
  1

Vision Research (2013, in press) 1 

 2 

The company they keep: Background similarity influences 3 

transfer of aftereffects from second- to first-order stimuli 4 

Ning Qian1 and Peter Dayan2  5 

1Department of Neuroscience, and Department of Physiology & Cellular 6 

Biophysics, Columbia University, New York, New York 10032, USA 7 
2Gatsby Computational Neuroscience Unit, University College London, London 8 

WC1N 3AR, United Kingdom  9 

 10 

 11 

Correspondence: Dr. Ning Qian 12 

Department of Neuroscience 13 

Columbia University / NYSPI 14 

       Kolb Annex, Rm 519 15 

        1051 Riverside Drive, Box 87 16 

                                 New York, NY 10032, USA 17 

   nq6@columbia.edu (email) 18 

1-212-543-5213 (tel) 19 

1-212-543-5816 (fax) 20 

 21 

Abbreviated title: Background similarity effect in visual adaptation 22 

Keywords: aftereffect transfer; contingent aftereffects; cross-order adaptation; 23 

subjective contours; illusory contours; 1/f noise 24 

 25 

Acknowledgements 26 

 27 

This work was supported by NIH Grant EY016270 and Weinstein Foundation 28 

(NQ), and by the Gatsby Charitable Foundation and the BBSRC, EPSRC and 29 

Wellcome Trust Grant BB/E002536/1 (PD). 30 

31 



  2

Abstract 32 

A wealth of studies has found that adapting to second-order visual stimuli has 33 

little effect on the perception of first-order stimuli. This is physiologically and 34 

psychologically troubling, since many cells show similar tuning to both classes of 35 

stimuli, and since adapting to first-order stimuli leads to aftereffects that do 36 

generalize to second-order stimuli. Focusing on high-level visual stimuli, we 37 

recently proposed the novel explanation that the lack of transfer arises partially 38 

from the characteristically different backgrounds of the two stimulus classes. 39 

Here, we consider the effect of stimulus backgrounds in the far more prevalent, 40 

lower-level, case of the orientation tilt aftereffect. Using a variety of first- and 41 

second-order oriented stimuli, we show that we could increase or decrease both 42 

within- and cross-class adaptation aftereffects by increasing or decreasing the 43 

similarity of the otherwise apparently uninteresting or irrelevant backgrounds of 44 

adapting and test patterns. Our results suggest that similarity between 45 

background statistics of the adapting and test stimuli contributes to low-level 46 

visual adaptation, and that these backgrounds are thus not discarded by visual 47 

processing but provide contextual modulation of adaptation. Null cross-48 

adaptation aftereffects must also be interpreted cautiously. These findings 49 

reduce the apparent inconsistency between psychophysical and 50 

neurophysiological data about first- and second-order stimuli.   51 

 52 

Introduction 53 

The ubiquity of adaptation makes it a major experimental paradigm both in its 54 

own right and as a methodological tool for investigating other questions. 55 

Psychophysically, adaptation is measured by means of aftereffects, and a central 56 

issue is how the strength of such aftereffects depends on the relationship 57 

between adapting and test stimuli. It is well known that to produce strong 58 

aftereffects, adapting and test stimuli should have similar features. For example, 59 

to maximize the tilt aftereffect, the adapting and test orientations should have 60 

matched retinal location (Gibson and Radner, 1937) and spatial frequency (Ware 61 

and Mitchell, 1974). We will refer to this as the foreground similarity effect 62 

because the matched feature (e.g., spatial frequency) is a property of the 63 

foreground feature (e.g., orientation) whose adaptation is measured. The effect is 64 

easy to understand because many visual cells are jointly tuned to multiple 65 

features (e.g., orientation and spatial frequency), and by matching them, the 66 

adapting and test stimuli will engage maximally overlapping cell groups to 67 

produce a strong aftereffect. Indeed, the contingency of adaptation of one feature 68 

(e.g., color) on matching another feature (e.g., orientation) is viewed as evidence 69 

of joint tuning to those features (McCollough, 1965). 70 

Using high level visual stimuli, we recently found a new form of contingent 71 

adaptation which we call the background similarity effect (Wu et al., 2009). This 72 
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involves the relationship between the backgrounds rather than the foregrounds of 73 

adapting and test stimuli. For instance, adaptation to a real-face image produced 74 

a larger facial-expression aftereffect on test cartoon faces after noise with 75 

correlation statistics of real faces or natural images was added to the cartoon 76 

faces. This is surprising because joint tuning to facial expression and background 77 

noise is unlikely (and certainly unreported). Moreover, the background noise 78 

alone carried no facial expression and was not an integral part of, or an 79 

associated property of, the foreground faces. Thus, according to most accounts 80 

of face processing, would have been squelched or eliminated as early as 81 

possible so as not to interfere with face processing.  82 

This study raises the question as to whether the background similarity effect for 83 

faces applies to simpler stimuli to which neurons in lower-level areas such as V1 84 

are tuned. This is important because a great number of adaptation studies has 85 

used simple stimuli instead of faces, leading to the overwhelming consensus that 86 

second-order adaptation does not transfer to first-order stimuli (Paradiso et al., 87 

1989; Nishida et al., 1997; Larsson et al., 2006; Ashida et al., 2007; Schofield et 88 

al., 2007). The background similarity finding challenges this consensus since, by 89 

construction, first- and second-order stimuli typically have different background 90 

statistics. To our knowledge, previous studies using simple stimuli never 91 

systematically investigated the impact of this difference on the transfer of 92 

aftereffects. We therefore tested the background similarity hypothesis with the 93 

low-level, orientation tilt aftereffect. Specifically, we examined the transfer of the 94 

tilt-aftereffect from second- to first-order orientations, and also between 95 

orientations of the same type, under various manipulations of background 96 

similarity. Preliminary results were reported in an abstract (Qian and Dayan, 97 

Society for Neuroscience Abstract, 2010). 98 

Our results demand a reevaluation of the large body of literature on cross-order 99 

adaptation, help reduce the apparent contradiction between these 100 

psychophysical studies and physiological findings on cue-invariant cells that 101 

show similar tuning to first- and second-order stimuli (von der Heydt et al., 1984; 102 

