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a) Conservative Forces at Each Layer: Recurrent Activation Loops
& Lateral inibhition

b) Additive Effect of Conservative Forces Yields a Gradient of
Resistance to Change over Increasing Layers.
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a) Network Architecture

c) "Where" Weights d) Output Weghts

b) "What" Weights

e) Stimuli for "top row" unit, showing all locations.
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a) Sphere vs. Cube representation of three clusters of points.

b) Bar-Graph rendition, where light grey is the activations of input units, medium grey in
background is result of ZSH learning, dark grey is result of Oja-style normalization.
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a) 1st Layer Spatial Invariance b) 2nd Layer Spatial Invariance
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Spatial Invariance by Gain of Top-Down Weights
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Gain of Top-Down Weights in Layer 1
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Spatial Invariance by Probability
        of Same Object at t+1
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Probability of Same Object at Time t+1

y = 1.12 + 8.24x   R = 0.99

3547698;:�<�ªe?´Ë�<�Y&8;a�L�Y�O�Q}_oH�S;4�n;8fa�HRL�4�S;6�L�G;<knf:NO9�0HR�;47a�4�L&h�O�QiY2<�<m4�S;6�LNGf<�YNH�_X<oO9�;�&<�JuL`HRLXL�G;<kS;<��eLLN47_X<FY2LN<�n { LMà z ��d-Y2G;O�Ug47S;6Ia�47S;<�HR:g:�<ma�H�LN47O9S-Y&G;4�nX�-<mL&UV<m<mSk];�F¬áH�S-ZoHR_XOj8;SeLVORQVY&n-HRL�4�H�ay4�S@l9H�:N4sHRS-JM<Ze<ml^<�a�O9n-<�Z
E
G;<PS;<m<[Z³QpOj:
HT�;asHRS;W`Y&LN47_�8;a78-Yy�D<�L2UV<m<mSIOj�;�&<�JMLKY�L�Ovnf:N<ml^<mS@L�L�G;<�n-<m:�Y2<ml^<�:KHRL�4�OjSIORQyL�G;<PG;4�6jG;<m:N�O9:�Ze<m:FH9JML�4�ljHRL�4�OjSkn-H�LNLN<�:NS-Y�O�l^<m:g_`8;a7LN4�nfa�<FZe4���<m:�<mSeLgOj�;�&<�JML�Y�UrH9YTJMa7<�HR:�a�hoZ@<m_XO9S0Y2LN:�HRL�<�Z�QpO9:PLNG;<�Y&<S;<mL&UVO9:NWfYMqtE
G;<rJM<mS@LN:�HRa^n;:�O9�;a7<m_£Ug4�LNG}L�G;4�Yy:N<�â^8;47:N<m_X<�SeL-4�Y#L�G-HRL�4�LtJMOj8;a�Z}�D<rJMO9S0Y2LN:�8;<�ZiH9Y�JM47:KJM8fa�HR:�d4�ScLNG-H�L
O9Sf<T_�80Y2LVY2Oj_X<mG;O�U+W@S;O�UáLNG0HRL
OjS;<^ã±Y~6^H�Ím<TG-HjYgY2G;4�QpLN<�ZILNO³HIZe4���<m:�<mS@L~Oj�;�&<�JMLB4�ScO9:KZ@<m:~QpOj:Y2Oj_X<}We47S-ZXORQVH�LNL�<mSeL�4�OjS-HRay_X<[J�G-H�S;4�Y&_�L�O��-<³H9JML�4�ljHRL�<�Z#qV��SkOj�;�&<�JMLg:N<[JMO96jS;4�L�4�O9SxY&h;Y&LN<m_äJmH�SkS;OjL:N<�a�h`O9S�H�LNL�<mSeL�4�OjS-HRay_X<[J�G-H�S;4�Y&_oY5UgG;4sJ�Go47S�L�8;:NSo:�<ma�hXOjSoLNG;<}<m�@4�Y&LN<mS-Ju<TORQVH�SkOj�;�&<�JML
