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Stimulus Coding Rules for Perceptual Learning

Jun-Yun Zhang , Shu-Guang Kuai'®, Lu-Qi Xiao'®, Stanley A. Klein?3, Dennis M. Levi*>, Cong yu'

1 State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University, Beijing, China, 2 School of Optometry, University of California, Berkeley, California,
United States of America, 3 Helen Wills Neuroscience Institute, University of California, Berkeley, California, United States of America

Perceptual learning of visual features occurs when multiple stimuli are presented in a fixed sequence (temporal
patterning), but not when they are presented in random order (roving). This points to the need for proper stimulus
coding in order for learning of multiple stimuli to occur. We examined the stimulus coding rules for learning with
multiple stimuli. Our results demonstrate that: (1) stimulus rhythm is necessary for temporal patterning to take effect
during practice; (2) learning consolidation is subject to disruption by roving up to 4 h after each practice session; (3)
importantly, after completion of temporal-patterned learning, performance is undisrupted by extended roving
training; (4) roving is ineffective if each stimulus is presented for five or more consecutive trials; and (5) roving is also
ineffective if each stimulus has a distinct identity. We propose that for multi-stimulus learning to occur, the brain needs
to conceptually “tag” each stimulus, in order to switch attention to the appropriate perceptual template. Stimulus
temporal patterning assists in tagging stimuli and switching attention through its rhythmic stimulus sequence.

Citation: Zhang J-Y, Kuai S-G, Xiao L-Q, Klein SA, Levi DM, et al. (2008) Stimulus coding rules for perceptual learning. PLoS Biol 6(8): €197 doi:10.1371/journal.pbio.0060197

N . Y

Introduction bt’t-mus d'ng.., sa_ s:;.«l d . 'oqiLt 0s 'Y s
N oyt St vy r’—n'ng s Ca e wie’d Mo "wt";—q
{t"vﬂ. d‘S-‘Wt nﬁs‘ Ve |£”tas’ f"n'n —nd . t|’(-tdt vt e (':S'd-’- a?i‘-

L] .
Sl.il,a S 'JLS[ ’ IVQ-F{ 'J ’ I'J I ® S't (g ot K .‘g S'@:b“ tt. JV"‘ .d. t ,’SI;.,’ a:btt- 13 dS t
‘.'Jtﬁf tk\ ."v‘ S, ’t ‘i! ; t 1 b LS * Ss\s.ﬁ '-. d u i(yrr—-'lt .d “F y o ¥ t . t v *& |§.IK.yt ._;El7<
t:‘ s i‘- W) f"—n'u{ Jda— S"b o st WTd Yot ns"|y ] oy *od AT w“ ,v' St "-;stf -

E‘-Stt 'b n d"@_sd" '35|’d»td"3t X"vagyudart- ntsthgﬁﬁ

dﬁt'nwt's'- ¥ f‘—tt “ole i ¢ S sdg":

A“tfff“‘ u’f‘ t*l*l"’"t"z'!'laﬁ"*t y. P8 de' Py e s PTed v Y e
R t’, s f" av'e® s oy P ,Iallt v v ds '{-"d»' s y4_s @ t ‘End? o 'yl’—"!"lgg .
o ' fts 0 () Apten —ode Mo
i I'v vd Y ad Ch b #- ‘eﬁ' F"""’ e s‘. s'a - ng sg " !?t"sg*:'dﬁﬁ f- g‘ |
'Jd “d "'U /‘d— 1 ad ¢ |j.|d e od St Y'l]l lf d\' f’ . 'Jg ‘. d .Sa'-‘s'd ot 1 ‘t\ ‘.isﬁ *%.Y
s v ) S xS L € Ll 5 -
t 9 ¢ Pay . uS) t n "'J"'b' -. 'Jt o y® o 0SSy Vst.‘.d.ﬁ /ﬁ“,,’Sd ,@_L,!d

