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Cortical Representation of Figure-Ground --- Toward Understanding Natural Scenes
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The aim of the visual system is to know what objects are located on where in
a scene. The segregation of figural regions from a background is a fundamental problem in
understanding scenes. Here, we have examined the cortical mechanisms underlying the discrimination
of figures from the ground. Specifically, the combination of electrophysiology and computational
studies has enabled us to find that a small group of neurons in the intermediate-level visual areas
is capable of computing figure-ground discrimination in natural scenes.



¥ X C—19, F—-19—1, Z—19.

1. WFZEBRAAE S D5

XIHBED R L 72> TWNDH EFE X BT
WA DL, X7 (Border Ownership) R4
Ml CHD, HREREV2, V4 O ED
AR, fmERs sz KR (CRF) RIZd 256, £
DO EL LA S 2 IR AF L TR & A
{2 BOMIAL), HEEHOIL, KFmER
PEOEPRIZL, MO EIAZH - REICH D Z
L AR L (e.g., Sakai & Nishimura, J.
Cognitive Neurosci. 2006; Wagatsuma &
Sakai, J. Vision 2008), Z®EF/LIT/iA<
EmINAHIZE->T WA (e. g, Zhang & von
der Heydt, J. Neurosci. 2010; Sakai et
al., SfN 2007 [oral session]), &XHIZ, Z
DET IVHIREAEE L 72X, X5 mERBIRE
BRI SEIT B Ll -oTE T,

HARBEBEA~OGIE, HREE O 2 HEwm
TFILTTPTHLEZDOICHEEY (K1 A-B:
Sakai et al., SfN 2007), von der Heydt ©
D3[F]— DRI K95 B —Hif (V2) 2~ B DFL
gkaBltE LT D, EEDETH D0 E KRR
Rk LT BO &g M OFE(EZ WS LT
W5, HEFED L PIERICL-TZDZ L
VA TR L7z, UL, BREERCST LT
13, 54 OFa D BO SRIEDMEN T & 23 -
70 BO HMERRIZHE L L CIXT Mm% R L,
INDRKHSGEED I L e o TV D EEZX S
N5,

2. WFEDO BB

RO BWNE, ST OMUUATI B 5 D>
EHHZ LD, KL, 6 A PR
T 5 L CHMEE R HMFENREETH D, K
e ClE, i BRER D7) T & (M)
B IRSEIR (X)) & 3B AR A =X A
L NCT D, BRI, DEEYESER - EXE
PRI - HAREBRZWSI L CTH A LY —|TFE
M52 &Ik, BREEICET DXy
BED RN BLG « 1S - SRS Z 1 5
W29 5,

BARINCIE, (1) BRERICKH 5 X 5 h)
RIYE (BO) MR DJGE L HERE A B & 3%,
Z LT, (2)BO MEREAFF 1 L TV DRI
Gestalt F[K (e.g., MECHAM) THDZ
L ERT, 512, (3)BO MO RE LN X Hisy
BEDRMEL 7o TN D Z L 2R d, &EIT,
(4) X HEN T3 1T D RO « 3 DPEf R R A
DORRETH &, 6) ERBMPRIEEZ IR T 5,

ARFFETIL, BIREBFOZHOmE = %
OFFFIZ SN TR T 5, Tz APHE
B oo DEMHEEFER - I 2 L—3 g odm
ORI E LT, —B L7-FEBRE EhT 5,
TS E o T, BAREHRICKIT 2 AL L,
ZRUT KT 2 phifk A - FHEHERS 2 B & 20>
T D EVWI R E b, RS, BREGN
WET DREaHIMEE 2 5L & L C, Z50ia
DL U ORTHEN IR BT %
B SMNCT 28 THAINTSH D,

CK—19 (@)

3. WrROITIE

H SR & 5t 5 & L C Ay Bl O #h i
ZHFET 572010, IRERREOCEMMN S
A B T (10720°) 12 569~ 2 25 o0 il S
ZFRIFGLERT D ENMETH D, KRS
U — A 2R L, $EAEME L=
D V4 INHI/NE SEMRIC X - Tt ii sk s
1TH2ZLicky, ZoEREFEHTE S, H
IR OMEE % BB R L LT, AEP5E
B oo DPESEER - BHEERIC—E LTt L TR
J LB A E T 5 2 L2k, mEicxt
S 2 AR RE b 2 0D B RS O PRAR S AT RE
2725,