Albright, 1992; Sheth et al., 1996), and offer insights into the role of seemingly 103 

uninteresting or irrelevant backgrounds in visual processing. 104 

Methods 105 

Subjects. A total of 12 subjects consented to participate in the experiments of 106 

this study. All subjects had normal or corrected to normal vision. Experiment 1 107 

had four subjects, Experiments 2, 3 and 4 had six subjects each. For each 108 

experiment, one subject was an author (NQ), and the rest were naive to the 109 

purpose of the study. The study was approved by the Institutional Review Board 110 

of the New York State Psychiatric Institute.  111 



  4

Apparatus. The visual stimuli were presented on a 21 inch ViewSonic (Walnut, 112 

CA) P225f monitor controlled by a Macintosh G4 computer. The vertical refresh 113 

rate was 100 Hz, and the spatial resolution was 1024×768 pixels. The monitor 114 

was calibrated for linearity with a Minolta LS-110 photometer. In a dimly lit room, 115 

subjects viewed the monitor from a distance of 75 cm through a black, cylindrical 116 

viewing tube (10-cm inner diameter) to exclude potential influence from external 117 

orientations. Each pixel subtended 0.029o at this distance. A chin rest was used 118 

to stabilize the head position. All experiments were run in Matlab with 119 

Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997). 120 

Visual stimuli. A round, black (0.47 cd/m2) fixation dot, 0.23o in diameter, was 121 

always shown at the center of the white (50.6 cd/m2) screen. All stimuli were 122 

grayscale in a 2.9o × 2.9o area. They included second-order, illusory lines and 123 

first-order, luminance-defined bars. We used an anti-aliasing method (Matthews 124 

et al., 2003) to ensure that the stimuli appeared smooth under the viewing 125 

condition of our experiments. In all subsequent descriptions, we define vertical 126 

orientation as 0o and orientations clockwise (CW) and counterclockwise (CCW) 127 

from vertical as positive and negative angles, respectively. The orientation of the 128 

adapting stimuli was always -15o, and the orientations of the test stimuli were 129 

within a few degrees around the vertical.  130 

Second-order illusory lines. We created second-order, illusory lines by offsetting 131 

black inducing lines. In Experiment 1, a -15o illusory line was used as an adaptor 132 

(Fig. 1a); it was induced by offsetting eight evenly-spaced horizontal lines. The 133 

width of the inducing lines was 0.058o and the center-to-center vertical distance 134 

between the adjacent lines was 0.29o. In Experiment 2, illusory lines of various 135 

orientations were created by placing +45o and -45o diagonal lines on the opposite 136 

sides of the stimuli (Fig. 3). When the +45o and -45o diagonals were on the right 137 

and left sides, respectively, the resulting illusory orientations had a V-shaped 138 

background (Fig. 3, panels a and c). Conversely, when the +45o and -45o 139 

diagonals were on the left and right sides, respectively, the resulting illusory 140 

orientations had a Λ-shaped background (Fig. 3, panels b and d). The inducing 141 

lines had a width of 0.029o and the center-to-center distance in the perpendicular 142 

dimension was randomly drawn from a uniform distribution of 1 to 5 pixels (or 143 

0.029o to 0.15o). A center-to-center spacing of 1 pixel means that the two 144 

adjacent lines merged into a thicker line. A -15o illusory orientation of either the V 145 

or Λ background was used as an adaptor, and a set of near-vertical illusory 146 

orientations of either the V or Λ background were used as test stimuli.  147 

Luminance bars. We generated first-order, luminance-defined bars of various 148 

orientations. All bars had a length of 2.6o and width of 0.087o. In Experiment 1, 149 

black, near-vertical test bars were placed on four kinds of backgrounds. The first 150 

was uniform gray (Fig. 1c) that matched the mean luminance (42.6 cd/m2) of the 151 

illusory adaptor (Fig. 1a). The second background was made of long horizontal 152 

lines that matched those of the inducing lines of the illusory adaptor but without 153 

the offset (Fig. 1d) and had vertical positions midway between the inducing lines 154 
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of the illusory adaptor. The third background was made of short horizontal lines 155 

that did not intersect the bars (Fig. 1e). This was done by excluding the 156 

background lines from a central rectangular region of 0.46o in width. Additionally, 157 

each end of a horizontal line was reduced randomly by up to 10 pixels (0.29o) to 158 

avoid a specific illusory orientation. The fourth background was made of short 159 

vertical lines (Fig. 1f) whose lengths on average match the lengths of the short 160 

horizontal lines in the third background. These vertical background lines were 161 

also excluded from a central rectangular region of 0.46o in width but otherwise 162 

had horizontal positions that were randomized over 10 pixels (0.29o) on each 163 

side. Therefore, the distances between the test bars and the background lines 164 

did not provide reliable cues of the test bars’ orientation. For Experiment 1, we 165 

also created a -15o luminance bar on the uniform background (Fig. 1b) as an 166 

adaptor. 167 

In Experiment 3, the black bars were placed on two kinds of background. The 168 

first was 1/f noise (Fig. 5, panels a and c) produced online in each trial without 169 

repetition of samples. The second was uniform gray (Fig. 5, panels b and d) that 170 

matched the mean luminance of the 1/f noise (25.3 cd/m2). The stimuli for 171 

Experiment 4 were identical to those for Experiment 3 except that the bars were 172 

gray (17.1 cd/m2) in order to reduce their contrast (Fig. 7). The Weber contrasts 173 

were 0.98 and 0.32 for Experiments 3 and 4, respectively. 174 

Procedures. We used the method of constant stimuli for Experiment 1 and a 175 

more efficient, one-up-one-down double staircase procedure for Experiments 2-4. 176 

Subject received no feedback on their performance at any time. 177 

Experiment 1. This experiment measured the tilt aftereffect transfer from the 178 

second-order, illusory orientation to the first-order, luminance orientations under 179 

various background manipulations. The main adaptor was a -15o second-order 180 

orientation stimulus (Fig. 1a, denoted as 2). The test stimuli were near-vertical 181 

first-order bars placed on four different backgrounds (Fig. 1, panels c-f, denoted 182 

as 1, 1H, 1h, and 1v), resulting in four adaptation conditions (denoted as 2-1, 2-1H, 183 

2-1h, and 2-1v). Although these conditions had the same adaptor, we describe 184 

them as “four adaptation conditions” in order to contrast them with the 185 

corresponding no-adaptation, baseline, conditions, of which there were also four 186 

(denoted as 0-1, 0-1H, 0-1h, and 0-1v), one for each background. For comparison 187 

with second-order-to-first-order aftereffects, we ran a fifth adaptation condition 188 