14,1 LS i v :
w b vv-yﬁ-— s ey eyt dant O Toss i At e T T et

¥ ] : s 14" sS At "y A Wy s

W AL ,L—L'Jddgng SR L 'J': gush e tt Ty AT ;' R'\ Ay

11. w* vl g ko kg s T Tt va” TS’y Lwdst A IR vu oSy 1-

" e va |ty K' a'.b gt d* tan v x| ‘EE‘ ﬁ g

fo' ) an S , o a-,‘s‘d o o ta' Sty " Bt 5SS W yAoead
L

Ly e, T antt gyt Fave O SCCRRRIEEE T TN LR LA

3&{ t“'ﬁ— R R e T stey ) igo S U Tot s y?e” @"Spud’d ¢ ‘-wéﬁ . Tat s

L 30%"  oae st @, ﬂﬁ,std‘s.‘wt vl SK g “ € s* v.jnffur: d IR 0% wd t'u' Mo @S at
R TR S N -'@-t—t ud‘su‘wt @;Sﬁlnaﬁ u "5.| s t?-— & Nd yTd e d¥ gt dT i‘md ot

"ﬁ'MS'SS‘ ,,sﬁ ‘} o d‘S-‘wt e Ssten ST ) —| AP ETIRNEIS L I U nq)i‘ﬁﬁ' td"w
S fuily "o vd- b ot g "I.S-V- s ¢ s¢* '1-.“15-' vo_ad vﬁ'&q ‘-mtn WAy viy
f‘s't-&{f': Ay, e axe’ Wt ot vy, 1‘. 1 P Sqpos -‘“‘g ' vd.s,su s ¢ ', L ﬁ,nd Ds "-
S g-&",- NS ol S5 w " de t? v-S)i'a W) f"—nn-"-g wdy H10.s F¥s p ¢ t ‘x-q. T dd gt
sy d T st te” i"s"‘td]%'a""d vy t,',’{' Stw’) ™ v 1y g v Sﬁ‘ms S ¢ t" St“vvmus"w

od'w '(' » g) 561213 40 " ofh st ot Tas o s P ; -" EAFUS s‘s,v,s 'sCa va' us'J v e si’ms'
T T d "}— d X'i'?o»la-i%ttn £ ’{'ﬁ'ﬁ—.‘l-ﬁ%tti's": U L IS .{,d.g Y sh!,J dt "2 S‘u’l‘ S T

s L %, Ks vy ¢ ”
e uf"-v‘; A g e o™t T el e TR 0 gy ©
e St sl P g a*’ott wn™ nd- "y
ﬁ’."lt £t o dt t ﬁ‘a St" e g F d‘n ”v—"; . .
o lll[ ". St " N 5 F .'J]" "’ ¢ g st Ld e ﬁ.ﬁh Academic Editor: Manfred Fahle, Bremen University, Germany
E{ - ts & - ‘ﬁ, -ﬁtt .v, ‘v\. —'Jd P ",; 57“d "W y't - Received November 29, 2007; Accepted July 3, 2008; Published August 12, 2008
a v
4. t bt (fﬁ o v i & i‘ ﬁlw;tl f’—-'l R : o .d et Copyright: © 2008 Zhang et al. This is an open-access article distributed under the
o wl S v st St' " lf d 'v,g * ) ',“' & - i“ ‘ilﬁ. terms of the Creative Commons Attribution License, which permits unrestricted
, ".g s . W, ¥ sal dt” v g g use, distribution, and reproduction in any medium, provided the original author
F an *T'. T Wy U= cdt” e | > (3 ' Bt 4 and source are credited.
eyt v i"-"i‘ﬂf’nn 'ﬁﬁ'tsﬁ AT SR
) Hg * d ]“g d ]“ Abbreviations: 2AFC, two-alternative forced choice; ITl, inter-trial interval; PPR,
HERY ’(;L" t,fl‘. oo ¢ ‘“E’; ""1" J‘k wﬁ.." f;:"’ 9 ¢ post/pre-training threshold ratio; RHT, reverse hierarchy theory
s, t' W—ud o @ od t o )\ R
. l . va v Y 4 .ba * To whom correspondence should be addressed. E-mail: yucong@bnu.edu.cn
gty ti—ﬁ‘ s os! ’?mu%- .idt i‘-
d's uib- “ £ F"" -,Jg ‘@ l} ey v]" gd ia{—'ld]ﬂg @ These authors contributed equally to this work.

@ PLoS Biology | www.plosbiology.org 1651 August 2008 | Volume 6 | Issue 8 | €197



Author Summary

When a person learns to judge several stimuli in succession, like
baseball pitches arriving at various speeds and spins, judgments
may improve with practice only if these stimuli are presented in a
fixed temporal sequence, rather than in a random order. These
contrary effects suggest the need for proper stimulus coding for
multi-stimulus learning in the brain. We studied how the temporal
order of the stimuli affects the encoding, consolidation, and retrieval
stages of perceptual learning that describe the basic stimulus
coding rules throughout the learning process. We also studied why
fixed stimulus sequences are required for multi-stimulus learning.
Our results suggest that for multi-stimulus learning to occur, the
brain needs to identify or tag each stimulus conceptually or
semantically, so that the neural activity specific to each stimulus can
be properly attended to. This high-level conceptual process adds to
the current understanding of the mechanisms underlying percep-
tual learning and may have important implications for sensory
training and rehabilitation.