:�<�JMOj69S;47LN4�OjSY2hfY2L�<m_�q�å�O�U
<ml^<m:�d@Y2<ml^<m:�HRaÇHR:N6j8;_X<mS@LKYVJMO98fa�ZX�-<v_\H9Ze<�QpOj:gUgGehcLNG;4sY
U
O98fa�ZXS;O9LPS;<�Ju<�YNY�HR:N47a�h`G;O9asZQpO9:Fa�HR:�69<m:�dD_cO9:N<}:�<�HRa74�Y2L�4�JTS;<mL&UVO9:NWfYMqF354�:�Y2L�dDL�G;<IY&n-HRL�4�HRat4�S@ljHR:�4�HRS0JM<>L�:KHRS0Y'QpO9:�_oHRL�4�OjSk4�YFY28;n;n-O�Y2<�ZLNOoO@JmJu8;:}69:KHjZe8-H�a�a�h�O�l^<m:PQp<�HRL�8;:N<�YTO�Qg4�S0JM:N<�HjY247S;6oJMOj_Xn;a�<��e47L2h�q}30Oj:}_XO^Y&LTa�<ml^<�a�YgORQgL�G;4�YTL�:KHRS0Y'QpO9:��_oH�LN4�OjSyd#L�G;<>Qp<�HRL�8;:N<[Y�Ug47a�at�-<XJMOj_X_XOjS�L�Oo_oHRS@hxZe4���<m:�<mSeLFO9�;�&<�JML�YMdtY2OoL�G-HRL}n-<m:KY&<ml^<m:�HRLN47O9S�O�l^<m:Ze4��#<�:N<mS@L�O9�;�&<[JMLKY�U
Oj8;a�Z`S;O9LB�-<}H9YVZ;HR_\HR6947S;6iH9YB4�LB4�Y�4�S`LNGf<�S;<�L2UVO9:�W`Y2LN80Ze4�<�Z�q~]^<�JuO9S-Z#d^L�G;<m:N<FHR:�<_oH�Seh`n-O9LN<�SeL�4�HRaya7O�U
<m:��ÄOj:KZe<m:Vle4sY28-H�a#Qp<�HRL�8;:N<[Y
LNG-H�LTJMOj8;a�ZX�-<}8-Y2<[Z\L�OXY&4�6jS-HRatH`Y2G;4�QpLg4�SoLNGf<vOj�;�&<�JML�-<m4�Sf6�Oj�-Y2<�:Nl^<�Z#dyUg47LNG;Oj8;LIHjJMLN8-H�a�a7hk:N<[â�8;47:N47S;6XLNGf<�4sZe<mS@LN4��DJmHRL�4�O9S�O�QgL�G;<�Oj�;�&<�JML�q�E
Gf<�Y2<IQp<�HRL�8;:N<[YJM<mS@LN<�:IHR:�O98;S0Z²�-6j8;:N<9§�69:�O98;S-ZáY&<mn-H�:KHRL�4�OjSydgHRS0Zæ4�S0JMa�8-Z@<oY28-JKG�LNG;47S;6^Y`H9Y`JMOjG;<�Y247le47L&h O�QT_XOjLN47O9Syd4�a7a�8;_c4�S-H�S-JM<^dfHRS-Z�O9L�G;<m:}Y&LN4�_`8;a78-Ygâ�80HRa�47LN47<�Y�O�l^<m:FHX:N<m6j4�OjS�ORQPY&n-H9Ju<^q>¨P4���<m:N<�S-JM<�Yg4�S�L�G;<�Y2<Ia7O�U
<m:O9:�Ze<m:
Qp<�H�LN8;:�<�Y
JuO98;asZ�Y&4�6jS-HRayL�G;<Tn;:�<�Y2<mS0JM<TORQ�HIZe4��#<�:N<mS@L
Oj�;�&<�JMLmd@H�S-ZkY&<m:Nl^<PLNOI47S;G;4��f4�L
L�G;<TG;4769G;<�:O9:�Ze<m:gOj�;�&<�JMLg:N<[JMO96jS;4�L�4�O9So8;Sf4�LKYuq
çáG;47a�<IL�G;<I:N<�Y&8;a�L�Y�Qp:NOj_«L�G;4�Y}Y247_�8fa�HRL�4�OjSkH�:N<`<mS-JMOj8;:KH�6947S;6xHRS-Z�4�S@LN<m:�<�Y2L�4�S;6fdDL�G;<mh´ZeOoS;O9L}h^<mLJMOjS-Y2L�4�LN8fLN<`HoJMO9S@l@4�S-JM47S;6cZe<m_XOjS-Y2L�:KHRL�4�OjS�LNG-H�L}HX_XO9:�<>:N<[HRa�4sY2L�4�Jv<�Sel@4�:�O9S;_X<�SeLrJMO98;asZÒ�-<IG-H�S-Zea7<�Z�@hoY28-JKG�H`_X<�JKG-HRS;4sY2_xqBE
Ge80YMd-4�SoLNG;<iS;<m�@LPY247_�8;asHRL�4�O9SÇdeU
<iUg4�a7ayLKHRW^<}L�G;<><mS@l@4�:NOjS;_X<mS@LBO9S;<³Y2L�<mnQp8;:�LNG;<m:�HRS-Zk47SeL�:NO@Ze8-Ju<Il^<m:NhxY247_Xn;a7<vl@4�Y&8-HRatO9�;�&<[JMLKYTH�LTLNGf<Ia�<ml^<mayO�QPH�:�<mLN47S-HRat4�_\HR69<³H9YT4�Sfn;8;LTL�O



