>F>K@>��

 :8FC6����+4C66?D9@E�@7�E96�,C2[4�>@56=	�,96�C65�42C�:D�E96�7@42=�42C�:?�E96�

G:DF2=:K2E:@?�@7�E96�C6DF=ED	�

3A>G� =H� P>� @>M� MK:x<� C:FL� PBMAHNM� :<<B=>GML� HK� HMA>K�
H;LMKN<MBHGL�� /BG<>� <:KL� K>:<M� MH� >:<A� HMA>K� :G=� A:O>� =By>K>GM�

�
� ) � .  +&�*//"*



LI>>=L	� :� LEHP>K� <:K� MA:G� MA>� HG>� ;>ABG=� F:D>L� MA>� <:K� ;>ABG=�
=><>E>K:M>�� /BG<>� =><>E>K:MBHG� :G=� :<<>E>K:MBHG� :K>� GHM�
BGLM:GM:G>HNL	� MA>� BGM>K:<MBHGL� ;>MP>>G� <:KL� E>:=� MH� MA>�
>F>K@>G<>�H?�@KHNIL�H?�<:KL�PBMA�LEHP�LI>>=��#B@NK>���LAHPL�MA:M�
:M�MA>�;>@BGGBG@�H?�MA>�LBFNE:MBHG	�MA>K>�BL�LHF>�BKK>@NE:KBMR	�:G=�
:?M>K� :;HNM� �

�MB<DL	�MA>�<:K�LM:KML� :<<>E>K:MBG@�:G=�=><>E>K:MBG@�
IK>=B<M:;ER��0A>�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>>=�H?�<:KL��
=>vG>�MA>�K>LNEML�NGMBE�P>�@>M�:�I:MM>KG�=>vG>=�;R�MA>�I:K:F>M>KL�
H?�MA>�LBFNE:MBHG��#B@NK>���LAHPL�MA>�:O>K:@>�LI>>=�H?�<:KL�:G=�A:L�
:�LBFBE:K�I:MM>KG��

 :8FC6�
��,96�DA665�@7�E96�C65�42C�8@6D�FA�2?5�5@H?�:?�E96�D:>F=2E:@?	�
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 :8FC6��	�,96�2G6C286�DA665�@7�
��42CD�5FC:?8�E96�D:>F=2E:@?	�

/NIIHL>� P>� P:GM� MH� >QIEHK>� PAB<A� O:EN>L� H?� =><>E>K:MBHG� :G=�
:<<>E>K:MBHG� MA>� LI>>=� H?� MA>� <:KL� :K>� AB@A� P>� A:O>� MH� KNG� MA>�
FH=>E�?HK�=By>K>GM� I:K:F>M>K�L>MMBG@L� :G=�F>:LNK>�MA>� :O>K:@>�
LI>>=�H?�MA>�<:KL�:?M>K�L:R��


�MB<DL��/BG<>�MA>K>�BL�LMH<A:LMB<BMR�BG�
MA>�FH=>E	�P>�PBEE�KNG�MA>�FH=>E�FNEMBIE>�MBF>L	�L:R��

�MBF>L�?HK�
>:<A�I:K :F>M>K�L>MMBG@��

zGLM>:=� H?� =HBG@� MABL� F:GN:EER	� P>� PBEE� NL>� �>A:OBHK/I:<>�� $H�
:@:BG�MH��>A:OBHK/I:<>�BG�oMHHEL�p�3A>G�MA>�?HEEHPBG@�L<K>>G�IHIL�
NI��

 :8FC6��	�+4C66?D9@E�@7�E96��692G:@C+A246�A@A�FA�H:?5@H	�

�
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 EB<D� HG� oG>P�p� 3 >� PBEE� GHP� @>G>K:M>� MA>� L>MMBG@L� ?HK� KNGGBG@� :G�
>QI>KBF>GM��zG�#B@NK>���P>�L>>�MA:M�MA>�@EH;:E�O:KB:;E>L��BG<EN=BG@�
MA>� LEB=>KL� HG� MA>� L<K>>G�� :K>� EBLM>=� BG� MA>� EBLM� H?� O:KB:;E>L� RHN�
<:G� O:KR�� 0A>� O:EN>L� @BO>G� :K>� MA>� =>?:NEM� O:EN>L�� 3>� :ELH� L>>�
MA>� GNF;>K� H?� K>I>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:O>�BG�:�M>QM�vE>�HK�"Q<>E�vE>��
0A>�=>?:NEM�BL�o<HNGM�MNKME>L�p�

3 >�<:G�LMHK>�BG?HKF:MBHG�?HK�>:<A�MBF>�LM>I�HK�HGER�MA>�K>LNEML�:M�
MA>�>G=�H?�MA>�LBFNE:MBHG��)>:LNK>�KNGL�:M�>O>KR�MBF>�LM>I���

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�?HK>O>K��

0A>�MBF>�EBFBM�BL�MA>�F:QBFNF�GNF;>K�H?�MB<DL�MA:M�P>�PBEE�:EEHP�
MA>�FH=>E�MH�KNG��
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 :8FC6��	�+4C66?D9@E�@7�E96�D6EE:?8D�@7�2?�6IA6C:>6?E	�

*H P�P>�P:GM�MH�KNG�:�L>KB>L�H?�>QI>KBF>GML�;R�O:KRBG@�MA>�E>O>E�H?�

��� ) � .  +&�*//"*



=><>E>K:MBHG�:G=�:<<>E>K:MBHG�NL>=�;R�:EE�:@>GML��3>�PBEE�O:KR�MA>�
O:KB:;E>L�BG�MA>�?HEEHPBG@�P:RL��

["acceleration" [0.0025 0.0005 0.0075]] 

["deceleration" [0.014 0.003 0.044]] 

0ABL� F>:GL�MA:M�P>�>QIEHK>�MA>�FH=>E� ?HK�O:EN>L� H?� :<<>E>K:MBHG�
?KHF� 
�

��� MH� 
�

��� PBMA� LM>IL� H?� 
�


��� %>G<>� MA>K >� PBEE� ;>�
��� =By>K >GM� O:EN>L�� /BFBE:KER	� P>� NL>� ��� =By>K>GM� O:EN>L� ?HK�
=><>E>K:MBHG�� 0ABL� E>:=L� MH� ��� Q� ��� �� ���� =By>K>GM� I:K:F>M>K�
<HF;BG:MBHGL��":<A�I:K:F>M>K�<HF;BG:MBHG�PBEE�;>�KNG��

�MBF>L�
��

� K >I>MBMBHGL��� 0ABL� F>:GL� P>� PBEE� KNG� :� MHM:E� H?� ��	�

�
LBFNE:MBHGL�H?�MA>�FH=>E��

*H P� P>� A:O>� MH� =>vG>� PA:M� BG?HKF:MBHG� MH� L:O>�� 0A>� =>?:NEM�
<:L>� BL� MA>� GNF;>K� H?� MNKME>L	� PAB<A� BL� GHM� O>KR� NL>?NE� BG� HNK�
:G:ERLBL� LBG<>� BM� K>F:BGL� <HGLM:GM�� )HK>� BGM>K>LMBG@� PBEE� ;>� MA>�
:O>K:@>�LI>>=�H?�:EE�<:KL��0A>K>?HK>�P>�G>>=�MH�L:O>�F>:G�7LI>>=9�
H?�MNKME>L�

3 >�=HGnM�P:GM�MH�L:O>�MA>�BG?HKF:MBHG�?HK�>O>KR�MBF>�LM>I�LBG<>�
P>�:K>�BGM>K>LM>=�BG�MA>�:O>K:@>�LI>>=�:M�MA>�>G=�H?�MA>�LBFNE:MBHG��
0A>K>?HK>	� P>� LAHNE=� NG<A><D� )>:LNK>� KNGL� :M� >O>KR� MBF>� LM>I��
0ABL�PBEE�:ELH�LI>>=�NI�MA>�LBFNE:MBHGL�LBG<>�=:M:�PBEE�GHM�;>�L:O>=�
>O>KR�MB<D��

3 >�P:GM�MA>�FH=>E�MH�KNG��	


�MB<DL	�LH�P>�L>E><M�:�MBF>�EBFBM�H?�
�


��

*H P�P>�@>M�LHF>MABG@�EBD>�
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 :8FC6��	�+4C66?D9@E�@7�E96�A2C2>6E6C�D6EE:?8D�@7��692G:@C+A246	�

*H P�P>�<EB<D�+'�:G=�@>M�
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 :8FC6����+4C66?D9@E�A@AFA�6IA6C:>6?ED�27E6C�6IA6C:>6?ED�92G6�366?�56Y?65	�

0A>� O:EN>� ���

� F>:GL� MA:M� P>� A:O>� =>vG>=� ��	�

� KNGL�� *HM>�
MA:M�P>�KNG�>:<A�I:K:F>M>K�L>MMBG@L��

�MBF>L	�:G=�MA>K>?HK>�P>�
A:O>�����=By>K >GM�I:K:F>M>K�L>MMBG@L��#HK�MABL�>Q>K<BL>	�P>�P:GM�MH�
D>>I�MA>�KNGMBF>�LAHKM��

*H P�P>�A:O>�MH�<EB<D�HG�o.NGp�:G=�@>M�MA>�?HEEHPBG@��
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 :8FC6��	�+4C66?D9@E�@7�CF?�@AE:@?D	�

3 >�A:O>�MH�=><B=>�MH�L:O>�BM�:L�:�/IK>:=LA>>M�HNMINM��"Q<>E�	�:�0:;E>�
HNMINM�:L<BB�M>QM�vE>�	�HK�;HMA��3>�K><HFF>G=�RHN�MH�NL>�MA>�0:;E>�
HNMINM�HIMBHG�;NM�NK@>�RHN�MH�<A><D�HNM�;HMA�P:RL�H?�L:OBG@�MA>�
=:M:�� 3A>G� P>� <EB<D� HG� HG>� H?� MA>� HIMBHGL	� P>� :K>� :LD>=� PA>K>�
MH�L:O>�MA>�=:M:�HG�MA>�<HFINM>K�� 3A>G�P>�A:O>�=HG>�MABL	�MA>�
<HFINM>K�KNGL�MA>�LBFNE:MBHGL� :G=�LMHK>L�MA>�=:M:��3>�PBEE�MA>G�
@>M�MA>�?HEEHPBG@�PBG=HP��

��	 ) � .  +&�*//"*



 :8FC6��	�+4C66?D9@E�@7�E96�6IA6C:>6?E�:?�24E:@?	�

3 >� L>>� A>K>� AHP� F:GR� KNGL� BM� A:L� =HG>� LH� ?:K�� 3>� LI>>=� NI�
MA>�KNGL� ;R�NG<A><DBG@�MA>�o1I=:M>�OB>P p� :G=�o1I=:M>� IEHML� :G=�
FHGBMHKLp�LH�MA:M�MA>�<HFINM>K�=H>L�GHM�LI>G=�MBF>�MH�NI=:M>�MA>�
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�MABL�>Q>K<BL>	�BM�BL�GHM�O>KR�BFIHKM:GM	�
;NM�?HK�FHK>�<HFIE>Q�FH=>EL	�P>�F:R�KNG��>A:OBHK/I:<>�?HK�F:GR�
AHNKL	�:G=�MA>G�BM�BL�NL>?NE�MH�K>=N<>�MA>�MBF>�?HK�MA>�<:E<NE:MBHGL�
; R��
���

*H P�P>�<:G�EHHD�:M�MA>�K>LNEML���R�BFIHKMBG@�MA>�=:M:�?KHF�MA>�
M:;E>� vE>� BGMH� "Q<>E	� P>� @>M� MA>� ?HEEHPBG@� IB<MNK>�� 3 >� F:R� <A><D�
MA>� =By>K>G<>L� BG� AHP� MA>� BG?HKF:MBHG� BL� LMHK>=� ;>MP>>G� MA>�
LIK>:=LA>>M�:G=�MA>�M:;E>��z�IK>?>K�MH�NL>�MA>�M:;E>�?HK�FR�:G:ERLBL��

/"*/z0z2z05 �*�( 5/z/ ��




 :8FC6���	�+4C66?D9@E�9@H�E96�52E2�:D�DE@C65�:?�E96�,23=6�7@C>2E	� @C�6249�CF?��

E96�A2C2>6E6C�G2=F6D�2?5�@FEAFE�:D�=:DE65	�

3 >�<:G�GHP�NL>�"Q<>E�MH�<K>:M>�:�#B@NK>����NL>?NE�MHHE�MH�IKH<>LL�MA>�
=:M:�BL�MA>�,BOHM0:;E> �BG�MA>�zGL>KM�M:;��3A>G�P>�<K>:M>�:�v@NK>�H?�
MA>�:O>K:@>�LI>>=�H?�MA>��

�KNGL�?HK�>:<A�I:K:F>M>K�<HF;BG:MBHG	�
P>� @>M� :� @K:IA� EBD>� #B@NK>� ���� 3 >� L>>� MA:M� P>� <:G� BG<K>:L>� MA>�
:O>K:@>�LI>>=�H?�MA>�<:KL�MH�MA>�F:QBFNF�E>O>E�B?�MA>�=><>E>K:MBHG�
K:M>�BL�EHP�:G=�MA>�:<<>E>K:MBHG�K:M>�BL�?:LM���?M>K�LHF>�BGBMB:E�AB<D

NIL	� MA>� <:KL� >G=� NI� ;>BG@� PBMABG� LNx<B>GM� =BLM:G<>� ?KHF� >:<A�
HMA>K	� GHM� MH� K>=N<>� LI>>=�� z?� <:KL� K>=N<>� LI>>=� JNB<DER� PA>G�
MA>R�L>>�:�<:K�BG�?KHGM�H?�MA>F	�MABL�E>:=L�MH�MK:x<�C:FL��*HMB<>�:�
<KBMB<:E�:LLNFIMBHG�BL�MA:M�:EE�<:KL�A:O>�MA>�L:F>�:<<>E>K:MBHG�:G=�
=><>E>K:MBHG�K:M>L���==BMBHG:E�:G:ERLBL�<HNE=�;>�=HG>�MH�>QIEHK>�MA>�
<HGL>JN>G<>�B?�MA>K>�BL�LHF>�O:KB:MBHG�H?�MAHL>�K:M>L�;>MP>>G�MA>�
<:KL��

��� ) � .  +&�*//"*

https://support.office.com/en-us/article/create-a-pivottable-to-analyze-worksheet-data-a9a84538-bfe9-40a9-a8e9-f99134456576


3 >�NL>=�"Q<>E�MH�F:D>�MA>�v@NK>L�:G=�=H�MA>�:G:ERLBL	�;NM�HG>�
<:G�NL>�HMA>K�=:M:�:G:ERMB<L�MHHEL	�LN<A�:L�.�L<KBIML	�MH�:G:ERS>�MA>�
<LO�vE>L�MA:M��>A:OBHK/I:<>�IKH=N<>L��z?�RHN�:K>�?:FBEB:K�PBMA�.	�MKR�
HNM�MH�K>IEB<:M>�MABL�:G:ERLBL�:G=�NL>�.�?HK�<K>:MBG@�MA>�v@NK>��

 :8FC6���	�*6=2E:@?�36EH66?�E96�2G6C286�DA665�@7�42CD�7@C�5:\6C6?E�C2E6D�@7�

5646=6C2E:@?�2?5�2446=6C2E:@?	�

)HK >� BG?HKF:MBHG� HG� �>A:OBHK/I:<>� <:G� ;>� ?HNG=� :M�
AMMI���<<E�GHKMAP>LM>KG�>=N�G>MEH@H�=H<L�;>A:OBHKLI:<>�AMFE��

�5 <��'4>� :48��
�@>GM
;:L>=�FH=>EL�=H�H?M>G�BG<EN=>�LMH<A:LMB<�IKH<>LL>L	�:G=�

:L�LN<A	�E>:=�MH�=By>K>GM�HNM<HF>L�>:<A�MBF>�RHN�KNG�:�FH=>E��z?�
P>�P:GM�MH�=>KBO>�BGLB@AML�?KHF�MA>�FH=>E	�P>�G>>=�MH�=H�LNx<B>GM�
KNGL�H?�:�<>KM:BG�I:K:F>M>K�L>MMBG@�MH�@>M�:G�B=>:�H?�MA>�O:KB:MBHG�
H?� MA>� HNM<HF>L� H?� MA>� FH=>E�� z?� P>� P:GM� MH� <HFI:K>� PA>MA>K�
:� =By>K>GM� O:KB:MBHG� H?� MA>� FH=>E� E>:=L� MH� LB@GBv<:GMER� =By>K>GM�
HNM<HF>L�H?�MA>�FH=>E	�P>�G>>=�MH�DGHP�PA>MA>K�P>�A:O>�KNG�MA>�
FH=>E�LNx<B>GM�MBF>L�MH�F:D>�LN<A�:�<HFI:KBLHG��

/BG<>�:G�:@>GM
;:L>=�FH=>E�<:G�;>�?HKFNE:M>=�BG�F:GR�=By>K>GM�
P:RL	�MA>K>�BL�GH�LI><Bv<�:IIKH:<A�MH�=>M>KFBG>�MA>�L:FIE>�LBS>	�

/"*/z0z2z05 �*�( 5/z/ ���

http://ccl.northwestern.edu/netlogo/docs/behaviorspace.html


MA>� GNF;>K� H?� KNGL	� BG� HK=>K� MH� A:O>� HNM<HF>L� PBMA� :� <>KM:BG�
IK><BLBHG�� 0ABL� BL� BG� <HGMK:LM� MH� HMA>K� LMH<A:LMB<� F>MAH=L	� EBD>�
):KD HO�IKH<>LL>L	�PAB<A�:K>�FHK>�<HGLMK:BGM�BG�MA>BK�?HKFNE:MBHGL��

�EMAHN@A�MA>K>�BL�LN;C><MBOBMR�BGOHEO>=�BG�=>M>KFBGBG@�:�LNx<B>GM�
GNF;>K�H?�KNGL�MH�@>M�LBFNE:M>=�=:M:�MA:M�RHN�<:G�NL>�MH�<HFI:K>�
K>EB:;ER�=By>K>GM�HNM<HF>�=BLMKB;NMBHGL	�P>�<:G�:IIER�LHF>�?HKF:E�
:IIK 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
;:L>=�
FH=>E��

0A>� vKLM� 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:MBHG� :L�MA>�K:MBH�H?�MA>�
LM:G=:K=�=>OB:MBHG�H?�:�L:FIE>��j��MH�BML�F>:G��h���

<O���j���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>� PBEE� >O:EN:M>� MA>�
O:KB:;BEBMR� H?�<O�� 3 >� =>vG>� :� <KBM>KBHG	� :G� >KKHK� F:K@BG	� "�� z?� MA>�
=By>K>G<>� ;>MP>>G�<HGL><NMBO>� O:EN>L� H? <O� ?HK�BG<K>:LBG@� O:EN>L�
H?� MA>� L:FIE>� LBS>� LM:RL� ;>EHP� "	� P>� A:O>� ?HNG=� HNK� FBGBFNF�
GNF;>K�H?�LBFNE:MBHGL����MRIB<:E�O:EN>�?HK�"�<HNE=�;>�
�
���

%>G<>�MA>�FBGBFNF�GNF;>K�H?�KNGL	 �GFBG�BL�=>vG>=�:L�
GFBG���:K @F:QG�U�<O

Q	G�k�<O
Q	F�U���"	� <|Q��� <|F���G�

PA>K> �GFBG�BL�MA>�>LMBF:M>=�FBGBFNF�L:FIE>�LBS>��Q�BL�:�=BLMBG<M�
HNM<HF>�H?�BGM>K>LM	�:G=�F�BL�LHF>�L:FIE>�LBS>��G�?HK�PAB<A�MA>�<O�

�H?�>:<A�HNM<HF>��BL�F>:LNK>=��
3 >� BEENLMK:M>� MA>� <:E<NE:MBHG� ?HK� MA>� FBGBFNF� GNF;>K� H?�

LBFNE:MBHGL�PBMA�MA>�FH=>E�0K:x<�$KB=�BG�MA>�/H<B:E�/<B>G<>�?HE=>K�
H?� MA>� *>M(H@H� EB;K:KR�� 0A>� FH=>E� BL� :G� >QM>GLBHG� H?� MA>� �:LB<�
0K:x<�FH=>E�P>�=BL<NLL>=�>:KEB>K	�;NM�GHP�P>�INM�<:KL�BG�:�@KB=�H?�
KH:=L	�PA>K>�<:KL�>QI>KB>G<>�LMHIIBG@�EB@AML��  :KL�PBEE�LEHP�=HPG�
B?�MA>K>�BL� :�<:K�BG�?KHF�H?�MA>F�HK� :�K>=�LMHI�LB@G�:G=�LI>>=�NI�
MH�F:QBFNF�LI>>=�B?�MA>K>�:K>�GH�<:KL�BG�?KHF�H?�MA>F��#B@NK>����
LAHPL�MA:M�MK:x<�C:FL�>F>K @BG@�BG�MABL�<BMR�@KB=��3>�PBEE�>QIEHK>�

