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Ó CVAP>HÔfIJNO8;APÕZE.ADI U N;:�E T N;NV:�>Y8·>H: T N;I U >1:.8wÖqXJN;d�C�×ÈØ·Ù6Ù6Ú�ÛÜXJN6I T 8VXY>HXJGSX T C�NVXY_ZXJ8�E.XY>Y8;NVX U
F1IJC�_`:+E.XYG�:6I�E.XJGSGSXJ>�GS:?8VFHX�a�Az>S8;FH:·Õ1: U a�XJÛ�Ý·NV8VAPÕZE.ADI U`Þ APÛÜ:�×ÈÝ Þ Ú�I[>1a'ß�àJX UPT 8;APXY>�á
I[N;â�Ø�XJ_`X[8;ADE?C�×rß�Ø�Ú6ã äHKcå�K?æYæJK.æ�å+çuèHéqXJ>1CVAzaH:?N;AP>HÔ�I¸N;XJ_`X[8]IJ>1a'AP8;C]E?XJ>98VN;X U I[NcE;F1A�8;:�E08 T N;:
IJC�Iêa�â�>1I[GSADE?I U COâ�CO8V:�Gë×Èì^7HÚ�í T :+Cw8;APXY>1C�IJNVADCO:�I[_`X T 8�8;FH:�E?X THîHU Az>HÔï8;X4XJ8VFH:�NSì^7�C
C T EcF¼IJCqa�â�>1IJGSAzE�:?>9à�AzN;XJ>HGS:?>98;C6ã ð�ç=XJNqXJ8VFH:�NqN;XJ_`X[8cC�ãPæJK;ñ�K?æ�ñ�çuèYò�>�8;FHADC î I î :?NqÖq:6Ö�A UPU
a�:�C;E.N;AP_`:S8;FHNV:�:S8wâ î :+C}XJÛ�CO8VN T E08 T N;I U E.X THî1U Az>HÔóãPæ�ô[ç~è�@ê:'Ö�A UzU COFHX�Öõ8VFH:fE?X THîHU Az>HÔó×ÜAöÚ
_`:.8wÖq:?:�>%I[>%IJaHI î 8VAzàJ:'Az>Y8;:?N;>1I U N;F9â98VFHG"I[>Zaê8;FHNV:�:f_1IJCVAzE'_`:?F1I�à�APXYN;C�AP>óXY>H:'>1: T NcI U
I[NcE;FHAP8V:+E08 T NV:YKÄÖ�F1AzEcF!E?IJ>÷×ÜAzADÚ¸_`:�AP>�ø T :?>1E?:�a%_9âù:?>�à�APN;XJ>HGS:�>Y8;I U CO8VAzG THU A�IJC�Öq: UPU IJC
×ÜAzAPAöÚy_�â U XHE?I U Az>Y8V:�N;IYE08;APXY>1CyÖ�AP8;F�XJ8VFH:�N�NVXY_`X[8cC?è

