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A model of implicit association learning based on

plasticity in the perirhinal cortex

�������
∗ � � ��! ∗∗ "$#&%&' ∗∗∗

∗ (�)�*�+�*�+�,.-�/&0.132�4.5&+�6�7�8 ∗∗ (�)�*�+�*�+�,.5&+�6�7�8 ∗∗∗ (�)�*�+�9�:.5&+�;

Shigemitsu MOROKAMI∗ Atsuo SUEMITSU∗∗ Masahiko MORITA∗∗∗

∗Doctoral Program in System Information Engineering, University of Tsukuba

∗∗Doctoral Program in Engineering, University of Tsukuba

∗∗∗Institute of Engineering Mechanics and Systems, University of Tsukuba

Summary: When the monkey was trained repeatedly in a delayed match-to-sample task with

a fixed sequence of visual stimuli, responses of inferior temporal neurons to adjacent stimuli

in the sequence are mutually correlated although the monkey was not required to associate

the stimuli with each other. There exist two kinds of models accounting for this correlation,

but neither model is sufficiently supported by physiological evidence; rather, they seem

incompatible with some findings on the perirhinal cortex. We present a different model

consisting of two networks corresponding to area TE and the perirhinal cortex that explains

the above phenomenon based on a more plausible mechanism, and show that the plasticity

in the perirhinal cortex may play a key role in implicit association learning.
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fig. 2: Structure of the association network.
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fig. 3: Structure of the trainer network.

Á á Ç�É7Ï á ²�� $��K� �rç ��è â � +!��¯K� 1 �ÿ á {&|���6��J� s
1 ¢ ù&æ ¦¶§J� ���&î�� � N2 �KÁ

§
$���7 � ���J6��r� r
1 $ *�æÂ� � N1 �KÁ¶§
$����Í&Î ����® �&�
$�Ò � � Á á`��� ©&
 âJîJM � r

1
á µ

� á �°� 1
â � � �5$ �Aç�»AáFâ � ��® � Cr

i

á 8 ²] ¢ ����� � Co
i �$��� ��<��Â����ç��

Á áH� � �>` á �È69�È� s
2
á9ù	æ $F¸ ��ç�� � N2

á
*�æ �r6��J� r

2 � r
1
��R&ç�� � á � � $ » c »�á&â�	çj� ©�
 á � � ����� â����j�Èç ¢ � ��h � � � ;7��rç�á �F�`Á § â����`®�ù7æ ¦¶§ ç �r6��r� s

3, s4, . . .â � ��® N2 ¢ *�æ���ç ��6���� r
3, r4, . . .

» � r
1
�

	�
 á � � ¢ ¼ ½ ç��üÂ� � Á á � � ��_�§*;J�>� ����»�á ��� ���`�`»� Á á � � � � ���¥� recency � � ¢ª� �.�
�!çV� ����H®&á �È6��È� â � �rç ��� Í�Î ¢�b + ��®H� } � � �"�á {7|�E&G ] ¢�; ��� � �K���& �®H� } � ¯K���R&ç�� _KÁ=� � Ý ��¦�� $ » c á ¢�� N1 + î Ö N2 Þá�ù�æ d�erf ? aik + î Ö pik

á �	�`� R	ç�� Á¶§%$ �
(8) + î Ö (13)

â��r �®  �� ��ç Á ��â�î�M ����6��
� s

µ
á�ù7æJâÈî� ®

N2

á �  " ¢F¸ �7ç Í7Î ¢=���

 ��ç �!� ÍFÎ r

µ
â b�+ ��çA£*) Þ!��� ��ç�� Á á

� � ¢ recency � ��â�� ¿Â¦@§ ç ��è��&���*$�� M��� ��Ö â r
1
�

r
2, r3, . . .