��
 ) � .  +&�*//"*



PBMA� :�L>GLBMBOBMR� :G:ERLBL�PA>MA>K�MA>K>� :K>�P:RL�MH�BFIKHO>�MA>�
<:KLn�:O>K:@>�LI>>=��

 :8FC6��
��+4C66?D9@E�@7�,C2[4�!C:5	�

#BKLM	�P>�G>>=�MH�=>M>KFBG>�AHP�MH�>O:EN:M>�MA>� I>K?HKF:G<>�H?�
MA>� LRLM>F�� #B@NK>� ��� LAH PL� MA>� :O>K:@>� LI>>=� H?� <:KL� =NKBG@� :�
LBFNE:MBHG� H?� FHK>� MA:G� �


� MB<DL�� zM� LAHPL� MA:M� MA>K>� BL� JNBM>�
LHF>�O:KB:;BEBMR��3 >�IKHIHL>�MH�<:E<NE:M>�MA>�F>:G�LI>>=�;>MP>>G�
�


� :G=� ��

� MB<DL� LH� MA:M� MA>K>� :K>� GH� LM:KM
NI� >y><ML	� :G=�
:� F>:G� H?� �

� MB<DL� :EEHP� NL� MH� A:O>� :� ;>MM>K� >LMBF:M>� H?� MA>�

/"*/z0z2z05 �*�( 5/z/ ���



LRLM>F	�<HFI:K>=�MH�CNLM�HG>�MB<D	�@BO>G�MA>�O:KB:MBHG�H?�LI>>=�BG�
MA>�LRLM>F��

 :8FC6�����,96�2G6C286�DA665�@7�E96�
���42CD�@G6C�E:>6	�

3 >�KNG�MA>�FH=>E��

�MBF>L�:G=�<:E<NE:M>�MA>�LM:G=:K=�=>OB:MBHG�
:G=� F>:G� ?HK� :G� BG<K>:LBG@� GNF;>K� H?� KNGL�� 0ABL� :EEHPL� NI� MH�
<:E<NE:M>�MA>�<H>x<B>GM�H?�O:KB:MBHG  �#B@NK>������3 >�vG=�MA:M�:?M>K�
:;HNM��
�MB<DL	�MA>�<A:G@>�BL�=KHII>=�?HK�MA>�vKLM�MBF>�;>EHP�
�

���
�L�LN<A	�P>�=><B=>=�MA:M�MA>�FBGBFNF�GNF;>K�H?�KNGL�G>>=L�MH�
;>� �
� KNGL�� zG� LNF	� MA>� :G:ERLBL� LAHPL� MA:M� :;HNM� �
� KNGL� :K>�
G>>=>=� MH� A:O>� MA>� =>LBK>=� :<<NK:<R� H?� MA>� HNMINM� F>MKB<L�� zM� BL�
@HH=�MH�K>:EBS>�MA:M�MABL�GNF;>K�=>I>G=L�HG�MA>�LI><Bv<�I:K:F>M>K�
L>MMBG@L�NL>=�MH�<:E<NE:M>�MA>�FBGBFNF�GNF;>K�H?�KNGL��

��� ) � .  +&�*//"*



 :8FC6������@6[4:6?E�@7�G2C:2E:@?��4G��7@C�2?�:?4C62D:?8�?F>36C�@7�CF?D	�

�L� :� L>GLBMBOBMR� :G:ERLBL	� P>� <:E<NE:M>=� MA>� :O>K:@>� LI>>=� ?HK�
=By>K>GM�GNF;>KL�H?�<:KL�BG�MA>�LRLM>F��#HK�>:<A�LI>>=	�P>�KNG�MA>�
FH=>E��
�MBF>L��#B@NK>����IEHML�MA>�:O>K:@>�LI>>=�?HK�MA>�<:KL�:G=�
:==L�:G�>KKHK�;:K�PBMA�MA>�LBS>�H?�MA>�LM:G=:K=�=>OB:MBHG�?HK�MA>��
�
KNGL��3>�L>>�MA:M�?HK�:�LF:EE>K�GNF;>K�H?�<:KL	�MA>�:O>K:@>�LI>>=�
H?�MA>�<:KL�@H>L�NI��

/"*/z0z2z05 �*�( 5/z/ ���



 :8FC6�����,96�2G6C286�DA665�@7�E96�42CD�492?86D�H96?�E96�?F>36C�@7�42CD�:?�

E96�DJDE6>�492?86D	�

0A>�L>GLBMBOBMR�:IIKH:<A�P>�=BL<NLL>=�:;HO>�BL�<:EE>=�+G>
:M
MA>

MBF>	� PA>K>� P>� O:KR� HG>� I:K:F>M>K� LRLM>F:MB<:EER� :G=� >O:EN:M>�
MA>�HNM<HF>L��0A>K>�:K>�F:GR�FHK>�:=O:G<>=�F>MAH=L�IHLLB;E>��
+G>�LBFIE>�>QM>GLBHG�BL�MH�O:KR���I:K:F>M>KL�LRLM>F:MB<:EER	�:L�P>�
=B=�?HK�#B@NK>�����3 >�<HNE=�:ELH�L:FIE>�MA>�I:K:F>M>K�LI:<>�:G=�
>LMBF:M>�:�LM:MBLMB<:E�FH=>E�H?�MA>�I:K:F>M>KL�RHN�O:KB>=�:G=�MA>�
HNM<HF>�� zG� MABL� P:R	� RHN� NL>� MA>� LBFNE:MBHG� FH=>E� MH� @>G>K:M>�
=:M:�MH�>LMBF:M>�:�LM:MBLMB<:E�FH=>E��#BG:EER	�HG>�<:G�NL>�LHF>MABG@�
EBD>�O:KB:G<>
;:L>=�L>GLBMBOBMR�:G:ERLBL	�PAB<A�:EEHPL�NL�MH�>LMBF:M>�
MA>�K>E:MBO>�<HGMKB;NMBHGL�H?�MA>�=By>K>GM�I:K:F>M>KL�MH�>QIE:BG�MA>�
O:KB:G<>�BG�MA>�HNM<HF>L��

�� @HH=� K>?>K>G<>� MH� E>:KG� FHK>� :;HNM� L>GLBMBOBMR� :G:ERLBL� ?HK�
:@>GM
;:L>=�FH=>EBG@�BL�(>>�>M�:E����
�����

!:33'7>�
0A>� <A:IM>K� IKHOB=>=� :� MNMHKB:E� HG� AHP� MH� NL>� �>A:OBHK/I:<>	�

PAB<A� <HNE=� ;>� NL>=� ?HK� L>GLBMBOBMR� :G:ERLBL�� #NKMA>KFHK>	� P>�
IKHOB=>=�@NB=:G<>�HG�MA>�GNF;>K�H?�LBFNE:MBHG�KNGL�MH�NL>�BG� :�
L>GLBMBOBMR�:G:ERLBL��

��� ) � .  +&�*//"*



 +,+7 +4)+8�
(>>	�&N
/NG@	�0:MB:G:�#BE:MHO:	� �KBD:� (B@F:GG
6B>EBGLD:	� �>AKHHS�

%:LLBGB
):AFHH>B	�#HKK>LM�/MHG>=:AE	�zKBL�(HKL<A>B=	��E>Q>R�2HBGHO	�
$:KR� ,HEABEE	� 6A:GEB� /NG� :G=� !:PG�  �� ,:KD>K� ��
���	� 0A>�
 HFIE> QBMB>L�H?� �@>GM
�:L>=�)H=>EBG@�+NMINM��G:ERLBL	�#@FC?2=�@7�
�CE:Y4:2=� +@4:6E:6D� 2?5� +@4:2=� +:>F=2E:@? ��  ���� ��
� AMMI���C:LLL�LH<�LNKK>R�:<�ND��������AMFE ��

(HKL<A>B=	� zKBL	� �>KG=
+EBO>K� %>BG>	� :G=� ):MMAB:L� )>R>K� ��
�����
+I>GBG@�MA>�m;E:<D�;HQ�H?�LBFNE:MBHGL��zG<K>:L>=�MK:GLI:K >G<R�:G=�
>y><MBO>� <HFFNGB<:MBHG� MAKHN@A� MA>� LRLM>F:MB<� =>LB@G� H?�
>QI>KBF>GML� �@>AFE2E:@?2=� 2?5� &2E96>2E:42=� (C82?:K2E:@?�
,96@CJ ��	���k���

z?� RHN� P:GM� MH� L>>� >Q:FIE>L� H?� NLBG@� .� MH� :G:ERS>� HNMINML� H?�
*>M(H@H� FH=>EL	� RHN� F:R� <A><D� HNM� MABL�$BM%N;� K>IHLBMHKR� PBMA�
>Q:FIE>L�?HK�MA>�3HE?/A>>I�FH=>E��

/"*/z0z2z05 �*�( 5/z/ ���

http://jasss.soc.surrey.ac.uk/18/4/4.html
https://github.com/comses/wolf-sheep


����"�     ���

Comparing simulated data with 
empirical data 

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

q� =BL<NLL�AHP�MH�>O:EN:M>�:�LBFNE:MBHG�FH=>E�PBMA�>FIBKB<:E�
=:M:	�

q� BGMKH=N<>��>A:OBHK/>:K<A�?HK�HIMBFBS:MBHG�M:LDL	�

q� =>FHGLMK:M>�AHP�MH�NL>��>A:OBHK/>:K<A�MH�vG=�MA>�;>LM�
I:K :F>M>K�O:EN>L�?HK�MA>�<:EB;K:MBHG�H?�:G�:@>GM
;:L>=�
FH=>E	�

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

 
%HP� =H� P>� DGHP� PA>MA>K� HNK� :@>GM
;:L>=� FH=>E� BL� :� @HH=�

K>IK>L>GM:MBHG�H?�K>:EBMR��0A>K>�:K>�F:GR�MRI>L�H?�=:M:	�:G=�F:GR�
P:RL� MH� >O:EN:M>� FH=>E� HNM<HF>L�� zG� MABL� <A:IM>K	� P>� PBEE�
=>FHGLMK:M>�:�?>P�<HGO>GMBHG:E�P:RL�MH�<HFI:K>�LBFNE:M>=�K>LNEML�
PBMA�=:M:�:G=�:=CNLM�FH=>E�I:K:F>M>K�O:EN>L�MH�@>M�:�;>MM>K�vM��

��	 ) � .  +&�*//"*

��	



�NM�vKLM	�P>�G>>=�MH�=BL<NLL�LHF>�H?�MA>�NG=>KERBG@�<A:EE>G@>L��
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>K>�BL�JN:GMBM:MBO>�BG?HKF:MBHG�:O:BE:;E>��3>�A:O>�MH�K>:EBS>�MA:M�
; R� F:DBG@� :� ?HKF:E� FH=>E	� P>� LBFIEB?R� K>:EBMR	� :G=� H?M>G� F:D>�
<AHB<>L�MH�?:OHK�JN:GMBv<:MBHG��%>G<>�PA>G�P>�>O:EN:M>�PA>MA>K�
MA>� FH=>E� @>G>K:M>L� =:M:� LBFBE:K� MH� >FIBKB<:E� =:M:	� P>� A:O>� MH�
K>:EBS>�MA:M�P>�A:O>�F:=>�<AHB<>L�HG�PA:M�MA>�FH=>E�K>IK>L>GML�
: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� :@>GM

;:L>=�FH=>EBG@�MH�>O:EN:M>�FH=>E�HNM<HF>L�PBMA�>FIBKB<:E�=:M:��
0A>G� P>� =>FHGLMK:M>� �>A:OBHK/>:K<A	� :� <HFINM:MBHG:E� MHHE� MA:M�
RHN�<:G�NL>�MH�>QIEHK>�MA>�I:K:F>M>K�LI:<>�H?�:�*>M(H@H�FH=>E	�
?HK�>Q:FIE>	�; R�NLBG@�HIMBFBS:MBHG�MHHEL�MH�vG=�MA>�;>LM�vM�;>MP>>G�
=:M:�:G=�MA>�LBFNE:MBHGL��#BG:EER	�P>�:IIER�MA>�MAK>>�:IIK H:<A>L�?HK�
<:EB;K:MBHG�MH�MA>��KMBv<B:E��G:L:SB�FH=>E��

".7 ++�<'>8�95�+ ;'2:'9+�'�35*+2�@9�</9.�*'9'�
�� <HFFHG� P:R� MH� >O:EN:M>� MA>� I>K?HKF:G<>� H?� :� FH=>E� BL� MH�

<HFI:K >�MA>�LBFNE:M>=��LB��:G=�>FIBKB<:E�=:M:��>B�	�?HK�>Q:FIE>	�; R�
MA>� LNF� H?� tB�


G� �LB�k� >B�
� �� �� EHP>K� O:EN>� H?� MABL� LNF� BL� :� ;>MM>K�

vM� ;>MP>>G�LBFNE:M>=� :G=�>FIBKB<:E�=:M:��%:OBG@�:�@HH=�vM�=H>L�
GHM� F>:G� MA:M� :� FH=>E� BL� <HKK><M�� zM� BL� IHLLB;E>� MA:M� =By>K>GM�
F><A:GBLFL� E>:=�MH�LBFBE:K� HNM<HF>L� �>JNBvG:EBMR�� � #HK�<HFIE>Q�
LRLM>FL	�P>�F:R�:ELH�EHHD�:M�:�GNF;>K�H?�=By>K>GM�O:KB:;E>L	�;NM�
AHP� =H� P>� P>B@A� MA>� =By>K>GM� O:KB:;E>L�� �K>� MA>R� :EE� >JN:EER�
BFIHKM:GM��

�� LM:G=:K=� :IIK H:<A� ?HK� >O:EN:MBG@� :� FH=>E� BL� MH� NL>�
HIMBFBS:MBHG� MH� vG=� MA>� I:K:F>M>K� O:EN>L� MA:M� FBGBFBS>� MA>�
=By>K>G<>�;>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@>�� 3>� <HNE=� NL>� <HFINM:MBHG:E�
HIMBFBS:MBHG�MHHEL�EBD>�@>G>MB<�:E@HKBMAFL�� /MBEE	�P>�A:O>�MH�K>:EBS>�
MA>� =>KBO>=� oHIMBF:Ep� I:K:F>M>K� O:EN>L� <:GGHM� ;>� @N:K:GM>>=� MH�

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


https://en.wikipedia.org/wiki/Equifinality
https://en.wikipedia.org/wiki/Genetic_algorithm


;>� MA>� ;>LM� vM� PBMA� MA>� K>LMKB<M>=� MBF>� P>� A:O>� MH� >QIEHK>� MA>�
I:K :F>M>K�LI:<>��

$KBFF�>M�:E����

���IK HIHL>�,:MM>KG
+KB>GM>=�FH=>EBG@�BG�PAB<A�
RHN� =>vG>� :� GNF;>K� H?� I:MM>KGL� BG� MA>� =:M:� :G=� :G� NG<>KM:BGMR�
:K>:� :K HNG=�MA>� I:MM>KG�� )H=>E�O>KLBHGL�MA:M�@>G>K:M>�LBFNE:M>=�
=:M:� PBMABG� MA>� NG<>KM:BGMR� ;HNG=:KB>L� H?� :EE� I:MM>KGL� :K>�
<HGLB=>K>=�MH�;>�>JN:EER�O:EB=��%>G<>�RHN�:K>�GHM�EHHDBG@�?HK�MA>�
;>LM� FH=>E� O>KLBHG	� ;NM� MA>� FH=>E� O>KLBHGL� :IIKHQBF:M>� :EE�
I:MM>KGL��0A>�FHK>�=BO>KL>�I:MM>KGL�RHN�<HGLB=>K	�MA>�FHK>�EBD>ER�
FH=>E�O>KLBHGL�MA:M�IKH=N<>�K>LNEML�PBMABG�MA>�NG<>KM:BGMR�K:G@>L�
:K>�LMKN<MNK:EER�LHNG=��+G>�H?�MA>�<A:EE>G@>L�BL�MH�=>vG>�I:MM>KGL��
0A>�I:MM>KGL�<HNE=�;>�LI:MB:E�:G=�M>FIHK:E�I:MM>KGL	�=BLMKB;NMBHGL�
:M�MA>�IHINE:MBHG�E>O>E	�F>MKB<L�H?�FHO>F>GM	�:G=�<A:G@>��0ABL�PBEE�
;>� :� LHF> PA:M� LN;C><MBO>� F:MM>K�� 0A>� >QI><M:MBHG� BL� MA:M� FHK>�
I:MM>KGL�:K>�;>MM>K�LBG<>�BM�IKHOB=>L�FHK>�<HGLMK:BGML�?HK�IHM>GMB:E�
FH=>E�<HGv@NK:MBHGL���NM�GHM>�MA:M�B?�GH�FH=>E�<HGv@NK:MBHG�<:G�
F>>M�MA>�I:MM>KGL	�MA>�FH=>E�BL�GHM�<HGLB=>K>=�MH�>QIE:BG�MA>�=:M:��
3A:M�BL�MA>�MHE>K:G<>�H?�>KKHK��z?�RHN�A:O>�FNEMBIE>�H;L>KO:MBHGL	�
LN<A� :L� >QI>KBF>GM:E� =:M:	� RHN� <:G� =>vG>� :� LM:MBLMB<:EER� ;:L>=�
BGM>KO:E��%HP>O>K	�?HK�F:GR�:IIEB<:MBHGL	�RHN�A:O>�HGER�HG>�<:L>	�
:G=� :L� LN<A	� RHN� F:R� A:O>� MH� =>vG>� >QI>KM
;:L>=� MHE>K:G<>�
BGM>KO:EL��

�� MABK=� :IIK H:<A� P>� EHHD� BGMH� BL� �IIKHQBF:M>� �:R>LB:G�
 HFINM:MBHG� ��� ��� 0A>K >� BL� :� EHG@� ABLMHKR� H?� �IIKHQBF:M>�
�:R>LB:G�  HFINM:MBHG� ��>:NFHGM	� �
�
�	� :G=� ;:L>=� HG� 2 :G� =>K�
2::KM�>M�:E����
���	�P>�=BL<NLL�MA>�:IIEB<:MBHG�?HK�=HBG@�I:K:F>M>K�
>LMBF:MBHG�PBMA�K>C><MBHG
�� ��0A>�?HEEHPBG@�BL�MA>�;:LB<�IKH<>=NK>�
�2:G�=>K�2::KM�>M�:E�	��
�����

k�!>vG>�IKBHK�=BLMKB;NMBHGL�?HK�:EE�H?�MA>�FH=>EnL�I:K :F>M>KL�RHN�
P:GM�MH�>LMBF:M>��

k�.NG�MA>�:@>GM
;:L>=�FH=>E�>�@�	��

	


�MBF>L	�NLBG@�K:G=HF�
L:FIE>L�?KHF�BML�IKBHK�=BLMKB;NMBHGL��

k��<<>IM�MA>�>�@�	��

�KNGL�MA:M�IKHOB=>�FH=>E�HNMINML�MA:M�;>LM�
vM�MA>�>FIBKB<:E�=:M:��

��� ) � .  +&�*//"*

https://en.wikipedia.org/wiki/Pattern-oriented_modeling


k� �G:ERS>� MA>� :<<>IM>=� I:K:F>M>KL� MH� H;M:BG� :IIKHQBF:M>�
IHLM>KBHK�=BLMKB;NMBHGL��

�>?HK>�P>�=BL<NLL�:G�>Q:FIE>	�P>�PBEE�BGMKH=N<>��>A:OBHK/>:K<A��
�+.';/57!+'7 ).�
�>A:OBHK/>:K<A� BL� :� LH?MP:K>� MHHE� ;NG=E>=� PBMA� *>M(H@H� MH�

>QIEHK>� :@>GM
;:L>=� FH=>EL� BG� :G� :NMHF:M>=� P:R� MH� vG=�
I:K :F>M>K� L>MMBG@L� H?� MA>� FH=>E� MA:M� E>:=� MH� <>KM:BG� =>LBK>=�
HNM<HF>L���>A:OBHK/>:K<A�NL>L�<HFINM:MBHG:E�:E@HKBMAFL�LN<A�:L�
@>G>MB<� :E@HKBMAFL	�K:G=HF�L>:K <A	�LBFNE:M>=� :GG>:EBG@	� :G=�ABEE