@BFHA U : îHT NcC T AP>1Ô6GSXJN;:yE.XJG îHU :.ú�_`:?FZI+à�AzXJNÄ8VFH:qÛÜX UPU X�Ö�AP>1Ô6AzC;C T :q_`:�E?XJGS:�C�G�XYNV:yIJ>1a
G�XYNV:�APG î XJNV8;IJ>Y8+èH7 THîHî X9CO:YK�I�CVAz>HÔ U :�IJÔJ:�>Y8 î X9CVCV:�C;CV:�CqI î X�X U X[Û�a�AP<=:?N;:?>Y8�_`:?FZI+à�AzXJNcC?K
XJ>H:^GSAzÔJF98�IJCVd'FHX�Öû8VFH:�IJÔJ:?>98·a�:�E?AzaH:�C]8VX'IJE.8VAzà�I�8;:}ISE.:?NV8cI[Az>¼_`:�F1I+à�AzXJN·I�8�ISE.:?NV8cI[Az>
8VAzGS:¸ã ü[ç~è[ò�>�_HAzX U XJÔJADE?I U COâ�CO8V:?G�C�G�I[>�â¸:?úHI[G îHU :�C�I[N;:]d�>HX�Ö!Ö�FH:�NV:·C T E;F'a�:�E?AzCVAPXY>1C�I[N;:
GSIYa�: T >1E.XY>1C;E.AzX T C U âM_�âïAz>Y8;:?N;>1I U E U X�Ecd�C�ã�æ+ý�çuè�Ù·X�ÖyIJa1I+â�C^C T EcFêAz>98V:?N;>1I U E U X�Ecd�C}I[N;:
I U COX T >Za�:?N�E.XJ>ZCOADa�:?NcI�8;APXY>}ÛÜXJN�CVâ�Cw8;:?G�C�Ö�A�8;FHAz>¸8;FH:yÕ1: U a¸XJÛ`Ý Þ I[>1a�ßqØ}è�bHXYN�Az>1CO8;IJ>1E.:YK
AP>þã�æ�ð�ç]IM8;FHX T ÔYFY8�:?ú î :�NVAzGS:?>98�AzC�ÔJAzàJ:?>óÖ�FH:�NV:�IïNVXY_`X[8�Ô9I�8VF1:?N;C�ÛÜX�XHaóI[8SaHI+âùIJ>1a
NV:+Cw8cC�I[8�>HAPÔYFY8+è�@BF1:?>�8VFH:]ÛÜX�X�a�ÔYI[8VFH:?N;Az>HÔ6_`:�F1I�à9AzXJN�_`:+E.XJGS:+C�IYE08VAzàJ:]XJ> U â¸a T N;Az>HÔ�8VFH:
î NV:+CO:�>1E.:yX[Û`aHI�â U AzÔJF98Ä8;FH:]NVXY_`X[8�Ö�A UPU CO8;IJNVàJ:yI[Ûö8V:?N�IYE?E?Aza�:�>Y8cI UzU â}:?>98V:�NVAz>HÔ^I�E?I�àJ:qÖ�FH:�NV:
>HX U AzÔJFY8qE?I[>S_`: î :?NcE.:?AzàJ:�a5èJÿÄX}CVX U àJ:y8VFHADC�E?XJ>�ø1ADE08+KJI[>SAP>98V:�NV>1I U E U X�E;d¸ÖyIJC�AP>98VN;X�a T E?:�a
AP>98VX�8VFH:]>1: T NcI U E?XJ>Y8;NVX U CO8VN T E.8 T N;:JK�Ö�F1AzEcFSE.XJ>98VN;X U C�8;FH:yÛÜX�X�a¸ÔYI[8VFH:�NVAz>HÔ6_`:�F1I+à�AzXJN�IJ>1a
E?I[>¸_`:qAz>�ø T :�>1E.:�a¸_�â}I[G¸_1AP:�>Y8 U AzÔJF98�è�Q·:?N;:JK+Öy:qÖyI[>98Ä8VX�I îHîHU â^8VFH:yAzaH:�I�X[ÛZI[>¸AP>98V:�NV>1I U



E U X�E;d�ãPæ+ðHK.æ�ý[çH8;X}8VFH: î N;XJ_ U :�GõX[Û5_`:?FZI+à�AzXJN�E.X�XJNca�AP>ZI�8VAzXJ>�Az>fE.X�X î :�N;I[8VAz>HÔ}a�ADCw8;N;AP_ T 8;:�a
NVXY_`X[8VADE�CVâ�Cw8;:?G�C}ãPæJKVýHK?æ+ñ�ç�IYE08;AP>HÔSAz>�I�a�â�>1I[GSADE�:?>�à9AzN;XJ>HGS:?>98�è