µ = ·;¸K¹7º�»N¼B½&¾;¿mÀfÁ�Â9¿�ÃÄÁÄÅ�À�Åmº
·9ÆÇ¿^ÃÄÁp¿m¹tÈ�À�É[¿�½NÁp¿mÀyÊM¸
LNGf<>Y&h;Y&LN<m_´q

èté�ê+ëBì&í#î�é&ï#ðòñ
E
G;<³JM:N47LN4sJmHRaÇZe4���<m:�<mS-JM<T�-<mL&UV<m<mSoLNG;<i_XO@Ze<ma�<m�@n;a�Oj:N<�ZX4�SoL�G;<>n;:�<�Y2<�SeLPY&4�_`8;a�H�LN4�OjSXH�S-ZkLNG0HRLPORQ]^47_�8;asHRL�4�O9S�bk4�Y}4�S�L�G;<oY&LN4�_`8;a74�n;:N<[Y2<mS@LN<�Z�LNO�LNGf<XS;<mL&U
Oj:NW�q�E
G;<oY2L�4�_`8;a�4tQpO9:ILNGf4�Y>_XO@Ze<�a~UV<m:N<4�S@LN<�S-Ze<�Z+L�Oæ_cO9:N<´JMa�O�Y2<ma7h+:�<mn;:N<[Y2<mS@LoY2Oj_X<�ORQ³LNG;<�JuO9_Xn;a7<m�@4�L&h�ORQ�H9JML�8-HRa}:�<mLN47S-HRaT47_oHR6j<�YMqó��SH9ZfZe4�L�4�O9SÇd;U
<TUrHRS@LN<�ZXLNOcJmH�n;LN8;:�<iHRLga�<[H9Y2LPY&O9_X<FORQBL�G;<�Qp<�H�LN8;:�<m�Äa7<ml^<ma-n;:�O9n-<m:NL�4�<�Y
O�QBLNGf<vnf:NO9n-O�Y2<�Z4�S@ljHR:�4�HRS0JM<TH�a�6jO9:N47LNG;_´d^Y2OiLNG-H�L
LNGf<�47_oHR6j<�Y�U
<m:�<gORQ�Y247S;69a7<�Qp<[HRLN8f:N<�Y�Qp:NO9_)UgGf4�JKG�Oj�;�&<�JMLKY�_X4769G@L��-<JMOj_Xn-O^Y2<[Z#dD47SkL�G;4�YPJmH9Y&<IHXZ@4�HR6jO9S-H�a�a�47S;<}ORQV<m47LNG;<m:gL�G;<>:�4�6jGeLPO9:Ta7<MQpLN�pa�<[HRS;47S;6IO9:�4�<mS@LKH�LN4�OjSyqPô�S;a74�W^<LNGf<
Y&LN47_�8;a74mQpO9:B]^4�_`8;a�H�LN47O9S-Y z H�S-Z>b@d9LNG;<VY�HR_X<B4�Sfn;8;Ly8;S;47LKYtHR:�<~80Y2<�Z}LNOP:N<mn;:�<�Y2<�SeL��DOjLNG�Ð�O9�;�&<�JML�YMd±ÑY2OI47L
4sY~S;OjLgnDO�YNY&4��;a7<�QpO9:gL�G;<TS;<mL&UVO9:NWIL�O`Y247_Xn;a�h³Ze<ml^<ma7O9ncY2L�:NO9Sf6�<m�fJM47LKHRL�O9:�hIU
<m4769G@LKY~L�O`HRSX<�SeL�4�:N<n-O9:�LN4�OjS�ORQPLNGf<X4�S;nf8;LIH�S-Z�Y2LN47a�aBZ@4�Y2L�4�S;6j8;4�Y&G��-<mL&U
<m<�S L�G;<XL&U
O´Y2LN47_�8fa�4 { H9YvUrH9Y>L�G;<oJmHjY2<X47S L�G;<n;:�<mle47O98-YgY&4�_`8;a�H�LN47O9S-YK�Kq���S-Y&LN<�HjZ#d;LNGf<vSf<mL&U
O9:�WX_`8-Y2LrZe<ml^<ma7O9nX:�<mLN47S;O9L�O9n;4sJ�:�<mn;:�<�Y2<mS@LKH�LN47O9S-Y
O�Q�L�G;<Qp<�H�LN8;:�<�YMd9UgGf4�JKG>J�HRSILNGf<mS>�-<PJMOj_��;47S;<�Z�47SeL�OTY&n-HRL�4�H�a�a�h}47SeljHR:�4�H�SeLy:�<mn;:N<[Y2<mS@LKH�LN4�OjS-YtHRL�G;4769G;<�:5a7<ml^<ma�YuqE
G;<�Y&<T:N<�LN4�SfO9LNOjn;4�JP:N<mn;:�<�Y2<�SeL�HRLN47O9S-YBORQyQp<�H�LN8;:�<�Y
U
<�:N<FH9YNY&8;_X<�ZcH9Y
4�Sfn;8;L
L�O>L�G;<Tn;:�<mle47O98-Y
_cO@Ze<ma�Yud�;8;LgSfORUòU
<}UgH�SeLgL�OXY&<m<}4�QtLNGf<vSf<mL&U
O9:�WXUg4�a7ayZe<�l^<ma�OjnXLNG;<�_Ô4�So:N<[Y2n-O9S-Y&<>L�OILNG;<}<mS@le47:NOjS;_X<mS@Lmq
�TYBJmH�SI�-<TY&<m<mSI4�Sc3547698;:�< ° d^LNG;<gSf<mL&U
O9:�W>G-HjY5�-l^<ga�Hmh^<m:�Y5ORQÎ=9õ µ 8;S;4�L�YMd9<��;JM<�n;L�LNGf<g4�S;n;8fL�a�Hmh^<m:{ L�G;<�Ð�:N<mL�4�S-HjÑ��Kd�UgGf4�JKG G-HjYIª9õ ¶ 8fS;4�L�YMq�¦gHjY2<�Z OjS�LNGf<��-S-Ze47S;6^Y>O�Q}]^4�_`8;asHRLN47O9S�bk:�<m6^H�:KZe47S;6kL�G;<Ze4��#<�:N<mS@L5asHmh^<m:KYyH�L�UgG;4�JKG}4�S@ljHR:N4sHRS-Ju<gZe<ml^<�a�O9n-<�Z�dR47L5UrH9YtHRS@LN4�Ju4�n-H�LN<�Z}LNG-H�LBH�G;47<m:KH�:KJKG;4�JmH�a^Y&LN:N80JMLN8;:�<ORQrY&n-HRL�4�HRa7a�ho4�S@ljHR:�4�HRS@LP:N<mn;:�<�Y2<�SeL�HRLN47O9S-YgU
Oj8;a�Z�Z@<ml^<ma�Ojnyd;Ug4�L�GkG;4769G;<�:Ta�Hmh^<m:�Y
<mS-JMOj_Xn-H9Y�Y247S;6�_cO9:N<n-O^Y&4�LN47O9S-Yuq}E
G;<v�0698;:�<`Y2G;O�UPY}H�L�:KH�4�S;<�ZkSf<mL&U
O9:�WoUgG;4�JKGoG-H9Y}Ze<ml^<�a�O9n-<�ZoY&n-HRL�4�HRa7a�ho4�S@ljHR:�4�HRS@LP:N<mn;�:N<[Y2<mS@LKH�LN4�OjS-Y�47Ska�Hmh^<m: µ q}E
Gf<�Y2<I:�<mn;:N<[Y2<mS@LKH�LN4�OjS-YPHR:N<I�f8;4�a7L�8;n-OjS L�G;<>a7O@JmHRa7a�hxY2n-H�LN4sHRa�a7hk47SeljHR:�4�H�SeL:N<�n;:N<�Y&<mS@LKHRL�4�OjS-YgZe<ml^<ma7O9n-<�ZX4�SoasH[h^<�:gb { Y2GfORUgSx4�Sx3547698;:�< ° <9�Kd-UgG;4sJ�GX47SkL�8;:NSxHR:�<>�;8f4�a�Lg8fnDOjSkL�G;<:N<�LN4�SfO9LNOjn;4�J�Qp<�H�LN8;:�<}:N<mn;:�<�Y2<�SeL�HRLN47O9S-YVZe<ml^<ma7O9n-<�ZX4�SoasH[h^<�: z`{ Y&G;O�UgSk47Sk3t4�698f:N< ° Qu�Kq