(denoted as 1-1) to measure the first-order-to-first-order aftereffect using a -15o 189 

luminance bar on a uniform background (Fig. 1b) as the adaptor; the test 190 

luminance bars were also presented on a uniform background (Fig. 1c). 191 

Adaptation conditions 2-1 and 1-1 shared the same no-adaptation baseline 192 

condition (0-1). 193 

The total of 9 (5 adaptation and 4 baseline) conditions were run in separate 194 

blocks, with two blocks per condition. Each test stimulus in each condition was 195 
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repeated 20 times. There was a minimum 15 min break after each adaptation 196 

block to avoid carryover of any aftereffect to the next block. For the four 197 

adaptation conditions using the illusory adaptor, the block orders of pairs of 198 

conditions to be directly compared (see Results) were counterbalanced. The 199 

baseline conditions were always run before their corresponding adaptation 200 

condition. The trials for different test stimuli in a block were randomized. Subjects 201 

started each block of trials by fixating at the central dot and then pressing the 202 

space bar. After 500 ms, for each adaptation block the adapting stimulus 203 

appeared for 30 s in the first trial (initial adaptation) and 4 s in subsequent trials 204 

(top-up adaptation). After a 500 ms inter-stimulus interval, a test stimulus 205 

appeared for 100 ms. For the baseline blocks without adaptation, only a test 206 

stimulus was shown in each trial for 100 ms. For both adaptation and baseline 207 

trials, a 50 ms beep was then played to remind subjects to report their perception 208 

of the test stimulus. Subjects had to press the “A” or “S” key to indicate whether 209 

the perceived test orientation is CCW or CW from vertical (two-alternative forced 210 

choice). After a 1 s inter-trial interval, the next trial began.  211 

Experiment 2. This experiment measured the tilt aftereffects from second-order 212 

to second-order orientations under background manipulations. The adaptor was 213 

a -15o illusory line induced by either the V- and Λ-shaped background lines (Fig. 214 

3, panels a and b, denoted as V and Λ). The test stimuli were a set of near 215 

vertical, illusory orientations, again induced by either the V- and Λ-shaped 216 

background lines (Fig. 3, panels c and d). We considered all four possible 217 

combinations of the adaptor and test backgrounds (denoted as V-V, Λ-V, Λ- Λ, 218 

and V-Λ). We also included the two no-adaptation, baseline conditions, one for 219 

each test background shape (denoted as 0-V and 0-Λ).  220 

To speed up data collection, we used a one-up-one-down double staircase 221 

procedure for this and the following experiments. The two stairs started in 222 

opposite directions and the trials from them were randomly interleaved. Since the 223 

staircase procedure concentrated trials on the transition part of a psychometric 224 

curve, one block of 60 trials, with 30 trials per staircase, was sufficient for each 225 

condition. There was a minimum of 10 min break after each adaptation condition. 226 

All other aspects of this experiment, including counterbalancing pairs of 227 

conditions to be compared, were identical to those of Experiment 1. 228 

Experiment 3. This experiment measured the tilt aftereffects from first-order to 229 

first-order orientations under background manipulations. The adaptor was a -15o 230 

luminance bar on either a 1/f noise or uniform background (Fig. 5, panels a and b, 231 

denoted as N and U). The 1/f noise matches the correlation statistics of natural 232 

images (Field, 1987). The test stimuli were a set of near vertical, luminance bars, 233 

again on either a 1/f noise or uniform background (Fig. 5, panels c and d). We 234 

considered all four possible combinations of the adaptor and test backgrounds 235 

(denoted as N-N, U-N, U-U, and N-U). We also included the two baseline 236 

conditions for the two test backgrounds (denoted as 0-N and 0-U). All other 237 

aspects of this experiment were identical to those of Experiment 2. 238 
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Experiment 4. Since Experiment 3 failed to show a robust background effect, we 239 

repeated it but with reduced contrast of the adaptor and test bars. We also used 240 

4 to 5 more test-bar orientations to examine the psychometric functions more 241 

completely. All other aspects of this experiment were identical to those of 242 

Experiment 3. 243 

Data analysis. For each condition, the test stimuli were parameterized according 244 

to their orientations, and the data were sorted to provide the fraction of clockwise 245 

responses to each test stimulus. This was done identically for the data collected 246 

with the constant-stimuli method and the double staircase method. The fractions 247 

of clockwise responses were then plotted against the parameterized test stimulus, 248 

and the resulting psychometric curve was fitted with a sigmoidal function of the 249 

form f(x) =  , where a determines the slope and b gives the test-250 

stimulus parameter corresponding to the 50% point of the psychometric function 251 

[the point of subjective equality (PSE)].  An aftereffect is measured by the 252 

difference between the PSEs of the adaptation condition and the corresponding 253 

baseline condition; i.e., the horizontal shift between the midpoints of the two 254 

curves. To determine whether an aftereffect was significant, we calculated the p 255 

value by comparing subjects’ PSEs of the adaptation condition against those of 256 

the corresponding baseline condition via a two-tailed paired t test. The same 257 

procedure was used to test whether subjects’ aftereffects or slopes under two 258 

different conditions were significantly different.  259 

Note that the staircase procedure concentrated most trials around PSE.  260 

Consequently, some points far away from the PSE might appear noisy as only a 261 

few trials were spent on them and the subjects might accidentally press a key 262 

different from what they intended (for example, the blue circle at -5o and the red 263 

cross at 2o in Fig. 8a). This does not impact our data analysis because the 264 

sigmoid curve fit and thus the determination of the PSE were largely immune to 265 

these rare outlying points (again, see Fig. 8a). 266 

Results 267 

We first show that adaptation to a second-order orientation transferred more to 268 

first-order bars when the adapting and test stimuli had better matched 269 

backgrounds. We then show that the normally strong interactions among 270 

orientations of the same type could be reduced when the adapting and test 271 

stimuli had different backgrounds. We denote the vertical orientation as 0o and 272 

orientations CW and CCW from vertical as positive and negative, respectively.  273 

Experiment 1: Aftereffect transfer from second-order, illusory orientation to 274 

first-order, luminance orientation 275 

( )

1

1 a x be 
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We created a second-order, illusory contour with a −15o orientation as the 276 

adaptor (Fig. 1a), and a set of first-order, luminance bars with near-vertical 277 

orientations (the 0o vertical bar is shown in Fig. 1c) as the test stimuli. After 278 

adaptation to the second-order (abbreviated as 2) orientation, subjects judged 279 

whether the first-order (abbreviated as 1) test bars were CW or CCW from 280 

vertical. The psychometric curve for this 2-1 condition from a naïve subject is 281 

shown as blue dashed curves in Fig. 2a. We plotted the fraction of CW 282 

responses as a function of the test orientation. This curve barely shifted from the 283 

corresponding baseline condition (0-1, blue solid curves) in which the subject 284 

judged the orientation of the first-order test bars without prior adaptation 285 

(abbreviated as 0). This reproduced the well-known result that second-order 286 

adaptation does not substantially transfer to first-order stimuli (Paradiso et al., 287 