@ê:�Ö�A UPU aH:�C;E.NVAz_`:6FHX�ÖB8VXSE.X THîHU :6X9CVE?A UzU I�8VAz>HÔ�>H: T NcI U >H:.8wÖqXJN;d�C�8VX�NV:+IJEcF'àJ:?N;â U X�Ö
ÛÜNV:+í T :?>Y8}í T IJCVAPá î :?N;AzX�a�ADE}XYC;E.A UzU I[8VAzXJ>1C�GSX�a�: UPU AP>1Ô¼IJ>ïAP>98V:?N;>1I U NVF�â98VFHG�K=FHX�Ö C T EcF4I[>
AP>98V:?N;>1I U NVF9â98;FHG�KYN;:�I U A � :+aSIYC�I}N;:�CV:.8V8;IJ_ U :�XYC;E.A UPU I�8;XJN+KJE?IJ>�_`:�Az>�ø T :�>1E.:+a�_9â�CO:�>1CVXJN;AzE
Cw8;APG THU A~K�IJ>1a}F1X�Ö 8;X6I îHîHU â68;FHADCÄGS:�EcF1I[>HADCVGþ8VX�8�â î ADE?I U 8;IJCVd�C�AP>�a�ADCO8VN;AP_ T 8V:�a¸NVXY_ZXJ8VADE?C�K
ÛÜXJNcI[ÔJAz>HÔ}I[>1aSFHXJGSAz>HÔ1èYß�àJ:?>SAPÛ=Az>1a�Azà�ADa T I U _`:�F1I+à�AzXJNcC�Ö�A�8;FHAz>'I^N;XJ_`X[8 î X îHT1U I[8VAzXJ>�I[N;:
E.XJG îHU :.8;: U â�X T 8�X[Û î F1IYCO:�IJ>1a»Az>1a�Azà9ADa T I U NVF�âY8;FHG�C·ÛÜX UPU X�Ö a�AP<=:?N;:?>Y86ÛÜN;:�í T :�>1E.Az:�C�Öy:
Ö�A UzU CO:?:�8;F1I�8]A�8]ADC î XYC;COAz_ U :·8;X�COâ�>1EcFHN;XJ>HA � :·8VF1:�CV:6NVF�â98VFHG�Cq_�âS:�A�8;FH:?N]:?>9à�AzNVXY>HGS:?>Y8cI U
Cw8;APG THU AyXJN�:�àJ:?>ù_�â îHT N;: U â U X�E?I U Az>Y8;:?NcIJE.8VAzXJ>1C¸I[GSXJ>HÔ»8VFH:fAz>1a�Azà�Aza T I U C?è�ÿ]FH: U I[8O8;:?N
COâ�>1EcFHN;XJ>HA � I[8VAzXJ>êGS:+E;F1IJ>HADCOG E?IJ>ù_Z:¼CV:?:?>óIYC¸IMCO: U ÛöáuXJN;ÔYI[>1A � AP>HÔ î N;X�E?:�C;C?K�Ö�FHADEcFùADC?K
8VX»CVXJGS:�:?ú98;:?>1a�K5Az>1C î APN;:�a4_�â»8VF1:�CVâ�>1E;F1NVXY>HA � :�aMøZIYCOFHAz>HÔ�_`:�F1I+à�AzXJN}I[GSXY>HÔ¼Õ1NV:?ø1Az:�C
a T N;AP>HÔ�G�I[8VAz>HÔ�×Vã �Jç5IJ>1a'N;:.ÛÜ:?N;:?>ZE.:�CqÖ�AP8VFHAz>¼AP8cÚ0èHQ�:?N;:JK�CVAzG�A U I[N î N;AP>1E?A î1U :+CyI[N;:6I îHîHU AP:+a
8VX�:�G¸_Z:+aHa�:+a�IJ>1a�COAP8 T I�8V:+a¸Az>1a�Azà9ADa T I U C�AP>SI6aHâ9>ZI[GSAzEq:�>9à�AzNVXY>HGS:?>Y8+K�Ö�FH:�NV:]COâ�>1EcFHN;X[á
>HA � I�8;APXY>�ADC�IJ>�:?GS:?N;ÔJ:�>Y8 î N;X î :?NV8�â�X[ÛZ8;FH:�X�àJ:�N;I UPU CVâ�CO8;:?G _ZIJCV:�a�XJ>�àJ:?N;â¸COAzG îHU : U XHE?I U
AP>98V:?NcIJE.8VAzXJ>1C6I[GSXJ>1ÔfI�ÔYNVX THî E.XJ>98;IJAP>HAz>HÔ THî 8;Xïæ+ñJô�IJNO8;A�ÕZE?AzI U IJÔJ:?>98;C6E.XJ>98VN;X UzU :+a�_9â
Ø·Ù�Ù6C?è
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. AzX U XYÔJADE?I U COâ�CO8V:�GSC�:.ú�FHAz_HAP8 î :?N;APXHa�AzE�_`:�F1I+à�AzXJNSXY> à�IJNVAzX T C¸8;APGS:ïCVE�I U :�C�K�IJ>1a!AP8'ADC
IJC;C T GS:+a�8;F1I�8·I[8 U :�IJCO8�CVXJGS:�X[ÛÄAP8·I[N;:�E?XJ>98VN;X UzU :+a'_9âfCVXSE?I UzU :�a¼E.:�>Y8;N;I U=î I�8V8V:?N;>¼ÔY:?>�á
:?NcI�8VXYN;C�×~éye0/}Ú�Az>Y8V:�NV>ZI U 8;Xf8VFH:�>H:�NVàJX T C6CVâ�CO8V:�G"ã 1�çuè`ò�>M8;FH:�ÛÜX UzU X�Ö�Az>HÔ1K`Öq: î N;X î X9CO:
Iùéye�/ Ö�FHADE;FBE.XY>1COADCO8;C�XJÛ68�ÖqXùE?X THîHU :�a 732�×~ðJÚ�>H:?8�ÖyXJN;d�C»ã�æ-�[çuè�ÿ]FHADCSGSX�a�: U�4 C�ÛÜN;:.á
í T :?>1E?â�E?IJ>�_`:�IJa65 T Cw8;:�a�_�â�XJ> U â¸XJ>1: î I[NcI[GS:.8;:?N�I[>1a�AP8�AzC�CO8cI[_ U :�:?àJ:?>�ÛÜXYN�àJ:?N;â U XJ>HÔ
ÖyI+àY: U :?>HÔ[8;F1C�è�798;IJ>1aHIJN;a'aHAzC;E.N;:.8;:·8;APGS:�NV:+E T N;NV:�>Y8q>H: T N;I U >1:.8wÖqXJN;d�C�Ö�A�8;F¼I�COAzÔJGSXYAzaHI U
IJE08;APà[I�8;APXY>fÛ T >1E08;AzXJ>»I[N;: T CO:+a5è