öÔ÷@ø�ù~Û-ú�Ø
E
G;<ISf<mL&U
O9:�WoUgH9YgLN:�HR47S;<�Zk4�Sx_�80J�GXL�G;<IY�HR_X<iUgHmhxH9Y�47SkL�G;<>n;:�<ml@4�O980Y�Y&4�_`8;a�H�LN4�OjSyd;Ug4�L�G��-l^<Ze4��#<�:N<mS@LTn-O^Y&4�LN47O9S-YTO�QgLNGf<IL2UVOoZe4sHR69OjS-HRaVa�47S;<�Ygn;:N<�Y&<mS@LN<�ZkUg47LNG�HoY2n-<�JM4��-<�Z ];�F¬tqyE
G;<o];�F¬�UgHjYljHR:�4�<�Z Qp:NOj_ z q±|kLNO�q±�kUg4�LNG�a7<ml^<ma�YTO�QIq ° HRS-ZÏq����k47S��D<�L2UV<m<mSyq�E
G;<xY�HR_X<oHjJMLN47ljHRLN47O9S�Qp8;S-JuLN4�OjSn-H�:KHR_c<mLN<m:�Y
H�S-ZXa�<�H�:NS;47S;6>:�HRLN<TQp:�O9_Õ]^4�_`8;a�H�LN47O9Scb>U
<m:�<T8-Y2<[Z#qBE
G;<T6�HR4�SXQÌHjJMLNOj:KY~QpO9:gL�G;<}U
<m4769G@LKYU
<�:N<ILNGf<`YNHR_c<IH9YTUV<ma�aÌdDUg47LNG�q��[��QpO9:}LNOjn;��Z@ORUgS�U
<�4�69G@LKYud ¶ QpO9:TasHRL�<m:KH�a�4�S;Gf4��;47LNO9:�hkUV<m4�6jGeL�YMd�HRS-Zz QpOj:��-O9L�LNOj_X�Ä8fn+U
<�4�69G@LKYud
<m�fJM<mn;L>QpOj:XLNGf<�8fS;4�L�Y�4�S�a�Hmh^<m: z dgUgG;4�JKG�G-H9ZáH 6�HR47S+ORQcq±�´QpOj:�L�G;<�-O9L�LNO9_c�Ä8;n�UV<m4�6jGeL�Y�L�OoJMOj_Xn-<mS-YNH�LN<TQpO9:FLNG;<IasHR:N6j<m:PSe8;_`�-<m:gORQrHjJMLN47l^<v8fS;4�L�Y�n;:�O9�&<�JML�4�S;6`LNOcLNG;<�Y&<8;S;47LKYuq
��S;47LN4�H�a�a7h^d�H�Ze4�û\JM8;a7L&h�H�:NO^Y&<k47SæL�G;<xZe<ml^<ma7O9n;_c<mSeLFORQ}L�G;<oa�Hmh^<m: z :N<�LN4�SfO9LNOjn;4�JIQp<�HRL�8;:N<o:N<�n;:N<m�Y2<�SeL�HRLN47O9S-YIZ@8;<XLNO�L�G;<oa�H�:N69<c:N<�JM<�n;LN47l^<��-<�a�Z;Y}ORQFLNG;<�Y&<X8;S;47LKYuq ¦
<[JmHR8-Y&<XLNGf<�Í�<m:NOj��Y&8;_¥a7<�HR:�S;4�Sf6HRa769Oj:N4�L�G;_�Ze<�JM:�<�H9Y&<�YvUV<m4�6jGeL�Y�L�O�4�S-HjJMLN47l^<I8;S;47LKY>4�S�n;:�O9n-O9:�LN4�OjS+L�OkLNGf<oHml^<m:KH�69<oHjJMLN47l9H�LN47O9S�O�l^<m:H 8;Sf4�Lmã±Y>:N<�Ju<mn;LN47l^<��-<masZ#dgH�a�H�:N69<�S@8;_`�-<m:>O�Q}4�S-HjJMLN47l^<o4�S;n;8fL�8;Sf4�LKYIUg4�a7aPZe4�a78;LN<oL�G;<�H�_XO98;S@L`ORQ