1989; Nishida et al., 1997; Larsson et al., 2006; Ashida et al., 2007; Schofield et 288 

al., 2007). For comparison, adaptation to a first-order bar, also of −15o orientation, 289 

strongly biased the perceived orientation of the first-order test bars (1-1 condition, 290 

black curve in Fig. 2a), reproducing the standard tilt aftereffect (Gibson and 291 

Radner, 1937). The leftward shift of the 1-1 condition from the 0-1 condition 292 

means that subjects perceived CW orientation more frequently after adapting to 293 

the CCW orientation. 294 

However, if the background similarity hypothesis mentioned in the Introduction 295 

applies to low-level stimuli, then transfer from second- to first-order orientation 296 

should increase when the adapting and test stimuli have more similar 297 

backgrounds. To test this prediction, we added long horizontal lines to the test 298 

bars (Fig. 1d, abbreviated as 1H) to match the background of the second-order 299 

adaptor (Fig. 1a). This manipulation indeed increased the aftereffect transfer 300 

from the second- to the first-order orientations, as indicated by the curve shift of 301 

the adaptation condition (2-1H, red dashed curves) from the corresponding no-302 

adaptation baseline condition (0-1H, red solid curves) in Fig. 2a. Since the 303 

horizontal lines added to the test stimuli were straight without offsets (Fig. 1d), 304 

this result cannot be explained by a second-order-to-second-order aftereffect.  305 

To quantify the aftereffects and summarize the results from all four subjects, we 306 

determined the PSE -- the x-axis point corresponding to 0.5 y-axis value -- for 307 

each psychometric curve of each subject. We measured the aftereffect as the 308 

mean PSE shift of an adaptation condition from the corresponding baseline 309 

condition. For example, the aftereffect for the 2-1 condition is the PSE difference 310 

between the 2-1 (blue dashed) and 0-1 (blue solid) curves in Fig. 2. The four 311 

subjects’ aftereffects and their mean and SE for each adaptation condition are 312 

shown in Fig. 2c. (We represent repulsive aftereffects as negative.) The results of 313 

the subject in panels a and b are represented by asterisks (*). The tilt aftereffect 314 

transfer from the second- to first-order orientations was significant with matched, 315 

long-horizontal-line background (2-1H, red rectangle; p=0.030, t=3.87, df=3), but 316 

not significant with unmatched, uniform backgrounds (2-1, blue rectangle; p= 317 

0.21, t=1.59, df=3). The difference between the two aftereffects was also 318 
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significant (p=0.035, t=3.66, df=3). Importantly, the block order for the 2-1 and 2-319 

1H was counterbalanced across the subjects. 320 

For reference, the black rectangle in Fig. 2c shows the mean aftereffect from the 321 

first-order-to-first-order bars on uniform background (1-1 condition). Clearly, 322 

although the background matching significantly increased the cross-class, 323 

second-order-to-first-order aftereffect transfer, the effect was small compared 324 

with the within-class, first-order-to-first-order interaction. This is not surprising 325 

because both the foreground and the background of the adapting and test stimuli 326 

were matched in the within-class case but only the backgrounds were made 327 

similar in the cross-class case.  328 

One could argue that even though the mean luminances of the uniform and long-329 

horizontal-line backgrounds were matched (see Methods), other differences, 330 

instead of different degrees of similarity to the adaptor background, could be 331 

responsible for the different aftereffects between the 2-1 and 2-1H conditions. For 332 

example, the intersections between the added horizontal lines and the test bars 333 

(Fig. 1d) might have biased the perceived orientation of test bars, and this bias 334 

might explain the results in Fig. 2a. This is, however, unlikely because an 335 

aftereffect was measured as a shift between an adaptation condition and its 336 

corresponding baseline condition, so any bias was subtracted if its effect was 337 

additive. The data from additional conditions described below further excluded 338 

this possibility. 339 

If the aftereffect transfer from the second-order line to the first-order bars with the 340 

added horizontal lines was really due to the background similarity, then the 341 

transfer should become weaker if vertical lines, which do not match the adaptor 342 

background orientation, are added. To test this prediction, we generated two new 343 

sets of test stimuli by adding short horizontal (Fig. 1e, abbreviated as 1h) or 344 

vertical (Fig. 1f, abbreviated as 1v) lines to the same set of first-order test bars 345 

used in the above conditions. We used short background lines so that they did 346 

not intersect the test bars. To avoid vertical alignment of the endpoints of the 347 

background lines (which might have been subject to adaption by the illusory 348 

orientation), we randomized the endpoint positions of the background lines for 349 

each test orientation. The total lengths of the background lines were the same, 350 

on average, for the two backgrounds; this ensures that the mean background 351 

luminances, and thus the effective contrasts of the test bars, were the same for 352 

the backgrounds. The distances between the test bars and the nearest vertical 353 

background lines on either side were separately randomized so that they did not 354 

provide reliable cues for the orientations of the test bars (see Methods).  355 

We then measured the transfer of the tilt aftereffect from the second-order 356 

adaptor (Fig. 1a) to these test bars shown with the two different background 357 

orientations. The psychometric curves from the same naïve subject are shown in 358 

Fig. 2b. The magenta dashed and solid curves are the psychometric functions for 359 
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the adaptation (2-1h) and baseline (0-1h) conditions when the test bars had the 360 

short-horizontal-line background. The green dashed (2-1v) and solid (0-1v) curves 361 

are the corresponding results when the test bars had the short-vertical-line 362 

background. The shifts between the psychometric curves of the same color 363 

indicate that, as predicted, the test bars with the horizontal background produced 364 

a larger aftereffect than those with the vertical background. The mean 365 

aftereffects from the same four subjects are summarized as the magenta and 366 

green rectangles in Fig. 2c for the horizontal and vertical backgrounds, 367 

respectively, with a significant difference between them (p=0.0081, t=6.30, df=3; 368 

the block order for these two conditions was counterbalanced). Thus, the 369 

aftereffect transfer from second-order to first-order orientations depends on the 370 

similarity of the background orientations between the adapting and test stimuli. 371 

Interestingly, although the aftereffect transfer for the vertical background was 372 

smaller than that for the horizontal background, it was still significant (green 373 

rectangle in Fig. 2c; p=0.0094, t=5.97, df=3), and was larger than that for the 374 

uniform background (blue rectangle in Fig. 2c) though not significantly (p=0.20, 375 

t=1.66, df=3). This is perhaps because, like the adaptor, the vertical background 376 

did have lines (albeit of the wrong orientation), whereas the uniform background 377 

did not contain any line at all. 378 

One might argue that the vertical background reduced the saliency of the near-379 

vertical test bars more than the horizontal background did, because of the 380 

stronger crowding effect or attentional distraction among more similar items (Levi, 381 

