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Selective adaptation is among the most extensively documented phenomena in vision research. Some classical examples involve the effect of prolonged exposure to suprathreshold, high contrast sine gratings on sensitivityto sine gratingspresented at thresholdlevel contrasts. Decreased sensitivity (threshold elevation) is obtained,but the effect of adaptationis selectivelylinked to specific attributes of the adapting grating. Thus, adaptation effects are observed only if the adapting and test stimuli are similar in spatial frequency and orientation (Blakemore & Campbell, 1969; Pantle & Sekuler, 1968).In some studies, the effects of adaptationare only partially selective. For example, if an adapting grating is moving, contrast sensitivityis decreased more when test gratings are moved in the adapting than in the opposite direction (Sekuler & Ganz, 1963),but there is also some reduction in contrast sensitivityin the opposite direction (Levinson & Sekuler, 1975; Pantle & Sekuler, 1969). Selective adaptation has also been studied for more complex patterns,but now instead of observingthe effect



T stimulus on detection Rthresholds, of the adapting investigators have studied the effect of the adapting stimulus on perception when viewing ambiguous, bistable figures(we refer to these as thresholdadaptation and bistabilityadaptationparadigms,respectively).Some time ago, Hochberg (1950) studied the perceptually ambiguous Maltese cross (a circle divided into eight equal sectorsof alternatingblack and white color). Either a black cross is seen against a white background or a white cross is seen against a black background. Perception was biasedby varyingthe luminanceof the surround. Prolonged inspection (up to 5 rein) of a version biased toward the perception of one pattern (e.g., the black cross) increasedthe likelihoodthat the alternativepattern (the white cross) would be perceived when the ambiguous version of the stimuluswas subsequentlypresented. The effect, however,was obtainedonly if the black cross was in the same orientationduringthe adaptationand test phases of the experiment. More recently, Nawrot & Blake (1989) studied the perceived direction of threedimensionalrotation for the two-dimensionalprojection of spots of light on a rotating, transparent sphere. Following prolonged exposure to a version biased such that the near surface perceptually rotated to the left, the perceived rotation for an unbiased test sphere tended to be to the right, providing the rotation axis was the same during adaptation and test. Kruse e a (1986) have provided evidence for selective adaptation effects with motion quartets. These
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FIGURE1. Illustrationof the apparent motionstimuli presented in this study and the motionpatterns that are perceivedfor each. The open and solid squares indicate the dot positions on odd- and even-numbered frames, respectively. Only horizontal motion is perceived for the rectangular motion quartet with the large aspect ratios; either horizontal or vertical motion can be perceived for the rectangular motion quartets with aspect ratios near 1.0. Rectangular motion quartets with different aspects ratios were presented during the adapting phases of Experiments 1-4; rectangular motion quartets with aspects ratios near 1.0 were presented during the post-adaptation,test phases of Experiments 1, 2, 3 and 5. The translation motion stimuli were presented during the adaptation phase of Experiment 2. Only horizontal motion was perceived for these stimuli, regardless of their aspect ratio. The trapezoidal quartets were presented during the postadaptation, test phase of Experiment 4 and the adaptation phase of Experiment 5. The perception of oblique motion competed with the perception of either horizontal motion (for the horizontally oriented, trapezoidal quartets) or vertical motion (for the vertically oriented, trapezoidal quartets).



*Activationlevel and reduced sensitivity are typically associated with the intensity of stimulus attributes. For example, the brighter the adapting stimulus, the greater the reduction in light sensitivity (Mueller, 1951), and the greater the adapting contrast, the greater the reduction in contrast sensitivity (Blakemore & Campbell, 1969).