7 �$��8 ���!�9�$:-;<'=���=�>,?�3�@�>��;6* 'A,?��;B,-�����C� 732�×~ðJÚS>H:?8�ÖyXJN;d�C?Kqa�:�C;E.N;AP_`:+a Az> ã�æ-�[çuK�FZI+àJ:
Öq:?AzÔJF986GSI[8VN;AzE?:�C·_1IYCO:+a�XJ>M: U :?GS:?>98;C�XJÛ�8;FH:�C î :�E?AzI U XJNV8VF1XJÔJXY>1I U ÔJN;X THî X[Û�8VFH:�C;I[GS:
>1I[GS:JèZÿ]FH:?AzN·Öq:�APÔYFY8·G�I�8;N;AzE?:�C�IJNV:}IYCVCVX�E?AzI[8V:�a¼Ö�A�8;F�N;X[8cI�8;APXY>1C]AP>�8VFH: îHU I[>H:�IJ>1a�I[N;:
NV: î NV:+CO:�>Y8;:�a¼_9âfÛ T >1E.8VAzXJ>1C·XJÛ�8VFH:�N;X[8;I[8VAzXJ>�I[>HÔ U :EDyèZì T :}8;XS8VFH:�:.ú�ADCw8;:?>1E?:}X[Û�í T IJCVAPá
î :?N;APX�aHAzE^I�8V8VNcIJE08;XJNcC�8;FH:?â¼ÔJ:?>H:�N;I[8V:^CVAP> T COáuCVF1I î :+afÖyI�àJ:.ÛÜXYNVG�C�è2 T N�X9CVE?A UzU I[8VXYN^ADC}_ZIJCV:�aêXJ>ùI»E?X THîHU Az>HÔ»X[Ûy8wÖqXMAza�:�>Y8;AzE�I U 732�×~ðJÚ�>H:?8�ÖyXJN;d�C?è�Ý�E.á
E.XJNca�Az>HÔ U âYKJÖyI+àY: U :?>HÔ[8;F1Cqa�: î :?>Za�XY> U â�XJ>'XY>H: î I[NcI[GS:.8;:?N+KYIJCqE?IJ>'_`:6CV:?:?>�ÛÜN;XJG 8VFH:�APN
Öq:?AzÔJF98�G�I�8;NVAPú F