2008) or texture suppression (Knierim and van Essen, 1992; Li, 2000). This is 382 

unlikely because the test bars were thicker and much longer than the background 383 

lines and so they stood out. To exclude this possibility formally, we measured the 384 

slopes of the psychometric curves and tested their dependence on background 385 

orientation. If the test bars were less salient on the vertical background, then the 386 

slopes, indicating orientation discriminability, would be shallower for this 387 

background. We found that the slopes varied widely and the mean slope 388 

(averaged over the adaptation and baseline conditions of the four subjects) was 389 

0.21/deg for the vertical background and 0.15/deg for the horizontal background; 390 

the difference, which was in any case, in the opposite direction of the saliency 391 

prediction, was not significant (p = 0.31, t=1.10, df=7). This suggests that 392 

saliency did not play a part in our results.  393 

We finally note that across all summary figures of this paper (Figs. 2c, 4c, 6c, 394 

and 8c), twelve different symbols are used consistently to represent the 395 

aftereffects of the twelve subjects. The plus (+) symbol represents an author 396 

(NQ)’s data; all other symbols represent data from naïve subjects. 397 

Experiment 2: Aftereffect from second-order to second-order orientations  398 
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In Experiment 1, we focused on the transfer of the aftereffect from second- to 399 

first-order orientations. By construction, stimuli of different orders typically have 400 

very different backgrounds. We showed that we could significantly increase the 401 

aftereffect by properly matching the backgrounds of the adapting and test stimuli. 402 

In this and subsequent experiments, we considered the converse question as to 403 

whether the normally strong adaptation interactions among the stimuli of the 404 

same type can be reduced by deliberately introducing different backgrounds to 405 

the adapting and test stimuli.  406 

In Experiment 2, we measured the tilt aftereffect from adaption between the 407 

same type of second-order stimuli under background manipulations. We 408 

generated second-order, illusory orientations using inducing lines that formed 409 

either a V- or Λ-shaped background. The adaptor was a -15o illusory line with 410 

either background shape (Fig. 3a-b). The test stimuli were a set of near vertical, 411 

second-order lines, again with either background shape (Fig. 3c-d). We 412 

considered all four possible combinations of the adaptor and test backgrounds; 413 

they are denoted as V-V, Λ-V, Λ- Λ, and V-Λ conditions, where, for example, Λ-V 414 

means that the adaptor had a Λ background and the test set all had a V 415 

background. We also included the two baseline conditions without adaptation 416 

using the test stimuli with the two backgrounds, and they are denoted 0-Λ and 0-417 

V conditions. The order of the V-V and Λ-V conditions, and that of the Λ-Λ, and 418 

V-Λ conditions were counterbalanced across the subjects. Moreover, if a subject 419 

ran the V-V condition after the Λ-V condition, then he/she ran the Λ-Λ condition 420 

before the V-Λ condition. 421 

The psychometric curves from a naïve subject are shown in Fig. 4, panels a and 422 

b The 0-V, V-V, and Λ-V conditions are in panel a as red solid, red dashed, and 423 

blue dashed curves, and the 0-Λ, Λ-Λ, and V-Λ conditions are in panel b as 424 

magenta solid, magenta dashed, and green dashed curves. The V-V curve 425 

shifted more than the Λ-V curve, and the Λ-Λ curve shifted more than the V-Λ 426 

curve, from the corresponding baseline conditions, 0-V and 0-Λ, respectively, 427 

indicating that the second-order-to-second-order aftereffects were larger when 428 

the adaptor and test stimuli had more similar backgrounds. It is interesting to 429 

note that, for this subject, the background mismatch reduced the V-Λ aftereffect 430 

more than the Λ-V aftereffect; other subjects showed the opposite behavior (see 431 

Fig. 4c).  432 

The six subjects’ aftereffects and their mean and SE for each adaptation 433 

condition are summarized in Fig. 4c. The results of the subject in panels a and b 434 

are represented by filled dots. The difference between the V-V and Λ-V 435 

aftereffects was significant (p=0.013, t=3.80, df=5). The difference between the 436 

Λ-Λ and V-Λ aftereffects, however, failed to reach significance (p=0.071, t=2.29, 437 

df=5). This is mainly due to one subject, represented by crosses (x), who had a 438 

very large Λ-Λ aftereffect but a small V-Λ aftereffect. Paradoxically, although his 439 

data were highly consistent with our background similarity hypothesis, they 440 

increased the inter-subject variability in the difference between the Λ-Λ and V-Λ 441 
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aftereffects, rendering the difference non-significant. If this subject’s data were 442 

excluded, then the difference between the Λ-Λ and V-Λ aftereffects became 443 

significant (p = 0.010, t=4.58, df=4), and the difference between the V-V and Λ-V 444 

aftereffects remained significant (p = 0.040, t=3.00, df=4).  445 

Since our main goal was to test the background similarity hypothesis, we pooled 446 

the same-background conditions (V-V and Λ-Λ) and pooled the orthogonal 447 

background conditions (Λ-V and V-Λ) without excluding any subject, and found 448 

that the difference between the two pooled data sets was highly significant 449 

(p=0.0040, t=3.62, df=11).  450 

Experiment 3: Aftereffect from first-order to first-order orientations  451 

In this experiment, we examined whether the normally strong tilt aftereffect from 452 

adaptation between the first-order orientations could be reduced by deliberately 453 

introducing different backgrounds underneath the adapting and test stimuli. We 454 

generated first-order, luminance bars on either a 1/f noise (N) or a uniform (U) 455 

background. The mean luminance of these two types of backgrounds was 456 

matched. The adaptor was a -15o bar on either background (Fig. 5a-b). The test 457 

stimuli were a set of near-vertical bars, again on either background (Fig. 5c-d). 458 

We considered all four possible combinations of the adaptor and test 459 

backgrounds; they are denoted as N-N, U-N, U-U, and N-U conditions, where, for 460 

example, U-N means that the adaptor was on the uniform background and the 461 

test bars were all on the 1/f noise background. We also included the two baseline 462 

conditions without adaptation using the test bars on the two backgrounds, and 463 

they are denoted as 0-N and 0-U conditions. A new noise sample was generated 464 

online for each instance without repetition of a specific noise pattern. The 465 

counterbalancing of the order of different conditions was identical to that of 466 