%'n WS " . v'nﬁ—nd t 'tw'k—| “a@.tt v ng# s
ot st X'.;usf’—n‘n

9 ve o)\* -V'Jt ’t-d| t . ‘X'.pt St s f"—n'ug
. Smts Wogd g ARsd ed SChwSa yvat a y
(% ey 17180 s o ?s'g ,Ja' Syf (.;ﬁt ot
St’{lmusf'-ﬂ‘nga ate v ° “ar) vl:'al*]"

ST Dy s '('.p.ff'-n-'ngsu g—a—‘v -t;trl—tt w -
"R e o) Me )Ty s tSﬁ . At Uy
F—-n‘wg S"{'wft Y’ﬁ'ﬁﬂ *\.tt-n‘ug . ad S-V"LS Su

a_ ﬁi":tl:' Mt S-Vst st st ypi—nd ¢
W T i St gl " s” |u%Lt t "t g‘
y['i —“%‘»K 'ﬁ

'YI. -"us‘ ,d “. -

a{—g?‘ng? tt '- ves Yo
et I LA 'n””-.

|,£'d"i%-&'sd"sg£ " & Awi"s 4 STy t-dd.ih
o st ly .,vjdut& f.'sﬁ'ﬂ‘- L RY AL W
Jld -%{;ud‘wg ?SS"; v'a_q s nd -ly‘v-g S0
t ’(w"L. tuv’ TNl d 0 T nd s e

Stg‘omlfa{— LRI TSR TS T i‘- B fav

o

Results

The Role of Stimulus Rhythm in Temporal Patterned

Practice )
sty S ’Mﬁp. -ﬁ%ttt'l":g '{-.;t q‘. St g2
Sa'd M- 34 LT T 'st.ﬂti @2 ot i“-V.S

?{'s) 3s a_ t™pt 7 St ’(i,,.fs' un ":u et 4 nd

st ’?gl;us oyt Poa @ Svl ey T T
f"rwn d’ ﬁhds LA TR go “—| v e n*t"?mu’
.,m' A eyt e Ad ey ZWeves @ ot
et ?-—Std‘S-‘Wt * e yt Yi_nd v eyt 2
s ,Jn', PRYL: —t U F g ey '-?-Jts
W"ﬁtif’ Vd}'}—‘}— “wd™® ede - 020304"7

06%) k\’it b ]Lt 2.’ %s ("Ol} 'J .bg'. V. s. s‘;.,'g' t ‘. s
WOE L WS .Yli" -'|'35 n%&'&— . ss @ |53Lnd ¢ b
aT T Te vdar Cu 35)-J (ard a 35 o 2 4wy
€7 ot 2a 35) ’Jtt- { {, ad’® 98 (e .;\bd
S TELRT T Q.S’-vd A T I R
: .&p[ LR

aE'

& < \
) i (?

iE). PLos Biology | www.plosbiology.org

Y'@-H wd™ v dijl'bslvls ?“-t"&g
Pt g t-.cfﬁ . t-tibl»yﬂ.u;d t f'—n"sg
1C 1F) we* $gud t Wi g 1% Y4

1652

Stimulus Coding Rules for Perceptual Learning

bRty vy vt

t di’ o e 3 ggiif '-tf’ -'s"-g“Ms
]yjt hd Xd[ " “d]] « (Fg IBI ‘l.st I*' i—‘“‘ﬂg
Cats ddet OF ) = 0.69 2 0.06; < 1‘ndi' t’s