4. WFZERR

APPSR A M L C, BARmEGIZKT
DR (V1 VA) 125 DA o a4 %
RUERK - fRAT L, T OMREOHRAED -, F
7, EAREFEERICMT 2 BRI A 1
B Uiz, T DI, OISR & G - B
JEL T, & MARICKHE L7 B RERENREE O
ERTEZRE LT, ZERmEZ b O HR
B[/ X FNZDOWNT, (o - PAGE - %R %
HRE LT, Rl ERT 22 &
WCEREh L7= (¥ 1, Sakai, et al., Frontiers
in Psychology, 2015)).

BERAEBIERTIE, EIRUNSREmLR
(28T % CRF NZED H BT 2 4L L,

o 2
o| | & um
21 1° @
S o
€| mim
[7) .- "
Convexity

Similarity Axis 1

1. (k) PAGZdEhE LCThAIL 72
WSy FORl, AITARBEBRTICZYT S
H O, (F) MDS OFEROA, ™, FA
GO 2 A EISHAT 5, 2D
TEIZ L~ T, AREBRT 52
S U TSR 2 R &2 fER T & 72,



COREEMR LT, ZAEMGIETIE, #F
AN HBRR O CRF (i & [RIET D 2 & LR
ThbH, T, VEOEBEWDKENE, CRF
EWETDHVAT LR LT, Bk L-H
SRS ISRE 2 85 A Bk L 7= Eiic 2R L
T, FLRARRHIAGL O S 2 3 N2 e g & D)
gk L7=, 220100 {EFLEE) OMIfED> & DFE
BFFLER A5 Z LITR Lz, 2D oFtsk
% spike sorting L, @ CRF (L&, F
A7 RME, BO(Border Ownership) SR,
WX D INE E T Uiz, T ORER, X
H 3B\ B 2 A A oA & SRR
WDHZEMNTE I, T HHIISE DT
LD, T EZ AR T DA = X A
DI e —F 352 ERAREE Ino T,

HAREBRIZ R T DR EE VL, VO)IZHD
PRI DA & Gik - RIT L, = OREEED
PR & 3 L=, TERMRMExSE Ho%R
HERY 72 B AREREIS & 2o L CRtR & 1T o 72,
GG U720 N 2 U RRE BRI 2 331F D CRF L
O BB S 2T AR S, 1ERLL
7= AR & S0 A B L L 7B &
RLUT, RO Z ek LT, £
(G 1,000 {EER) ORI © O [RIRFFLER & 15
HZ LI LTz, Zh b Diték% spike
sorting L, &R CRF 7f&E, A&,
BO JEIRME, XM (FG) 12Xkt B IS E % fibT L
7. Visual Response, CRF{Z{E%&DHIKI%
729, B BT A IR E o TR
ZHHERERD -, Zofh, BT D R
WEIZOWT I 2IT 722, TAELTW
72 Gestalt BERA~OEKFIEITFRD HiL7eno
Yl

H SRRk AR EE (V) 12 & 5 1k
AR ODSSE 2 AT L, R OALE 2 SR FEIIC
HIAE L 7= BF DRSS, HIE 2N E 72 13l
KT DREFVE A TR E D B AT IRAT
L7z, S BIT, HMERT, 231% 0-100ms,
100-200ms DEFHAIZ 4317 C, BO, « FG IR
BILOFENZOWTHT L, ZOFER b
PHEERE ORI DN THER Lz, MRSEIT
T0ms TFGERHERLTZ, 2D LIX, feed-
forward WEBERZEHZRZLTNLI L%
RS 5,

FEEBRAEIT - T, ek LIRS E &
ETDHIEITE > THY ORI G S
NBZ LT, ZNEDOENNE, V4D
FE X B OFERARIAAS FG R AR L, F5
DREE L CIHERR 21T > T\ D Z & AR
X7,