Experiment 2. 467 

The psychometric curves from a naïve subject are shown in Fig. 6, panels a and 468 

b. The 0-N, N-N, and U-N conditions are in panel a as red solid, red dashed, and 469 

blue dashed curves, and the 0-U, U-U, and N-U conditions are in panel b as 470 

magenta solid, magenta dashed, and green dashed curves. The N-N curve 471 

shifted slightly more than the U-N curve, and the U-U curve shifted slightly more 472 

than the N-U curve, from the corresponding baseline conditions, 0-N and 0-U, 473 

respectively. The six subjects’ aftereffects and their mean and SE for each 474 

adaptation condition are summarized in Fig. 6c. The results of the subject in 475 

panels a and b are represented by crosses (x). The difference between the N-N 476 

and U-N aftereffects (p=0.24, t=1.32, df=5), and that between U-U and N-U 477 

aftereffects (p=0.078, t=2.20, df=5), were very small and not significant. However, 478 

the difference between the pooled same-background conditions (N-N and U-U) 479 

and the pooled different-background conditions (U-N and N-U) was significant 480 

(p=0.026, t=2.57, df=11). We conclude that for the first-order bars used in this 481 
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experiment, the background similarity effect was either absent or weak, 482 

compared with that for the second-order stimuli in Experiment 2. 483 

The two subjects represented by crosses (x) and pluses (+) showed larger 484 

aftereffects for the U-U condition in this experiment than those for the 1-1 485 

condition in Experiment 1 even though the two conditions were quite similar. One 486 

possibility is that the constant-stimuli method for Experiment 1 underestimated 487 

the aftereffect (Geesaman and Qian, 1998) because the range of test 488 

orientations for the 1-1 condition did not symmetrically bracket the PSEs in the 489 

middle; this made the subjects’ CW responses far out-numbered the CCW 490 

responses and the subjects tended to balance the two responses a little, 491 

reducing the aftereffect. The double-staircase procedure for this experiment did 492 

not have the same problem because a broader range of test orientations were 493 

used and more importantly, the procedure quickly zoomed into the region around 494 

PSE where the CW and CCW responses were equally likely. 495 

Experiment 4: Aftereffect from first-order to first-order orientations under 496 

reduced contrast 497 

One possible explanation for the relatively weak effect in Experiment 3 is that the 498 

bars had such high contrast that the foreground similarity effect overwhelmed 499 

any background manipulation. This explanation would also be consistent with the 500 

large background similarity effect for the second-order stimuli in Experiment 2, 501 

since second-order stimuli are generally not as salient as the first-order ones. We 502 

tested this explanation in Experiment 4 by reducing the contrast of the test bars 503 

(Fig. 7), and otherwise running the same conditions as in Experiment 3. 504 

The psychometric curves from a naïve subject are shown in Fig. 8, panels a and 505 

b; for comparison, we picked the same subject whose data were shown in Fig. 6, 506 

panels a and b, for Experiment 3. The 0-N, N-N, and U-N conditions are shown in 507 

panel a as red solid, red dashed, and blue dashed curves, and the 0-U, U-U, and 508 

N-U conditions are shown in panel b as magenta solid, magenta dashed, and 509 

green dashed curves. Compared with Fig. 6, the differences between the N-N 510 

and U-N conditions, and between the U-U and N-U conditions were more 511 

pronounced. The six subjects’ aftereffects and their mean and SE for each 512 

adaptation condition are summarized in Fig. 8c. The difference between the N-N 513 

and U-N aftereffects (p=0.018, t=3.46, df=5), and that between U-U and N-U 514 

aftereffects (p=0.0017, t=6.13, df=5), were both significant. The difference 515 

between the pooled same-background conditions (N-N and U-U) and the pooled 516 

different-background conditions (U-N and N-U) was highly significant 517 

(p=0.000064, t=6.24, df=11). We conclude that reducing the contrast of the first-518 

order bars makes the background similarity effect larger and more robust. 519 

Although the 1/f noise and uniform backgrounds had the same mean luminance, 520 

it appeared that the former rendered the foreground bars less salient than did the 521 
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latter. We confirmed this by comparing the psychometric slopes between the 522 

conditions with the test bars on the 1/f noise background (0-N, N-N, and U-N) 523 

and the conditions with the test bars on the uniform background (0-U, U-U, and 524 

N-U). The mean slopes were 0.47 and 0.63/deg, respectively, which are very 525 

significantly different (p = 0.0019, t=3.66, df=17). However, it is important to note 526 

that this saliency difference cannot explain the pattern of results in Fig. 8. Based 527 

solely on saliency, one would expect aftereffects to be larger when the adapting 528 

stimulus is more salient, and the test stimuli are less salient. Therefore, since the 529 

bar is more salient on the uniform, than the 1/f noise background, we would 530 

expect the U-N condition to produce the largest aftereffect, the N-U condition to 531 

produce the smallest aftereffect, and the N-N and U-U conditions to produce 532 

intermediate aftereffects. However, Fig. 8 shows that the aftereffects of the N-U 533 

and U-N conditions were not significantly different from each other (p = 0.99, 534 

t=0.019, df=5), and they were significantly smaller than those of the N-N and U-U 535 

conditions (all p’s < 0.039, t’s>2.78, df’s=5 for the four comparisons). We 536 

therefore conclude that background similarity, rather than saliency, explains the 537 

results in Fig. 8. 538 

 539 

Discussion 540 

In this study, we demonstrated that simple oriented stimuli, to which tuning starts 541 

as early as V1 (Hubel and Wiesel, 1968), exhibit a significant background 542 

similarity effect. We first reproduced the well-known finding that adaptation to 543 

second-order orientation does not transfer well to first-order orientation. We then 544 

showed that the transfer increased significantly when the backgrounds of the 545 

adapting and test stimuli were better matched. We further showed that when the 546 

background orientations of the second-order adaptor and first-order test stimuli 547 

changed from being the same to being orthogonal, the aftereffect transfer 548 

decreased. Finally, we showed that the normally strong adaptation among 549 

orientations of the same type could often, though not always, be reduced when 550 

the adapting and test stimuli had different backgrounds. This reduction 551 

consistently occurred when the foreground orientations were relatively weakly 552 

salient, presumably because the foreground similarity effect did not overwhelm 553 

the background similarity effect. However, salience, by itself, could not explain 554 

our results; rather it appeared to modulate the background effect. 555 

Just as for face stimuli (Wu et al., 2009), the background similarity effect for 556 

oriented stimuli depends on both first- and higher-order image statistics. For 557 

example, in Experiment 1, the test backgrounds with the short horizontal and 558 

vertical lines had the same first-order luminance distribution. The horizontal 559 

background better matched the higher-order statistics of the adapting illusory 560 

orientation, and produced a larger transfer of the aftereffect.  561 
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Alternative explanations 562 