��á � � ¢���� â Z�} ç��� ¯ ��� ¢��¨��¬�­ ��ç r
µ x â � � ¢ ¼ ½ ç ¯���@�J �® � Á@§K��¸ ²�³ ´�� ¢�¡�µM¦@§J��Á ��â � �

� ����� Á á � � á ¯ �HM>á ����� recency � � � ������
s

µ+1 $ s
µ
á ` â�ù7æ�� �HÁ ��âJî�çK»�á � RM �A� á ©jªK� ù�æ��rçK� r

µ
�

r
µ+1
á � � ¢�� �`����Â��®�� } � ¯K��� R�ç��

© £ � N1

á$# � %N1 á s
µ
â � �Jç ��
 x

µ
» � r

µ

$�� � �A�F� â î� �® r
mu
� �ªô á � � $ » c îV�â��7ç ¢=�«Á á � � � recency � �râ ��­ ò��M�F���K�

c�} M � s
µ $�� á�î��@� ©�ª�� ù�æÂ��®�» � x

µ ���
�F�F
.��¬�­ � ç x

µ x á � � �AZ � }!}�� R�ç�� õÃ�Ä�Å�â + �«® N1 ��� �«� N2

â
recency

 " $Aûù � � Q k á ©�c`�F� N1

â ��­ recency � � $�û ù��
� ��� ���.��i Å�á�����á�î���â s

µ $F3F��G!/ â�ùæÂ� � ��� ����
 á Z � � � $ ��¹��Jç7á ¢���� � Á��â�R�ç��

4 ���! "$#�� %'&
# � % 1 � n = 1000

á Ç�É7ÏE$#� �`® �	d)(ú��=��
d+* � � � $9Ò  � � }�
u� ù	æ ��69�r� �j�F® µ	� á
10% ¢ 1 ��í M ¢ 0 � R�ç î«�¨� 1000 `�, á � 6A�
� (m = 1000) $ 100 4�3F�
G�/ â � µ � �ÂÁ@§5$ 1

�J6��r� R � M 10τ
á�- x�� © â�Ã�Ä�ÅJâ�ù�æM� ��ï

ð á�£�. �����
$�Ò  � � ��3 , �J6���` áJî���â�/
S � � �

τ ′ = 50000τ � τ ′′ = 60τ � θ = 3.0 � w∗ = 10 �
λ = 0.15 � α1 = 50 � α2 = 1.0 � β1 = 25 �
β2 = 50 � γ = 0.05 � ζ = 0.9 � ι = 0.8 � c = 10.

�&�%$ 14 Ç�� M0�M� � � ì â + �&ç N1

á � # ��%
1 á �7

$�� � � á ¢ Fig. 4 � R&ç�� Á á � â �=�È3
��G�/ â E ��� 20 4 á # � %H1 â c �«® � 100 4 á
�����J6��r� ���K®�â � ��ç ��
K¢�¤Â¦	§ ®��rç�� #
� %�121 â v �&ç 8 ² � ] ¢��M�	§ ç ¢�� �Â� cK¯ á
�J6��r� � _ á ï�� á7T �	§J���J6���� â&á�B&�M� �

 ��ç E�G ]�á Z ��# � %�1 < ��E�G ] ¢�3 ��îJM ¡��á �r6���� â � ��®�4�5M� �&
 �Jç # �&%N1'¢ R&ç� �¨��i Å�á IT �AÓ�Ô ¦@§��F�&��� �A�A8 ² �Fî��
+ ®���ç��@��¿�ç��

Fig. 5 � �76�8 ³ E7G ]�á ZH¯  � 200 4 á # � % 1â c �`® ��©�ª�¢���­ �Jç 2 c á ��6���� â � �Jç �

 á � � $:9Jè�� ��� � R�ç�� ��3 @&á:;�< ���J6��
��� Î á�= ( ¬�­ ��ç�>�� ¢ 1) ��? < ��� � !���� RM � ��@ ¢�õ Ã�Ä�Å ��A��@§�� ��� $�� ��� }����&(@ � ¼ Q �¥� �BA �@§�� Ä ��6 (C�D 1)

î�MFE � ) �RHM ��õ Ã�Ä�ÅÂ��î��@� Ü ��ç Á � ¢ � ¯ ç��
�!� â �K¬.­ � ç � 6���� â � � ç �F
 á � � ¢.�

�F� á Ç�� �¨·�â � � �!� ��ç ¯
$BG � � (Fig. 6
�

@
)
� 6H8 á ��è=��Á á=Ã�ÄjÅ � hi ≡ 0

�j�=®
recency

5



X7

X8

X5

X6

X11

X12

X9

X10

X15

X16

X13

X14

X19

Pattern No.

