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Abstract Although many studies have been devoted to motion perception during smooth pursuit eye movements, relatively little attention has been paid to the question of whether the compensation for the eﬀects of these eye movements is the same across diﬀerent stimulus directions. The few studies that have addressed this issue provide conﬂicting conclusions. We measured the perceived motion direction of a stimulus dot during horizontal ocular pursuit for stimulus directions spanning the entire range of 360. The stimulus moved at either 3 or 8/s. Constancy of the degree of compensation was assessed by ﬁtting the classical linear model of motion perception during pursuit. According to this model, the perceived velocity is the result of adding an eye movement signal that estimates the eye velocity to the retinal signal that estimates the retinal image velocity for a given stimulus object. The perceived direction depends on the gain ratio of the two signals, which is assumed to be constant across stimulus directions. The model provided a good ﬁt to the data, suggesting that compensation is indeed constant across stimulus direction. Moreover, the gain ratio was lower for the higher stimulus speed, explaining diﬀerences in results in the literature. Keywords Motion perception Æ Motion direction Æ Smooth pursuit Æ Eye movements Æ Extraretinal signal
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Introduction When we make smooth pursuit eye movements in order to follow a moving target with our eyes, the retinal image motion of objects in the visual ﬁeld is aﬀected by these eye movements. For instance, the image of a stationary object sweeps across the retinae during an eye movement. Yet, generally we perceive stationary objects as being stationary and moving objects as moving, even during smooth pursuit eye movements. Apparently, our visual system is capable of compensating for the eﬀects of eye movements on retinal image motion. That this compensation is not always perfect is shown by illusions such as the Filehne illusion (Filehne 1922; Mack and Herman 1973), in which a stationary object presented brieﬂy (500 ms) during smooth pursuit is perceived to move against the pursuit direction. Another instance of incomplete compensation is the Aubert–Fleischl phenomenon (Von Fleischl 1882; Aubert 1886, 1887) that describes the observation that a moving object appears to move slower when followed with the eyes. As a consequence of the discovery of these two illusions, most research on motion perception during smooth pursuit has focused on the perception of objects moving along the line of pursuit (horizontally in most cases) or of stationary objects (as in the case of the Filehne illusion). Much less attention has been paid to the perception of objects moving non-collinearly (at an angle other than 0 or 180) with respect to the pursuit target. In the latter case, the problem presented to the visual system is essentially the same as with collinear motion. The eye movement introduces a motion component in the retinal image motion of objects in the visual ﬁeld, in the direction opposite to that of the eye movement. With both collinear and non-collinear motion, the visual system has to correct for this eﬀect of the eye movement in order to arrive at a veridical motion percept of the objects in the
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visual ﬁeld.1 However, the question is whether our visual system performs this task similarly in both cases, or not. This is the question we address in this study. Earlier studies have investigated whether the degree of compensation for the eﬀects of eye movements is constant for various stimulus motion directions. Wallach et al. (1985) presented observers with a vertically moving stimulus during vertical pursuit and measured the perceived speed of the stimulus. This turned out to be approximately veridical, suggesting complete compensation for the eﬀects of the eye movement. Since they had earlier found a low degree of compensation with vertical stimulus motion during horizontal pursuit (Becklen et al. 1984), they concluded that the degree of compensation for the eﬀects of eye movements depends on the stimulus motion direction relative to the pursuit direction. Swanston and Wade (1988), however, measured the perceived motion direction for stimulus directions of 90 to 180 relative to the horizontal pursuit, and found a fairly constant (and high) degree of compensation for all directions. Two factors make these earlier studies hard to compare. First, the pursuit target speed and the stimulus speed varied from study to study. Swanston and Wade (1988) used periodically moving dots with a constant speed (pursuit target speed was 4.5/s and stimulus speed 1.35/s). In Wallach et al. (1985), sinusoidally-moving dots were used with peak velocities of 3.5 and 4.5/s (both served as either the pursuit target or the stimulus, depending on the condition). Becklen et al. (1984, Experiment 2) also used sinusoidally moving dots, but with higher peak velocities (10/s). Since perceived speed is non-linearly related to actual, physical speed (McKee and Nakayama 1984), the diﬀerences in speed might explain the diﬀerences in the degree of compensation found in these studies. A second factor that makes it hard to make deﬁnite statements about these studies is the fact that eye movements were not measured in any of them. Because of this, neither the exact eye velocities nor the retinal image velocities are known and it is not possible to compute the exact degree of compensation in these studies. In this study, we take a slightly diﬀerent approach. We start from the hypothesis that the visual system uses one single compensation mechanism for all stimulus motion directions. This hypothesis is formalised in a simple quantitative model, which essentially is an extension to two dimensions of the classical ‘‘cancellation theory’’ (Von Holst and Mittelstaedt 1950; Von Holst 1954). The model is tested against the empirical data from an experiment in which we measured the perceived motion direction during horizontal pursuit, 1 In this paper we will restrict ourselves to head-centric motion, assuming that the head of the observer is stationary in space. Also, when we speak of ‘the stimulus’ or ‘stimulus velocity’, we refer to a moving object that is present in the visual ﬁeld during ocular pursuit of the pursuit target, not to the pursuit target.