FG BRIEZ 7R I D SUG DR AT L D
M FEIZDOWT, ISR E21T -7,
H—0 F6 BJIRMEM O3 BRI 53
B X HFER R O IFZA 2L 5h%FEE Tdh - 72713,
20 {EFRE DT /VHIIREEIX S0%FEE D IEE %
UL Z Lo, ZORERIE, V4 KIkE
FEFE L TRERIL TWDZ L E2RT,
(X2, e. g, Hasuike, et al., 2015, 2016)

S BT 5 b CHARE L T DARIE R 72 R

ETHDXMBECER LT, ERAEPEFESR-
DB BLSEER « SR EBRARE L TREA D
= X LOEF R T, HERIFZNAFR 2 ED
R DOV T LFZEN ST 2 ieh
ST, ARWFIETIE E R 2 fil & LT
L7z, Zhicky, EHERARNEED )
Ty (M) 2> B W iR aEiek (X)) % 53 B 5 A
A= ALERGNICTDH LB AT, D
Y ERFERRIC L - T, BHAREHE ) DLW
FRZERN AT 5 L O ICEB Ry F 2
TN LT, T OREREE 2R L V4 )i Ofh
FRRLERIE, FGEEIMEMIROGFEL R LT, &
HERTIE, ZhboMiaszHied sz
L2k o, BIREGH OXIH S BEDS FTEEIC
DT ENRENT,

10 model BO-cells
100 — achieve 82%

g |
90
£ v
o WF——I——I——I——‘I—I—H—“—F
S 80 A/J
£ 70
E
5 60 || S———_ Single model cells
a yield 65%
50
40

0 10 20 30 40 50
The number of model cells

Eas The stimuli with higher
y 5100 confidence show "
%90 higher discriminatio
3
i,f' 80 ‘
Z 70 1
&
For Model 2
€ 60 &
i
£ 50
=
1= 4o+ R?=0.987
g P value < 0.01
30
Difficult 25 50 75 100
Human Confidence of Stimulus [9¢)
Difficult ———)Easy
For Human

X 2. ERAHIERIZESWZET VAR
ZRIA L, AEHER T3S SR WA
IS DA K DFRABIRES MGt Lz, (B
HIFER =R %, AT DT LA DR &
LT L7z, BE—HETIEERNRIT 66%T
HoT=7%, 10~20 HDEF VAR 2 5
AT D LRIRIT 80% & 2T, DL
1%, V4 MIRRREX B ARER I L CEMAN
BIHERR N CT& 5 2 & Ao, (PR
FNR DRSS, fl S FIZE D e
DOFIRIZ L - TR D, T VIO R T 55%
BIEZE, & NBRT AR SRE O L L
TR LTz, MFITEWVHEBEZ R LTz, 202
Eix, ARSERICES BT VMIlEN, B b
MR EZFHRT L2 L 2RT,



5. ERRERmLE
(WFFEEH ., DHIERE R O JE# (12
=S

CGeakamsr) (B 14 1) & TAaHE
1) Sparse coding generates curvature
selectivity in V4 neurons. Y. Hatori, T.
Mashita and K. Sakai (2016)
Journal of Optical Society of America
A, Vol. 33, No.4, pp.b552-537, doi:
10. 1364/ JOSAA. 33. 000527

2) Neurons in the Inferior Temporal
Cortex of Macaque Monkeys are Sensitive
to Multiple Surface Features from
Natural Objects. H. Tamura, H. Otsuka,
Y. Yamane (2016) bioRxiv 086157
http://dx. doi. org/10. 1101/086157

3) Similarity in Neuronal Firing Regimes
across Mammalian Species. Y. Mochizuki,
- Y. Yamane (39 % HB), H. Tamura (40 %
H), -, S. Shinomoto CEZHEr. 54 4)
(2016)

J. Neuroscience 36:5736-5747,

DOI:10. 1523/ JNEUROSCI. 0230-16. 2016

4) Representation of local figure—ground
by a group of V4 cells. M. Hasuike, Y.
Yamane, H. Tamura and K. Sakai (2016)
Lecture Notes in Computer Science, Vol.
9947, pp.131-137, doi: 10.1007/978-3~
319-46687-3_14