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apparent motion stimuli are formed by simultaneously presenting two points of light corresponding to the diagonally opposite corners of an imaginary rectangle, then simultaneouslypresenting the two points of lights corresponding to the other diagonally opposite corners, then the firstpair again, then the secondpair again, and so on. Both dots are perceived to move vertically,though in opposite directions, or both dots are perceived to move horizontally,again in opposite directions(see top of Fig. 1). Kruse and colleagues’adapting quartet had an aspect ratio (vertical/horizontaldistance between the dot positions) of 2.26, which strongly favors the perception of horizontal motion. The effect of prolonged viewing of this biased adaptingquartetwas to increasethe likelihood of vertical motion being perceived for the subsequently presented, neutral test quartet (its aspect ratio was 1.13). Kruse et a (1986) found that adaptation was strongest when the temporal frequency of the test quartet was the same as that of the adapting quartet. In all these cases, it is assumed that the effect of adaptation is to reduce the sensitivity of detectors selective to one of the alternative percepts, and thereby, to reduce their activation by the subsequentlypresented, unbiased test stimulus.* We have further investigated adaptationeffects in the motion quartetparadigmfor two reasons. The first is that even for highly biased versions of the motion quartet, it is likely that both horizontaland vertical motion detectors are activated. For example, when the aspect ratio of the motion quartet strongly biases the percept to favor horizontal motion, vertical motion will rarely, if ever, be perceived. However, vertical motion is always perceived when the same apparent motion stimulus is presented in a non-competing situation,i.e., when the alternatingpair of dots is not embedded in the motion quartet and is displaced by the same vertical distancesthat result in a strongbias against the perception of vertical motion within the motion quartet.Therefore, it is likely that detectingunits for both horizontal and vertical motion are stimulated simultaneouslyby motion quartets,though the perceived motion is either horizontal or vertical, never both at the same time. On this basis it was possible to ask whether adaptationis selectiveto the perceivedmotion directions, or whether adaptation effects can also occur for the unperceived motion directions. The second reason for studyingadaptationeffects with motion quartets is that unlike other stimuli used in the bistability adaptation paradigm, the biased and neutral versions of the motion quartet lie along a well-defined continuum.Previous studies (Hock e a 1993; Hock & Voss, 1990) have establishedthat the aspect ratio of the motion quartet determines the relative stability of the perceived horizontal and vertical motion. When the aspect ratio favors one motion pattern, and that motion is perceived,the perceptis more stablethan if theunfavored motion pattern is perceived. This difference in stability, which decreases as the aspect ratio is closer to 1.0, is reflected in the likelihood of the perceived motion directions spontaneously changing (stable percepts are



PERCEIVEDAND UNPERCEIVEDMOTIONDETECTIONS



less likely to spontaneously change than unstable percepts). On this basis, we could vary the motion quartet’s aspect ratio and determinewhether the stability of the motion perceived during adaptation predicts selectivity in adaptation (i.e., whether adaptation effects are limited to perceived motion directions). E
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key to this experiment,as well as thosethat follow, is that regardless of the aspect ratio of the adapting motion quartet, only the results of trials for which horizontalmotion was perceived for the entire adaptation phase were evaluated. If adaptation depends only on the motion pcrccivcd during the adaptation phase of each trial, equal adaptationeffects would be observableduring the subsequent test phase for all the adapting aspect ratios; i.e., when horizontal motion is perceived for the entire adapting phase, the likelihood of perceiving vertical motion during the test phase would not depend on the aspect ratio of the adapting quartet. T
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Two of the subjects were students at Florida u Atlantic University (LH and ICE).Since they were well practiced with the motion quartets, they were aware that the perception of both vertical and horizontalmotionwas possible.* Both, however, were naive with respect to the purpose of the experiment (as were SB, SP, and GB in subsequent experiments). The first author, also well practiced, was the third subject. All subjects had normal or corrected-to-normalvision. S Pairs of white dots were presentedover t a series of frames against the dark background of a MacintoshII RGB monitor. The size of each dot was one pixel, intercepting a visual angle of 1.6 min from the 80 cm viewing distance (maintained by a head restraint). The luminance of each dot was 12.8 cd/m2. Each experimentaltrial was composedof an adaptationand test phase separated by a 390 msec blank interval. Motion quartets presented during each phase were structured into a series of two-frame display cycles: Two dots correspondingto the opposite diagonal corners of an imaginary rectangle were presented for 195 msec, then on the next frame two dots corresponding to the other diagonal corners of the imaginary rectangle were presented for 195 msec. The resulting temporal frequency, 2.6 Hz, was too slow for adaptationeffects observedin this studyto be attributable to the breakdownof apparentmotion (Anstis e a 1985; Finlay & Von Griinau, 1987). The horizontal distance between the dot positionswas alwaysfour pixels (6.4 min visual angle).The aspectratio of the rectangular motion quartets was varied by changing the vertical distancebetween the dot positions; for all aspect ratios the locationsof the top two dots was S



*Girgus et a (1977) have found that adaptation effects in the bistability adaptation paradigm often are not obtained when subjects are unaware of the alternative to the pattern perceived during adaptation.