<EBF;BG@	�MH�L>:K<A�MA>�I:K:F>M>K�LI:<>��

3A>G� RHN� HI>G� �>A:OBHK/>:K<A	� RHN� @>M� MA>� L<K>>G� LAHPG�
;>EHP�� 5HN� PBEE� vG=� :� @HH=� MNMHKB:E� H?� MA>� FH=>E� B?� RHN� <EB<D� HG�
o%>EI�p� 5HN� <:G� NL>� o�KHPL>� ?HK� FH=>Ep� MH� B=>GMB?R� MA>� *>M(H@H�
FH=>E�RHN�P:GM�MH�>QIEHK>��0A>� ,:K :F>M>K� /I><Bv<:MBHG�BG<EN=>L�
MAHL>� I:K:F>M>KL� :G=� O:EN>L� RHN� A:O>� =>vG>=� HG� MA>� zGM>K?:<>�
H?� *>M(H@H�� o/>MNIp� :G=� o/M>Ip� =>vG>� MA>� IKH<>=NK>L� MA>� FH=>E�
NL>L� MH� BGBMB:EBS>� MA>� FH=>E� :G=� LBFNE:M>L� >:<A� MB<D�� o)>:LNK>p�
BL� MA>� F>MKB<� HG>� P:GML� MH� >O:EN:M>�� 0ABL� <HNE=� ;>� MA>� =BLM:G<>�
;>MP>>G�LBFNE:M>=�:G=�>FIBKB<:E�=:M:�MA:M�HG>�P:GML�MH�FBGBFBS>��
zM�BL�:�@EH;:E�O:KB:;E>�MA:M�<:IMNK>L�HNM<HF>L�H?�BGM>K>LM�?KHF�MA>�
FH=>E��3BMA�o)>:LNK>�B?p�RHN�<:G�<HGMKHE�?HK�PAB<A�MB<DL�F>:LNK>�
BL� <:E<NE:M>=�� #HK� >Q:FIE>	� P>� <:G� BG<EN=>� oMB<DL� ��� �

p� MH� HGER�
<:E<NE:M>�F>:LNK>�B?�MB<DL�:K>��

�HK�E:K @>K��

o/MHI�B?p�BL�:G�HIMBHG:E�<HG=BMBHG�MH�LMHI�MA>�FH=>E��o/M>I�(BFBMp�BL�
MA>�F:QBFNF�GNF;>K�H?�MBF>L�MA>�IKH<>=NK>�=>vG>=�; R�o/M>Ip�BL�
<:EE>=��

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



 :8FC6��	�+4C66?D9@E��692G:@C+62C49	�

3 >�PBEE�GHP�EH:=�:G�>Q:FIE>��1L>�o#BE>p�:M�MA>�E>?M�MHI�H?�MA>�L<K>>G�
:G=�@H�MH�MA>�LN;=BK><MHKR�:II�;>A:OBHKL>:K<A�>Q:FIE>L�H?�RHNK�
*>M(H@H�?HE=>K�:G=�L>E><M�MA>�#EH<DBG@�>Q:FIE>��3 >�GHP�BFIHKM�MA>�
BG?HKF:MBHG�?HK�MABL�>Q:FIE>� :G=�L>>�?:FBEB:K� I:K:F>M>KL� �#B@NK>�
���� *HM>� MA:M� RHN� G>>=� MH� <EB<D� HG� o(H:=� I:K:F>M>K� K:G@>L� ?KHF�
FH=>E�BGM>K?:<>p�MH�@>M�MA>�KB@AM�L>M�H?�I:K:F>M>KL��0A>�F>:LNK>�BL�
MA>�LM:G=:K=�=>OB:MBHG�H?�MA>�<A:G@>�H?� IHLBMBHG�LBG<>�MA>�FH=>E�
EHHDL�?HK�I:K:F>M>K�L>MMBG@L�MA:M�E>:=�wH<DBG@�:@>GML�MH�<HGO>K@>�
JNB<DER�MH�:EE�FHO>�BG�MA>�L:F>�=BK><MBHG��

��
 ) � .  +&�*//"*



 :8FC6�
	�+4C66?D9@E�:>A@CE65�'6E%@8@�>@56=�:?��692G:@C+62C49	�

z?� P>� <EB<D� HG� MA>� M:;� o/>:K<A� +;C><MBO>	p� P>� <:G� =>vG>� PA:M� P>�
P:GM� MH� HIMBFBS>�� zG� MABL� >Q:FIE>	� P>� EBD>� MH� FBGBFBS>� MA>� O:EN>�
H?�MA>�F>:LNK>	�PAB<A�P>�<:G�L>>�?KHF�MA>�L>E><MBHG�H?�o)BGBFBS>�
#BMG>LL�p� 5HN� <HNE=� :ELH� A:O>� L>E><M>=� o):QBFBS>� #BMG>LL�p� 0A>K>�
:K>� =By>K>GM� HIMBHGL� MH� =>vG>� vMG>LL�� 3BEE� MABL� ;>� MA>� O:EN>� H?�
F>:LNK>� :M� MA>� E:LM� LM>I� H?� MA>� LBFNE:MBHG	� MA>� F>:G� :<KHLL� :EE�
LM>IL�H?�MA>�LBFNE:MBHG	�MA>�FBGBFNF�HK�F:QBFNF�O:EN>L�=NKBG@�
MA>�LBFNE:MBHG	�MA>�F>=B:G�H?�:EE�LM>IL	�HK�>O>G�MA>�O:KB:G<>��%>G<>�
RHN� A:O>� F:GR� HIMBHGL� MH� =>vG>� AHP� RHN� P:GM� MH� >O:EN:M>� MA>�
HNM<HF>L�H?�MA>�FH=>E��

0H�=>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>L	�AHP�=H�P>�:@@K>@:M>�
MA>� BG?HKF:MBHG� BGMH� HG>� vMG>LL� O:EN>�� 3>� <:G� NL>� MA>� F>:G	�
F:QBFNF	�FBGBFNF	�F>=B:G	�O:KB:G<>	�:G=�LM:G=:K=�=>OB:MBHG�H?�
MA>�LBFNE:MBHGL��

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



5HN�<:G�L>E><M�o0:D>�=>KBO:MBO>�p�B?�RHN�P:GM�MH�>LMBF:M>�PA>MA>K�
RHN� :K>� EH<:M>=� BG� :� EH<:E� HIMBFNF	� @BO>G� :� <>KM:BG� F>:LNK>� H?�
>KKHK��%HP>O>K	�MABL�PBEE�;>�:G�NGNLN:E�<AHB<>�?HK�:G�:@>GM
;:L>=�
FH=>E�LBG<>�LMH<A:LMB<�FH=>EL�PBEE�;>�=Bx<NEM�MH�>O:EN:M>�HG�MA>BK�
=>KBO:MBO>L��

 :8FC6��	�+4C66?D9@E�+62C49�(3;64E:G6�E23	�

z?�P>�GHP�<EB<D�HG�o/>:K<A��E@HKBMAF	p�RHN�vG=�?HNK�=By>K>GM�P:RL�
MH� >QIEHK>� MA>� I:K:F>M>K� LI:<>�� .:G=HF� />:K <A	� $>G>MB<�
�E@HKBMAF	�/BFNE:M>=��GG>:EBG@	�:G=�%BEE� EBF;BG@��.:G=HF�/>:K<A�
@>G>K:M>L� K:G=HF� <HF;BG:MBHGL� H?� I:K:F>M>K� O:EN>L� :G=� D>>IL�
MK:<D� H?� MA>� ;>LM� K>LNEML�� $>G>MB<� �E@HKBMAF� A:L� :� IHINE:MBHG� H?�
LHENMBHGL�MA:M�>OHEO>�MH�;>MM>K�HNM<HF>L	�/BFNE:M>=��GG>:EBG@�:G=�
%BEE� EBF;BG@�:K>�;HMA�GNF>KB<:E�:IIKH:<A>L�MH�vG=�EH<:E�HIMBF:��

*HG>�H?�MAHL>�:IIKH:<A>L�@N:K:GM>>�MA>�vG=BG@�H?�MA>�;>LM�vM�
B?�P>�A:O>�LMH<A:LMB<�GHG
EBG>:K�FH=>EL��3>�@>G>K:EER�NL>�$>G>MB<�
�E@HKBMAF�;><:NL>�BM�BL�:�NL>?NE�MHHE�MH�>QIEHK>�GHG
EBG>:K�LMH<A:LMB<�
LRLM>FL�:G=�;><:NL>�P>�A:O>�@HH=�>QI>KB>G<>�PBMA�BM��

�
� ) � .  +&�*//"*



 :8FC6��	�+4C66?D9@E�+62C49��=8@C:E9>�E23	�

zG� #B@NK>� �	� RHN� L>>� MA>� K>LNEML� B?� P>� <EB<D� o.NG� �>A:OBHK/>:K<A�p�
5HN�L>>�MA>�#BMG>LL�O:EN>�HO>K�MBF>�NLBG@�MA>�$>G>MB<� �E@HKBMAF��
zM� LAHPL� :M� MA>� KB@AM� MA>� I:K:F>M>K� L>MMBG@L� E>:=BG@� MH� MA>� ;>LM�
HNM<HF>�:G=�BG=B<:M>L�MA>�>QI><M>=�=NK:MBHG�H?�MA>�L>:K<A��zG�MABL�
>Q:FIE>	�P>�L>>�MA>�vMG>LL�O:EN>�@HBG@�NI	�PAB<A�<:G�A:II>G�BG�
:�$>G>MB<��E@HKBMAF��0A>�G>P�@>G>K:MBHG�H?�:�L>M�H?�LHENMBHGL�F:R�
GHM�<HGM:BG�MA>�;>LM�I>K?HKFBG@�LHENMBHG�H?�MA>�IK>OBHNL�@>G>K:MBHG�
:@:BG�� zG� %BEE�  EBF;BG@� MRI>� H?� :IIKH:<A>L	� RHN� PBEE� <HGMBGN>� MH�
BFIKHO>�MA>�O:EN>L�H?�MA>�vMG>LL�L<HK>��0KR�HNM��>A:OBHK/>:K<A�:G=�
M>LM�HNM�PA:M�A:II>GL�PBMA�MA>�=By>K>GM�L>:K<A�:E@HKBMAFL��

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



 :8FC6��	�+4C66?D9@E�+62C49�)C@8C6DD�@7�2�86?6E:4�2=8@C:E9>�D62C49	�

�79/@)/'2��4'8'?/��='362+�
3 >� PBEE� =>FHGLMK:M>� MAK>>� :IIK H:<A>L	� MK:=BMBHG:E� <:EB;K:MBHGL	�

,:MM>KG
+KB>GM>=� )H=>EBG@	� :G=� �IIKHQBF: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� EB;K:KR� �/H<B:E� L<B>G<>� 
�� NGO>KBv>=� FH=>EL� 
��
�KMBv<B:E� �G:L:SB��� �QM>EE� >M� :E�� ��

��� =>O>EHI>=� MABL� FH=>E� MH�
NG=>KLM:G=� PA>MA>K� MA>� =>IHINE:MBHG� H?� (HG@� %HNL>� 2:EE>R	� BG�
�KBSHG:	�1/�	�:K HNG=���

�<:G�;>�> QIE:BG>=�;R�I>KLBLM>GM�=KHN@AM�
HK� PA>MA>K� HMA>K� ?:<MHKL� FB@AM� ;>� BG� IE:R�� 0A>� FH=>E� KNGL� ?KHF�
�

�MH� ���
�BG� :GGN:E�MBF>�LM>IL��0ABL�BL�MA>� I>KBH=�BG�PAB<A�MA>�
IHINE:MBHG�BG�MA>�2:EE>R�BG<K>:L>=�MH�:;HNM���
�AHNL>AHE=L	� :?M>K�
PAB<A� BM� =><EBG>=�� �?M>K� ��

� MA>K>� BL� GH� >OB=>G<>� H?� G>P�
<HGLMKN<MBHGL�H?�AHNL>L�BG�MA>�O:EE>R���EMAHN@A�P>�NL>�MA>�=:M:�:L�
IK><BL>�>LMBF:M>L�H?�IHINE:MBHG�GNF;>KL	�MA>�K>:EBMR�BL�MA:M�MA>R�:K>�
;:L>=�HG�@N>LMBF:M>L�H?�>Q<:O:M>=�LBM>L���EMAHN@A�P>�=H�GHM�DGHP�
AHP� MA>� >Q<:O:M>=� ;NBE=BG@L� P>K>� NL>=	� >LMBF:M>L� H?� H<<NI:MBHG�

�
� ) � .  +&�*//"*



:K>� F:=>� NLBG@� KHHF� <HNGML�� #HK� >:<A� H?� MA>� LBM>L	� MA>K>� :K>�
>LMBF:M>L� H?� H<<NI:MBHG� =NK:MBHG� :G=� :� IHLLB;E>� GNF;>K� H?�
H<<NI:GML��%>G<>�MA>K>�BL�:�EHM�H?�NG<>KM:BGMR�PBMABG�MA>�>FIBKB<:E�
=:M:	�;NM�BG�HNK�:G:ERLBL	�P>�PBEE�NL>�MA>�=:M:�IKHOB=>=�:L�MA>�MKN>�
>FIBKB<:E�H;L>KO:MBHGL�P>�P:GM�MH�>QIE:BG��0A>�K>:LHG�BL�MA:M�MABL�
=:M:�:O:BE:;E>�BL�MA>�;>LM�P>�A:O>�:O:BE:;E>	�;NM�MA>�NG<>KM:BGMR�BG�
MA>�=:M:�NK@>L�NL�MH�BGM>KIK>M�MA>�K>LNEML�PBMA�<:K>��

":<A� :@>GM� K>IK>L>GML� HG>� AHNL>AHE=� <HGLBLMBG@� H?� �� I>KLHGL��
0A>� <HFIHLBMBHG� H?� AHNL>AHE=L� BL� GHM� <A:G@BG@� HO>K� MBF>�� ":<A�
AHNL>AHE=� @>G>K:M>L� :� =>F:G=� ?HK� :� <>KM:BG� E>O>E� H?� ?HH=�� 0H�
LNIIER� MABL� =>F:G=	� MA>� :@>GM� I>K?HKFL� :@KB<NEMNK>�� 0A>� <>EE� HG�
PAB<A� :G� :@>GM� ?:KFL� BL� =By>K>GM� <HFI:K>=� MH� MA>� <>EE� :G� :@>GM�
H<<NIB>L�?HK�BML�AHNL>��":<A�:@>GM�A:L�BML�NGBJN>�<>EE�?HK�?:KFBG@	�
;NM�FHK>�MA:G�HG>�:@>GM�<:G�A:O>�:�AHNL>�HG�:�<>EE��0A>K>�BL�GH�
LA:KBG@�H?�?HH=�;>MP>>G�AHNL>AHE=L	�:G=�MA>�LMHK:@>�H?�?HH=�BL�:M�
MA>� AHNL>AHE=� E>O>E�� ":<A� AHNL>AHE=� F:D>L� :GGN:E� =><BLBHGL� HG�
PA>K>�MH�?:KF�:G=�PA>K>�MH�EH<:M>�MA>�AHNL>����AHNL>AHE=�A:L�:G�
:@>�:G=�:�LMH<D�H?�?HH=�LNKIENL�?KHF�IK >OBHNL�R>:KL��

�� MRIB<:E� LBFNE:MBHG� H?� MA>� =>?:NEM� L>MMBG@L� LAHPL� MA>� KBL>� :G=�
?:EE�H?�MA>�IHINE:MBHG	�;NM�GHM�MA>�<HFIE>M>�:;:G=HGBG@�H?�MA>�LBM>�
LBG<>�MA>�LBFNE:M>=�AHNL>AHE=L�:K>�LMBEE�IHLBMBO>�:?M>K���

��#B@NK>�
���� zG� ?:<M	� MA>K>� BL� LMBEE� IKH=N<MBOBMR� H?� MA>� E:G=� MA:M� <HNE=� ?>>=�
AHNL>AHE=L��

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



 :8FC6��	���EJA:42=�CF?�@7�E96��CE:Y4:2=��?2D2K:�AC@;64E:?8�D:>F=2E65�2?5�

@3D6CG65�9@FD69@=5�=6G6=D	�

3 >�PBEE�:ELH�LAHP�MA:M�MA>�HNM<HF>L�<HNE=�O:KR�JNBM>�:�;BM�?HK�MA>�
I:K :F>M>K�L>MMBG@L�H?�MA>�FH=>E�NL>=�MH�=>M>KFBG>�MA>�FBGBFNF�
GNF;>K�H?�KNGL���QM>EE�>M�:E����

���NL>=����LBFNE:MBHGL	�;NM�#B@NK>�
��BG=B<:M>L�MA:M�MABL�E>:=L�MH�:�?K>JN>GM�<A:G@>�H?�FHK>�MA:G�
�
��
BG�MA>�<H>x<B>GM�H?�O:KB:MBHG��3>�=><B=>=�MH�NL>��

�KNGL�?HK�>:<A�
I:K :F>M>K�L>MMBG@��zG�HK=>K�MH�>O:EN:M>�MA>�HNM<HF>L	�P>�EHHD� :M�
MA>�F>=B:G�H?�MA>�LJN:K>=�=By>K>G<>	�GHM�MA>�F>:G	�=N>�MH�:�LF:EE�
IKH;:;BEBMR�H?�:�O>KR�;:=�vM��0ABL�BL�=>FHGLMK:M>=�BG�#B@NK>��	�PA>K>�
P>�vG=�:�GNF;>K�H?�HNM<HF>L�?KHF�:�I:KMB<NE:K�I:K:F>M>K�L>MMBG@�
E>:=BG@� MH� :� O>KR� E:K@>� O:EN>� H?� (�	� MA>� O:EN>� H?� MA>� =By>K>G<>�
;>MP>>G�MA>�=:M:�:G=�LBFNE:MBHG��0ABL�BL�<:NL>=�;R�GHM�@>G>K:MBG@�
MA>�KBL>�H?�MA>�IHINE:MBHG�E>O>EL�:L�H;L>KO>=��/BG<>�MAHL>�;:=�KNGL�
A>:OBER�P>B@AM�HG�MA>�F>:G�H?�(�	�BM�BL�;>MM>K�MH�NL>�MA>�F>=B:G�H?�
(��MH�;>�<HFI:K :;E>�:FHG@�I:K :F>M>K�L>MMBG@L��

�
	 ) � .  +&�*//"*



 :8FC6��	��92?86�:?�E96�4@6[4:6?E�@7�G2C:2E:@?�7@C�����D:>F=2E:@?D�@7�E96�

5672F=E��CE:Y4:2=��?2D2K:�>@56=	�

 :8FC6��	��:DEC:3FE:@?�@7�YE?6DD�G2=F6D�@7�����CF?D�@7�@?6�A2CE:4F=2C�A2C2>6E6C�

D6EE:?8	�

3 >� GHP� NL>� MA>� �KMBv<B:E� �G:L:SB� FH=>E� MH� =>FHGLMK:M>� MA>� ��

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





:IIK H:<A>L�� #BKLM	� P>� =>M>KFBG>� MA>� I:K:F>M>K� LI:<>�� 3 >� PBEE�
>O:EN:M>� �� I:K:F>M>KL�� 0A>� I:K:F>M>KL� PBMA� MA>� K:G@>L� :G=�
BG<K>F>GML�H?�MAHL>�I:K:F>M>KL�:K>�=>vG>=�:L�?HEEHPL��

ÒfertilityÓ [0 0.001 0.2] 
Òdeath-ageÓ [26 1 40] 
Òharvest-varianceÓ [0 0.01 1] 
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:;LMK:<M	�BM�:==K>LL>L�L>O>K:E�;KH:=>K�JN>LMBHGL�HG�LNLM:BG:;BEBMR��

�'8/)��5*+2�
(>MnL�LM:KM�PBMA�MA>�;:LB<�FH=>E�P>�PBEE�NL>�BG�MABL�<A:IM>K��0A>�

FH=>E�<HGLBLML�H?� :G�>GOBKHGF>GM�:G=� :G� :@>GM�PAH�EBO>L�BG�MABL�
>GOBKHGF>GM��0A>�FH=>E�NL>=�BG�MABL�<A:IM>K�<:G�;>�=HPGEH:=>=�
A>K>��

�4;/7 543+49�
$BO>G� ;>EHP� BL� :� E:G=L<:I>� H?� *Y)� <>EEL�� 0A>� >=@>L� :K>�

<HGG><M>=�MH�=>KBO>�:�MHKNL�k�=HGNM
LA:I>=�k�>GOBKHGF>GM��#B@NK>�
����

 :8FC6��	�, @CFD�*6AC6D6?E2E:@?	�

3A>G� P>� INM� :@>GML� HG� MA>� E:G=L<:I>	� MA>R� PBEE� GHM� >QI>KB>G<>�

��� ) � .  +&�*//"*

https://www.comses.net/codebases/210d8972-ac35-42d9-b7af-030c2f60e25b


:GR�>=@>L��":<A�<>EE�<:G�<HGM:BG�:�K>LHNK<>�NGBM��0ABL�K>LHNK<>�NGBM�
IKHOB=>L�:G�:FHNGM�H?�>G>K@R�* �MH�:G�:@>GM�B?�MA>�:@>GM�<HEE><ML�BM��
z?�:G�:@>GM�A:L�<HEE><M>=�MA>�K>LHNK<>�NGBM�H?�:�<>EE	�:�G>P�K>LHNK<>�
NGBM�<:G�:II>:K�HG�MA>�<>EE�PBMA�:�IKH;:;BEBMR�IK��

0H� BFIE>F>GM� MABL� BG� *>M(H@H	� P>� PBEE� EHHD� :M� >:<A� I:M<A� MH�
=>M>KFBG>� PA>MA>K� MA>K>� :K>� K>LHNK<>L� HG� MA>� <>EE�� z?� MA>K>� :K>�
GH� K>LHNK<>L� HG� MA>� <>EE� MA>G� MA>K>� BL� :� <A:G<>�IKH; � MA:M� G>P�
K>LHNK<>L� PBEE� ;>� :==>=� MH� MA>� <>EE�� zG� :� LBFIE>� FH=>E	� MA>� HGER�
HIMBHGL� :O:BE:;E>� :K>� K>LHNK<>L� HG� MA>� <>EE� HK� GH� K>LHNK<>L� HG�
MA>� <>EE�� 0ABL� <:G� ;>� BFIE>F>GM>=� :L� ;>EHP�� #B@NK>� �� LAHPL� :�
L<K>>GLAHM�H?�LN<A�:�E:G=L<:I>��

,+,1(� 0z+* " +( +$5 ���



 :8FC6�
	�+4C66?D9@E�@7�E96�=2?5D42A6	�

if  pcolor  = black  [ 
   if  random-float  1 < prob 
   [ 
      set  pcolor  green 
   ] 
] 

�-+498�
�@>GML�G>>=�MA>�>G>K@R�MH�LNKOBO>�� ":<A�MBF>�LM>I	�MA>R�NL>�>�

NGBML�H?�>G>K@R��0ABL�BL�MA>BK�F>M:;HEBLF��0A>R�<:G�=>KBO>�>G>K@R�
?KHF� <HEE><MBG@� K>LHNK<>� NGBML� ?KHF� MA>� E:G=L<:I>�� �@>GML� FHO>�

��
 ) � .  +&�*//"*



K:G=HFER�:KHNG=	�:G=�B?�MA>R�:K>�HG�:�<>EE�PBMA�:�K>LHNK<>�NGBM	�MA>R�
<HEE><M�MABL�K>LHNK<>�NGBM��z?�:@>GML�A:O>�KNG�HNM�H?�>G>K@R	�MA>R�PBEE�
=B>��+G�MA>�HMA>K�A:G=	�B?�MA>BK�>G>K@R�E>O>E�K>:<A>L�FHK>�MA:G�3E	�
MA>�;BKMA�MAK>LAHE=	�MA>�:@>GM�PBEE�LIEBM�BGMH�MPH�:@>GML��0ABL�<EHGBG@�
BL�:�LBFIEBLMB<�P:R�H?�LBFNE:MBG@�K>IKH=N<MBHG��

3 >�PBEE�GHP�=BL<NLL�:�*>M(H@H�IKH@K:F�MA:M�LBFNE:M>L�MA>�FH=>E�
=>L<KB;>=� :;HO>�� #BKLM	� P>� A:O>� MH� =>vG>� MA:M� :@>GML� A:O>� MA>�
:MMKB;NM>� >G>K@R��0ABL� BL�MA>�HGER� MNKME>� :MMKB;NM>� MA:M�P>�G>>=� MH�
BG<EN=>��+?�<HNKL>	�MA>�MNKME>L�:EK>:=R�<HGM:BG�:�GNF;>K�H?�=>?:NEM�
:MMKB;NM>L�LN<A�:L�EH<:MBHG	�<HEHK	�:G=�A>:=BG@��

turtles-own [energy] 

0H�BGBMB:EBS>�MA>�FH=>E	�P>�A:O>�MH�=>vG>�MA>�BGBMB:E�E>O>E�H?�>G>K@R�
MA>� :@>GML�A:O>��zG�MABL�>Q:FIE>	�P>� :LLNF>�MA:M� :M�MA>�LM:KM	� :EE�
:@>GML�A:O>��
�NGBML�H?�>G>K@R��3 >�INM�MA>�:@>GML�K:G=HFER�HG�MA>�
E:G=L<:I>�:G=�K>IK>L>GM�MA>F�:L�PABM>�=HML��

3 >� :ELH�G>>=�MH�BGBMB:EBS>�MA>�>GOBKHGF>GM��#HK�>:<A� I:M<A	�P>�
wBI�:�<HBG�MH�=>vG>�PA>MA>K�MA>�I:M<A�A:L�:�K>LHNK<>�NGBM�HK�GHM��
z?�MA>� I:M<A�A:L� :�K>LHNK<>�NGBM	�P>�=>vG>�MA>�<HEHK�H?�MA>� I:M<A�
@K>>G��HMA>KPBL>	�BM�K>F:BGL� ;E:<D�� *HM>�MA:M�P>�NL>=� :�LM:G=:K=�
:MMKB;NM>�H?�MA>�I:M<A�MH�=>vG>�PA>MA>K�:�K>LHNK<>�NGBM�BL�:O:BE:;E>	�
:G=�LH�P>�PBEE�GHM�A:O>�MH�=>vG>�:�G>P�:MMKB;NM>�?HK�I:M<A>L��0A>�
BGBMB:E�=>GLBMR�H?�K>LHNK<>L�BL�:LLNF>=�MH�;>�>JN:E�MH�BGBMB: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 ]] 

,+,1(� 0z+* " +( +$5 ���



end 

+G<>� P>� <EB<D� HG�8@� MA>� :@>GML� PBEE� F:D>� :�GNF;>K� H?� =><BLBHGL�
PBMABG� >:<A� MB<D�� 0A>� vKLM� IKH;E>F� P>� ?:<>� BL� BG� PAB<A� HK=>K�
=><BLBHGL�G>>=�MH�;>�F:=>��3BEE�:G�:@>GM�>:M�vKLM�:G=�MA>G�FHO>��
!H>L� >:<A� :@>GM� I>K?HKF� MA>� L:F>� :<MBHGL� BG� MA>� L:F>� HK=>K��
zG� PAB<A� HK=>K� =H� P>� NI=:M>� MA>� :@>GML�� 3BEE� LHF>� :@>GML� @>M�
IKBHKBMR��0A>L>�=><BLBHGL�HG�MA>�HK=>K�BG�PAB<A�=><BLBHGL�:K>�F:=>�
<: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:O>� :� AN@>� BFI:<M�� 3>� :LLNF>�
MA:M� MA>� HK=>K� H?� MA>� :<MBHGL� BL� FHO>F>GM	� >:MBG@	� F>M:;HEBLF	�
K>IKH=N<MBHG	�:G=�=RBG@��

#BKLM	� :EE� :@>GML� PBEE� FHO>� ;>?HK>� MA>� G>QM� :<MBHG�� 5HN� L>>� MA:M�
MA>�:@>GML�<A:G@>�MA>BK�=BK><MBHG�K:G=HFER�;>?HK>�M:DBG@�HG>�LM>I�
?HKP:K=��0H�FH=>E�MA>�K:G=HF�MRI>�H?�FHO>F>GM�P>�<A:G@>�MA>�
=BK><MBHG�H?�MA>�:@>GML�>:<A�MBF>�LM>I��0A>�A>:=BG@�H?�MA>�:@>GM�BL�
<A:G@>=�;R�FHOBG@�BM�MH�MA>�KB@AM��0A>�GNF;>K�H?�=>@K>>L�BM�FHO>L�
MH�MA>�KB@AM�BL�:�K:G=HF�GNF;>K�;>MP>>G�
�:G=�����0A>G�MA>�:@>GM�
FH O>L�MH�MA>�E>?M�:@:BG	�:ELH�:M�:�K:G=HFER�=K:PG�GNF;>K�;>MP>>G�

�:G=�����+G�:O>K :@>�MA>�A>:=BG@�H?�MA>�:@>GM�BL�=BK><M>=�LMK:B@AM�
?HKP:K=	� ;NM�FHLM�:@>GML�PBEE�<A:G@>�BML�A>:=BG@�:�LF:EE� :FHNGM�
MH� MA>� KB@AM� HK� E>?M�� 3BMA� :� LF:EE� <A:G@>	� MA>� :@>GM� PBEE� <A:G@>�
BMnL� A>:=BG@� ;R� L>O>K:E� =>@K>>L� BG� HG>� LM>I�� �?M>K� MA>� =BK><MBHG� BL�
=>M>KFBG>=	�MA>�:@>GM�PBEE�F:D>�HG>�LM>I�?HKP:K=�NLBG@�?=�� ��

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

z?�MA>R�:K>�HG�:� I:M<A�MA:M�BL�<HEHK>=�@K>>G��MANL�A:L� :�K>LHNK<>�	�
MA>�:@>GM�PBEE�<HEE><M�MA>�K>LHNK<>�NGBM	�PAB<A�PBEE�@>G>K:M>�I>G>K@R�
�LEB=>K�O:EN>��NGBML�H?�>G>K@R��zM�BL�IHLLB;E>�MA:M�FHK>�MA:G�HG>�:@>GM�
BL�HG�:�<>EE��zG�MA:M�<:L>	�MA>�:@>GM�PAH�A:L�=K:PG�vKLM�MH�>:M�PBEE�
<HEE><M�MA>�K>LHNK<>�NGBM�:G=�INM�MA>�<HEHK�H?�MA>�<>EE�>JN:E�MH�;E:<D��
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ask turtles  [ 
   if  ( pcolor =  green ) [ 
      set  pcolor  black 
      set  energy energy + penergy]] 

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

ask  turtles  [ set  energy energy -  metabolism] 

z?�MA>�>G>K@R�E>O>E�BL�FHK>�MA:G�MA>�;BKMA
MAK>LAHE=��LEB=>K�O:EN>�	�P>�
vKLM�A:E?�MA>�:@>GMnL�>G>K@R�E>O>E�;>?HK>�P>�@>G>K:M>�:�<HI R��%:M<A�
F>:GL�MA:M�MA>�:@>GM�BL�<EHG>=��z?�P>�=HGnM�A:E?�MA>�>G>K@R�vKLM	�P>�
PBEE�@>M�MPH� :@>GML�PBMA�FHK>�>G>K@R�MA:G�MA>�;BKMA
MAK>LAHE=��zG�
LN<A�:�LBMN:MBHG	�MA>�LRLM>F�PHNE=�@>G>K:M>�>G>K@R�;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	�B?�:G�:@>GM�A:L�:�G>@:MBO>�NGBM�H?�>G>K@R	�MA>�:@>GM�PBEE�=B>�
:G=�BL�K>FH O>=�?KHF�MA>�LRLM>F��

ask  turtles  [ if  energy < 0 [ die ]] 

3 >� :ELH�G>>=�MH�NI=:M>�MA>�K>LHNK<>�NGBML�HG�MA>� I:M<A>L�>O>KR�
MBF>� LM>I�� z?� :� I:M<A� A:L� GH� K>LHNK<>� NGBM	� P>� :LLNF>� MA:M� PBMA�
:�IK H;:;BEBMR�K>IE>GBLAF>GM
K:M>��LEB=>K
O:EN>��:�G>P�K>LHNK<>�NGBM�
PBEE� ;>� :==>=� MH� MA>� I:M<A�� 0A>� *>M(H@H� FH=>E� ?HK� MABL� P:L�
=BL<NLL>=�:;HO>�PA>G�P>�=BL<NLL>=�MA>�>GOBKHGF>GM��

*H P�P>�<:G�LBFNE:M>�MA>�FH=>E�BG�*>M(H@H��zG�#B@NK>L���:G=��	�
RHN� L>>� LHF>� MRIB<:E� K>LNEML� H?� MA>� FH=>E�� 5HN� PBEE� L>>� MA:M� MA>�
IHINE:MBHG�E>O>E�=>I>G=L�<KBMB<:EER�HG�MA>�E>O>E�H?�MA>�I:K:F>M>KL	�
PAB<A� <:G� ;>� <A:G@>=� ;R� MA>� LEB=>KL�� z?� F>M:;HEBLF� BL� AB@A�
<HFI:K >=� MH� >G>K@R� I>K� K>LHNK<>� NGBM	� MA>� IHINE:MBHG� BL� FHK>�
JNB<DER�MH�=B>�HNM��zG�HMA>K�LBMN:MBHGL	�P>�L>>�MA:M�MA>�IHINE:MBHG�
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K>:<A>L�:�LHF> PA:M�LM:;E>�E>O>E�H?�K>LHNK<>L	�HK�A:L�LHF>�I>KBH=B<�
wN<MN:MBHGL��3AR�=H�P>�@>M�wN<MN:MBHGL�H?�MA>�IHINE:MBHG�LBS>��0A>�
:@>GML�>:M�NI�MA>�K>LHNK<>L�JNB<DER�:G=�IKH=N<>�:�EHM�H?�HyLIKBG@��
0A>�BG<K>:LBG@�IHINE:MBHG�<:NL>L�:�L<:K<BMR�H?�K>LHNK<>�NGBML��!N>�
MH�MA>�L<:K<BMR	�:@>GML�<:GGHM�@>M�>GHN@A�>G>K@R�MH�F:BGM:BG�MA>BK�
F>M:;HEBLF	� :G=� FHK>� :@>GML� PBEE� =B>� MA:G� :K>� ;HKG�� 3A>G� MA>�
IHINE:MBHG�LBS>�=KHIL	�FHK>�K>LHNK<>L�;><HF>�:O:BE:;E>�?HK�MAHL>�
PAH�LNKOBO>=	�>M<��

 :8FC6��	�+4C66?D9@E�@7�2�EJA:42=�CF?�@7�E96�>@56=	�
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 :8FC6��	��I2>A=6�@7�@FE4@>6D�@7�E96�A@AF=2E:@?�=6G6=��3=F6��2?5�C6D@FC46�

�8C66?��@G6C�E:>6	�

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

metabolism = 1 
birthrate = 20 
foodenergy = 3 

0A>�>GOBKHGF>GM�BL��

�Q��

�<>EEL	�MANL��
	


�<>EEL��/NIIHL>�MA>�
>GOBKHGF>GM�IKH=N<>L�?HH=>G>K@R� ��K>IE>GBLAF>GM
K:M>� �� �
	


�
<>EEL	� MA>G� MA>� >GOBKHGF>GM� IKH=N<>L� �

� NGBML� H?� >G>K@R� BL� MA>�
K>IE>GBLAF>GM� K:M>� BL� >JN:E� MH� 
�
��� 0ABL� <HNE=� ?>>=� �

� :@>GML��
%HP>O>K	� :@>GML� PBEE� A:O>� MH� FHO>� MH� :GHMA>K� <>EE� MH� vG=� ?HH=��
�@>GML� FHO>� K:G=HFER	� LH� BM� PBEE� GHM� ;>� MA>� FHLM� >x<B>GM�
>QIEHK:MBHG���M�E>:LM�P>�<:G�>QI><M�MA:M�MA>�MHM:E�GNF;>K�H?�:@>GML�
MA:M� LNKOBO>� HO>K� MA>� EHG@>K� M>KF� PBEE� ;>� EHP>K� MA:G� �

� :@>GML��
3A>G� P>� KNG� MA>� FH=>E	� P>� L>>� MA:M� MA>� IHINE:MBHG� LM:;BEBS>L�
:KHNG=��

�:@>GML��#HK�>:<A�BG<K>:L>�BG�MA>�K>IE>GBLAF>GM�K:M>	�P>�
<:G�>QI><M�:�EBG>:K�BG<K>:L>�BG�MA>�IHINE:MBHG��
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 :8FC6��	�*6D@FC46�D:K6�2?5�A@AF=2E:@?�D:K6�FD:?8�2�C6A=6?:D9>6?E�C2E6�

6BF2=�E@��	��	�

�+48/9>��+6+4*+49� +85:7 )+��7 5<9.�
3 >�:LLNF>=�BG�MA>�IK>OBHNL�L><MBHG�MA:M�MA>�K>LHNK<>�NGBML�PBEE�

:EP:RL� K><HO>K� ?KHF� :G� >FIMR� <>EE� NLBG@� :� vQ>=� K>IE>GBLAF>GM�
K:M>��0ABL�BL�O>KR�NGEBD>ER�PBMA�F:GR�K>LHNK<>L��0A>�FHK>�MK>>L�BG�
:G� >FIMR� LIHM� BG� :� G>B@A;HKAHH=	� MA>� FHK>� EBD>ER� MA:M� L>>=EBG@L�
PBEE� ?:EE� HG� MABL� LIHM	� :G=� :� G>P� MK>>� PBEE� ;>� @>G>K:M>=�� z?� MA>K>�
:K>� GH� MK>>L� :KHNG=	� GH� G>P� MK>>L� PBEE� K>@>G>K:M>�� 0ABL� BL� <:EE>=�
=>GLBMR
=>I>G=>GM�@KHPMA	�:G=�BM�BL�:�<HFFHG�F><A:GBLF�BG�F:GR�
><HLRLM>FL��

#HK�MA>�PAHE>�>GOBKHGF>GM	�P>�<:G�GHP�>QI><M�:�EH@BLMB<�@KHPMA��
zG�?:<M	�MA>�FH=>E�:;HO>�BL�:�LI:MB:EER�>QIEB<BM�O>KLBHG�H?�MA>�?:FHNL�
EH@BLMB<� @KHPMA� ?NG<MBHG�� /NIIHL>� MA>� K>LHNK<>� LBS>� BL� =>vG>=� ;R�
47M9� ?HK� MBF>� LM>I� M�� 0A>G� MA>� K>LHNK<>� LBS>� :M� MBF>� LM>I� M� �� �� BL�
=>vG>=�:L�

47M��9���47M9���K���47M9������k�47M9���'��
3A>K>�K�BL�MA>�K>@KHPMA�K:M>�:G=�'�MA>�<:KKRBG@�<:I:<BMR��zG�HNK�

>GOBKHGF>GM� :;HO>	� '�BL� �
	


	�G:F>ER� �
	


� <>EEL	�PA>K >�>:<A�

��	 ) � .  +&�*//"*

https://en.wikipedia.org/wiki/Logistic_function
https://en.wikipedia.org/wiki/Carrying_capacity


<>EE�<:G�HGER�;>�H<<NIB>=�;R�HG>�:@>GM�LBFNEM:G>HNLER��0A>�AB@A>LM�
K>@KHPMA� K:M>�PBEE� A:II>G� PA>G� A:E?� H?� MA>�K>LHNK<>�BL� :O:BE:;E>	�
F>:GBG@�47M9���	


�?HK�'����
	


��z?�K�BL�>JN:E�MH�
��	�MA>�K>LHNK<>�
@KHPL�HO>K�MBF>	� :L�BG�#B@NK>� ��� 0ABL�BL�MA>�<E:LLB<� /� v@NK>�H?�MA>�
EH@BLMB<�@KHPMA�?NG<MBHG��

 :8FC6��	�*6D@FC46�=6G6=�@7�=@8:DE:4�8C@HE9�>@56=�H:E9�C����	��2?5�$���������	�

zG� :� LI:MB:E� FH=>E	� MA>� K>@KHPMA� K:M>� GHM� HGER� =>I>G=L� HG� MA>�
O:EN>�H?�K	�;NM�:ELH�HG�AHP�MA>�K>LHNK<>�BL�=BLMKB;NM>=�LI:MB:EER��0H�
FH=>E� MABL� BG� *>M(H@H� P>� F:R� BGBMB:EER� MABGD� :;HNM� MA>� ?HEEHPBG@�
BFIE>F>GM:MBHG��

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

0ABL� F>:GL� MA:M� ?HK� >O>KR� I:M<A� PBMA� GH� K>LHNK<>	� MA>K>� BL� :�

,+,1(� 0z+* " +( +$5 ��




IKH;:;BEBMR�MA:M�BM�PBEE�K>@>G>K:M>��0ABL�IKH;:;BEBMR�PBEE�;>�AB@A>K�MA>�
FHK>�G>B@A;HKBG@�<>EEL�MA:M�A:O>�K>LHNK<>�NGBML��

%HP>O>K	�MABL�BFIE>F>GM:MBHG�BL�H?M>G�:y><M>=�;R�:�MRIB<:E�>KKHK�
I>HIE>�F:D >�BG�:@>GM
;:L>=�FH=>EL��0A>�IKH;E>F�BL�MA>�?HEEHPBG@��
�EE�<>EEL�:K>�NI=:M>=�K:G=HFER	�HG>�;R�HG>��z?�RHN�A:O>�:G�>FIMR�
<>EE	�:G=�MABL�<>EE�;><HF>L�:�<>EE�PBMA�:�K>LHNK<>�NGBM	�MABL�<>EE�BL�GH�
EHG@>K�L>>G�:L�>FIMR�;R�MA>�G>QM�<>EE�MH�;>�NI=:M>=��0ABL�<:G�E>:=�
MH�LMK:G@>�K>LNEML�LBG<>�MA>�HK=>K�BG�PAB<A�<>EEL�:K>�NI=:M>=�:y><ML�
MA>�K>LNEML��zM�BL�MA>HK>MB<:EER�IHLLB;E>�MA:M�:G�>FIMR�E:G=L<:I>�PBMA�
CNLM�HG>�<>EE�PBMA�:�K>LHNK<>�NGBM�<HNE=�E>:=�MH�:�<HFIE>M>�K><HO>KR�
BG�HG>�MBF>
LM>I��0ABL�BL�:G�NGK>:EBLMB<�K>IK>L>GM:MBHG��

/H� AHP� MH� BFIE>F>GM� MA>� K>@>G>K:MBHG� H?� MA>� <>EEL� PA>K>� P>�
HGER�M:D>�BGMH�:<<HNGM�MA>�LM:M>�H?�MA>�<>EEL�:M�MA>�LM:KM�H?�MA>�MBF>�
LM>I�� 3 >� G>>=� MH� :==� :G� :==BMBHG:E� :MMKB;NM>� MH� MA>� I:M<A� MA:M�
K>F>F;>KL�MA>�HE=�LM:M>�H?�MA>�<>EE��0A>G�P>�<:G�<HKK><M�MA>�FH=>E�
BG�MA>�?HEEHPBG@�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 ]] 
   ] 
] 

3BMA�:�K>IE>GBLAF>GM�K:M>�>JN:E�MH�
�
�	�P>�@>M�MA>�=RG:FB<L�P>�
H;L>KO>�BG�#B@NK>����0A>�K>LHNK<>�:G=�IHINE:MBHG�GNF;>KL�=H�GHM�
LM:;BEBS>�:G=�D>>I�@HBG@�NI�:G=�=HPG��3A>G�MA>K>�BL�:�EHM�H?�?HH=	�
MA>� :@>GML�LM:KM�MH�<HGLNF>� :�EHM� :G=� IKH=N<>� :�EHM�H?�HyLIKBG@��
0ABL�E>:=L�MA>�K>LHNK<>�E>O>EL�MH�@H�=HPG	�F:DBG@�BM�A:K=>K�?HK�MA>�
:@>GML� MH� vG=� ?HH=�� /BG<>� MA>BK� F>M:;HEBLF� G>>=L� >G>K@R� >O>KR�
MBF>�LM>I	�LHF>�:@>GML�PBEE�=B>���L�:�K>LNEM	�MA>�IHINE:MBHG�LBS>�?:EEL	�
:G=�?>P>K�K>LHNK<>L�:K>�>:M>G��0ABL	�BG�MNKG	�E>:=L�MH�MA>�KBL>�H?�MA>�
K>LHNK<>��
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 :8FC6��	�)@AF=2E:@?�2?5�C6D@FC46�D:K6�7@C�56?D:EJ�56A6?56?E�C68C@HE9�@7�

C6D@FC46�H:E9�C68C@HE9�C2E6�6BF2=�E@��	��	��'@E6�E92E�7@@5�:D�C6D@FC46�D:K6�

5:G:565�3J���E@�92G6�E96�?F>36CD�2E�2�D:>:=2C�D42=6	��

3 >�<:G�IHKMK:R�MA>�=RG:FB<L�H?�MA>�IHINE:MBHG�:G=�K>LHNK<>�BG�:�
LH
<:EE>=�IA:L>�=B:@K:F ��#B@NK>�����0ABL�LAHPL�MA>�<R<EB<:E�=RG:FB<L�
H?� MA>� MPH� O:KB:;E>L� E>:=BG@� MA>� LRLM>F� MH� <BK<E>� :KHNG=� BG� :�
<HGvG>=� :K>:� H?� MA>� IA:L>� =B:@K:F� ;NM� G> O>K� L>MME>� BGMH�
>JNBEB;KBNF��
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https://en.wikipedia.org/wiki/Phase_diagram


 :8FC6��	�)92D6�5:28C2>�@7�A@AF=2E:@?�2?5�C6D@FC46�H:E9�C68C@HE9�C2E6�@7��	���

�86?6C2E65�:?��I46=�H:E9�C6DF=ED�7C@>� :8FC6���	�

3A>G� P>� BG<K>:L>� MA>� K>@KHPMA� K:M>� MH� 
��	� MA>� IHINE:MBHG� E>O>E�
<BK<E>L�;>MP>>G���

�:G=���

	�;NM�G> O>K�LM:;BEBS>L��#B@NK>�����0A>�
IHINE:MBHG� =H>L� GHM� =B>� HNM�� 3A>G� MA>� K>LHNK<>� BL� EHP	� :@>GML�
=B>�HNM	�:G=�MA>�K>LHNK<>�K><HO>KL��%HP>O>K	�FHLM�LI><B>L�=H�GHM�
K>IKH=N<>� ;R� <EHGBG@	� :G=� P>� PBEE� >QIEHK>� MA>� <HGL>JN>G<>L� H?�
A:OBG@�MPH�I:K>GML�BG�MA>�G>QM�L><MBHG��
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 :8FC6��	�)92D6�5:28C2>�@7�A@AF=2E:@?�2?5�C6D@FC46�H:E9�C68C@HE9�C2E6�@7��	�	�

".+��C+)98�5,��'9/4-�
/NIIHL>�:@>GML�<:G�HGER�K>IKH=N<>�PA>G�MPH�:@>GML�F>>M�PAH�

A:O>� >G>K@R� ;>RHG=� MA>� FBGBFNF� E>O>E� H?� >G>K@R�� /N<A� :� KNE>�
PBEE� BFIER� MA:M� GHM� :EE� :@>GML� PBMA� FHK>� >G>K@R� MA:G� MA>� ;BKMA

MAK>LAHE=� PBEE� @>M� HyLIKBG@� LBG<>� >:<A� IHM>GMB:E� I:K>GM� G>>=L� MH�
vG=�:�LNBM:;E>�F:M>��

0H� BFIE>F>GM� MABL	� :G� :@>GM� PAH� A:L� MA>� FBGBFNF� >G>K@R�
K>JNBK>=�?HK�IKH=N<BG@�HyLIKBG@�G>>=L�MH�EHHD�:KHNG=�:G=�<A><D�
PA>MA>K� MA>K>� BL� :G� :@>GM� G>:K;R� PBMA� LNx<B>GM� >G>K@R�� 0A>�
IKBFBMBO>�BG
K:=BNL�@BO>L�MA>�L>M�H?� :@>GML�MA:M�:K>�?HNG=�PBMABG�:�
K:=BNL�H?� :�=>vG>=�LBS>��0ANL�MNKME>L�BG
K:=BNL�L>:K<A
K:=BNL�PBMA�
7>G>K@R�� �;BKMA
MAK>LAHE=9�BL�MA>�L>M�H?�:@>GML�BG�MA>�K:=BNL�H?�LBS>
L>:K<A
K:=BNL�PAH�A:O>�FHK>�>G>K@R�MA:G�MA>�FBGBFNF�:FHNGM�H?�
>G>K@R�G>>=>=�MH�IKH=N<>�HyLIKBG@��

3 >�HGER�P:GM�MH�FHO>�HG�B?�MA>K>�:K>�:GR�:@>GML�MA:M�F>>M�MABL�
<HG=BMBHG�� 0ANL� ;>?HK>� FH OBG@� HG	� P>� NL>� IKBFBMBO>�:GR� 	� PAB<A�
<A><DL�PA>MA>K�MA>K>�:K>�:@>GML�PBMABG�MA>�:@>GM�L>M	�:G=�MANL�
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if  any? turtles in-radius  search-radius with  [energy > birth-threshold] 

*H P�MA>K>�BL�:GHMA>K�IKH;E>F��0A>�:@>GM�PAH�BL�EHHDBG@�?HK�:�F:M>�
BL�BG<EN=>=�BG�MA>� :@>GM
L>M�LBG<>�BM�BL� :G� :@>GM�PBMABG�MA>�L>:K<A�
K:=BNL��0A>K>?HK>	�P>�A:O>�MH�vG=�:�P:R�MH�>Q<EN=>�MA>�:@>GM�PAH�
BL�L>:K<ABG@�?HK�:�F:M>�� HGL>JN>GMER	�P>�<A><D�PA:M�MA>�B=>GMBMR�
BL�?HK�MA>�:@>GM�EHHDBG@�?HK�:�F:M>�:G=�>Q<EN=>�MABL�?KHF�MA>�EBLM�H?�
:@>GML�MA:M�;><HF>�:�F:M>�

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

/H	�:M�MABL�IHBGM	�P>�A:O>�:�L>M�H?�<:G=B=:M>�F:M>L��0A>�:@>GML�:K>�
GHM�O>KR�IB<DR��3 >�:LLNF>�MA>R�LDBI�LI>>=�=:MBG@�:G=�CNLM�:<<>IM�
:GR�F:M>�MA:M�F>>ML�MA>�FBGBFNF�<HG=BMBHGL��%>G<>�MH�L>E><M�MA>�
F:M>	�P>�M:D>�HG>�:@>GM�H?�MA>�L>M�H?�<:G=B=:M>L��0A>�GNF;>K�H?�
<:G=B=:M>L�FB@AM�;>�HG>	�:G=�MA>G�MA:M�HG>�BL�<AHL>G���NM�B?�MA>�L>M�
BL�E:K@>K�MA:G�HG>	�HG>�:@>GM�BL�K:G=HFER�L>E><M>=��

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

3 >� :LLNF>� MA:M� MA>� BGBMB:E� >G>K@R� H?� MA>� <ABE=� BL� �
�� H?� MA>�
<HF;BG>=�>G>K@R�H?�MA>�MPH� I:K>GML�� ":<A� I:K>GM�<HGMKB;NM>L� :G�
>JN:E�LA:K>�MH�MA>�>G>K@R�H?�MA>�HyLIKBG@��0ABL�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� :� K>@KHPMA� K:M>� >JN:E� MH� 
�
�� :G=�
:�L>:K <A
K:=BNL�H?� �	�P>�@>M�MA>� IA:L>�=B:@K:F�H?�#B@NK>� �
��0A>�
:FIEBMN=>�H?�MA>�<R<E>�BL�:�;BM�E:K@>K�MA:G�#B@NK>��	�PBMAHNM�F:MBG@��
3A:M�BL�MA>�K>:LHG�?HK�MABL��
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 :8FC6���	�)92D6�5:28C2>�7@C�A@AF=2E:@?�2?5�C6D@FC46�D:K6�H:E9�>2E:?8	�

!:33'7>�
0ABL� <A:IM>K� IK>L>GML� :� ;:LB<� IHINE:MBHG� FH=>E�� /N<A� :� FH=>E�

<HNE=� ;>� =>L<KB;>=� ;R� =By>K>G<>� HK� =By>K>GMB:E� >JN:MBHGL	�
:LLNFBG@� :� E:K@>� >GHN@A� IHINE:MBHG�� 3>� <HNE=� :ELH� NL>�
OBLN:EBS:MBHGL� H?� :@>GM
;:L>=� FH=>E� K>LNEML� EBD>� NL>=� FHK>�
<HFFHGER� ?HK� =By>K>G<>� >JN:MBHG� FH=>EL	� LN<A� :L� IA:L>�
=B:@K:FL�� 3A>G� P>� BGMKH=N<>=� F:MBG@	� P>� BG<EN=>=� :G� :==BMBHG�
MA:M� PHNE=� ;>� FHK>� LNBM:;E>� ?HK� :@>GM
;:L>=� FH=>E�
BFIE>F>GM:MBHG�� %>G<>� MABL� <A:IM>K� =>FHGLMK:M>L� MA:M� FH=>EL�
MRIB<:EER� LMN=B>=� PBMA� =By>K>G<>� >JN: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>�LBFBE:KER	� ;NM�GHM�MA>�L:F>	�
K>LNEML��

 +,+7 +4)+8�
!NKK>MM	�.B<A:K=�:G=�/BFHG�(> OBG��������0A>�zFIHKM:G<>�H?��>BG@�

!BL<K>M>��:G=�/I:MB:E�	�,96@C6E:42=�)@AF=2E:@?��:@=@8J�����������
�����
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Governing the Commons 

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

q� ;>�BGMKH=N<>=�MH�MA>�MK:@>=R�H?�MA>�<HFFHGL	�

q� =>FHGLMK:M>�MA>�MK:@>=R�BG�:�*>M(H@H�FH=>E	�

q� ;>�LAHPG�MA:M�:@>GML�<:G�L>E?
@HO>KG�MA>BK�LA:K>=�
K>LHNK<>L��

 
.>LHNK<>L� :K>� :IIK HIKB:M>=	� :G=�PA>G�@KHNIL�H?� I>HIE>�LA:K>�

K>LHNK<>L	� BM� <:G� ;>� :� <A:EE>G@>� MH� :OHB=� HO>KA:KO>LMBG@� H?� MA>�
LA:K>=�K>LHNK<>L��#HK�>Q:FIE>	�<HGLB=>K�vLA>KL�vLABG@�MA>�H<>:GL	�
?:KF>KL� INFIBG@� NI� @KHNG=P:M>K	� HBE� <HFI:GB>L� =KBEEBG@� ?HK� HBE	�
HK�FHOB>�P:M<A>KL�NLBG@�MA>�EBFBM>=�;:G=PB=MA�H?�MA>�<HFFNGBMR�
BGM>KG>M� <HGG><MBHG�� zG� ����� ;BHEH@BLM�$:KK>MM� %:K=BG� PKHM>� :�
?:FHNL� >LL:R� BG� MA>� CHNKG:E� /<B>G<>� MBME>=� o0A>� 0K:@>=R� H?� MA>�
 HFFHGL �p� %>� NL>=� MA>� F>M:IAHK� H?� LA>>IA>K=>KL� LA:KBG@� :�
F>:=H P�� 3ABE>� >:<A� A>K=>K� PBEE� ;>G>vM� :L� :G� BG=BOB=N:E� ?KHF�
:==BG@� :G� >QMK:� LA>>I� MH� MA>� I:LMNK>	� :L� :� @KHNI	� MA>R� PBEE� ;>:K�
MA>�<HLML�H?�MA>� :==BMBHG:E�@K:SBG@� :G=�>LI><B:EER�PA>G�BM�<K>:M>L�
:� LBMN:MBHG� BG� PAB<A� @K:SBG@� H<<NKL� ?:LM>K� MA:G� MA>� K>LHNK<>� <:G�

��� ) � .  +&�*//"*
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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


;>�K>@>G>K:M>=���EE�A>K=>KL�LA:K>�MA>�<HLM�H?�HO>K@K:SBG@	�;NM�MA>�
;>G>vM�H?�MA>�>QMK:�LA>>I�@H>L�MH�MA>�LA>>InL�LHE>�HPG>K��

0H�:OHB=�HO>KA:KO>LMBG@�H?�MA>�K>LHNK<>	�%:K=BG�:K@N>=�MA:M�MA>K>�
BL�:�G>>=�?HK�LMKB<M�@HO>KGF>GM:E�K>@NE:MBHG�HK�IKBO:MBS:MBHG�H?�MA>�
K>LHNK<>L�� 3BMAHNM� MA>L>� BGM>KO>GMBHGL	� MA>� A>K=>KL� PHNE=�
BG>OBM:;ER�HO>KA:KO>LM��%:K=BGnL�>LL:R�P:L�AB@AER�BGwN>GMB:E�:FHG@�
>F>K@BG@� >GOBKHGF>GM:EBLML� PAH� P>K>� ;><HFBG@� BG<K>:LBG@ER�
<HG<>KG>=�PBMA�MA>�F:GR�ANF:G
<:NL>=�>GOBKHGF>GM:E�IKH;E>FL��
0A>R� <:EE>=� MA>� @HO>KGF>GM� MH� :<MBHG	� :G=� G>P� K>@NE:MBHGL� P>K>�
PKBMM>G�MH�K>=N<>�IHEENMBHG�:G=�:OHB=�HO>KA:KO>LMBG@��

/BG<>� %:K=BGnL� >LL:R	� BG<K>:LBG@� :P:K>G>LL� :ELH� >F>K@>=� MA:M�
:� MK:@>=R� BL� GHM� MA>� HGER� IHLLB;E>� HNM<HF>� PA>G� I>HIE>� LA:K>�
:� <HFFHG� K >LHNK<>�� 0A>K>� :K>� F:GR� > Q:FIE>L� H?� EHG@
E:LMBG@�
<HFFNGBMB>L� MA:M� A:O>� F:BGM:BG>=� MA>BK� <HFFHG� K>LHNK<>L�
>y><MBO>ER�� /BG<>� MA>� ���
L	� MA>K>� A:L� ;>>G� :G� BG<K>:LBG@�
BGM>K=BL<BIEBG:KR�>yHKM�MH�=>;NGD�MA>�LBFIEBLMB<�OB>P�H?�MA>�MK:@>=R�
H?� MA>� <HFFHGL��"EBGHK� +LMKHF � :G=� HMA>KL� LAHP>=� MAKHN@A� :�
<HFI:K :MBO>� :G:ERLBL�H?�F:GR�<:L>�LMN=B>L�MA:M�ANF:GL�<:G�L>E?