5) Perceptual Representation of Material
Quality - Adaptation to BRDF-morphing
Images -, K. Kudou and K. Sakai (2016)
Lecture Notes in Computer Science, Vol.
9947, pp.208-212, doi: 10.1007/978-3-
319-46681-1_25

(Oct. 18, Kyoto)

6) Perceptual Representation and
Effectiveness of Local Figure—Ground
Cues in Natural Contours. K. Sakai, S.
Matsuoka, K. Kurematsu and Y. Hatori
(2015)

Frontiers in Psychology, Vol. 6, Article
168503, November 2015,

http://dx. doi. org/10. 3389/fpsyg. 2015. 016
85, doi: 10.3389/fpsyg. 2015. 01685

7) Facilitatory mechanisms of specular
highlights in the perception of depth.
K. Sakai, R. Meiji and T. Abe (2015)
Vision Research, Vol. 115, B, pp.188-198,
doi:10.1016/j. visres. 2015. 05. 001

8) Neural construction of 3D medial axis
from the binocular fusion of 2D MAs. W.

Qiu, Y. Hatori and K. Sakai (2015)
Neurocomputing, Vol. 149, Part B, 546—
558, doi: 10.1016/j. neucom. 2014. 08. 019

9) Figure—-Ground Segregation by a
Population of V4 cells — A
Computational Analysis on Distributed
Representation. M. Hasuike, S. Ueno, D.
Minowa, Y. Yamane, H. Tamura and K.
Sakai. (2015)

Lecture Notes in Computer Science, Vol.
9490, pp.617-622, doi:10.1007/ 978-3-
319-26535-3_70

10) Early Representation of Shape by
Onset Synchronization of Border—
Ownership—Selective Cells in the V1-V2
Network. Y. Hatori and K. Sakai (2014)
Journal of Optical Society of America,
A4, Vol.31, No.4, 716-729, doi:

10. 1364/JOSAA. 31. 000716

11) Spatial Range and Laminar Structures
of Neuronal Correlations in the Cat
Primary Visual Cortex. H. Tanaka, H.
Tamura, I. Ohzawa (2014)

J. Neurophysiology 112:705-718, DOI:

10. 1152/ jn. 00652. 2013

12) Organization of Local Horizontal
Functional Interactions between Neurons
in the Inferior Temporal Cortex of
Macaque Monkeys. H. Tamura, Y. Mori, H.
Kaneko (2014) J. Neurophysiology
111:2589-2602. doi:

10. 1152/ jn. 00336. 2013.

13) Perception of Symmetry in Natural
Images —— A Cortical Representation of
Shape. K. Sakai, K. Kurematsu, and S.
Matsuoka (2014)

Lecture Notes in Computer Science, Vol.
8836, pp.135-141, doi:10.1007/978-3-319-
12643-2_17

(%K) (G4 h)
1) Representation of local figure—ground
by a group of V4 cells. M. Hasuike, Y.
Yamane, H. Tamura and K. Sakai (2016)
Proceedings of International Conference
on Neural Information Processing (ICONIP)
2016, (Oral Presentation), pp.131-137
doi: 10.1007/978-3-319-46687-3_14

(Oct. 17, Kyoto)

2) Perceptual Representation of Material
Quality - Adaptation to BRDF-morphing
Images -, K. Kudou and K. Sakai (2016)
Proceedings of International Conference
on Neural Information Processing (ICONIP)



2016, (Oral Presentation) pp.208-212,
doi: 10.1007/978-3-319-46681-1_25
(Oct. 18, Kyoto)

3) Figure—Ground Segregation by a
Population of V4 cells. K. Sakai, M.
Hasuike, D. Minowa, Y. Yamane, H. Tamura
(2016) Society for Neuroscience, Annual
Meeting 2016, 54.25 (Nov. 12; San Diego,
CA)

4) Simultaneous Representation of Shape
and Material —— Adaptation to Material
Alters the Perception of Depth ——, K.
Sakai and T. Oyakawa (2016) Vision
Sciences Society, Annual Meeting 2016,
Abstract, Journal of Vision, 16, article
36.4006 (May 15, 2016; St. Petersburg,
FL)