Our experiments explicitly ruled out various alternative explanations of our data, 563 

including intersections between background lines and test bars (Experiment 1) 564 

and differential saliency of test bars on different backgrounds (Experiments 1 and 565 

4). One additional factor has been suggested that is also important to consider, 566 

namely that first-order-to-first order adaptation could have affected the 567 

processing of the backgrounds of the test stimuli, thereby changing the way their 568 

foregrounds were perceived. For example, in Experiment 1, we showed that 569 

adding horizontal lines to the test bars increased the tilt aftereffect transfer from 570 

the illusory-line adaptor to the test bars. However, one might argue that this 571 

increased transfer was attributable not to better matched backgrounds but to 572 

first-order-to-first-order adaptation between the horizontal inducing lines of the 573 

adaptor and the horizontal background lines of the test bars. Specifically, the 574 

offset and length gradient of the inducing lines could have introduced an 575 

asymmetry in this first-order-to-first-order adaptation and thus have led to the 576 

observed result. We believe that this is unlikely, because there is no tilt 577 

aftereffect on horizontal (test) lines from horizontal (adapting) lines, and, in any 578 

case, the task was to judge the orientation of near-vertical test bars, not the 579 

orientation of horizontal background lines. Likewise, in Experiment 2, the first-580 

order-to-first-order adaptation was between the diagonal inducing lines of either 581 

the same or orthogonal orientations and must produce no aftereffect, and the 582 

task was to judge the orientation of the near-vertical illusory lines, not the 583 

diagonal inducing lines. Moreover, stimuli in Experiment 4 did not contain 584 

background lines or length gradients, and thus the result could not be explained 585 

by an asymmetric first-order-to-first-order adaptation. Taken together, we 586 

suggest that our experiments are more parsimoniously explained by the 587 

background similarity hypothesis than by the alternatives. 588 

Functional interpretations and neural mechanisms of the background 589 

similarity effect 590 

It is commonly assumed that to transmit and process information efficiently, the 591 

visual system should extract the relevant features of input stimuli and discard the 592 

irrelevant background as quickly as possible. For instance, Fig. 7a shows a 593 

luminance bar on a 1/f noise background; one might expect the noise to be 594 

swiftly eliminated, since it can only corrupt the estimation of the (task-relevant) 595 

orientation of the bar. However, our study suggests that this expectation is not 596 

entirely fulfilled, as the seemingly uninteresting or irrelevant background can 597 

significantly influence adaptation aftereffects (at least when the bars have 598 

suitably low contrast). We found that it is not necessary to replicate the exact 599 

background pattern, since we only matched the statistics, and not the pixels, of 600 

the noise in the N-N condition (and since vertical background bars partially 601 

restored second-order to first-order transfer in Experiment 1). However, the 602 

precise statistics that characterize the similarity of the background textures are 603 

not clear.  604 
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Adaptation aftereffects concern temporal interactions between stimuli. Thus, the 605 

background similarity effect could be a mechanism allowing the statistical 606 

dissimilarity of stimuli to limit over-generalization of their temporal interactions. It 607 

has been shown that adaptation to one face type (e.g., monkey) often has a 608 

greatly reduced impact on subsequent perception of another type (e.g., human), 609 

compared with strong interactions within the same face category (Rhodes et al., 610 

2004; Yamashita et al., 2005; Ng et al., 2006; Fox and Barton, 2007; Little et al., 611 

2008; Wu et al., 2009). The background similarity effect may be a contributing 612 

factor to such category contingent aftereffects, since different types of faces likely 613 

have different background, as well as foreground, statistics. 614 

As mentioned in the Introduction, classic contingent aftereffects such as 615 

McCollough effect (McCollough, 1965) or spatial-frequency-contingent tilt 616 

aftereffect (Ware and Mitchell, 1974) may be viewed as involving a foreground 617 

similarity effect; they can be explained by, and are taken as evidence for, joint 618 

coding of the foreground features involved such as color and orientation, or 619 

spatial frequency and orientation. By the same reasoning, the background 620 

similarity effect then predicts joint coding of foreground features and background 621 

statistics. However, visual cells are not known to be particularly responsive, let 622 

alone selective, to featureless noise backgrounds like those in Fig. 7. Rather than 623 

being coded, as in the traditional sense of tuning curves, the background 624 

statistics might modulate the tuning of cells to stimulus features. Adaptation could 625 

affect, and aftereffects could depend on both the tuning of the foreground 626 

features, and modulation associated with the background statistics. Physiological 627 

studies would be required to resolve this issue. 628 

First- and second-order stimuli and cue invariance 629 

As also mentioned in the Introduction, there is a large body of literature on cross-630 

order adaptation using low-level stimuli such as orientation and motion (Paradiso 631 

et al., 1989; Nishida et al., 1997; Larsson et al., 2006; Ashida et al., 2007; 632 

Schofield et al., 2007). The overwhelming consensus has been that second-order 633 

adaptation does not transfer to first-order stimuli. This has duly been interpreted 634 

as indicating that their processing is separate. However, this interpretation has 635 

two problems. First is a directional asymmetry: first-order adaptation does often, 636 

though not always, transfer to second-order stimuli. A common explanation is 637 

that there are first-order cues in the second-order stimuli so that the transfer is 638 

really first-order to first-order; however, it is then not clear why transfer would not 639 

then occur when the second-order stimuli are the adaptors instead. The second 640 

problem is that cue-invariant cells with similar tuning to first- and second-order 641 

stimuli have been found in many visual areas, including low-level areas such as 642 