@HO>KG�MA>BK�<HFFHG�K>LHNK<>L��zG�A>K�<E:LLB<�LMN=R�o$HO>KGBG@�MA>�
 HFFHGL	p�"EBGHK�+LMKHF�=>vG>L�>B@AM�IKBG<BIE>L�MA:M�>GA:G<>�MA>�
EBD>EBAHH=� H?� L>E?
@HO>KG:G<>	� BG<EN=BG@� >y><MBO>� FHGBMHKBG@� :G=�
LMKB<M�;HNG=:KB>L�H?�MA>�K>LHNK<>��

zG� MABL� <A:IM>K	� P>� LAHP� MAKHN@A� LHF>� LBFIE>� FH=>EL� PA:M�
A:II>GL�PA>G�:@>GML�<HGLNF>�LA:K>=�K>LHNK<>L�:G=�:K>�@K>>=R	�
HK� PA>G� MA>R� BFBM:M>� HMA>K� LN<<>LL?NE� :@>GML� :G=� PA:M� A:II>GL�
PA>G�FHGBMHKBG@�:G=�L:G<MBHGBG@�BL�BG<EN=>=��

�5*+2/4-�9.+�" 7'-+*>�
3 >�IK>L>GM�:�LBFIE>�FH=>E�PA>K>�:@>GML�A:KO>LM�?KHF�:�LA:K >=�

K>LHNK<>� PBMAHNM� K>LMKB<MBHGL�� 3>� PBEE� L>>� MA:M� MABL� E>:=L� MH� MA>�
HO>KA:KO>LMBG@�H?�MA>�LA:K>=�K>LHNK<>��0A>K>�BL�:�GNF;>K�H?�MP>:DL�
MH� MA>� FH=>E	� PAB<A� BGMKH=N<>L� LHF>� G>P� IKBFBMBO>L� :@:BG�� 3>�
NL>=�MA>�3>:EMA�!BLMKB;NMBHG�BG�MA>�/H<B:E�/<B>G<>�?HE=>K�H?�*>M(H@H�
; R�1KB�3BE>GLDR�:L�MA>�LM:KMBG@�IHBGM��+NK�FH=>E�O>KLBHG�MA:M�<HO>KL�
MABL�L><MBHG�:G=�MA>�G>QM�<:G�;>�=HPGEH:=>=�A>K>��

$+ 2".*z*$ 0%"  +))+*/ ���

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


#BKLM	�P>�FH=>E�MA>�K>LHNK<>��*HM�>O>KR�<>EE�A:L�MA>�L:F>�<:KKRBG@�
<:I:<BMR�� #BKLM	� P>�L>M� :� I>K<>GM:@>�I>K<>GM
;>LM
E:G=� H?�MA>�<>EEL�
:M� MA>� F:QBFNF� <:KKRBG@� <:I:<BMR�� 0ABL� 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 
   ] 

0ABL�E>:=L�MH�:�K:G=HFER�=BLMKB;NM>=�GNF;>K�H?�<>EEL�MA:M�A:O>�MA>�
F:QBFNF�K >LHNK<>�E>O>E�:L�LAHPG�BG�#B@NK>����

��	 ) � .  +&�*//"*
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A2E496D�	�

/N;L>JN>GMER	�P>�NL>�MA>�IKBFBMBO>�=ByNL>�MH�LIK>:=�K>LHNK<>L�MH�
G>B@A;HKBG@� I:M<A>L��!ByNL>� K>LHNK<>
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   repeat  5 
      [ ask  patches with  [max-resource-here !=  0] 
            [ set  resource-here max-resource-here ] 
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         diffuse  resource-here 0.25  ] 
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repeat  10 
[ 
   diffuse  resource-here 0.25 
] 
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let  threshold min-norm-resource 
let  cheatingagents turtles in-radius  radius with [harvestedlevel 
if  cheatingagents !=  nobody  [ 
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 set  wealth wealth Ð count  cheatingagent *  costpunish 
 ask  cheatingagents [ set  wealth wealth Ð costpunished] 
] 
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Networks 

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

q� ;>�BGMKH=N<>=�MH�MA>�<HG<>IM�H?�G>MPHKDL	�

q� ;>�IK >L>GM>=�=By>K>GM�MRI>L�H?�G>MPHKDL�LN<A�:L�K:G=HF�
G>MPHKD	�LF:EE
PHKE=�G>MPHKD�:G=�L<:E>
?K>>�G>MPHKD	�

q� ;>�> QIHL>=�MH�F>MKB<L�MH�<HFI:K>�G>MPHKDL�LN<A�:L�
=>@K>>	�I:MA�E>G@MA	�:G=�<ENLM>KBG@�<H>x<B>GM��

 
zG� IK>OBHNL� <A:IM>KL	� MA>� BGM>K:<MBHGL� P>K>� H?M>G� =>vG>=� ;R�

K:G=HF� BGM>K:<MBHG	� MA>� LI:MB:E� IKHQBFBMR� H?� FHOBG@� :@>GML	� HK�
LI:MB:E�IKHQBFBMR�H?�LM:MBHG:KR�:@>GML��zG�MABL�<A:IM>K	�P>�?H<NL�HG�
:@>GML�BGM>K:<MBG@�PBMABG�LH<B:E�G>MPHKDL���G�>Q<>EE>GM�>Q:FIE>�H?�
:� LH<B:E� G>MPHKD� BL� #:<>;HHD	� PA>K>� I>HIE>� BGM>K:<M� PBMA� HMA>KL�
;><:NL>� H?� MA>BK� LH<B:E� <HGG><MBHGL	� GHM� ;><:NL>� H?� LI:MB:E�
IKHQBFBMR��0AHL>�BGM>K:<MBHGL�:K>�:ELH�GHM�K:G=HF�LBG<>�PA>G�P>�
:G:ERS>� MA>� LMKN<MNK>� H?� MAHL>� LH<B:E� BGM>K:<MBHGL	� P>� H;L>KO>�
IA>GHF>G:�GHM�H;L>KO>=�BG�K:G=HF�G>MPHKDL	�:L�P>�PBEE�=BL<NLL�
;>EHP��

0A>� LMN=R� H?� G>MPHKDL� BL� MA>� LMN=R� H?� MA>� LMKN<MNK>� H?�
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K>E:MBHGLABIL� ;>MP>>G�GH=>L� �H?M>G� :@>GML�BG�HNK�FH=>EL�	�PAB<A�
:y><M� MA>� HNM<HF>� H?� IKH<>LL>L� LN<A� :L� MA>� LIK>:=� H?� KNFHKL�
HK�=BL>:L>L�� z?� :�P>EE�<HGG><M>=�#:<>;HHD�F>F;>K� INML� :�KNFHK�
HG�A>K� I:@>	�MABL�BG?HKF:MBHG�PBEE�LIK>:=�FN<A�?:LM>K� :FHG@�MA>�
#:<>;HHD� <HFFNGBMR� <HFI:K>=� MH� MA>� <:L>� BG� PAB<A� MA>� L:F>�
KNFHK� BL� IE:<>=� HG� MA>� I:@>� H?� :� I>KLHG� PAH� A:L� HGER� :� LF:EE�
GNF;>K�H?�GHM�O>KR�:<MBO>�?KB>G=L���NM�PA:M�=H�P>�F>:G�PBMA�oP>EE�
<HGG><M>=�p�zG�MABL�<A:IM>K	�P>�PBEE� IK>L>GM�:�GNF;>K�H?�G>MPHKD�
F>MKB<L�MA:M�<:G�;>�<:E<NE:M>=�MH�=>vG>�H;C><MBO>�F>:LNK>F>GML�H?�
G>MPHKD�LMKN<MNK>�MA:M�<:G�A>EI�NG=>KLM:G=�AHP�LMKN<MNK>�BFI:<ML�
MA>�IKH<>LL>L�HG�MA>�G>MPHKD��3>�PBEE�=BL<NLL�O:KBHNL�:IIEB<:MBHGL�
BG�MA>�<HFBG@�<A:IM>KL��zG�MABL�<A:IM>K	�P>�PBEE�=BL<NLL�MA>�;:LB<L�H?�
G>MPHKDL��

�'8/)8�5,��+9<5718�
��G>MPHKD�BL� :� <HEE><MBHG� H?�GH=>L�MA:M� :K>�<HGG><M>=� ;R�EBGDL��

�� GH=>� <:G� K>IK>L>GM� :� I>KLHG	� :� ?:FBER	� :� G:MBHG	� :� <HFINM>K	�
:�LI><B>L	�>M<�� (BGDL�=>vG>� :�K>E:MBHGLABI� ;>MP>>G�GH=>L�LN<A� :L�
?KB>G=LABI	� DBGLABI	� :� AB@AP:R	� PAH
BL
>:MBG@
PAHF	� >M<�� zG� :�
*>M(H@H�FH=>E	�P>�PBEE�A:O>�MNKME>L�=>vG>=�:L�MA>�GH=>L��0A>�EBGDL�
:K>�=>vG>=�:L�:�LI:MB:E�<:M>@HKR�EBGD�G>QM�MH�I:M<A�:G=� MNKME>��

(BGDL�<:G� ;>�=BK><M>=�� ��EBGD�K>IK>L>GMBG@�:@>GM���BL�MA>�I:K>GM�
H?� :@>GM� �� BL� :� =BK><M� EBGD� �#B@NK>� ���� �NM� :� EBGD� MA:M� K>IK>L>GML� :�
?KB>G=LABI�;>MP>>G�:@>GML���:G=���<:G�;>�:G�NG=BK><M>=�EBGD��0A:M�
BL	�B?�;HMA�:@>GML�L>>�>:<A�HMA>K�:L�?KB>G=L��
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":<A� :@>GM� <:G� A:O>� :� GNF;>K� H?� EBGDL�� 0A>� GNF;>K� H?� EBGDL� :G�
:@>GM� A:L� BL� <:EE>=� =>@K>>�� z?� :G� :@>GM� A:L� vO>� NG=BK><M>=�
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<HGG><MBHGL	�P>�PHNE=�L:R�MA:M�MA>�:@>GMnL�=>@K>>�BL�vO>��#B@NK>�����
zG�LHF>�G>MPHKDL	�MA>�=>@K>>�BL�MA>�L:F>�?HK�>:<A�:@>GM	�PABE>�BG�
HMA>KL	�MA>�=>@K>>�BL�=By>K>GM�?HK�>:<A� :@>GM��0A>�=BLMKB;NMBHG�H?�
=>@K>>L�BG�:�IHINE:MBHG�H?�:@>GML�NL�:G�BFIHKM:GM�<A:K:<M>KBLMB<�H?�
:�G>MPHKD��

 :8FC6�
	��6?EC2=�?@56�82D�568C66����=67E��2?5�
��C:89E�	�

0A>� I:MAL� ;>MP>>G� GH=>L� =>vG>=� :GHMA>K� <A:K:<M>KBLMB<� H?�
G>MPHKDL��zG�MA>�v@NK>�;>EHP	�RHN�L>>�:�I:MA�;>MP>>G�MA>�MPH�K>=�
GH=>L��0A>K>�:K>�O:KBHNL�I:MAL�IHLLB;E>��0A>K>�:K>�>O>G�=By>K>GM�
LAHKM>LM� I:MAL� H?� ?HNK� EBGDL� ;>MP>>G� MA>� K>=� GH=>L�� 3>� <:G�
<:E<NE:M>� MA>� :O>K:@>� LAHKM>LM� I:MA� ;>MP>>G� >O>KR� MPH� GH=>L� H?�
:� G>MPHKD�� 0ABL� E>:=L� MH� MA>�:O>K:@>� LAHKM>LM� I:MA� E>G@MA�H?� :�
G>MPHKD��*>MPHKD�LMKN<MNK>�:y><ML�MA>�E>G@MA�H?�MA>�LAHKM>LM�I:MA	�
:G=� MA>K>?HK>� BM� ;><HF>L� :G� BFIHKM:GM� BG=B<:MHK� MH� <HFI:K>�
G>MPHKDL��0A>�LAHKM>K�MA>� :O>K:@>� I:MA�E>G@MA	�MA>�?:LM>K�P>�PBEE�
>QI><M�BG?HKF:MBHG�PBEE�=ByNL>�PBMABG�:�G>MPHKD��
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https://en.wikipedia.org/wiki/Average_path_length
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#BG:EER	� P>� EHHD� :M� MA>�<ENLM>KBG@� <H>x<B>GM� H?� :� G>MPHKD�� 0ABL�
<H>x<B>GM�BG=B<:M>L�AHP�?K>JN>GMER�EBGDL�H?�:�GH=>�:K>�EBGD>=�PBMA�
>:<A�HMA>K��zG�LH<B:E�G>MPHKDL	�P>�<:G�MABGD�H?�?KB>G=L�H?� I>KLHG�
�� :ELH�;>BG@�?KB>G=L�H?�>:<A�HMA>K�� ��AB@A>K�:FHNGM�H?�?KB>G=L�H?�
?KB>G=L�E>:=L�MH�FHK>�<ENLM>KBG@��zG�MA>�v@NK>�;>EHP	�RHN�L>>�MA:M�
MA>�K>=�GH=>�A:L�MAK>>��R>EEHP��?KB>G=L	�;NM�GHG>�H?�MA>L>�?KB>G=L�
:K>� <HGG><M>=�� 0ANL� MA>� <ENLM>KBG@� <H>x<B>GM� H?� MA>� K>=� GH=>� BL�
S>KH��0H�<:E<NE:M>�MA>�<ENLM>KBG@�<H>x<B>GM�?HK�:�G>MPHKD	�P>�M:D>�
MA>�:O>K:@>�H?�MA>�<ENLM>KBG@�<H>x<B>GML�?HK�:EE�GH=>L��
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https://en.wikipedia.org/wiki/Clustering_coefficient
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�� G>MPHKD� BL� OBLN:EBS>=� :L� :� @K:IA�� +?M>G� MA>L>� @K:IAL� A:O>� GH�
LI:MB:E�K>IK>L>GM:MBHG��zM�A:L�PA>G�BM�K>IK>L>GML�AB@AP:RL�HK�HMA>K�
IARLB<:E� G>MPHKDL�� +MA>KPBL>	� MA>L>� @K:IAL� :K >� CNLM� :� @K:IAB<:E�
K>IK>L>GM:MBHG�H?�MA>�K>E:MBHGLABIL��3>�PBEE�GHP�=BL<NLL�:�GNF;>K�
H?� =By>K>GM� MRI>L� H?� G>MPHKDL� :G=� L>>� AHP� MA>R� =By>K� BG� MA>�
G>MPHKD�F>MKB<L�=>@K>>	�I:MA�E>G@MA	�:G=�<ENLM>KBG@��
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(>MnL�LM:KM�;R�EHHDBG@�:M�:�LBFIE>�G>MPHKD	�MA>�K:G=HF�G>MPHKD��zG�
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MABL�G>MPHKD	�MA>K>�BL�:�IHINE:MBHG�H?�G�GH=>L��+G>�;R�HG>	�P>�:==�
EBGDL� ;>MP>>G� GH=>L�� 3>�=H� MABL� ;R� K:G=HFER� IB<DBG@� MPH� GH=>L�
:G=�EBGDBG@�MA>F�B?�MA>K>�BL�GH�EBGD�:EK>:=R��

zG�MA>� *>M(H@H�<H=>� �$B:GM�  HFIHG>GM�BG�MA>� *>MPHKDL�?HE=>K�
H?�MA>�*>M(H@H�EB;K:KR�	�RHN�L>>�MA:M�:==BG@�:�K:G=HF�EBGD�BL�=HG>�
:L� ?HEEHPL�� ,B<D� MPH� MNKME>L� :G=� <A><D� PA>MA>K� MA>K>� BL� :EK>:=R� :�
EBGD� ;>MP>>G� MA>F�� 0H� =H� MABL	� P>� F:D>� NL>� H?�EBGD
G>B@A;HK�� 4	�
PAB<A�BL�:�IKBFBMBO>�MA:M�BL�MKN>�B?�MA>K>�BL�:�EBGD�;>MP>>G�MA>�MNKME>�
:G=�4��z?�MA>K>�BL�GH�EBGD�:EK>:=R	�P>�<:G�<K>:M>�:�G>P�EBGD�;>MP>>G�
MA>� MPH� MNKME>L� NLBG@� <K>:M>
EBGD
PBMA� 4�� 0A>� IKH<>=NK>� :==
>=@>�
BL� :� K><NKLBO>� EHHI� MA:M� D>>IL� EHHDBG@� ?HK� GH=>L� MA:M� :K>� GHM� R>M�
<HGG><M>=�;>?HK>�:==BG@�:�G>P�EBGD��

to  add-edge 
   let  node1 one-of turtles 
   let  node2 one-of turtles 
   ask  node1 [ 
      ifelse link-neighbor?  node2 or  node1 = node2 
      [ add-edge ] 
      [ create-link-with  node2 ] 
   ] 
end 

zG� #B@NK>� �	� RHN� L>>� AHP� MA>� G>MPHKD� BL� OBLN:EBS>=� =NKBG@� MA>�
<HGLMKN<MBHG� H?� EBGDL�� 0A>� K>=� EBGDL� :G=� MNKME>L� :K>� MA>� E:K@>LM�
<HGG><M>=�<HFIHG>GM�H?�MA>�G>MPHKD��

�
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3 >� <:G� OBLN:EBS>� MA>� K>E:MBO>� LBS>� H?� MA>� ;B@@>LM� <HFIHG>GM� HO>K�
MBF>� �#B@NK>� ���� zGBMB:EER	� MA>� LBS>� BL� O>KR� LF:EE	� CNLM� :� ?>P� MNKME>L��
0A>G�MA>K>�:K>�CNFIL	�:L�LF:EE�<HFIHG>GML�@>M�<HGG><M>=��zM�M:D>L�
:�PABE>�NGMBE�:EE�MNKME>L�:K>�<HGG><M>=��
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E96�H9@=6�?6EH@C<	�,96�G6CE:42=�=:?6�:D�E96�>@>6?E�:?�E:>6�H96C6�E96C6�2C6�2D�

>2?J�=:?<D�2D�EFCE=6D	�

*HM�:EE�MNKME>L�A:O>�MA>�L:F>�GNF;>K�H?�EBGDL� �#B@NK>���	� ;NM�MA>R�
PBEE�>:<A�A:O>�:�FBGBFNF�H?���LBG<>�MA>�FH=>E�K:G�NGMBE�:EE�MNKME>L�
P>K>� <HGG><M>=�� zG� MA>� >Q:FIE>� LBFNE:MBHG	� P>� L>>� MA:M� MA>�
GNF;>K�H?�EBGDL�O:KB>L�?KHF���MH�����0A>�F>=B:G�=>@K>>�BL����0A>�
<ENLM>KBG@�<H>x<B>GM�BL� 
�
��� :G=�MA>� :O>K:@>�I:MA�E>G@MA�BL� �����
EBGDL��

�
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!3'22�% 572*��+9<5718�
+G>�F:R�A:O>�> QI>KB>G<>=�:G�>G<HNGM>K�PBMA�:�LMK:G@>K�EBGD>=�

PBMABG� CNLM� :� ?>P� <HGG><MBHGL� PBMA� RHN�� zG� MABL� P:R	� HG>� FB@AM�
;>�CNLM� :�?>P�A:G=LA:D>L� :P:R�?KHF�MA>� ,K>LB=>GM�H?�MA>�1GBM>=�
/M:M>L�� (>MnL� =>vG>� oA:G=LA:D>p� A>K>� :K>� EBM>K:EER� LA:DBG@�
LHF>HG>nL�A:G=�:L�RHN�F>>M�BG�I>KLHG��HK�:GR�:EM>KG:MBO>�@K>>MBG@�
KBMN:E�=NKBG@�:�I:G=>FB<���(>MnL�>Q<EN=>�MA>�A:G=LA:D>L�,K>LB=>GML�
@BO>�MH�MA>�<KHP=�PA>G�MA>R�A:O>�K:EEB>=��/H	�AHP�F:GR�A:G=LA:D >L�
:K>� RHN� :P:R� ?KHF� MA>� ,K>LB=>GM�� 5HN� F:R� ;>� LNKIKBL>=� :M� AHP�
LF:EE�MABL�GNF;>K�BL�?HK�FHLM�I>HIE>�� (>MnL�=H�MABL�PBMA� :� I>KLHG�
IB<D>=� :M�K:G=HF�?KHF�MA>� ;BEEBHGL�H?� :=NEML�EBOBG@�HG�MABL� IE:G>M�
:G=�MKR�MH�=>vG>�AHP�F:GR�A:G=LA:D >L�MA>R�:K>�:P:R ���GR�@N>LL��
%>K>�P>�PHNE=�>QI><M�MA:M�MABL�GNF;>K�BL�GHM�FN<A�FHK>�MA:G�:�
A:G=?NE�H?�A:G=LA:D>L��

0ABL� LN@@>LML� MA:M� MA>� :O>K:@>� I:MA� E>G@MA� H?� LH<B:E� G>MPHKDL�
:KHNG=� MA>� PHKE=� BL� LF:EE�� ,LR<AHEH@BLM�/M:GE>R� )BE@K:F � =B=� :G�
>QI>KBF>GM� BG� MA>� ���
L� PA>K>� A>� :LD>=� :� GNF;>K� H?� I>HIE>� BG�
MA>� FB=P>LM>KG� 1GBM>=� /M:M>L� MH� L>G=� :� E>MM>K� MH� LHF>;H=R� BG�
�HLMHG�� %HP>O>K	� MA>R� =B=� GHM� K><>BO>� MA>� I>KLHGnL� :==K>LL	� ;NM�
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https://en.wikipedia.org/wiki/Stanley_Milgram