5) Adaptation to Symmetry Axis. Y.
Sakata and K. Sakai (2016) Vision
Sciences Society, Annual Meeting 2016,
Abstract, Journal of Vision, 16, article
43.3038 (May 16, 2016; St. Petersburg,
FL)

6) Figure—Ground Segregation by a
Population of V4 cells — A
Computational Analysis on Distributed
Representation. M. Hasuike, S. Ueno, D.
Minowa, Y. Yamane, H. Tamura and K.
Sakai. (2015) Proceedings of
International Conference on Neural
Information Processing (ICONIP) 2015,
(Oral Presentation), pp.617-622, doi:
10. 1007/978-3-319-26535-3_70 (Nov. 10,
Istanbul, Turkey)

7) Adaptation to Symmetry Axis ——
Towards Understanding the Cortical
Representation of Shape ——.K. Sakai, K.
Kurematsu and Y. Sakata (2015) Asia-
Pacific Conference on Vision 2015,
Abstract in Session 3: Talk Learning &
Adaptation (July 10, 2015, Singapore)

8) Direction of Figure in Natural
Contours by Population Coding of
Surround-Modulation Models and V4
Neuronal Activities. M. Hasuike, Y.
Nakata, Y. Yamane, H. Tamura and K.
Sakai (2015) Asia—Pacific Conference on
Vision 2015, Abstract in Session 14:
Symposium: Vision & Machine Learning
(July 11, 2015, Singapore)

9) Cortical Representation of Meterial:
Adaptation to Reflectance Distribution
Function. K. Kudo and K. Sakai (2015)

AEARU CS-WT workshop 2015, Abstract,
p. 73 (Feb. 26, Tsukuba)

10) Curvatures of Natural Contours
Facilitate Neural Responses of Figure—
Ground. M. Hasuike, Y. Yamane, H. Tamura
and K. Sakai (2015) AEARU CS-WT workshop
2015, Abstract, p.74 (Feb. 26, Tsukuba)

11) The Simultaneous Perception of
Material Qualities and Depth in Human
Vision. T. Oyakawa and K. Sakai (2015)
AEARU CS-WT workshop 2015, Abstract,
p. 75 (Feb. 26, Tsukuba)

12) Global and local properties in the
perception of figure—ground. M. Urabe
and K. Sakai (2015) AEARU CS-WT workshop
2015, Abstract, p.76 (Feb. 26, Tsukuba)

13) Synchronous Firing Caused by Natural
Image Contours. D. Minowa, Y. Yamane, H.
Tamura and K. Sakai (2015) AEARU CS-WT
workshop 2015, Abstract, p.77-718 (Feb.
26, Tsukuba)

14) Vertical and Horizontal Structures
of Neuronal Correlations in the Cat
Primary Visual Cortex. H. Tanaka, H.
Tamura, I. Ohzawa (2015) Neuroscience
2015, Society for Neuroscience 45th
annual meeting (Oct. 17-21, 2015;
Chicago, USA)

15) Active Exploration of Visual Scenes
by Humans and Monkeys. Y. Yamane, J.
Ito, M. Suzuki, I. Fujita, S. Grtin, H.
Tamura (2015) JNNS 2015, 25th Annual
Conference of the Japanese Neural
Network Society (Sep. 2-4, 2015; Tokyo
Japan)

16) Preference to Faces in the Gaze
Target Selection. S. Izumi, P. E.
Maldonado, H. Tamura (2015) JNNS 2015,
25th Annual Conference of the Japanese
Neural Network Society (Sep. 2-4, 2015;
Tokyo, Japan)

17) Distinct Scan Modes in Monkey’ s
Free Viewing of Natural Images and
Related Neuronal Activities. J. Ito, Y.
Yamane, I. Fujita, H. Tamura, S. Griin
(2015) ECVP2015, The 38th European
Conference on Visual Perception (Aug
23-27, 2015; Liverpool, UK)

18) Active Exploration of Visual Scenes
by Monkeys: Behavior and Neuronal
Activity in Primary Visual Cortex and