¼IÝ ÞT¸KÁ�¹7¹�ß µ �
U
<�4�69G@LTL�HRW^<mSkQp:�O9_«<[H9JKG�4�S-HjJMLN47l^<>4�Sfn;8;LT8;Sf4�Lmq³�TYTHXa�Hmh^<m: z 8;S;4�L�Ze<ml^<ma7O9n-<�ZkY&LN:�O9S;6xU
<m4769G@LKY�L�OLNGf<�QpOj8;:B4�S;n;8fL~8fS;4�L�Y~JuO9_Xn;:�4�Y&4�S;6FHv6j4�l^<mSIa74�S;<^dj<�H9JKGIORQÇLNG;<�Y&<THjJmJM<mS@LN80HRLN<[Z>8;S;4�L�Y�UgH9YVY2G-H�:N<�ZIUg4�L�GHkZ@4���<m:N<�SeL}Z@4�HR6jO9S-H�a
O�QgLNGf<�Ojn;n-O^Y247LN<oZ@4�:N<[JMLN47O9SydtJmH�8-Y247S;6oLNG;4sY�8fS;4�L}LNOx:N<�Y&n-O9S-Z _cO9:N<>QÌHml^Oj:KHR�fa�hLNOxLNG;O�Y2<`O9L�G;<m:iZe4�H�69OjS-HRasYMqoE
G;<XÍ�<m:NOj��Y&8;_üå�<m�;�f4�HRS�H�a�6jO9:N47LNG;_üUg4�a7aBJMOj_Xn-<mS-YNH�LN<>QpOj:>LNGf4�YT<M��<�JML�@h�:N<�Ze80JM4�S;6cLNG;<`U
<m4769G@LKY�L�O�H�a�a�L�G;<�OjLNG;<�:v8fS;4�L�Y�L�G-HRLiU
<m:�<IS;O9L}n-H�:NLiORQPHo6947l^<mS�Ze4�H�69OjS-HRaVa�4�Sf<^d4�S0JMa�8-Z@4�S;6TL�G;<gLNGf:N<m<gOjLNG;<m:B8;Sf4�LKYBJMOj_Xn;:�4�Y247S;6FHvZ@4�HR6jO9S-H�a-69O947S;6>L�G;<gO9L�G;<m:BUgHmh^q�å�O�U
<ml^<�:md��D<[JmHR8-Y&<LNGf4�YgU
<m4769G@LTZe<[JM:N<�HjY2<i4�YgS;O9:�_oHRa74�Ím<�ZXO�l^<m:PH�a�atLNG;<i4�S-HjJMLN47l^<v8fS;4�L�Y { b9ªXO98;LFORQBL�G;< µ b�L�O9L�HRaÄ��dD_cO9:N<U
<�4�69G@Lg4�S0JM:N<�HjY2<}LNG0HRS�Ze<�Ju:N<�HjY2<}:N<�Y&8;a�L�Y�L�OXLNGf4�Y
O9L�G;<m:}Z@4�HR6jO9S-H�a5a74�S;<�qgE
G;4�Yg<M��<�JMLPJ�HR8-Y&<�Z�H�6j4�l^<mSa�Hmh^<m: z 8;S;4�LtUgG;4sJ�G}:N<[Y2n-O9S-Z@<�Z>LNO}HFZe4�H�69O9S0HRa;a74�S;<BORQ�OjS;<
Oj:N4�<�SeL�HRLN47O9SiLNOT�-<g_XOj:N<Ba�47W^<ma�hgL�OT:N<�Y&n-O9S-ZLNO\H�Z@4�HR6jO9S-H�a�a�47S;<>O�QVLNG;<IOjn;n-O^Y247LN<`O9:�4�<mS@LKH�LN4�OjSkUgG;4sJ�G�Y&G-HR:�<�ZkO9Sf<IORQVLNG;<I47S;n;8;LF8;S;4�L�Y�Ug47LNG�L�G;<O9L�G;<m:}a�47S;<^dyHjYTLNG;<`U
<m4769G@LTG-HjZÒ47S-JM:N<[H9Y2<[ZkLNOoLNG-H�L}8;S;4�L�dtHRS-Z�HXn;:�O9n-O9:�LN47O9S-H�a�a�h�asHR:�69<cHR_XOj8;SeLFORQU
<�4�69G@L
G0H9Z�SfO9Lg�-<m<mSoLKH�W^<mSXQp:NOj_ÔLNG;<}OjLNG;<m:g47S-H9JuLN4�l^<P4�Sfn;8;Lg8;S;47LKYuqBE
G;4�Yud-JMO9_Xn-Oj8;S-Ze<�Z`Ug4�LNGoL�G;<n-<m:KY&<ml^<m:�HRLN47l^<}<M��<�JMLKY
Qp:NOj_«L�G;<>asHRLN<�:KHRa�4�S;G;47�;4�L�4�OjSkH�S-Z�LNO9nf��ZeO�UgS�U
<m4769G@LKYPJmHR80Y2<�Zk_oH�Sehca�Hmh^<m: z8;S;47LKY
