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Abstract Although motion parallax is closely associated with observer head movement, the underlying neural mechanism appears to rely on a pursuit-like eye movement signal to disambiguate perceived depth sign from the ambiguous retinal motion information [Naji, J. J., & Freeman, T. C. A. (2004). Perceiving depth order during pursuit eye movement. Vision Research, 44, 3025–3034; Nawrot, M. (2003). Eye movements provide the extra-retinal signal required for the perception of depth from motion parallax. Vision Research, 43, 1553–1562]. Here, we outline the evidence for a pursuit signal in motion parallax and propose a simple neural network model for how the pursuit theory of motion parallax might function within the visual system. The Wrst experiment demonstrates the crucial role that an extra-retinal pursuit signal plays in the unambiguous perception of depth from motion parallax. The second experiment demonstrates that identical head movements can generate opposite depth percepts, and even ambiguous percepts, when the pursuit signal is altered. The pursuit theory of motion parallax provides a parsimonious explanation for all of these observations. © 2006 Elsevier Ltd. All rights reserved. Keywords: Motion parallax; Pursuit; Depth; Eye movement



1. Introduction Knowledge of the depth, position, and movement of objects and obstacles is crucial for successful locomotion. Depth perception is of such great importance that the human visual system relies on redundant sources of visual depth cues. These include static pictorial cues such as linear perspective, interposition, and relative size. However, two cues, binocular stereopsis and motion parallax, have the greatest importance due to the unambiguous relative depth metric they provide. While the neural mechanisms serving binocular stereopsis have been an active topic of study for decades, the basic neural processes involved in motion parallax have received little study and are still poorly understood. Motion parallax is created by translation of the observer’s optical viewpoint, but not by rotation. During a translation of the observer’s optical viewpoint, the relative position of objects at diVerent positions in the scene shift *
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relative to each other. However, during a pure rotation (around the nodal point of the eye) the relative position of these objects does not change. Moreover, during this crucial translation the observer’s head, the visual system maintains Wxation on a particular point in the scene by moving the eyes in the direction opposite the translation. This pattern of head translation and ocular compensation generates a retinal stimulus from which an observer can recover relative depth information. Similar to stereopsis, where binocular retinal disparity sign (crossed vs. uncrossed) signals opposite depths relative to Wxation, with motion parallax, objects moving in opposite directions on the retina are perceived at opposite depths relative to the stationary point of Wxation. Again, similar to stereopsis, in which the magnitude of retinal disparity is proportional to the object’s depth from the Wxation point, with motion parallax, each object’s retinal speed is proportional to that object’s depth from the Wxation point. However, unlike disparity, this retinal stimulus for motion parallax is inherently ambiguous with regard to depth sign because there is no visual information to determine which direction of retinal motion is nearer than Wxation and which direction of retinal motion
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is farther away than Wxation (Farber & McConkie, 1979). This depth sign ambiguity is most evident with the kinetic depth eVect (KDE) where a rotating Wgure may spontaneously reverse perceived depth interpretations making the Wgure appear to rotate in the opposite direction. Alternatively, the ambiguous KDE Wgure may simultaneously appear to rotate in opposite directions for two diVerent observers. For motion parallax, recent work (Naji & Freeman, 2004; Nawrot, 2003a, 2003b) suggests that the visual system uses an eye movement signal to disambiguate the depth sign of the motion parallax information. This manuscript will Wrst outline how this might be accomplished in the visual system and then present a set of experiments demonstrating that this pursuit theory of motion parallax accounts for perceived depth in a variety of diVerent viewing conditions. Despite our poor understanding of the neural mechanisms serving motion parallax, its practical importance was actually recognized centuries ago. For instance, Wheatstone (1839), who developed the stereoscope and demonstrated the importance of retinal disparity and thus provided the theoretical foundation to understand the relation