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the same and the vertical distance between the top and bottom dot positions varied from 4.8 to 14.4 min. The resultant aspect ratio (the vertical divided by the horizontal distance between dot positions) during the entire adaptationphase of each trial was either 0.75, 1.0, 1.25, 1.5, 1.75, 2.0 or 2.25. The aspect ratio during the entire test phaseof each trialwas either 1.0or 1.25.Either horizontalor vertical motion was P perceived during each phase (top of Fig. 1). In order to minimizepossible intertribaleffects, an “interrupting” sequence of frames was presented at the end of each trial. The upper-left and lower-rightdots of the motionquartetwith an aspect ratio of 1.0 were presented in alternationfor twelve 195 msec frames, resulting in a percept with a continually reversing, diagonal motion path. Two points regarding the motion quartets are of particular importance. First, the distance over which horizontalmotionwas perceivedwas the same for all the adapting and test quartets. Thus, evidence for aspect ratio-dependent reductions in sensitivity to horizontal motion during the test phase would not be attributableto e adaptation/testdifferencesin the pathlengthor the speed b of the perceived horizontal motion. Second, for all the aspect ratios studied,when only the right (or left) pair of dots are presented in alternation, vertical motion is readily perceived. Thus, horizontal motion did not dominate for large aspect ratio quartets because the vertical distance between dot positionswas too great for apparent motion to be seen. The adaptationphase of each trial was composedof six two-frame display cycles, and thei test phase of each trial was composed of three two-frame display cycles. Although the brief adaptation interval (2.4 see) is not unique [e.g., Sekuler & Ganz (1963) obtained adaptation effects for 5 sec adaptationintervals],it made it possible for us to carry out the objectives of the experiment. If long adaptation intervals had been required, the rate of spontaneousswitching to vertical motion during adaptation would have been too high to measure the adaptive effect of perceived horizontalmotion for adapting aspect ratios close to 1.0. P Subjects were instructed r to look at each quartet without attempting to focus their attention on a particular location.After each trial, subjectspressed one of two keys on the computer keyboard with fingers of their left hand to indicate whether or not the perceived motionwas horizontalduringthe e adaptationphase, and then pressed one of two keys with fingers of their right hand to indicatewhether or not vertical motion was perceived any time during the test phase. D All 14 combinations of the seven adaptation e aspect ratios and two test aspect ratios were presented equally often, their order randomized in blocks of 28 trials. LH participatedin six testing sessions;KE and HH participated in four testing sessions (there were 8 blocks of 28 trials per session, with a variable rest period after the fourth block).
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FIGURE 2. Experiment 1: The effect of the rectangular adapting quartet’s aspect ratio on the proportion of trials for which vertical motion was perceived anytime during the test phase (the rectangular test quartetehad aspect ratios of 1.0or 1.25).Data are reportedonlyfor trials during which horizontal motion was perceived for the entire adaptation phase (there were too few data points when the adapting aspect ratio was 0.75 for the results to be inchrded in the graphs). Standard errors for each subject (over sessions) and mean standard errors are indicated by error bars.