L�O�:�<�Y2n-O9S0Z�LNO`_`8;a�L�4�n;a7<PZe4�H�69O9S0HRata�4�Sf<�Y~O�QB�-O9LNGxO9:�4�<mS@LKH�LN4�OjS-YMq
��SoO9:�Ze<m:gLNOI:�<�Ze8-Ju<vL�G;<TS@8;_`�D<�:
ORQFÐN�fa�<mS-ZfYNÑI4�SXL�G;<}:N<mL�4�S;OjLNO9nf4�J�Qp<�H�LN8;:�<}:N<mn;:�<�Y2<�SeL�HRLN47O9S-YudeL�G;<:N<[JM<mn;L�4�l^<��-<�a�Z;YgORQBL�G;<>asHmh^<m: z 8fS;4�L�Y�UV<m:N<}:N<[Ze8-JM<�ZoLNOcJMO�l^<m:gO9Sfa�hx�9|^ý�O�QVLNG;<i4�S;n;8fL�asH[h^<�:mqVE
G;<JMOjS;S;<�JML�4�OjS-Y�UV<m:N<´Ze4�Y&LN:�4��;8;L�<�Z+HjJmJMOj:KZe47S;6�LNO�HæþFHR80YNY24sHRSòZe4�Y&LN:�4��;8;L�4�OjS+�-HjY2<�Z+OjSáLNG;<´Ze4�Y&LKHRS0JM<�-<mL&U
<m<�S+H�694�l^<�SæasHmh^<m: z 8;S;47LXH�S-Z+LNGf<k4�Sfn;8;L`8;S;4�L�YMd
Ug47LNGÿH�Y24769_oH�ORQ`q z � { Ze<M�-Sf<�ZæO�l^<m:IL�G;<_oH��e47_�8;_óZe4sY2L�HRS-JM<�H9JM:�O^YNYgLNGf<TLNG;<}asH[h^<�:M�Kd^h@4�<masZe4�Sf6v:�<mLN47S;O9L�O9n;4sJ�:N<[JM<mn;L�4�l^<g�-<ma�ZfY
JM<mS@LN<�:N<�ZI�-<ma�O�ULNGf<Ia�Hmh^<m: z 8fS;4�L�qIE
G;4�YT:�<�Ze8-JM<[Z�LNGf<��;a7<mS-Ze47S;6Xn;:�O9�;a7<m_ÓY&4�6jS;4���J�HRS@LNa�h�dD�;8fLv47L}Ze4sZkS;O9L}<ma74�_X47S-HRL�<4�LF<mSeL�4�:�<ma�h^q}þP4�l^<mSxLNG-H�LTLNG;<Inf:NO9�fa�<m_äUgH9Y}Ze8f<ILNOoH�S 47S-Y28eû\JM47<mSeLPZ@<m69:�<m<IORQrU
<m4769G@LTZe<[JM:N<�HjY2<IL�O4�S0H9JML�4�l^<`8;S;4�L�YMdtU
<oY&4�_Xn;a7hk_`8;a�L�4�n;a74�<�ZkLNG;<\JMO9_Xnf8;LN<�Z�H�_XO98fSeLiORQPU
<�4�69G@LIZ@<�JM:N<[H9Y2<`�@h�H�QÌHjJMLNOj:ORQvbeq �'S Hk_XOj:N<X:�<�HRa74�Y&LN4�JcJmH9Y&<kUgG;<m:�<XQp<�HRL�8;:N<�Y>UV<m:N<c:N<mn;:�<�Y2<�SeL�<�Z �@h�Ze4�Y&LN:�4��;8;L�<�Z�n-HRL�LN<m:�S-YIORQH9JuLN4�l@4�L&h^d^�;a7<mS-Z;Y
UVO98;asZXS;O9LP�-<>HIn;:�O9�;a7<m_�d@HRS-ZoLNG;<[Y2<}_oHRSf4�n;8;asHRL�4�O9S0Y~U
Oj8;a�Zo�-<v8fS;S;<�JM<[YNYNH�:Nh^q
��S�HjZ;Ze4�L�4�OjSyd5L�G;<�L�O9n;�ÌZeO�UgS�U
<m4769G@LKY�QpO9:ia�Hmh^<m: z U
<m:�<XY&<mL}LNOxÍm<m:NOoL�OkO9�fLKHR47S�H�_c4�S;47_I8;_ÕORQ�;a7<mS-Ze47S;6XO�l^<m:}Ze4���<m:N<mS@LgQp<�HRL�8;:N<�Y}H�LvL�G;4�YPa�Hmh^<m:mqiå�O�U
<�l^<m:md�HoY2<mLTO�Q z | z q�|k];�F¬�S;<�L2UVO9:�W;Y�UV<m:N<:N8fS�Ug47LNGxLNG;4sY
n-HR:�HR_X<mL�<m:gY&<mLgLNOoq����ILNOcZe<mL�<m:N_X47S;<gLNGf<v:�<ma�H�LN47l^<T4�_Xn-Oj:NLKH�S-JM<TO�Q�L�G;4�Y~QÌHjJMLNOj:mq