GGH
E?XYC�×=D�Ú CVAP>Ä×=D�Ú ô ôI CVAz>�×=D�Ú�E.XYC�×=D�Ú J ô
ô ô E.X9C�×=D�Ú CVAP>�×�D�ÚI J ô I CVAP>�×=D�Ú�E.XYC�×=D�Ú
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Ö�FH:?N;:EDRQTS IVU O UXW èHÿ]F1:�CO8VN;:?>HÔJ8VF�X[Û�E?X THîHU Az>HÔ'I[>1a�FH:�>1E.:¸I[G îHU AP8 T a�:¸CVA � :}AzC·ÔJAzàJ:?>_9â@J@YZ ôHèqÝ UzU _HADIJC�8V:�NVG�C'Öq:�NV:ïCO:?8'8VX%ô3[ ôóI[>1a(J'8;X%ô�[ ôJôYýHK�IJ>1a 8VFH:4IJE.8VAzà�I[8VAzXJ>
X[Ûy:+IJEcFê>H: T N;XJ>êÖyIYC^N;IJ>1a�XYG U âMAP>1A�8;AzI U A � :+a5è�ÿ]FHADC}Öq:?AzÔJF98}G�I[8VN;A�ú4Ö�A UzU ÖqXJN;d»ÛÜXJN}8VFH:
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�;m+k�t�hwm+�ö�CbÜ�ec�k9ocjJhwm+k�m+jJtw´9jJtws�m?n�i6�cm�j9´Y��oc¶�m+s��;v�����i?twm�h�µ�vxtwlSi�µ�i0��o;��o;k9�?twlSm?n5�0i[½!f?��Ç�Ç�twv�|}o
sutwo;´9sc½

IJE08;APà[I�8;APXY>'Û T >1E08;APXY>hg�×Ai=Ú Z 8;I[>1F�×Ai=Ú0KH_ T 8�I¸8VNcI[>1COÛÜXJN;G�I�8VAzXJ>'8VXSI�>H:?8�ÖyXJN;d�Ö�A�8;F¼8VFH:
Cw8cI[>1aHIJN;a¼COAzÔJGSXJADaHI U IJE.8VAzà�I[8VAzXJ>'Û T >ZE08VAzXJ>�g�×Ai`Ú Z ×Oæ"jlk<m$nYÚom
p�KHIYCyA�8�Ö�A UzU _`: T CV:�a¼Az>
8VFH:^ÛÜX UPU X�Ö�Az>HÔS:.ú î :?N;AzG�:�>Y8cC?KHÖ�A�8;F�:�í T Azà�I U :?>98·a�â�>1I[GSADE?C]ADC î X9CVCVAz_ U :�×rCO:�:�ãPæ�ü�çÜÚ.è
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Sp : Speaker: MicrophoneMic
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Db
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L l

L f

: Light (left)
: Light (front)
: Light (right)

N l

Nr

: Nest (left)

: Nest (right)

Excitatory Synapse
Inhibitory Synapse

Output Neuron

Input Neuron

Hidden Neuron

Pattern Generator

S−Module

P−Module

OA−Module

: Distance (left)
: Distance (back)
: Distance (right)
: Motor (right)
: Motor (left)
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