0 10 20 30 40 50 60 70 80 90 100

X20

X17

X18

X3

X4

X1

x2

N
eu

ro
n 

N
o.

fig. 4: Response of units to each input pattern.

� � $�� M���� � >�� (
ì @

)�&+ î Ö recency � � �R�ç ¢ N2

á d�e f ? â�[F\�] ¢ ��� (pik ¢�©�S )
>

�
(( @ )

â c �`® �!_�§E��§J��ô á���� $�Ò  � � Áá ��3 @ ¯K�¶��¸ ²K³ ´�� ¢��&��Ç�� �	·�â ��� â ¡
µ ¦¨§ ®���ç Á � � recency

 "�á ã ± $�� M������
¸ ²V³ ´¥� ¢�6 � ¡¥µ ¦°§ ��� Á � ¢ � ¯ ç�� }��.�
N2

á d�eJf ? â�[&\&] ¢ ����>�� � » � recency � ��
N1

á d�e�f ? ��� â�î� �®�R�ç�� ����¸ ²�³ ���
¢ [ ± � R�ç ¢���� � á��7� ��, á�Ã�Ä�ÅHîrM�»��&<
¯�� R7 � � Á á���� ���	õ Ã�Ä�Å�á ¸ ²`³ ´�� �&�â + �`® � N2

â + �7ç recency � ��� d�eÈf ? �7� á��£ ¢ ��y �rç ¢��j� â ï ½ ¢ � Ý�� R&ç Á � $�¤ �® + M � IT � » #7Y7%&' á recency �7���N����+ î Ö
d�e�f ? [�\&] ¢�_�§ � ��ô ���
	 $ � � ��®��Jç Á� $�¤�z ��ç��

5
�
���

#&%�' â � �Jç�¼ Q � ³ ^7�*$ »���â �j¸ ²�³ ´��
$=¡�µ �rç m7nrÇ�É Ã�Ä�Å $=£�� � �&_=§K¢ �%H&á IT

�����H����8 ² $ � } � � ¹ � ��ç Á � $�¤ � � �
õ Ã�Ä�Å ��¸ ²K³ ´���¹�º $��K� ��ç ( á�Ã�Ä�ÅM�
6 8 ��® � ¼ Q � ³ ^!� ��á.����] ¢�Z � ���«¿�ç¥�
}������ ½ Ê�3 á�Ã�Ä�Å �=� ´�� � � $����`� �&çK�� � �&Õ
$ »=� � ±�²K³ + î Ö�¸ ²�³ ��´�� ��� á��£Já�,&- ��.&/ â�� © ³ ����� $ y ¿&ç Á � ¢ [ ±��

Proximity of patterns along sequence

0 1 2 3 4 5 6 7 8 9 10

C
or

re
la

tio
n 

co
ef

fic
ie

nt

-0.1

0.0

0.1

0.2

0.3

0.4

Simulation result
Empirical data

fig. 5: Correlation coefficient between responses to a

pair of learned patterns against their distance in the

pattern sequence.

Learning times

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

C
or

re
la

tio
n 

co
ef

fic
ie

nt

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35 Normal condition
Without recency effect
Without plasticity

fig. 6: Learning process of implicit association.

R�ç�� »�� X � � �*H&â õ Ã�Ä�ÅÂ� � ½ ,�- �&.�/ �
¸ ²�³ ´�� �&��¢�Ò � § ®��rç ¯J� � ¯�������� á��� ³ Á�� $������ � § h �K���� �H� ¯ ��! õ&ö�÷ á��� � ! #�Y�%&' á�[7\�] $�"�� ��® ¸ ²�³ ´�� $�¡
µ ��ç Á�#�¢ � � � # » Q À ³ â � [ ±$� R�ç Á�#�$
¤ ��® + M%!��*H�âK»�[ ± ] ¢�Z
 &# ¾K¿�®  ç��

�&� á � � # ��®�!jÃ�Ä�Å�á�' ² $ î�M)(� � ¼ QÄ ��6�# 6�8 �Jç Á�# <�! d�(��J=��Jd *�� âJî�ç ²� þ
*%$�+�è ®���� ³ â�Á��&[ ± � Ù
� $�û *��Jç Á
#,����¢ '.-0/ § ç�� }F� ! recency

 �" $ î M21 Ì
� £�. � Ã�Ä�Å � �Jç Á
# » ��� á � � � R�ç��

6



�������

1) Miyashita, Y. (1988): Neural correlate of visual

associative long-term memory in the primate tem-

poral cortex, Nature, vol.335, pp.817–820

2) Amit, D.J. (1999): What is and what is not a the-

ory of context correlations, Network: Computation

in Neural Systems, vol.10, pp.273-280

3) Wallis, G. (1999): Temporal association in a feed-

forward framework: response to Amit’s ‘What is

and what is not a theory of context correlations’,

Network: Computation in Neural Systems, vol.10,

pp.281-284

4) Sakai, K. and Miyashita, Y. (1991): Neural orga-

nization for the long-term memory or paired asso-

ciation, Nature, vol.354, pp.152–155

5) Griniasty, M., Tsodyks, M.V., and Amit, D.J.

(1993): Conversion of the temporal correlations be-

tween stimuli to spatial correlations between at-

tractors, Neural Computation, vol.5, pp.1–17

6) Brunel, N. (1996): Hebbian learning of context

in recurrent neural networks, Neural Computation,

vol.8, pp.1677–1710

7) Wallis, G. (1998): Spatio-temporal influences at

the neural level of object recognition, Network:

Computation in Neural Systems, vol.9, pp.265–278

8) Yakovlev, V., Fusi, S., Berman, E. and Zohary,

E. (1998): Inter-trial neuronal activity in infe-

rior temporal cortex: a putative vehicle to gener-

ate long-term visual associations, Nature Neuro-

science, vol.1, pp.310–317

9) Murray, E.A. and Bussey, T.J. (1999):

Perceptual-mnemonic functions of the perirhi-

nal cortex, Trends in Cognitive Sciences, Vol.3,

pp.142–151

10) Higuchi, S. and Miyashita, Y. (1996): Forma-

tion of mnemonic neural response to visual paired

associates in inferotemporal cortex is impaired by

perirhinal and entorhinal lesions, Proc. Natl. Acad.

Sci. USA, vol.93, pp.739–743

11) Tokuyama, W., Okuno, H., Hashimoto, T., Li,

Y.X. and Miyashita, Y. (2000): BDNF upregula-

tion during declarative memory formation in mon-

key inferior temporal cortex, Nature Neuroscience,

vol.3, no.11, pp.1134–1142

12) Ringo, J.L. (1996): Stimulus specific adaptation

in inferior temporal and medial temporal cortex of

the monkey, Behavioural Brain Research, vol.76,

pp.191–197

13) Xiang, J.Z. and Brown, M.W. (1998): Differen-

tial neuronal encoding of novelty, familiarity and

recency in regions of the anterior temporal lobe,

Neuropharmacology, vol.37, pp.657–676

14) ���
	�� , 
������ (2001): ������������������� �!�"�#�$�%�&�'�(�)�*
, +�,�- (D-II), vol.J84-

D-II, No.4, pp.718–727

15) Morita, M. and Suemitsu, A. (2002): Computa-

tional modeling of pair-association memory in infe-

rior temporal cortex, Cognitive Brain Resarch, 13,

pp.169–178

16) Naya, Y., Yoshida, M. and Miyashita, Y.(2001):

Backward spreading of memory retrieval signal

in the primate temporal cortex, Science, vol.291,

pp.661–664

17) ����	.��/10�213��./.
4����� (2002): �����.�
5�6�798�: #�;�<
=�> ��?�@���A�B�-DC�E�F , GIH$�%�&�' ,�J�K , vol.9, pp.174–180

18) Suemitsu, A., Morokami, S., Murata, K. and

Morita, M. (2002): Computational examination on

the dynamics of recall activity in the inferior tem-

poral cortex, Proceedings of the 2002 International

Joint Conference on Neural Networks, Honolulu,

pp.136–141

7