�x÷^Ø9Ú���ø�Ø
E
G;<I_cO^Y2LP4�_cnDOj:NL�HRS@L�:�<�Y28;a7L�O�QgL�G;4�YPY247_�8;asHRL�4�O9So4sY�LNOoZ@<m_XO9S0Y2LN:�HRL�<>LNG0HRLTL�G;<I<mS@LN4�:�<}n-HRL�GeUrH[hQp:NOj_�:�<mLN47S-HvL�OIO9�;�&<�JuL
:N<[JMO96jS;4�L�4�O9S\JmHRSX�-<iY247_�8fa�HRL�<�Z>4�ScLNG;<}Y�HR_X<PS;<mL&UVO9:NW�d;H�S-ZXLNG-H�L
L�G;<T:N<�n;:N<m�Y2<�SeL�HRLN47O9S-Y
UgGf4�JKGoZe<ml^<ma7O9n-<�Z>QpO9a7a�O�U�H>6j:KHjZe4�<mS@L
O�Q�47S-JM:�<�H9Y&4�S;6³Y2n-H�LN4�H�ay4�S@ljHR:N4sHRS-Ju<^d@H9YPJmHRSo�-<}Y2<�<mS4�S²354�6j8;:N< ° q���S�Oj:KZe<�:>LNO�<�S-Y28;:�<�L�G-HRLIL�G;4�Y}S;<mL&U
Oj:NW�G-HjY>LNG;<\YNHR_c<�:�O9�;8-Y&L`â�80HRa�47LN47<�Y�QpO9:>a7O�U
<m:];�F¬�ljHRa78;<�Yud5HX:�HRS;6j<XORQF];�F¬�ljHRa�8f<�YTU
<m:�<I8-Y2<�Z {Nz q�|@d~q ° |@d
q��[�edBq��j|���qXE
G;<In-<m:&QpO9:N_\HRS-JM<IO�QgL�G;<S;<mL&UVO9:NWIUrH9YVY24�_c4�a�H�:�LNOiLNG;O�Y2<TO�Q
]�4�_`8;a�H�LN4�OjSIb@d;H9YgJ�HRSX�-<}Y&<m<mS`4�So3547698;:�< z |eqBE
G;4sY~S;<�L2UVO9:�WIG-H9ZH�Sf<m6^H�LN4�l^<��Ô47SeL�<m:KJM<�n;L�QpO9:iLNG;<ca�4�Sf<�HR:T�-L�d5�;8;L³H�asHR:N6j<m:IY&a�OjnD<�dBH9Y>JuO9_Xn-H�:N<�Z�LNO�]^4�_`8;asHRLN47O9S�b@qå�O�U
<�l^<m:md^LNGf4�Y
a�47S;<��-LPLNGf<>ZfHRLKHIU
<�a�ayH�LP­ ® ¯ ¤�° ª@q
E
G;<��-<�Y&LN�ÌJmH9Y&<�n-<m:2QpOj:N_oH�S-JM<oORQiLNGf4�YIS;<mL&U
Oj:NW�UgHjYXY247_X4�asHR:>L�O�LNGf<k�-<�Y2L���J�H9Y2<�Sf<mL&U
O9:�W�Qp:NO9_]^47_�8;asHRL�4�O9S´bedtUg4�LNG�HX_X<�H�S�ORQ ° q±b��	� ° q ¶�
 �uqX�TYTUg4�L�G L�G;<o]^4�_`8;a�H�LN47O9S�bX�-<�Y&LN�ÌJmH9Y&<XS;<mL&U
Oj:NWfYMdLNGf< OjS;a�hÿZe<ml@4�HRL�4�OjS+Qp:NO9_ H�n-<m:&Qp<�JMLX47SeljHR:�4�H�S-JM<�O�l^<m:oH�a�a z |�S;<mL&UVO9:NWfYoJmHR_c<�Qp:NOj_ H�S;<mL&U
Oj:NW