with the physical stimulus motion direction varied between 0 and 360 relative to the pursuit direction. A second hypothesis we tested was that the perceived motion direction would be aﬀected by the physical speed of the stimulus. According to our model, which will be described below, perceived motion direction depends on the ratio of the gain of the signal that encodes the velocity of the eyes, as estimated by the visual system, to the gain of the retinal motion signal used by the visual system. A gain ratio below unity, due to a retinal signal gain that is higher than the eye movement signal gain, will produce a deviation of the perceived direction from the physical one in the direction of the retinal image motion direction (see Fig. 1). Based on the results of Tynan and Sekuler (1982) and McKee and Nakayama (1984), it can be argued that the perceived speed of a stimulus increases progressively with physical speed. Therefore, we expected the retinal signal gain to increase with stimulus speed and, consequently, the gain ratio of eye movement signal gain to retinal signal gain to be lower for higher stimulus speeds. Therefore, the degree of compensation for the eﬀect of the eye movement was expected to be lower for a higher stimulus speed. This might explain the diﬀerences between the results of Swanston and Wade (1988) and those of Becklen et al (1984) and Wallach et al (1985).



Model Von Holst and Mittelstaedt (1950; also see Von Holst 1954) were the ﬁrst to formalise the idea that the visual system might use a copy of eﬀerent oculomotor signals to correct the retinal image motion for the eﬀects of eye movements: h0 ¼ r þ e



ð1Þ



where h¢ is the perceived head-centred stimulus velocity, r is the retinal image velocity of the stimulus object that is to be judged, and e is the eye velocity as given by the eﬀerence copy (all represent vectors in angular velocity units). To explain errors in motion perception during smooth pursuit like the Filehne illusion and the Aubert–



Fig. 1 Geometric representation of the linear model. Vector e represents eye velocity, h represents the head-centric stimulus velocity and r the resultant retinal image velocity. Primed symbols indicate estimates by the visual system. In the case depicted, retinal signal gain q = 1 (so r¢ equals r) and for the eye movement signal gain 0 1) and an underestimated eye velocity ( < 1). c Idem with q slightly higher and  smaller than in b
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pursuit condition with those from the ﬁxation condition shows that the large errors found in the pursuit condition were due to eﬀects of the eye movements, not to a bias in direction perception per se. The data from the ﬁxation condition show that the participants were generally well able to indicate the motion direction by means of the arrow that appeared on the screen after each presentation of pursuit or ﬁxation target and stimulus dot. The small but systematic errors found in the control condition for directions around the horizontal were probably a case of reference repulsion (Rauber and Treue 1998, 1999; Grunewald 2004). The linear model, described by Eq. 6, ﬁtted the data from the pursuit condition quite well. With only one free parameter the model explained around 90% of the variance for most participants. The good ﬁts suggest that, as we hypothesised, the degree of compensation for the eﬀects of smooth pursuit eye movements is constant across the entire range of stimulus directions in the fronto-parallel plane. Apparently, the same compensation mechanism is at work for diﬀerent directions. Our results also show a distinct diﬀerence in gain ratio between the two stimulus speed conditions (3 and 8/s). The gain ratio was much higher in the lower speed condition. This explains the inconsistencies between results from earlier studies. Swanston and Wade (1988) used a rather low speed for their stimulus and, consequently, found a high degree of compensation. Wallach et al. (1985) also used a low speed stimulus and they too found a high degree of compensation. In their study, participants viewed a vertically moving stimulus during vertical pursuit. Becklen et al. (1984), ﬁnally, using a much higher stimulus speed found a low degree of compensation. Rather than an incapability of the visual system to perform vector analysis, as suggested by Wallach et al. (1985), the diﬀerence in stimulus speeds appears to account for the diﬀerences in results. In addition to the low stimulus speed, the continuous (and
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Fig. 9 Simulation of the eﬀect of a noisy gain ratio. The gain ratio is sampled from a normal distribution with a mean of 0.37 and an increasing standard deviation (SD). Four replications per stimulus direction were simulated for a stimulus speed of 3/s and an eye movement velocity of 10/s
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long) presentation of the stimulus dot in the studies by Wallach et al. (1985) and Swanston and Wade (1988) may also have contributed to the high degree of compensation, since the degree of compensation for the effects of smooth pursuit eye movements is known to increase with stimulus presentation duration (Mack and Herman 1978; Ehrenstein et al. 1986; De Graaf and Wertheim 1988). The eﬀect of noise in the signals Some participants in our experiment showed bimodallydistributed data for stimulus directions around 0 and 360 (see Fig. 5 for an example). Figure 8 shows that, for these stimulus directions, the linear model predicts that the amplitude of the perceived velocity vector h¢ will be quite small for certain combinations of eye velocity, stimulus speed and gain ratio /q. Small variations in these entities could cause the perceived stimulus direction h¢ to ﬂip its direction from 0 to 180 or vice versa. One possible source of these variations might be the variability in pursuit gain (in the actual eye velocity) between trials, which would also cause variability in retinal speed. Although the pursuit gain was quite constant (see Fig. 6), there were small diﬀerences across trials. The eﬀect of diﬀerences in pursuit speed would, according to our model, depend on the gain ratio. For gain ratios smaller than unity, as in our data, lower pursuit gains would produce perceived motion directions