between retinal disparity and binocular stereopsis, also recognized that when binocular stereopsis failed, another “more ambiguous” depth cue relying on “motion of the head” could still provide cues to depth (Wheatstone,1838, cited in Wade, 1998, p. 292). Even earlier, French artist and mathematician, Phillipe de La Hire (1694, cited in Wade, 1998, p. 357) noted, “The parallax of objects is what we use most to recognize distanceƒ” Perhaps recognizing the importance of eye movements, de La Hire continues “ƒ when the eye moves to the right the object that thus appears to move away from the other to the right is further away”. Helmholtz (1909/1962) is also well known for noting that the perception of depth from motion parallax is often as vivid as that generated by binocular stereopsis (see Ono & Wade, 2005 for a historical perspective). Gibson (1950) rekindled interest in motion parallax by noting the importance of visual information created by an observer moving through an environment. Gibson even suggested diVerent names for slightly diVerent conditions of observer movement. If the observer is undergoing sustained translation, as in a vehicle, this creates motion perspective, while motion parallax “implies that the animal in question must move its head from side to side to obtain the cue for depth (Gibson, 1950, p. 128 footnote).” Both conditions create compensatory eye movements, although the particular mechanisms diVer somewhat. The theory outlined here provides account of both conditions with the same visual processing mechanism thereby suggesting that both are products of the same underlying neural mechanisms. In contrast to Gibson, some doubted the utility of motion parallax as a depth cue (Epstein & Park, 1964; Gogel & Tietz, 1977) and considered motion parallax to be dynamic variation of the static pictorial depth cue known



as linear perspective. However, a pivotal demonstration by Rogers and Graham (1979) convincingly established that motion parallax is an independent cue for relative depth perception (motion parallax does not provide absolute distance information). Rogers and Graham used an electronically generated random-dot display wherein individual dot movement was linked to translation of the observer’s head. The motion within this display simulated the transformation generated by an actual three-dimensional surface viewed with lateral head movement. When viewing this random-dot display upon the Xat surface of the monitor, observers perceived a static corrugated surface with vivid and unambiguous depth. Moreover, Rogers and Graham (1979) demonstrated that an unambiguous motion parallax depth percept could be generated for a stationary observer by linking stimulus dot translation to the lateral translation of the entire display monitor. This is a third viewing condition (stationary observer) capable of creating unambiguous depth from motion parallax, along with conditions wherein observers actively make head translations or passively translate in which as in a vehicle. A parsimonious theory of depth from motion parallax must account for all three of these stimulus conditions in the unambiguous depth from motion parallax is perceived. 1.1. Eye movements in motion parallax An important question for understanding the neural mechanisms for motion parallax is whether an extra-retinal signal is required for the unambiguous depth from motion parallax. And, if so, what is the source of the extra-retinal signal? While some are equivocal (Rogers & Rogers, 1992), others suggest that visual motion decomposition is used to disambiguate the relative depth of the visual motion signal (Braunstein & Andersen, 1981; Braunstein & Tittle, 1988; Gibson, Gibson, Smith, & Flock, 1959; Hershberger & Starzec, 1974; Koenderink, 1986). However, a purely visual model, without an extraretinal signal, has diYculty explaining the demonstration provided by Ono and Ujike (1994) who used a motion aftereVect (MAE) paradigm to generate depth from motion parallax. Following adaptation to a bi-directional motion stimulus, observers Wxated a stationary test stimulus. With a stationary head, observers perceived the MAE, but when the head was translated from side-to-side observers perceived a motion parallax-like depth percept. In this paradigm, the motion signal provided by the MAE remained constant, but perceived depth reversed as a result of the reversal in observer head translation. One obvious source of a possible extra-retinal signal is the vestibular system. However, the stationary observer/translating monitor demonstration (Rogers & Graham, 1979) suggests that the vestibular system is not the source of the signal. A parsimonious explanation requires that the extra-retinal signal must be present for a stationary observer, therefore precluding the vestibular system from playing a direct role.