Inferior Temporal Cortex. Y. Yamane, J.
Ito, M. Suzuki, I. Fujita, S. Grtin, H.
Tamura (2015) Neuro 2015, 38th Annual
Meeting for Japan Neuroscience Society
(Jul. 28-31, 2015; Kobe, Japan)

19) Laminar Structures of Loose and
Precise Neuronal Correlations in the Cat
Primary Visual Cortex. H. Tanaka, H.
Tamura, I. Ohzawa (2015) Neuro 2015,
38th Annual Meeting for Japan
Neuroscience Society (Jul. 28-31, 2015;
Kobe, Japan)

20) Saccade Related Layer Specific Local
Field Potential Activity in Macaque V1
during Free Viewing. R. Meyes, J. Ito,

Y. Yamane, I. Fujita, H. Tamura, S. Griin
(2015) FEleventh Gottingen Meeting of the
German Neuroscience Society (Mar. 18-21,
2015; Gottingen, Germany)

21) Simultaneous Perception of Material
Qualities and Depth. T. Oyakawa and K.
Sakai (2015) Proceedings of Japan Neural
Networks Society, Annual Meeting, p.78
(Sep. 3, 2015)

22) Capability of Figure—Ground
Discrimination by a Population of V4
cells. M. Hasuike, Y. Yamane, H. Tamura
and K. Sakai (2015) Proceedings of Japan
Neural Networks Society, Annual Meeting,
p. 76 (Sep. 3, 2015)

23) Perception of Symmetry in Natural
Images —— A Cortical Representation of
Shape. K. Sakai, K. Kurematsu, and S.
Matsuoka (2014) Proceedings of
International Conference on Neural
Information Processing (ICONIP) 2014,
(Oral Presentation) pp.135-141,
doi:10.1007/978-3-319-12643-2_17 (Nov.
4, Kuching, Malaysia)

24) Sparseness and surface
representation in the generation of
curvature selectivity.

Y. Hatori, T. Mashita and K. Sakai
(2014) Vision Sciences Society, Annual
Meeting 2014, Abstract, Journal of
Vision, 14, article 23.343 (May 17
2014; St. Petersburg, FL)

25) Perceptual characteristics of
natural contours and their contributions
to figure/ground segregation. K. Sakai,
K. Kurematsu and S. Matsuoka (2014)
Vision Sciences Society, Annual Meeting
2014, Abstract, Journal of Vision, 14,

article 26.338 (May 17, 2014; St
Petersburg, FL)

26) A search for material representation
in the cortex. T. Oyakawa and K. Sakai
(2014) The Proceedings of Annual
Conference of Japanese Neural Network
Society, 42-43 (Sep. 27, 2014, Hakodate)

27) Preference to faces in the gaze
target selection. S. Izumi, P. E.
Maldonado, H. Tamura (2014) X Reunion
Anual de la Sociedad Chilena de
Neurociencia (Oct. 1-4, 2014; Valdivia
Chile)

28) Layer Specificity of Ongoing and
Evoked Neuronal Activities in the
Inferior Temporal Cortex of Macaque
Monkeys. J. Ito, Y. Yaname, I. Fujita,
H. Tamura, S. Grin (2014) Bernstein
Conference (Sept. 2-5, 2014; Gottingen,
Germany)

29) Laminar Profile of Ongoing and
Evoked Neuronal Activities in the
Inferior Temporal Cortex of Macaque
Monkeys. J. Ito, Y. Yaname, I. Fujita,

H. Tamura, S. Grun (2014) ECVP 2014, The
37th European Conference on Visual
Perception (Aug. 24-28, 2014; Belgrade
Serbia)

(Z Dfh)

R—BR—
http://www. cvs. cs. tsukuba. ac. jp/research
.html

6. WFIEAERK

(1) WFgefEE

W 72 (SAKAI, Ko)

PR KT« AT MMERTR - Hi%
e E %5« 80281666

(2) WFge s

HAF 8L (TAMURA, Hiroshi)

KIRKEE - KB AEMmEREMFTE R - HEH R
&S © 80304038

AR 22T (YAMANE, Yukako)

KK « REFBAMBSREM TR R - BTk
£1]

WF7EE% 5« 70565043