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FIGURE3.s Experiment 1c (additional trials a o results): the proportionof t u which vertical motionwas u a h a p for perceived anytime duringthe test phase as a function of the aspect ratio of the two-frame adapting quartets. Data are reported only for trials during which horizontal motion was perceived for the adapting quartet (aspect ratios were 2.25 or 1.25 for the adapting quartets and 1.25 for the test quartet). Standarderrors of the difference between the 2.25 and 1.25 adapting aspect ratios (over sessions) are indicated by error bars.
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more, if adaptationeffectswere selectiveto the particular geometry of the pattern perceived during adaptation, there would have been more adaptation for the adapting quartets with aspect ratios near 1.0, which were geometrically the most similar to the test quartets. It was concluded, therefore, that the adaptation effect depended on the aspect ratio of the adapting quartet, but did not simply depend on the motion directions perceived during adaptation. A r T brevity dof the adaptation e interval in Experiment 1 (2.4 see) makes it unlikely that the observed adaptation effect was the result of neural fatigue (Maffei e a 1973).To strengthenthis point, an additionalexperimenttested for the effects of adaptation intervalsof 0.4 see, sufficienttime for only a single,twos frame apparent motion sequence. Motion quartets with aspect ratios of 2.25 and 1.25 were presented for one display cycle during the adaptation phase of each trial, and as before, a quartet with an aspect ratio of 1.25 was presented for three display cycles during the test phase. The centersof the adaptingstimulicorrespondedwith the center of the screen, and following a 495 msec blank interval, the test quartet was presented 24 min from center in one of eight randomly selected directions. Results were again analyzed only for trials in which horizontal motion was perceived during the adaptation phase. As before, vertical motion was perceived for the test quartet more often followingthe 2.25 comparedwith the 1.25 adapting quartet (Fig. 3). Given the minimal duration of the adaptationinterval, it could be concluded that the adaptation effect was not the result of neural fatigue.



Consistent with previous studies (Hock e a 1993; Hock & Voss, 1990), horizontal motion was perceived for the entire adapting duration more often for the adapting quartets with the larger aspect ratios (averages were 98, 99, 97, 95, 80, 29, and 3 of the trials for adapting aspect ratios of 2.25, 2.0, 1.75, 1.5, 1.25, 1.0, and 0.75, respectively). Adaptation effects were measured for these trials by determining the frequency with which vertical motionwas seen duringthe test phase.The resultsfor all three subjectsindicatethat the perceptionof vertical motion during the test phase increased as the aspect ratio of the quartet presented during the adapting phase was increased (Fig. 2). If the perceiver’s postadaptation motion sensitivity depended only on the motion perceived during adaptation,equal effects would have been obtained in the test phase for all the adapting aspect ratios since the reported data are limited to trials i for which the perceived motion during adaptation was D Visual adaptationconcernsthe adjustmentof the visual always horizontal, regardless of aspect ratio. Further-
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system to the immediate conditions of stimulation. The adjustment can occur over a wide range of time scales. For example, it can involve increases and decreases in sensitivity over long time scales (e.g., dark and light adaptation), or decreases in sensitivityover a short time scale (e.g., motion adaptation; Sekuler & Ganz, 1963 as well as the current study). Gain control mechanisms (Walraven e a 1990) rather than neural fatigue are likely to be the basis for changes in sensitivityoccurring over very brief adapting intervals. Previous studies using the bistabiiity adaptation paradigm have typically concluded that sensitivity to a pattern perceivedfor a bistablestimulushas been reduced (i.e., there has been an adaptation effect) when its postadaptation frequency of perception is reduced compared with its base frequency of perception (when there is no prior adaptation). Although this kind of comparison has been successful in the threshold-adaptation paradigm (e.g., Blakemore & Campbell, 1969), it has not been introduced in the present study because of the inherent difficulty of establishing truly neutral conditions for determining base frequencies of perception for bistable stimuli. When a relatively neutral bistable stimulus is presentedover a series of trials, the frequencywith which a pattern is perceived is stronglyinfluencedby hysteresis effects; i.e., the perceived pattern tends to be the