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Because the extra-retinal signal must be available to both moving and stationary observers, the most reasonable source of the extra-retinal signal is the slow eye movement system (Nawrot, 2003a). Consider the paucity of extra-retinal cues available to a stationary observer who is instructed to maintain Wxation on a translating stimulus. Therefore, the pursuit eye movement system is the obvious candidate for the source of the extra-retinal signal. Consistent with this eye movement hypothesis is the fact that many slow eye movement systems are very active when an observer moves. These eye movement systems compensate for the observer’s body movement and stabilize a particular point of the scene on the observer’s retina, thereby preserving visual acuity during body movement. To maintain Wxation on a particular point in space as the head is translated along the interaural axis, the eyes move in the opposite direction to, and 180 degrees out of phase with, the head movement. During these lateral head translations the main compensatory eye movement is the translational vestibulo-ocular response (TVOR) initiated by the vestibular organs (Angelaki, 2004). The TVOR, however, does not supply an extra-retinal signal for the perception of depth from motion parallax (Nawrot, 2003a, 2003b). In humans, at most viewing distances, the TVOR eye movement is smaller than what is required to maintain accurate Wxation (Bussettini, Miles, Schwarz, & Carl, 1994). This means that a foveated visual target will have retinal slip that elicits a visually driven eye movement in the same direction as the TVOR. This visual backup to the TVOR has been referred to as the early component of the ocular kinetic response (OKRe) (Miles & Busettini, 1992; Miles, 1993). The OKRe helps maintain accurate gaze on the target and preserve acuity that would otherwise be compromised by the retinal slip produced by the undercompensating TVOR. Consider also the compensatory eye-movements for a steadily translating observer, such as someone viewing out the window of an automobile (Gibson’s “motion perspective”). Due to the sustained translation (no acceleration), the TVOR is not evoked. Instead, the observer Wxates and tracks a speciWc point in the visual scene using pursuit eye movements alone. Therefore, all of the stimulus conditions that generate the perception of depth from motion parallax also generate visually driven, Wxation-maintaining eye movements. However, are pursuit and OKRe eye movements the same? While pursuit and OKRe show many similarities— maintenance of Wxation, short time constant, no velocity storage, high acceleration and velocity, and sensitivity to disparity (Miles, 1993; Miles & Busettini, 1992)—these two terms may not refer to identical eye movement mechanisms. OKRe is believed to be the same mechanism as the ocular following response (OFR) (Kawano, 1999; Miles, 1998; Miles, Kawano, & Optican, 1986). The OFR is a reXexive “machine-like” open-loop eye movement phase having an ultra-short latency ( 0.05). As expected, the pursuit gain values are similar to the perceptual cross over point in the psychophysical data, underscoring the link between pursuit and perceived depth sign in motion parallax. To explain, with a stimulus window gain value around 0.57 (in these particular movement and stimulus conditions, which diVered from Nawrot, 2003a, 2003b) the pursuit system would not be engaged to maintain accurate Wxation, TVOR could fulWll the task on its own, but only at this particular stimulus window gain value. At lower stimulus window gain values, pursuit would be required in the direction opposite observer translation. At higher stimulus window gain values, pursuit would be
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required in the same direction as observer translation. The ratio of stimulus window translation therefore determines the direction of pursuit, and perceived depth sign. 4.3. Conclusion This experiment further demonstrates that perceived depth sign changes with the direction of the observer’s extra-retinal pursuit signal. Moreover, when this pursuit signal is small or absent, perceived depth is ambiguous. The eye movement recordings provide further evidence that the perceived depth sign ambiguity was found at the point when the pursuit signal would have been at its minimum. The pursuit theory of motion parallax explains both the reversal in perceived depth sign and also the particular point of the perceptual reversal. The smooth transition between these two states suggests that much more is needed to fully understand of the role of pursuit in the perception of depth from motion parallax. For instance, if the visual system relied