CNLM� :� GNF;>K� H?� ABGML	� EBD>� :G� H<<NI:MBHG�� 0H� K>:<A� MA>BK� M:K@>M	�
I>HIE>� A:=� MH� L>G=� MA>� E>MM>K� MH� LHF>;H=R� MA>R� MAHN@AM� PHNE=�
A:O>�FHK>�LN<<>LL�BG�vG=BG@�MA>�M:K@>M��)BE@K:F�P:L�BGM>K>LM>=�BG�
PA>MA>K�MA>�E>MM>KL�PHNE=� :KKBO>� :M�MA>BK�M:K@>M� :==K>LL� :G=�AHP�
F:GR�<HGG><MBHGL�BM�PHNE=�M:D>��*HM�:EE�E>MM>KL�K>:<A>=�MA>BK�M:K@>M	�
;NM�H?�MAHL>�MA:M�K>:<A>=�MA>�M:K@>M	�MA>�:O>K:@>�GNF;>K�H?�EBGDL�
P:L�LBQ��0ABL�E>=�MH�MA>�L:RBG@�MA:M�:EE�I>HIE>�:K>	�HG�:O>K:@>	�CNLM�
LBQ�A:G=LA:D>L�:P:R ��0A>�>QI>KBF>GM�P:L�K>IEB<:M>=����R>:KL�E:M>K�
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:�GH=>	�P>�PBEE�EHHD�:M�:EE�MA>�?KB>G=L�H?�MABL�GH=>	�:G=�<HNGM�AHP�
F:GR� IHLLB;E>� ?KB>G=LABIL� >QBLM� ;>MP>>G� GH=>L�� 0A>� MHM:E� :<MN:E�
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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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3A>G� P>� K>EBGD� :� ?>P� GH=>L	� MA>� :O>K:@>� I:MA� E>G@MA� =KHIL�
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NL>�BL�>G=� 	�PAB<A�BG=B<:M>L�MA>�vKLM�MNKME>�H?�:�EBGD��zG�:�=BK><M>=�
EBGD	�MABL�PBEE�;>�MA>�LHNK<>	�:G=�?HK�NG=BK><M>=�EBGDL	�BM�PBEE�;>�MA>�
MNKME>�PBMA�MA>�EHP>K�PAH�GNF;>K��3 >�vKLM�<A><D�PA>MA>K�G>P�EBGDL�
<:G�LMBEE�;>�:==>=�MH�MA>�MNKME>�H?�BGM>K>LM��z?�MABL�BL�MA>�<:L>	�:�MNKME>�
BL�=K:PG�PAH�BL�GHM�R>M�<HGG><M>=�MH�MA>�MNKME>�H?�BGM>K>LM��3>�MA>G�
<K>:M>�:�EBGD�;>MP>>G�;HMA�MNKME>L��zG�*>MEH@H�MABL�EHHDL�EBD>�

let  node1 end1 
if  [ count link-neighbors ] of  end1 < ( count turtles -  1) 
[ 
      let  node2 one-of turtles with [ 
           ( self != node1) and  ( not link-neighbor?  node1) 
      ] 
      ask  node1 [ create-link-with  node2] 
] 

3A>G�P>�LM:KM�K>EBGDBG@	�P>�PBEE�F:D>�<KHLL
<NML�?KHF�HG>�I:KM�H?�
MA>� G>MPHKD� MH� :GHMA>K� I:KM� �#B@NK>� ���� 0ABL� PBEE� E>:=� MH� LAHKM>K�
I:MAL�;>MP>>G�MA>�>G=L�H?�MA>�G>MPHKD��
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BG�#B@NK>��
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0A>� vG:E� <:KMHHG� G>MPHKD� P>� PBEE� =BL<NLL� BL� MA>� L<:E>
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G>MPHKD��0A>�M>KF�<:KMHHG�G>MPHKD�BL�NL>=�LBG<>�:<MN:E�G>MPHKDL�
=H�GHM�>Q:<MER�?HEEHP�MA>�B=>:EBS>=�G>MPHKDL�P>�:K>�FH=>EBG@��)HK>�
=>M:BE>=� LBFNE:MBHG� FH=>EL� G>>=� MH� ;>� NL>=� MH� <:IMNK>� FHK>�
=>M:BE>=�G>MPHKD�<A:K:<M>KBLMB<L�H?�LI><Bv<�G>MPHKDL��

0A>� L<:E>
?K>>� G>MPHKD� <:IMNK>L� MA>� H;L>KO:MBHG� MA:M� =>@K>>�
=BLMKB;NMBHG� BL� GHM� GHKF:EER� =BLMKB;NM>=� BG� F:GR� K>:E
PHKE=�
G>MPHKDL	�:L�L>>G�BG�#B@NK>L���:G=�����#HK�> Q:FIE>	�F:GR�P>;LBM>L�
=H�GHM�EBGD�MH�HMA>KL	�;NM�LHF>�A:O>�F:GR�EBGDL��0ABL�E:LM�<:M>@HKR�
BL� <HGLB=>K>=� MH� ;>� :� AN;�� z?� P>� IEHMM>=� MA>� =>@K>>� =BLMKB;NMBHG�
HG�:�EH@
EH@�L<:E>	�P>�PHNE=�L>>�:�LMK:B@AM�EBG>��z?�BM�P:L�:�GHKF:E�
=BLMKB;NMBHG	�MA>�?K>JN>G<R�H?�H;L>KO:MBHGL�PBMA� :�AB@A�BG
=>@K>>	�
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=BLMKB;NMBHG	�MA>�=BLMKB;NMBHG�A:L�?:M�M:BEL��0A>K>�:K>�FHK>�HNMEB>KL�
MA:G�PHNE=�A:O>�;>>G�BG�:�GHKF:E�=BLMKB;NMBHG��

�:K :;:LB� :G=� �E;>KM� ������� IN;EBLA>=� :� LBFIE>� FH=>E� MA:M�
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https://en.wikipedia.org/wiki/Log%E2%80%93log_plot
https://en.wikipedia.org/wiki/Fat-tailed_distribution


FH=>E� BL� ;:L>=� HG�IK>?>K>GMB:E� :MM:<AF>GM�� /M:KMBG@� PBMA� MPH�
GH=>L	�>O>KR�G>P�GH=>�PBEE�;>�EBGD>=�MH�MA>�>QBLMBG@�G>MPHKD	� ;NM�
PBMA� :�AB@A>K� IK>?>K>G<>�MH�GH=>L�PBMA� :�AB@A>K�=>@K>>�GNF;>K��
0ANL�GH=>L�PBMA�:�AB@A�=>@K>>�A:O>�:�AB@A>K�IKH;:;BEBMR�H?�@>MMBG@�
FHK>�GH=>L�<HGG><M>=��0ABL�BL�:ELH�<:EE>=�MA>�oKB<A�;><HF>�KB<A>Kp�
IA>GHF>GHG��

0H� FH=>E� MA>� IKH<>LL� H?� =K:PBG@� :� <HGG><MBG@� GH=>� ;:L>=� HG�
MA>� =>@K>>� H?� MA>� GH=>L� :EK>:=R� BG� MA>� G>MPHKD	� P>� PBEE� NL>� MA>�
,K>?>K>GMB:E� �MM:<AF>GM� FH=>E� BG� MA>� *>MPHKDL� ?HE=>K� H?� MA>�
*>M(H@H�EB;K:KR��#BKLM	�P>�=K:P�:�K :G=HF�O:EN>�;>MP>>G�
�:G=�MA>�
MHM:E�=>@K>>�GNF;>K�BG�MA>�G>MPHKD��zG�K:G=HF�HK=>K	�MA>�=>@K>>�
H?�MNKME>L�BL�LN;MK:<M>=�?KHF�MABL�K:G=HF�O:EN>�NGMBE�MA>�:E@HKBMAF�
@>ML�MH�:�=>@K>>�H?�:�MNKME>�;>BG@�EHP>K�MA:G�MA>�:=CNLM>=�K:G=HF�
O:EN>�BGBMB:EER�@>G>K:M>=��0ABL�BL�:�I:KMG>KBG@�MNKME>�MA:M�BL�=K:PG�MH�
;>�<HGG><M>=�MH�MA>�G>P�MNKME>L��0A>�AB@A>K�MA>�E>O>E�H?�MA>�=>@K>>	�
MA>�FHK>�EBD>ER�MA:M�MNKME>�PBEE�;>�=K:PG��

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@NK>����RHN�L>>�:�LG:ILAHM�H?�MA>�G>MPHKD�@>G>K:MBHG�BG�MA>�
IKH<>LL��0A>�LBS>�H?�MA>�GH=>L�BL�IKHIHKMBHG:E�MH�MA>�=>@K>>��3 >�L>>�
:�?>P�AN;L�:G=�F:GR�GH=>L�MA:M�:K>�HGER�<HGG><M>=�MH�HG>�HMA>K�
GH=>��
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https://en.wikipedia.org/wiki/Preferential_attachment
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Epidemics 
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q� ;>�BGMKH=N<>=�MH�MA>�/z.�FH=>E�MH�FH=>E�>IB=>FB<L	�

q� L>>�MA>�=>vGBMBHG�H?�.
	�PAB<A�LAHPL�PA>MA>K�:G�
>IB=>FB<�PBEE�A:II>G�HK�GHM	�

q� >QIEHK>�MA>�>y><M�H?�G>MPHKD�LMKN<MNK>�HG�MA>�LIK>:=�H?�
BG?><MBHNL�=BL>:L>L��

 
zG� MA>� FHOB>� HGM:@BHG	� :� ;BK=
wN
BG?><M>=� F>:E� BG� %HG@� 'HG@�
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https://en.wikipedia.org/wiki/Contagion_(2011_film)
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:K>	� MA>� FHK>� MA>R� <:G� BG?><M� LNL<>IMB;E>� I>HIE>�� 0A>� I:K:F>M>K�
d� BL� MA>� <HGM:<M� K:M>	� K>IK>L>GMBG@� MA>� K:M>� H?� BG?><MBHGL� PA>G�
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https://en.wikipedia.org/wiki/Compartmental_models_in_epidemiology#The_SIR_model
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0H�<HF;:M�MA>�>IB=>FB<	� .
�G>>=L�MH� ;><HF>�EHP>K�MA:G� ���0H�

=H�MABL	�P>�G>>=�MH�K>=N<>�d	�PAB<A�F>:GL�:�<A:G@>�BG�;>A:OBHKL�
MH�K>=N<>�MA>�LIK>:=�MAKHN@A�BGM>K:<MBHGL�LN<A�:L�A:G=�P:LABG@	�
;>MM>K�AR@B>G>	�:G=�NLBG@�<HG=HFL	�HK�BG<K>:L>�e	�PAB<A�PBEE�;>�MA>�
BFIKHO>F>GM�H?�F>=B<:E�MK>:MF>GML�MH�BFIKHO>�K><HO>KR��
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0A>� =By>K>G<>� >JN:MBHG
;:L>=� FH=>E	� :L� =>L<KB;>=� :;HO>	�

:LLNF>L� MA:M� F:GR� :@>GML� :K>� K:G=HFER� BGM>K:<MBG@�� 3>� GHP�
=BL<NLL� :G� :@>GM
;:L>=� FH=>E� PA>K>� P>� =BLMBG@NBLA� LNL<>IMB;E>	�
BG?><M>=	� :G=� K><HO>K>=� :@>GML�� 3>� PBEE� NL>� MA>� FH=>E� o2BKNL� HG�
:� *>MPHKDp� BG� MA>� *>MPHKDL� ?HE=>K� H?� MA>� *>M(H@H� EB;K:KR� :L� MA>�
LM:KMBG@�IHBGM��

$BO>G� :K>� :@>GML� <HGG><M>=� BG� :� G>MPHKD�� 0A>� G>MPHKD� BL�
@>G>K:M>=�:L�?HEEHPL��#BKLM	�:EE�MA>�:@>GML�:K>�K:G=HFER�INM�HG�MA>�
E:G=L<:I>��

crt  number-of-nodes 
[ 
     setxy  random-xcor random-ycor 
] 

0A>G�P>�=>vG>�MA>�GNF;>K�H?�EBGDL�MA:M�PBEE�;>�@>G>K:M>=�LN<A�MA:M�
MA>�G>MPHKD�A:L�:�LI><Bv<�:O>K:@>�=>@K>>��:O>K:@>
GH=>
=>@K>>�

let  num-links (average-node-degree *  number-of-nodes) /  2 

(BGDL�:K>�:==>=�HG>�; R�HG>�NGMBE�GNF
EBGDL�BL�K>:<A>=��"O>KR�MBF>�
LM>I�HG>�H?�MA>�MNKME>L�BL�L>E><M>=�K:G=HFER�:G=�MA>�G>:K>LM�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-neighbor? myself
         if  choice !=  nobody  [ create-link-with  choice] 
     ] 
] 

�@>GML�PAH�:K>�<HGG><M>=�F:R�:y><M�>:<A�HMA>KnL�LM:M>��zG?><M>=�
:@>GML� F:R� BG?><M� LNL<>IMB;E>� :@>GML�� ":<A� LNL<>IMB;E>� G>B@A;HK�
H?� :G� BG?><M>=� :@>GM� A:L� MA>� IKH;:;BEBMR OBKNL
LIK>:=
<A:G<> � H?�
@>MMBG@� BG?><M>=�� ":<A� BG?><M>=� :@>GM� A:L� :� IKH;:;BEBMR�K><HO>KR

<A:G<>�H?�K><HO>KBG@��z?�:G�:@>GM�K><HO>KL	�BM�<:G�;><HF>�BFFNG>�
PBMA� :� IKH;:;BEBMR�@:BG
K>LBLM:G<>
<A:G<>�HK� ;><HF>� LNL<>IMB;E>�
:@:BG��0ABL�BL�BFIE>F>GM>=�BG�*>M(H@H�BG�MA>�?HEEHPBG@�P:R��

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 
         ][ 
              set  infected? false 
              set  resistant? false 
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              set color  green 
         ] 
     ] 
] 
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zGBMB:EER	�MAK>>�:@>GML�:K>�BG?><M>=	�:G=�PBMABG�:�?>P�MBF>�LM>IL	�P>�
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GNF;>K� H?� HIMBHGL�� 3>� <:G� O:<<BG:M>� I>HIE>� B?� :� O:<<BG>� BL�
:O:BE:;E>�� 3BMA� O:<<BG:MBHG	� P>� K>=N<>� MA>� E>O>E� H?� LNL<>IMB;E>�
BG=BOB=N:EL� :G=� PBEE� K>=N<>� MA>� O:EN>� H?� .
�� �GHMA>K� HIMBHG� BL� MH�
K>=N<>� MA>� BGM>K:<MBHGL� ;>MP>>G� :@>GML�� zG� IK:<MB<>	� L<AHHEL� :K>�
H?M>G� <EHL>=� =NKBG@� :G� HNM;K>:D� H?� :� OBKNL� LBG<>� <ABE=K>G� :K>� :G�
>y><MBO>�AHLM�BG�MA>�LIK>:=�H?�=BL>:L>L�EBD>�MA>�wN��3BMA�L>QN:EER�
MK:GLFBMM>=� =BL>:L>L� EBD>� %z2	� M:K@>MBG@� IKHLMBMNM>L� BL� :� <HFFHG�
:IIK H:<A�LBG<>�MA>R�:K>�MA>�AN;L�BG�BGM>K:<MBHGL�;>MP>>G�:@>GML��
�L� :G� > Q>K<BL>	� P>� <:G� BFIE>F>GM� MA>� HIMBHG� H?� =>:<MBO:MBG@� :G�
:@>GM� ;R�<EB<DBG@�MA>F�PBMA�RHNK�FHNL>�� .NG�MA>�FH=>E� :G=�L>>�
PA>MA>K�RHN�<:G�BLHE:M>�MA>�OBKNL��#B@NK>������L�RHN�<:G�L>>	�MABL�BL�
GHM�:G�>:LR�:IIKH:<A��

0H�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� LEHP� =HPG� MA>� LI>>=� H?� MA>� FH=>E� �LEB=>K� BG�
zGM>K?:<>�� MH� :OHB=� MA>� FH=>E� @HBG@� MHH� ?:LM� <HFI:K>=� MH� RHNK�
:;BEBMR�MH�<EB<D�HG�MA>�MNKME>L�RHN�EBD>�MH�BLHE:M>��
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�GHMA>K� :IIKH:<A� BL� MH� =>:<MBO:M>� MA>� EBGDL� PBMA� MA>� AB@A>LM�
=>@K>>L��0H�FH=>E�MABL�BG�*>M(H@H	�P>�<K>:M>� :�PABE>�EHHI�BG�MA>�
L>MNI�IKH<>=NK>	�:G=�P>�vG=�HG>�H?�MA>�MNKME>L�MA:M�A:O>�MA>�FHLM�
G>B@A;HKL� :G=� A:O>� GHM� ;>>G� BLHE:M>=� R>M�� 3>� MA>G� BLHE:M>� MA:M�
:@>GM��3A>G�:G�:@>GM�BL�BLHE:M>=	�P>�@BO>�MA>F�MA>�<HEHK�;EN>��

let  i 0 
while  [i < numberofisolatedagents] 
[ 
   let  target max-one-of turtles with  [ color != blue ] [ count link-neighbors
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   ask  target [ 
      set  infected? false 
      set  resistance? true 
      set  color blue 
   ] 
   set  i i + 1 
] 

3 >�LBFNE:M>�MA>�FH=>E��


�MBF>L�?HK�=By>K>GM�GNF;>KL�H?�:@>GML�
MH� ;>�BLHE:M>=	� :G=�P>�L>>�MA:M�FHK>� :@>GML� :K>�GHM�@>MMBG@�LB<D��
3A:M�BL�MA>�;>G>vM�H?�BLHE:MBG@�:�I>KLHG��zG�#B@NK>��	�P>�LAHP�MA:M�
?HK� >:<A� BLHE:M>=� I>KLHG	� HG� :O>K:@>	� HG>� HK� MPH� HMA>K� I>KLHGL�
:K>�LI:K >=��%HP>O>K	�:?M>K�BLHE:MBG@��
�:@>GML	�MA>�F:K@BG:E�;>G>vM�
LM:KML�MH�=><EBG>��
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(HHDBG@� :M� :G� >Q:FIE>� H?� PA:M� MA>� LMK:M>@R� BL� =HBG@� �#B@NK>� ��	�
P>�L>>�MA:M�BLHE:MBG@�MA>� :@>GML�PBMA�MA>�AB@A>LM�=>@K>>�E>O>EL�BL�
NGG><>LL:KR� LBG<>� BM� BL	� BG� >y><M	� BLHE:MBG@� :@>GML� ?:K� :P:R� ?KHF�
MA>� BG?><MBHG�� #NKMA>KFHK>	� BM� =H>L� GHM� BLHE:M>� MA>� LIK>:=� H?� MA>�
=BL>:L>��
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+?� <HNKL>	� BM� PHNE=� ;>� MA>� FHLM� >y><MBO>� LMK:M>@R� MH� BLHE:M>� MA>�
GH=>L� G>QM� MH� MA>� BG?><M>=� :@>GML	� ;NM� MA:M� PHNE=� GHM� ;>� :� ?:BK�
LMK:M>@R� LBG<>� MA>K>� BL� BG<HFIE>M>� :G=� =>E:R>=� BG?HKF:MBHG� BG�
K>:EBMR�:;HNM�PAH�BL�BG?><M>=��

/NIIHL>�MA:M�P>�<:G�BLHE:M>�HG>� :@>GM�>:<A�MB<D	�PAB<A� :@>GML�
PHNE=� P>� P:GM� MH� BLHE:M>�� 3>� <:G� <AHHL>� HG>� :@>GM� PBMA� MA>�
AB@A>LM� =>@K>>� >:<A� MB<D� PBMABG� :� K:=BNL� 4� H?� BG?><M>=� MNKME>L�� ��
LF:EE>K� K:=BNL� PHNE=� BG=B<:M>� MA:M� MA>� <HGMKHEE>K� PAH� BL� BLHE:MBG@�
:@>GML�A:=� ;>MM>K�BG?HKF:MBHG�HG�PA>K>�BG?><M>=� :@>GML�:K>��*HK�
LNKIKBLBG@ER	� P>� L>>� MA:M� :� LAHKM� =BLM:G<>� E>:=L� MH� ;>MM>K�
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I>K?HKF:G<>� �#B@NK>� ���� �NM� GHM� MHH� <EHL>	� AHP>O>K	� LBG<>� MA>K>�
FB@AM�GHM� ;>� :�LNx<B>GM�GNF;>K�H?�AB@AER�<HGG><M>=�GH=>L�BG� :�
LF:EE�K:=BNL�MA:M�<HNE=�LMHI�MA>�LIK>:=��#B@NK>� �� :ELH�LAHPL�MA:M�
FHK>� MA:G� �
� BLHE:M>=� :@>GML� LM:KM� @BOBG@� E>LL� >y><M� I>K� BLHE:M>=�
:@>GM�� �L� :G� >Q>K<BL>	� MKR� MH� BFIE>F>GM� MABL� LMK:M>@R� :G=� L>>�
PA>MA>K�RHN�<:G�K>IEB<:M>�MA>�K>LNEML�BG�#B@NK>����

�EMAHN@A� :@>GML� :K>�GHM�BLHE:M>=� :M�MA>�LM:KM�H?�MA>�LBFNE:MBHG	�
MA>�I>K?HKF:G<>�BL�FN<A�;>MM>K�MA:G�BLHE:MBG@�:@>GML�PBMA�:�AB@A�
=>@K>>�:M�MA>�LM:KM�H?�MA>�LBFNE:MBHG�;><:NL>�MABL�:=:IMBO>�LMK:M>@R�
BL�:BF>=�:M�LMHIIBG@�MA>�LIK>:=�H?�MA>�=BL>:L>��
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Diffusion of Innovations 
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let  sum0 0 
let  sum1 0 
ask turtles 
[ 
   set  sum0 count other turtles-here with  [ color = white  ] 
   set  sum1 count other turtles-here with [ color  = red  ] 
   if  sum0 + sum1  > 0 
   [ 
      if  (sum1 /  (sum0 + sum1) > threshold) 
      [ 
         set  color red 
      ] 
   ] 
] 

3BMA�:G�BGBMB:E�=>GLBMR�H?����H?�K>=�:@>GML	�P>�L>>�:�LEHPER�@KHPBG@�
GNF;>K�H?�K>=� :@>GML� �#B@NK>� ����3A>G�MA>�MAK>LAHE=�O:EN>L�O:KR�
:FHG@�MA>�:@>GML	�MA>�=ByNLBHG�BL�?:LM>K�MA:G�MA>�L:F>�MAK>LAHE=�
O:EN>� ?HK� :EE� MA>� :@>GML�� 0ABL� BL� BEENLMK:M>=� BG� #B@NK>� �	� PA>K>� MA>�
A>M>KH@>G>HNL�<:L>�A:L�:�LF:EE>K�GNF;>K�H?�MB<DL�MH�<HF>�MH�MA>�
=ByNLBHG�H?�K>=� :@>GML�<HFI:K>=�MH� :�AHFH@>GHNL�MAK>LAHE=�H?�

����/HF>�BGGH O:MHKL�:K>�FHK>�EBD>ER�MH�:=HIM�MA>�BGGHO:MBHG�PA>G�
MA>K>�BL�A>M>KH@>G>BMR�PA>G�CNLM�HG>�K>=�:@>GM�BL�HG�MA>�I:M<A��
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�/C:8/54�/4�'�!5)/'2��+9<571�
/NIIHL>� :@>GML� :K>� <HGG><M>=� PBMABG� :� LH<B:E� G>MPHKD	� EBD>� :�

LF:EE
PHKE=�G>MPHKD��/M:KMBG@�PBMA�HG>�K>=�:@>GM	�PABM>�:@>GML�PAH�
A:O>� :� K>=� G>B@A;HK� PBEE� :=HIM� MA>� BGGHO:MBHG�� 0ABL� E>:=L� MH� MA>�
LIK>:=�H?�BGGHO:MBHG�MAKHN@A�MA>�G>MPHKD���L�RHN�<:G�L>>�BG�#B@NK>�
�	�MA>�=ByNLBHG�M:D>L�LAHKM�<NML�H?�K>EBGD>=�GH=>L��0A>�LAHKM>K�MA>�
:O>K:@>� I:MA� E>G@MA� BG� :� G>MPHKD	� MA>� ?:LM>K� MA>� BGGHO:MBHG� PBEE�
LIK>:=��
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0H� FH=>E� MA>� =ByNLBHG� BG� G>MPHKDL	� P>� <HNGM� ?HK� >:<A� GH=>� MA>�
GNF;>K� H?� ?KB>G=L� MA:M� :K>� K>=�� �EE� :@>GML� :K>� NI=:M>=�
LRG<AKHGHNLER��0A>K>?HK>�P>�vKLM�=>vG>�MA>�GNF;>K�H?�K>=�?KB>G=L�
?HK� >:<A� GH=>	�G:G	� :G=� MA>G� <A><D� PA>MA>K� MA>� MAK>LAHE=� BL�
I:LL>=��  A><D� HNM� PA:M� A:II>GL� B?� MA>� NI=:MBG@� BL� GHM�
LRG<AKHGHNL��0A>�;:LB<�<H=>�H?�MA>�FH=>E�BL�GHP�:L�?HEEHPL��

ask turtles  [ 
   let  node1 self 
   set nan count turtles with  [ link-neighbor? node1 and color
] 
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ask  turtles  [ 
   if  nan >= threshold [ set  color  red ] 
] 

zG�#B@NK>��	�LHF>�LBFNE:MBHG�KNGL�:K>�IKHOB=>=�?HK�:�G>MPHKD�H?��

�
GH=>L�PBMA�=By>K>GM�K>PBKBG@�IKH;:;BEBMB>L��0A>K>�BL�HG>�K>=�:@>GM�
:M�MA>�LM:KM�H?�MA>�LBFNE:MBHG�� �@>GML� :=HIM�PA>G� :M�E>:LM�HG>�H?�
MA>BK�G>B@A;HKL�A:L�:=HIM>=��3>�L>>�MA:M�PA>G�:EE�:@>GML�:K>�BG�:�
<BK<E>l
GH�K>PBKBG@���
�l
MA>�GNF;>K�H?�K>=�:@>GML�LIK>:=�EBG>:KER�
NGMBE� :EE� :@>GML� :K>� :=HIM>=��3A>G�MA>K>�BL� :� LF:EE� IKH;:;BEBMR�H?�
K>PBKBG@	�MA>�:=HIMBHG�BL�:ELH�EBG>:K�NGMBE�MA>�LAHKM
<NM�BL�ABM	�PAB<A�
LI>>=L�NI�MA>�:=HIMBHG�K:M>��3 >�L>>�MA:M�?HK�E:K@>K�K>PBKBG@�K:M>L	�
MA>�=ByNLBHG�@H>L�?:LM>K	�PA>K>�:�K>PBKBG@�K:M>�>JN:E�MH���E>:=L�MH�
:�K:G=HF�G>MPHKD��
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z?� P>� <A:G@>� MA>� MAK>LAHE=� MH� MPH� G>B@A;HKL� G>>=BG@� MH� A:O>�
:=HIM>=�MA>�BGGHO:MBHG�;>?HK>�MA>� :@>GM�:=HIML	�P>�L>>�MA:M�MA>�
:=HIMBHG�PBEE�GHM�LIK>:=�MAKHN@A�MA>�PAHE>�IHINE:MBHG�PA>G�MA>K>�
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:K>�K>PBKBG@�H?�MA>�HKB@BG:E�K>@NE:K�EBGDL�;>MP>>G�G>B@A;HKL��#B@NK>�
��LAHPL�MA>�GNF;>K�H?�:=HIM>=�:@>GML�HNM�H?��

�:@>GML�:?M>K��

�
MB<D>ML	�:O>K:@>=�HO>K��

�KNGL��3A>G�MA>K>�:K>�FHK>�K:G=HF�EBGDL	�
MA>K>�BL�:�LF:EE>K�IKH;:;BEBMR�MA>�:=HIMBHG�LIK>:=L�?:K��3BMA�FHK>�
K:G=HF�EBGDL	�MA>�<ENLM>KBG@�<H>x<B>GM�BL�K>=N<>=	�:G=�BM�;><HF>L�
E>LL�EBD>ER�MA:M�:M�E>:LM�MPH�G>B@A;HKL�A:O>�:=HIM>=�MA>�BGGHO:MBHG��
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�5)1�/4�5,��7 5*:)98�
3AR�=H�P>�LHF>MBF>L�A:O>�HG>�IKH=N<M�=HFBG:MBG@�:�F:KD>M	�

>O>G�B?�BM�BL�:�IKH=N<M�MA:M�LHF>�:K@N>�MH�;>�BG?>KBHK��"Q:FIE>L�:K>�
)B<KHLH?M	�- 3".05�D >R;H:K=L	�MA>�$HH@E>�L>:K<A�>G@BG>	�>M<��0ABL�
BL� MA>� IKH;E>F� H?�EH<D
BG�� "<HGHFBLM��KB:G� �KMANK� ������� LMN=B>=�
MA>�IKH;E>F�H?�EH<D
BG�H?�M><AGHEH@B>L�:G=�=>O>EHI>=�LHF>�FH=>EL�
MA:M�LBFNE:M>�EH<D
BG�IKH<>LL>L��

0A>�;:LB<�B=>:�BL�MA>�?HEEHPBG@��/NIIHL>�MA>K>�:K>�MPH�IKH=N<ML�
MH�<AHL>�?KHF	�L:R�)B<KHLH?M�:G=��IIE>��0A>�FHK>�I>HIE>�BG�RHNK�
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>GOBKHGF>GM�PBMA�PAHF�RHN�LA:K>�=H<NF>GML�PAH�NL>�IKH=N<M��	�
MA>�FHK>�O:EN:;E>�IKH=N<M���BL��z?�:�I>KLHG�A:L�MH�<AHHL>�;>MP>>G�
MPH�IKH=N<ML	�A>�HK�LA>�PBEE�;>�FHK>�EBD>ER�MH�<AHHL>�MA>�IKH=N<M�
PBMA� :� F:CHKBMR� H?� NL>KL	� B?� MA>� MPH� IKH=N<ML� A:O>� LBFBE:K�
I>K?HKF:G<>��

3 >� <:G� BFIE>F>GM� MABL� IKH<>LL� BG� :� LBFIE>� FH=>E�� "O>KR� MBF>�
LM>I�:@>GML�F:=>�:�<AHB<>��0A>�<AHB<>�?HK�IKH=N<M���BL�IKHIHKMBHG:E�
MH� MA>� LA:K>� H?� IKH=N<M� �� H?� ;HMA� IKH=N<ML� :L� <AHL>G� BG� MA>�
IK>OBHNL� MBF>� LM>I�� /M:KMBG@� MA>� FH=>E� PBMA� >JN:E� IKH;:;BEBMB>L	�
HG>� H?� MA>� MPH� IKH=N<ML� LM:KML� MH� =HFBG:M>�� 3AB<A� IKH=N<M� PBEE�
=HFBG:M>�<:GGHM�;>�IK>=B<M>=�?KHF�MA>�LM:KM��.:G=HF�>O>GML�F:R�
@BO>� HG>� H?� MA>� IKH=N<ML� :� E:K@>K� F:KD>M� LA:K>� :G=� LMBFNE:MBG@�
=HFBG:G<>�BG�?NMNK>�MBF>�LM>IL��#B@NK>�����
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zG� #B@NK>� �	� P>� LAHP� K>LNEML� H?� :� FH=>E� PA>K>� >O>KR� MBF>
LM>I	�
:GHMA>K� :@>GM� PBEE� =><B=>� MH� >GM>K� MH� F:D>� :� =><BLBHG� ;>MP>>G�
IKH=N<ML���:G=����"O>KR�MBF>�LM>I�:@>GML�PAH�A:O>�F:=>�:�<AHB<>�
;>MP>>G���:G=���PBEE�K><HGLB=>K�BM�;:L>=�HG�MA>�<NKK>GM�:=HIMBHG�
LA:K>L��/NIIHL>�:@>GML�PBEE�GHM�K><HGLB=>K�MA>BK�=><BLBHGL	�MA>G�P>�
F:R�@>M�LM:;E>�FBQ>=�LA:K>L�H?�IKH=N<ML���:G=����#B@NK>�����+G<>�:�
E:K@>�GNF;>K�H?�:@>GML�A:O>�F:=>�MA>BK�<AHB<>�;>MP>>G���:G=��	�
>O>KR�G>P�:@>GM�PBEE�<AHHL>�K>E:MBO>�MH�MA>�?K>JN>G<R�H?�IKH=N<ML���
:G=�� ��%>G<>	�P>�G>>=�MH�BG<EN=>�LHF>�K><HGLB=>K:MBHG�H?�:@>GML�
BG�HK=>K�MH�=>KBO>�EH<D
BG�H?�HG>�H?�MA>�IKH=N<ML�PBMA�<>KM:BGMR��
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zG�#B@NK>��	�RHN�L>>�MA>�K>LNEML�H?�:�E:K@>�GNF;>K�H?�LBFNE:MBHGL��3>�
KNG�MA>�FH=>E�?HK��


�MBF>�LM>IL	�:G=�NL>�=By>K>GM�IKH;:;BEBMB>L�
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?HK� :@>GML� MH�K><HGLB=>K� MA>BK� <AHB<>L�� #HK�>:<A� IKH;:;BEBMR	� �


�
LBFNE:MBHGL� P>K>� I>K?HKF>=	� :G=� MA>� ?K:<MBHG� H?� IKH=N<M� �� P:L�
=>M>KFBG>=� :M� MA>� >G=� H?� MA>� LBFNE:MBHG�� 0A>G� P>� HK=>K>=� MA>�
LBFNE:MBHGL�:<<HK=BG@�MH�MA>�LA:K>�H?�IKH=N<M����3>�L>>�MA:M�?HK�:�
K><HGLB=>K:MBHG� IKH;:;BEBMR�H?� 
	�MA>�LA:K>�H?� IKH=N<M� ��?HEEHPL� :�
NGB?HKF�=BLMKB;NMBHG��%HP>O>K	�?HK� IKH;:;BEBMR�>JN:E�MH� 
�
�	�HG>

MABK=�H?�MA>�LBFNE:MBHGL�A:O>�:�?K:<MBHG�H?�S>KH	�:G=�HG>�MABK=�A:L�:�
?K:<MBHG�H?����%>G<>�MA>�=BLMKB;NMBHG�BL�;BIHE:K��
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%HP� =H� G>P� M><AGHEH@B>L� LIK>:=� PBMABG� :� G>MPHKD� H?�

<HGLNF>KL��zG�MABL�<A:IM>K	�P>�=BL<NLL>=�O:KBHNL�<E:LLB<�FH=>EL�MH�
<:IMNK>�MA>�MK:=BMBHG:E�/�<NKO>�H?�=ByNLBHG�H?�LN<<>LL?NE�BGGHO:MBHG	�
:G=�MA>�EH<D
BG�H?�M><AGHEH@R�:M�MA>�<HLM�H?�:�<HFI>MBG@�M><AGHEH@R��
0RIB<:E�KNE>L�H?� :=HIMBHG�K>E:M>�MH�MA>�LA:K>�H?� IKH=N<ML�PBMABG� :�
�EH<:E��G>MPHKD�:G=�MA>�MAK>LAHE=L�MA:M�LMBFNE:M>�:@>GML�MH�:=HIM�
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:G� BGGHO:MBHG�� zG� MA>� G>QM� <A:IM>K	� P>� >QM>G=>=� MABL� PHKD� ;R�
BG<EN=BG@� FHK>� >QIEB<BM� =By>K>GM� MRI>L� H?� FHMBO:MBHGL� H?� MA>�
<HGLNF>KL��

 +,+7 +4)+8�
�KMANK	�3���KB:G��������zG<K >:LBG@�K>MNKGL�:G=�I:MA�=>I>G=>G<>�

BG�MA>�><HGHFR���GG��K;HK��1GBO>KLBMR�H?�)B<AB@:G�,K>LL��
�Q>EKH=	�.H;>KM��������!BLL>FBG:MBHG�H?�<NEMNK>����FH=>E�H?�EH<:E�
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�
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�� 0A>� MBIIBG@� IHBGM�� *>P� 5HKD�� (BMME>�
�KHPG��

$K:GHO>MM>K	� ):KD� ������� 0AK>LAHE=� FH=>EL� H?� <HEE><MBO>�
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.H@>KL	�"O>K>MM�)���������0A>�=ByNLBHG�H?�BGGHO:MBHGL��*>P�5HKD��
#K>>�,K>LL��

.R:G	� �KR<>	� :G=� *>:E�  �� $K HLL� ������� 0A>� =ByNLBHG� H?� AR;KB=�
L>>=�<HKG�BG�MPH�zHP:�<HFFNGBMB>L��*FC2=�+@4:@=@8J������
����

2:E>GM>	� 0AHF:L� 3�� ������� *>MPHKD� FH=>EL� H?� MA>� =ByNLBHG� H?�
BGGHO:MBHGL�� K>LLDBEE	�*&��%:FIMHG�,K>LL	�zG<��
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Fads and Fashions 
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zG�MABL�<A:IM>K	�RHN�PBEE�

q� ;>�BGMKH=N<>=�MH�:�FH=>E�H?�<HGLNF>K�;>A:OBHK	�

q� >QI>KB>G<>�:@>GML�PAH�NL>�=By>K>GM�A>NKBLMB<L�=>I>G=>GM�
HG�B?�MA>R�:K>�L:MBLv>=�HK�NG<>KM:BG	�

q� >QIEHK>�MA>�<HGL>JN>G<>L�H?�=By>K>GM�:LLNFIMBHGL�H?�
=><BLBHG�F:DBG@�HG�F:KD>M�=RG:FB<L��

 
3A:M�BL�BG�LMRE>�� ):GR� I>HIE>�?HEEHP�MK>G=L�BG�MA>�<EHMA>L�MA>R�

P>:K	�MA>BK�A:BK<NML	�MA>�DBG=�H?�02�LAHPL�MA:M�MA>R�P:M<A	�MA>�DBG=�
H?� MHRL� <ABE=K>G� IE:R� PBMA	� >M<�� �G=� PA:M� BL� BG� LMRE>� <A:G@>L� HO>K�
MBF>�� 3A:M� BL� <E>:K� BL� MA:M� I>HIE>� EBD>� MH� BFBM:M>� MA>� ;>A:OBHK� H?�
HMA>KL��+?�<HNKL>	�LHF>� I>HIE>�=H�GHM�P:GM�MH�CHBG�MA>�F:CHKBMR	�
<K>:MBG@�:�<HNGM>K
<NEMNK>��

3A:M� :y><ML�?:=L� :G=�?:LABHG�BG�HNK� ;>A:OBHKL��3AR� :K>�LHF>�
BM>FL	�EBD>�<EHMABG@	�FHK>�?:LABHG:;E>�MA:G�HMA>KL	�EBD>�=>M>K@>GM��
3AR�=H�?:LABHG:;E>�BM>FL�=BL:II>:K�HO>K�MBF>��

0A>L>� :K>�MA>�JN>LMBHGL�P>�PBEE� :==K>LL�BG�MABL�<A:IM>K	�F:BGER�
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��	 ) � .  +&�*//"*

��	



:IIK H:<A�IK>L>GM>=�BG�MABL�<A:IM>K�BL�;:L>=�HG�MA>�PHKD�MA:M�MA>�
:NMAHK�=B=�PBMA�LH<B:E�ILR<AHEH@BLM�3 :G=>K�&:@>K��zG�MA>�K>?>K>G<>L	�
P>�K>?>K�MH�LHF>�K>E>O:GM�IN;EB<:MBHGL�?HK�?NKMA>K�LMN=R��
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zG� MA>� IK>OBHNL�<A:IM>K	� MA>� :@>GML� :=HIM>=� IKH=N<ML� ;><:NL>�

:�GNF;>K�H?�HMA>K� :@>GML�NL>=�MA:M� IKH=N<M��0A>� :@>GML�=B=�GHM�
>O:EN:M>� MA>� IKH=N<M� BML>E?�� zG� :� FHK>� K>:EBLMB<� FH=>E� H?� IKH=N<M�
<AHB<>	�:@>GML�F:R�F:D>�=><BLBHGL�;:L>=�HG�=By>K>GM�:MMKB;NM>L�H?�
MA>�IKH=N<ML�:y><MBG@�=By>K>GM�G>>=L�H?�MA>�:@>GML��zG�MABL�<A:IM>K	�
P>�PBEE�BG<EN=>�FHK>�ILR<AHEH@R�BG�FH=>EBG@�MA>�=><BLBHG�F:DBG@�
H?�MA>�:@>GML��

3 >� :LLNF>� MA:M� :@>GML� MKR� MH� L:MBL?R� MA>BK� G>>=L�� +G>� :<MBOBMR	�
LN<A� :L� >:MBG@� :� F>:E� PBMA� RHNK� ?:FBER	� <:G� L:MBL?R� MA>� G>>=L� H?�
LN;LBLM>G<>� :L�P>EE� :L�MA>�G>>=L�H?� ;>EHG@BG@G>LL�� 3A>G� I>HIE>�
F:D >�=><BLBHGL	�MA>R�M:D>�BGMH�:<<HNGM�MA>�=By>K>GM�MRI>L�H?�G>>=L�
MA:M�:K>�BGOHEO>=��zG�MABL�<A:IM>K	�P>�LBFIEB?R�MA>�FH=>E�MH�BG<EN=>�
:G�BG=BOB=N:E�G>>=�:G=�:�LH<B:E�G>>=��0A>�BG=BOB=N:E�G>>=�K>?>KL�MH�
MA>�?NG<MBHG:EBMR�H?�MA>�IKH=N<M��BM�BL�:�IKH=N<M�MA:M�MA>�:@>GM�EBD>L��
0A>�LH<B:E�G>>=�K>?>KL�MH�MA>�?:<M�MA:M�I>HIE>�P:GM�MH�;>EHG@�MH�:�
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