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Abstract. Observers adapted to a field of randomly coloured twinkling tiles, in which was embedded
a faint, subthreshold green letter. Observers failed to discern this letter, but they readily reported its
pink afterimage afterwards. This demonstrates a storage of changing colours over time; adaptation
occurs for the average of each retinal point.
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An afterimage is usually weaker than the stimulus that induces it, as well as being of opposite colour.
But here we show that an invisible stimulus can give a visible afterimage. The inducer was a faint,

subthreshold green letter, masked by twinkling colour noise, and its afterimage was a strong, pink
perceived letter. All four movies are embodied in this Flash file:
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Moviet Display gnd at the and
Movie2
Movied

= Movied

Instructions for the Observer:

1. Select a movie from the list above by
clicking the radicbutton next fo it..

2. Fixate the red circle
3. Push the Play button and keep fixating

4. Keep fixating even when the movie ends.

What letter do you see?

Fixafion fime can be altered by the up/down
arrows between 5...60 s.

The movie can be stopped earlyer by clicking
the Stop button or by hitting the Shift button
Sop = Fixation time (s} 80 on the keyboard.

Movie 4. The demo of the experimental stimulus.

The constantly changing colours in each letter tile were given a faint greenish
statistical bias superimposed on their random values, and the colours of the
background tiles were given a faint magenta bias. These biases gradually
Increased on every frame.

Movies 1-4. Please click image to play. Then use play button to start and stop.
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The phenomenon is demonstrated in Moviel. To experience the illusion, just start the movie. (All
movies are best viewed in a darkened room. If you do not see an afterimage on your first try, please
increase the fixation time.) You will see coloured, flickering tiles. Fixate the centre for approximately
30 s. When the flickering stops, a homogeneous white background is presented. Most observers do not
perceive any letter during the twinkling adapting phase, but afterwards they do see the pink afterimage
of a capital letter. This letter is named at the end of the paper. The afterimages often take a few seconds
to bloom gradually into view.

Moviel was made with a 6 X 7 array of coloured square tiles, each subtending 1° angle. The R,
G and B channels of each tile were randomly assigned a value of either 0 or 255, independently of
each other. The frames of the display were refreshed at 10 Hz, producing coarsely pixelated dynamic
random-dot noise. A letter was hidden in the centre of the display as follows: the probability that the R
and B channels of the letter tiles were assigned the value of 255 was 25%, whereas on the G channel,
the probability of 255 was 75%; and the probabilities for the background tiles were the opposite. This
biased the probabilities in the letter tiles towards green, and, in the background tiles towards magenta.
Therefore, the letter was not visible during the display, since physically no letter was presented in any
of the frames. However, if all frames were averaged together, then there would be a green letter on a
magenta background.

Did you have experience the magenta afterimage of a letter on a greenish background after watch-
ing the movie? This result is the same as if you had fixated a green letter on a magenta background.
Therefore, it seems that you have adapted to the average of the frames while not seeing any letter in
the meantime.

Black outlines are believed to facilitate the perception of any afterimages (Anstis, Van Lier, &
Vergeer, manuscript submitted for publication; Daw, 1962; Hamburger, Geremek, & Spillmann, 2012;
Van Lier, Vergeer, & Anstis, 2009; Van Boxtel & Koch, 2010). By checking this option in the Movies,
you can test whether the grid-like outline at the end of the movie helps you detect the letter.

The effect also works in a black-and-white version (Movie 2). In this movie, the probability of 255
(white) in the letter tiles is 75%, but only 25% in the background tiles. Moreover, a black-and-white
after-effect can be elicited even by a chromatic flickering stimulus (Movie 3). Guess, how.

As for the chromatic version of the afterimage, the same result can also be obtained by a differ-
ent algorithm, which can be experienced in Movie 4. It was prepared as follows: in an array of 6 X 7
tiles, a letter-shaped subset of tiles was designated to spell a single capital letter. Each tile flickered at
10 Hz in independent, random colours, which were refreshed with new colours on every frame. The
constantly changing colours in each letter tile were given a faint greenish statistical bias superimposed
on their random values, and the colours of the background tiles were given a faint magenta bias. These
biases gradually increased on every frame, in accordance with the following algorithm.

Let y = yes, n = no, and f'= frame number, y = 1 + f X 0.005, and n = 1/y. Note that n <1 <y.
R, G and B began as randomly chosen integers from a universal distribution between 0 and 255 and
were independent for every tile and every frame. The letter tiles were reset on every frame to R X #,
G X y, B X n (biased towards green) and the background tiles were set to R X y, G X n, B X y (biased
towards magenta). Hereby, the average of both the letter and the background tiles was 127 at the begin-
ning, but the letter tiles gradually shifted towards green, and the background tiles towards magenta.
By means of the low slope value (0.005), we ensured that the letter always remained below perceptual
threshold. Adapting to Movie 4 for 20 s should suffice to give the pink afterimage of a letter. Watch
Movie 4 for 60 s if you wish to see the colour bias gradually becoming visible.

We showed Movie 4 to 132 student participants. Following 45 s of adaptation to the twinkling ran-
dom coloured tiles shown in Movie 4, with strict fixation on a central point, the display was switched
to a congruent 6 X 7 test array of white tiles outlined in black, which was intended to facilitate the
perception of the afterimage.

Participants viewed the stimulus from a great variety of distances and angles. Each student held a
Clicker, which is a device like a TV remote, with five buttons labelled A through E. Students were told:
“You may see a shadowy letter, A, B, C, D or E, either during the flickering or the white phase of the
stimulus. If you do, or think you do, please press the corresponding button on your clicker. If in doubt,
feel free to guess.” All button pushes were detected and recorded by a central receiver at the front of
the lecture hall, from which they were recorded for later analysis.

During the flickering adapting phase, 11 (8.3%) of the observers correctly reported a camouflaged
letter (an ‘E’). During the white test phase, 79 (59.8%) correctly identified the pink afterimage of the
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letter. Thus, observers were seven times as likely to identify the letter from its afterimage as from the
original adapting stimulus.

Although most observers did not perceive these biases during the adaptation, they clearly saw
their resulting afterimages. Thus, during adaptation, the target letters had a different mean colour from
the background, but the deliberately high variance kept the signal/noise ratio of the bias below the
observer’s visual threshold—its d-prime was too low. Detecting the letter target in the twinkling dis-
play would require the visual system to act as a statistician, isolating the difference in the means while
hindered by the variance. The afterimage, however, emerges from the sum and discards the variance.
Nearly all observers saw the afterimage without ever discriminating the twinkling target that caused
it and this shows that the formation of afterimages has a longer integrating time than perception does.
Thus, the visual system stores and averages the stimulus colours over time.

Incidentally, the afterimage letters in Movies 1-4 were, respectively, H, E, L, P.
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