µ ª ·;¸K¹7º�»N¼B½&¾;¿mÀfÁ�Â9¿�ÃÄÁÄÅ�À�Åmº
·9ÆÇ¿^ÃÄÁp¿m¹tÈ�À�É[¿�½NÁp¿mÀyÊM¸

R1 R2 R3 R4 L2 L3 L4 L5
R1 L1 L2 R4 L4 L5
L1 R1 L3 R3 R4 R5

L1 L2 L3 L4 R2 R3 R4 R5

L3 R3
R1 R5 L2 R2 L4

R4 L1 L5

R2
L1 L5 L3 R4

R2
L2

R1 R2 R3 R4 L2 L3 L4 L5
R1 L1 L2 R4 L4 L5
L1 R1 L3 R3 R4 R5

L1 L2 L3 L4 R2 R3 R4 R5

L3 R3
R1 R5 L2 R2 L4

R4 L1 L5

R2
L1 L5 L3 R4

R2
L2

a) Network architecture with final wts.

b) Trace of right diagonals. f) Layer 1 receptive fields

e) Layer 2 receptive fields

c) Layer 3, left diagonal d) Layer 3, right diagonal
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      Spatial Invariance by SOP
for 5-Layer Diagonal Line Network

Probability of Same Object at Time t+1
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y =  - 1.53 + 10.6x   R^2 = 0.98
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