V1, V2, and MT (von der Heydt et al., 1984; Albright, 1992; Sheth et al., 1996). It 643 

becomes puzzling why these cells would not form the basis of a robust transfer of 644 

the aftereffect from second- to first-order stimuli.  645 
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Our results help reduce these problems by showing that second- to first-order 646 

transfer does occur at a psychophsyical level, provided that the backgrounds of 647 

the adapting and test stimuli are well matched. Note that previous physiological 648 

studies did not use similar backgrounds for first- and second-order stimuli, and 649 

revealed varying degrees of separate and shared processing of first- and 650 

second-order stimuli in different cells. This variation could arise from differences 651 

in the aspects of the backgrounds to which they are sensitive, with some being at 652 

least somewhat cue invariant without our background manipulations, and others 653 

requiring the background to be more evidently similar. We thus predict that more 654 

similar background statistics increase either the fraction of cue-invariant cells or 655 

the degree of cue invariance of the same fraction of cells. It would be interesting 656 

to test this prediction physiologically, as confirmation would uncover a novel non-657 

classical influence on visual responses.  658 

 659 

In summary, we have demonstrated that the background similarity effect is a 660 

general phenomenon in visual adaptation that applies to both simple and 661 

complex stimuli. Functionally, it suggests the visual system uses the background 662 

statistics of stimuli to gate their temporal interactions so as to reduce over-663 

generalization of aftereffects. Psychophysically, it calls for a reexamination of a 664 

large body of literature on null aftereffect transfer from second- to first-order 665 

stimuli, and reduces the disagreement with the physiological finding of cue-666 

invariant cells. Physiologically, we speculate that the background statistics may 667 

modulate the tuning of foreground features and the degree of the cue invariance 668 

of visual cells. Further studies will be needed to establish the neural mechanisms 669 

of the background similarity effect, and to provide a quantitative measure of 670 

similarity. 671 

  672 
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Fig. 1 Stimuli used in Experiment 1. 
a-b: The second-order and first-
order adaptors with a -15o 
orientation (denoted as 2 and 1, 
respectively). c-f: The first-order test 
bars on the uniform, long-horizontal-
line, short-horizontal-line, and short-
vertical-line backgrounds (denoted 
as 1, 1H, 1h, and 1v, respectively). 
Only the vertical orientation of each 
test set is shown here. Note that the 
gray levels in this and other stimuli 
figures are inaccurate because of 
format conversions, reproduction, 
and display dependence.  
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Fig. 2  Results of Experiment 1. a: Naïve subject VB’s psychometric 
curves for the 0-1, 2-1, 0-1H, 2-1H, and 1-1 conditions. b: Subject VB’s 
psychometric curves for the 0-1v, 2-1v, 0-1h, and 2-1h conditions. Each 
row of the legends (top) includes icons to indicate the types of adapting 
and test stimuli used in each condition. For the no-adaptation, baseline 
conditions, only the test icons are shown (first and third rows). c: The 
mean tilt aftereffect of the four subjects for each adaptation condition is 
shown as a rectangle. The error bars represent standard errors. The 
symbols represent individual subjects’ aftereffects; a given symbol 
represents the same subject across all summary figures (Figs. 2c, 4c, 
6c, and 8c). VB’s results are represented by asterisks (*). The p value 
for each rectangle tests whether that aftereffect is significantly different 
from 0. The p value between two rectangles tests whether the two 
aftereffects are significantly different from each other. Two-tailed paired 
t-tests were used. 
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Fig. 3 Stimuli used in Experiment 2. a-
b: The second-order adaptors with a -
15o orientation induced by the V- and 
Λ-shaped background lines (denoted 
as V and Λ, respectively). c-d:  The 
second-order test stimuli induced by 
the V- and Λ-shaped background lines, 
respectively. Only the vertical 
orientation of each test set is shown 
here. 
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Fig. 4  Results of Experiment 2. a: Naïve subject XC’s psychometric 

curves for the 0-V, V-V, and Λ-V conditions. b: Subject XC’s 
psychometric curves for the 0-Λ, Λ-Λ, and V-Λ conditions. Each row of 
the legends (top) includes icons to indicate the types of adapting and 
test stimuli used in each condition. For the no-adaptation, baseline 
conditions, only the test icons are shown (first rows). c: The mean tilt 
aftereffect of the six subjects for each adaptation condition is shown as 
a rectangle. The error bars represent standard errors. The symbols 
represent individual subjects’ aftereffects; a given symbol represents the 
same subject across all summary figures (Figs. 2c, 4c, 6c, and 8c). XC’s 
results are represented by filled dots. The p value for each rectangle 
tests whether that aftereffect is significantly different from 0. The p value 
between two rectangles tests whether the two aftereffects are 
significantly different from each other. Two-tailed paired t-tests were 
used. 
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Fig. 5 Stimuli used in Experiment 3. 
a-b: The first-order adaptors with a -
15o orientation on a 1/f noise and a 
uniform background (denoted as N 
and U, respectively). c-d:  The first-
order test stimuli on a 1/f noise and a 
uniform background, respectively. 
Only the vertical orientation of each 
test set is shown here. 
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Fig. 6  Results of Experiment 3. a: Naïve subject RL’s psychometric 

curves for the 0-N, N-N, and U-N conditions. b: Subject RL’s 
psychometric curves for the 0-U, U-U, and N-U conditions. Each row of 
the legends (top) includes icons to indicate the types of adapting and 
test stimuli used in each condition. For the no-adaptation, baseline 
conditions, only the test icons are shown (first rows). c: The mean tilt 
aftereffect of the six subjects for each adaptation condition is shown as 
a rectangle. The error bars represent standard errors. The symbols 
represent individual subjects’ aftereffects; a given symbol represents 
the same subject across all summary figures (Figs. 2c, 4c, 6c, and 8c). 
RL’s results are represented by crosses (x). The p value for each 
rectangle tests whether that aftereffect is significantly different from 0. 
The p value between two rectangles tests whether the two aftereffects 
are significantly different from each other. Two-tailed paired t-tests 
were used. 
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Fig. 7 Stimuli used in Experiment 4. 
The bar contrast was reduced 
compared with that for Experiment 3 
(Fig. 7). a-b: The first-order adaptors 
with a -15o orientation on a 1/f noise 
and a uniform background (denoted 
as N and U, respectively). c-d:  The 
first-order test stimuli on a 1/f noise 
and a uniform background, 
respectively. Only the vertical 
orientation of each test set is shown 
here. 
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Fig. 8  Results of Experiment 4. a: Naïve subject RL’s psychometric curves for the 

0-N, N-N, and U-N conditions. b: Subject RL’s psychometric curves for the 0-U, 
U-U, and N-U conditions. Each row of the legends (top) includes icons to indicate 
the types of adapting and test stimuli used in each condition. For the no-
adaptation, baseline conditions, only the test icons are shown (first rows). c: The 
mean tilt aftereffect of the 6 subjects for each adaptation condition is shown as a 
rectangle. The error bars represent standard errors. The symbols represent 
individual subjects’ aftereffects; a given symbol represents the same subject 
across all summary figures (Figs. 2c, 4c, 6c, and 8c). The p value for each 
rectangle tests whether that aftereffect is significantly different from 0. The p value 
between two rectangles tests whether the two aftereffects are significantly different 
from each other. Two-tailed paired t-tests were used. 
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