I"d:‘l'd ta”s daﬁ tw %» ‘it wd ﬁ‘- ¥y f’ I'l
Swes “d f—t W tf' WA T ed at #
4= a; Do B TR 2 D ot nu"sg *F
‘l+03Fg 1C3Fv-di‘.v|u7- *S'Jtd"lt
.'5'v.d9LSd‘d w T oA Iy ;,o-l,li‘nif s ®
u%uté ; t 3 ofyd — gy du dftav™® ¢ =
.,Jlngamsstfi. s-gﬁa ot —086 =+
,0.02, B¢ 1K) Ya el C(qm { 22 ud 35 ks
F;_ﬁg’(r; ‘J 0.9 = 0.06 *'ﬂ.b[i“ nd" us . B g7 v
tad 1) T s s s s o & e fannt e e
St"&]l ‘)'ft-bdlvid]% eyt Y'fs’ u'l' *ﬁv‘)l—""y
e ,S- oy % X0ty
'1 o V"" |,Ddf1—'v'!|yg+ dst"ljl,\slpyt"s
R R SO L Ay wﬁ.r.w
I yt LS A d T S v's

‘11'? %’9.;&5 av t .
hoAS 25,25, Lhs g, 1s fﬁ—tiit '-"J ot sst
-de's t
a3

f05, 03 042, 4y 06347 S gy
F"Q'%'lilﬁt' V)dﬁ % ‘f' —10')"‘005}’35
]0) W D T eyt s g T ?dhg"' e ’fyf
oSt Yo% g o 1257175, 225, 2753 g f gty
; ss€ 02,03, 047, 4q 0.63,%s PSR PR
J :’d%@t £ (FF “ 080 0.06“.th .YIF;)::J“ £
‘n-g’nq v K f—n cl—t'st"v"qy?‘.@. de yt 9
't o (BT, pr 0.105). ,

"4 -5 1".*9- d % e nd"bt”"'ssss‘t-r’n‘ng
v*-pni—ndjtt-d 25y 0 wdX st St.,dé
t d)?u»’{"‘sf f’—n"-g*v\t‘wsss'nf’ av’y
s % 47 qy ‘(5.)/ !5. D & Fipia™s d
v bawras jd e Tas W SSS‘n’M'u'W‘MSt‘
T gy i"-md"ﬁt”" Csst g e S s g% o d>y

(5,+1)/ (5s)t' £ lit-.;-t-5|d'nt “ <
SEER ‘i' S,.d ‘nt g- v-,ts'vss"- 0t
S (BT S A T
xams 085, o ,'a '3.75‘21 15%
LSy N
1)

C-.

*d
G,

1D

zblil lj.!dl

‘b—"s‘ng S‘SS‘ LW e
SS R V.Q'ng "Jd 1(cliv\ls 1.04,s ;g‘stlng
;Y"Jtdg"-g ]'Jtl sty i‘a'ds éy
'll}’ .'Jad»iad»y s ) “['S["m&i yt o s
'ltn uﬁid "w J tt- b b (ﬁgg' ]K),t v M‘,’ g & SST
[’lﬂn Pod” A S 0%6'2-; V'v,sss‘g Yod” ‘fms 097)
O R T R T AU

Roving Interferes with Consolidation During Perceptual
Learning
CE ﬁ‘ Wm‘. s'wyse Yot dan® !

Sggstst1 S dngﬁ, Sty U
"Jtnu»d' o I’tsdJF—I "f’ttét'ﬂm&l v—.“g
il Tes W b as RS ﬁ"a ) feav ™t d g™s
“\i" #-‘dt'stvm&?-» S fans . -‘Xl‘”‘-ﬁng
'!"('lyt]'!fl"""i’ W s Ty T At
ws A o J"- ARy r’—n‘ng‘sﬂl'u.;} s "d
or T M Ry ST e 0 "‘L'n'ugsss'us
19 21 o " W-t-,.‘,.s.m&t,.iss ot
R T AL TR R RN IR e

. “ug W ogd A g feen e RE Ce ‘9"?;. ptue’d

‘1E

if 1 %1

“ut}‘; b-vus“ ! ’-\%t d"nt s 5q” x{-"?"nr
N Ay :'b"V' Stﬂy_ Fo st e s
‘n‘v’xut '-?’ T TR THL L S A [ P T

August 2008 | Volume 6 | Issue 8 | €197



Stimulus Coding Rules for Perceptual Learning
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Figure 1. Effects of Stimulus Rhythm and ITl on Perceptual Learning of Multiple Contrast Discrimination

(A) lllustration of a 2AFC trial in a contrast discrimination task. The observers judged which interval contained the higher contrast stimulus.

(B) Learning effects under the 1-s constant ITI condition from our previous study [3]. In this and other plots throughout the paper, data points below the
red diagonal lines indicate learning. Error bars indicate s.e.m. AC indicates contrast threshold.