same as the previouslyperceived pattern (e.g., Hock et a 1993), so the initially perceived pattern may dominate the measurement. The problem is not necessarily alleviated by includingless neutralversionsof the bistablestimulus in the test set (e.g., other aspectratios)since the measured base frequenciesof perception for a bistable stimulusare likely to vary with the particular context in which it is presented. From this point of view, the best evidence for adaptation in previous studies has come not from comparison with non-adaptation, base frequencies; but from the differential effects of a specific, adaptatibndependentparameter;e.g., selectivityto the orientationof . the adapting cross in Hochberg (1950). Our conclusion that there were adaptation-dependentchanges in sensitivitv in Experiment 1 was based on the differentialeffect of tie va~i~usadapting aspect ratios on the perception of vertical motion during the test phase of each trial. E
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If adaptation in Experiment 1 only depended on the motion perceived during the adaptation phase, equal adaptation effects would have been obtained for all the adapting aspect ratios. This was because: (1) the reported data were limited to trials for which the perceivedmotion during adaptation was always horizontal, regardless of aspect ratio; and (2) the aspect ratio was varied by changing the vertical distance between the dots, so the horizontalmotion seen during adaptationand test was the same for all aspect ratios. The purpose of Experiment 2 was to determine whether the effect of the adapting aspect.ratio was due to the activation of vertical motion detectors by the motion quartet, even though horizontal motion was being perceived.
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This hypothesiswas tested by comparing the adaptive effects of the horizontal apparent motion perceived with motion quartets, for which activation of vertical motion detectors is possible, to the adaptive effects of the horizontal motion perceived for purely translational apparent motion stimuli (Fig. 1). Given the +60 deg bandwidth of directionally selective motion detectors (Ball e a 1983),activationof vertical motion detectors by the horizontal, translational stimuli is likely to be minimal. Hence, reductions in sensitivityduring adaptation to the horizontal, translational stimulus would primarily involve horizontal motion detectors, and the perception of vertical motion would be enhanced during the test phase. If, however, vertical as well as horizontal motion detectors are activated by the motion quartet, reduced sensitivity to horizontal motion could be accompanied by reduced sensitivity to vertical motion (i.e., both adapt), and/or the activation of horizontal detectors (and therefore, their adaptation) could be reduced as a result of inhibitory interactionsoriginating from the activatedvertical detectors(Snowden, 1989).In either case, less perception of vertical motion would be expectedfor test quartetswhen there is more activationof vertical motion during the adaptationphase. M



The intervalbetween the adapting(six S t display cycles) and test (three displaycycles)phases of each trial was 495 msec. Trials in which motion quartets were presented during adaptation were randomly interleaved with trials in which translational motion stimuli were presented during adaptation. The test stimulus was always a motion quartet. The aspect ratio of the quartets presented during adaptation was 2.25 or 1.25 (the horizontal distance between dot positions was 6.4 min and the vertical distancewas either 14.4 or 8.0 rein). The translationalmotion stimuli presented during adaptation had corresponding aspect ratios (the vertical distance between the dots was “14.4or 8.0 rein; their horizontal displacement was 6.4 rein). Like the quartets, the translational stimuli were structured into a series of two-frame display cycles; two dots correspondingto the leftmost comers of an imaginary rectangle were presented for 195 msec, then the two dots correspondingto the rightmost corners of the Pimaginary rectangle were presented for 195 msec. The centers of all the adapting stimuli correspondedwith the center of the screen, and the center of the rectangularmotion quartet (aspect ratio = 1.25)presented during the test phase was displaced 24 min from center in one of eight randomly selected directions. P T first response at the r end of each trial indicated whether horizontal motion was perceived for the entire adaptationphase; the second indicatedwhether vertical motion was perceived anytime during the test phase. There were 16 blocks of 12 randomly ordered trials (2 aspect ratios x 2 stimulus-typesx 3 repetitions) during each of two testing sessions, with a variable rest period after the eighth block.
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