that are more biased against the pursuit direction (180) and higher pursuit gains would increase the probability that the stimulus is perceived as moving in the same direction as the pursuit target (0 or 360). However, the participants with bimodal data did not show a consistent relationship between pursuit gain and perceived motion direction. Some of them had on average slightly higher pursuit gains in trials with a perceived motion direction of around 0 or 360, but others showed somewhat lower pursuit gains in these trials. Moreover, there was a high degree of overlap between pursuit gains in trials with a perceived direction of 0 or 360 and those of 180, so diﬀerences in pursuit gain do not seem to be the main cause of the bimodality. An alternative explanation would be that the gain ratio of eye movement signal gain to retinal signal gain varies across trials. Figure 8 shows a graphical analysis of this possible cause of the bimodality. When the stimulus direction is 0, the stimulus dot moves in the same direction as the pursuit target (to the right, since we plotted all of our data as if pursuit were to the right). Because the pursuit speed is higher than the stimulus speed, the retinal image motion of the stimulus (he) will be in the opposite direction. According to the linear model, the perceived head-centric velocity h¢ equals the sum of the estimated retinal velocity q(he) and the estimated eye velocity e. Since both signals are biological in origin, it seems reasonable to assume that they are noisy ones, their exact amplitude varying from trial to trial. Figure 8b shows the situation that the vector sum
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of the two signals is just large enough to be positive and produces a perceived motion direction of 0 (veridical). On a next trial, the retinal signal gain q might be slightly higher than in Fig. 8b and the eye movement signal gain  lower (Fig. 8c). This change can be just suﬃcient to produce a perceived motion vector in the opposite direction. Thus, small random variations in signal gains q and  can explain the bimodally-distributed data found for some participants. This hypothesis was tested by simulating the eﬀect of noise in both signals on the perceived motion direction as predicted by the linear model (Fig. 9). The data of participant 1 in the 3/s condition (plotted in Fig. 5, left panel) were simulated. For simplicity we implemented the noise by sampling the gain ratio of eye movement signal to retinal signal from a normal distribution with a mean of 0.37 (which was the best ﬁtting parameter value when leaving out the outliers; see Table 1) and with increasing standard deviations.3 All data points were sampled four times, since all measurements in the experiment had also been replicated four times. As can been seen from Fig. 9, the predicted directions at stimulus directions around 0 and 360 show bimodal distributions for standard deviations around 0.30, and closely resemble the actual data of Fig. 5. Hence, a simple extension of the linear model can easily account for the bimodally-distributed data.



Conclusions The classical linear model (Eq. 3) accurately described the data from our experiment, in which we measured perceived motion direction for stimuli moving at various angles relative to the pursuit direction. With only one free parameter, the model adequately captured the various patterns of perceived motion directions exhibited by our participants. This parameter, the gain ratio of eye movement signal to retinal signal, appeared to be constant across stimulus direction, suggesting that the degree of compensation for the eﬀects of smooth pursuit eye movements is constant across the entire range of stimulus directions in the frontoparallel plane. The gain ratio turned out to be higher for a stimulus speed of 3/s than for a speed of 8/s. This (at least partially) explains the diﬀerences in results between the studies by Swanston and Wade (1988), who found a constant degree of compensation for the eﬀects of smooth pursuit eye movements across a range of stimulus directions, and those by Becklen et al. (1984) and Wallach et al. (1985), who found much higher degrees of compensation for collinear motion than for non-collinear motion. Finally, we showed that a bimodal distribution of perceived motion directions when the stimulus direction equalled 3 Strictly speaking, if we assume that both gains are sampled from normal distributions, the gain ratio would have a Cauchy distribution. Here, however, we just show a possible eﬀect of noise in the signals, without paying too much attention to the shape of the underlying distributions.



the pursuit direction, occurring in some participants, can be explained by assuming that the eye movement signal and the retinal signal are noisy signals. Acknowledgements The authors would like to thank Dr. Herbert Hoijtink for his advice on modelling the data.
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