(C and D) Learning effects under 2-s constant (F; s = 89.9, p < 0.001; repeated measures ANOVA) and jittered (F; s = 0.08, p = 0.789) ITI conditions,
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respectively. In these and later plots, the gray dashed line indicates the mean PPR.

(E and F) Learning effects under 3-s constant (F; s = 84.8, p < 0.001) (E) and jittered (F; s = 0.08, p = 0.786) ITI conditions (F).

(G) Post- versus pre-training contrast thresholds with an uneven rhythm (neighboring ITls = 2, 2.5, 1.5, and 1 s; F; 5 = 1.22, p = 0.320).

(H) Post- versus pre-training contrast thresholds with a lengthening rhythm (neighboring ITls = 1.25, 1.75, 2.25, and 2.75 s; F; 5 = 8.22, p = 0.032).

(I) A summary of the learning effects in (B-H). Each bar represents the mean PPR over all four contrast conditions and all observers in the corresponding
plot, as indicated along the x-axis. Previous result with 1-s ITI (blue colored) [3] was also plotted here for reference.

(J and K) Averaged within- and between-session contrast threshold changes under 2-s constant and jittered ITl conditions (see C and D), respectively, for
each reference contrast and the overall means across all reference contrasts. Each data point represents one interleaved staircase run, and each session
contains five consecutive runs.

doi:10.1371/journal.pbio.0060197.g001
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Figure 2. The Effects of Roving After Each Training Session on Perceptual Learning

(A-D) Post- versus pre-training contrast thresholds in practice conditions in which each regular temporal-patterned training session was followed by
roving interference after a delay of (A) 0 h (F; 5=1.48, p=0.278), (B) 4 h (F;s=10.6, p=0.022), (C) 8 h (F;5s=42.0, p=0.001),and (D) 12 h (F; 5=13.1,p=
0.015).

(E) PPR as a function of the delay of roving interference. The horizontal line indicates the PPR in regular temporal-patterned training without followed
roving interference (Figure 1B).

doi:10.1371/journal.pbio.0060197.9002
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Figure 3. The Effects of Stimulus Roving After Learning

(A) Stimulus roving immediately after completion of temporal-patterned training. The left panel shows pre- versus post-training thresholds. The middle
panel shows first roving session versus post-training thresholds (F; s = 0.24, p = 0.647). Notice that the y-axis in the left panel becomes x-axis in the
middle and right panels. The right panel shows the fourth (last) roving session versus post-training thresholds (F; , = 0.49, p = 0.520; only five observers
finished all four roving sessions).

(B) Same as (A) except that roving sessions started 2-4 wk after temporal-patterned training. The left panel shows pre- versus post-training thresholds.
The middle panel shows first roving session versus post-training thresholds (F; , =0.46, p = 0.570). Notice that the y-axis in the left panel becomes x-axis
in the middle and right panels. The right panel shows the fourth (last) roving session versus post-training thresholds (F;, = 2.36, p = 0.264).
doi:10.1371/journal.pbio.0060197.g003
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How Many Trials Form a Useful “Block” for Learning?
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Figure 5. Cases in Which Learning was Undisturbed by Stimulus Roving (Except (A))

(A) Post- versus pre-training contrast thresholds for four roving contrasts with longer stimulus duration at 400 ms (F; 3 = 3.29, p = 0.167).
(B) Post- versus pre-training contrast thresholds for (left) a more similar pair of roving contrasts (0.30 and 0.47; F; 5 =0.79, p =0.414) and (right) a more

distinct pair of roving contrasts (0.20 and 0.47; F; 5 = 23.2, p = 0.005).

(C) Post- versus pre-training contrast thresholds for four roving contrasts with pre-trial letter cues for their temporal identities (F; s = 34.7, p = 0.002).
(D) Perceptual learning of orientation discrimination for illusory line stimuli (far left). Post- and pre-training orientation thresholds were compared for
(middle left) the temporal patterning condition (F; s = 27.7, p = 0.003), (middle right) roving condition (F; s = 0.61, p = 0.472), and (far right) roving
conditions with four cardinal or oblique orientations (F; s =40.8, p = 0.001). Thresholds for cardinal orientations (green and purple symbols) were lower
than those for oblique orientations (blue and yellow symbols), showing a classical oblique effect.

doi:10.1371/journal.pbio.0060197.g005

The Role of Stimulus Identity in Perceptual Learning of
Multiple- LeveI Stimuli
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