solely on the direction of the pursuit signal, one might have expected a step function in the psychophysical task. That is, when the pursuit signal is in a particular direction, perception would be completely unambiguous, and the proportion of responses (as illustrated in Fig. 10) would have been at either 1.0 or 0.0, carrying over the results of conditions 2 and 6 until the transition point was met. Then, one might have expected a steep transition between the two perceptual states where the TVOR generated the necessary eye movements and the pursuit signal would be zero. Instead, the smooth transition between perceptual outcomes suggests that the magnitude of the pursuit signal plays a role as well, with small pursuit signals being less eVect than larger pursuit signals. Previous work (Nawrot, 2003b) has shown that the magnitude of the pursuit signal has a very close relation to magnitude of perceived depth from motion parallax. That study showed that the change in magnitude of the pursuit signal over viewing distance is at the same rate as the change in perceived depth from motion parallax over viewing distance. However, it is not yet clear exactly how the visual system uses the pursuit signal to scale depth from motion parallax. 5. Discussion We are still in the early stages of understanding the neural mechanisms responsible for the perception of depth from motion parallax. Obviously, the Wrst stage relies on the perception of retinal motion. Beyond this motion perception stage, the motion parallax information must diVerentially activate neural units selective to opposing depth signs. While previous research has linked the perception of depth in motion parallax to the direction and speed of head translation, this is apparently not a representation of the parameters that are important for the neural mechanisms serving motion parallax. Head translation is important in so far as it creates the retinal stimulus for motion parallax
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in natural viewing conditions. Without the observer translation—active head translation or passive translation as in a vehicle—there would be no parallax stimulus created on the observer’s retina. However, studying the parameter space of head translation does not inform us about the underlying visual processing mechanisms. The set of experiments presented here demonstrates that the visual system relies on the direction of the visually driven pursuit signal to determine the appropriate depth sign of the otherwise ambiguous retinal motion information. The pursuit theory (Fig. 2) suggests a plausible neural mechanism to perform this depth sign disambiguation through facilitatory connections from the pursuit system. The model describes a relationship between pursuit direction and perceived depth sign in motion parallax that is Wxed and lawful. An object whose image moves on the retina in the same direction as a concurrent pursuit eye movement is perceived nearer than the object serving as the pursuit target. This same rule applies regardless of the whether the observer translates actively, passively, or remains stationary and the stimulus moves. This Wxed and lawful perceptual relationship suggests that the underlying neural mechanisms are a stable set of connections. With addition of the connections proposed to account for the spontaneous perceptual reversals in the kinetic depth eVect (Nawrot & Blake, 1991), this simple neural network model may eventually account for a broad range of depth-from-motion phenomena. Finally, while these results demonstrate that an extraretinal pursuit signal serves an important function in the perception of depth from motion parallax, this does not mean that other cues have no role in the disambiguation of depth from motion parallax. Other visual cues may indeed play a role, but many previous studies of these cues may have to be reinterpreted because those studies failed to employ any eye-movement control or monitory. Acknowledgments This research was supported by NIH NEI R01EY12541. The authors thank Chad Stockert for assistance in data collection, Frederick Miles and Elizabeth Nawrot for comments on the manuscript. References Abadi, R. V., Howard, I. P., Ohmi, M., & Lee, E. E. (2005). The eVect of central and peripheral Weld stimulation on the rise time and gain of human optokinetic nystagmus. Perception, 34, 1013–1022. Angelaki, D. E. (2004). Eyes on target: what neurons must do for the vestibuloocular reXex during linear motion. Journal of Neurophysiology, 92, 20–35. Bradley, D. C., Chang, G. C., & Andersen, R. A. (1998). Encoding of threedimensional structure-from-motion by primate area MT neurons. Nature, 392, 714–717. Bradley, D. C., Qian, N., & Anderson, R. A. (1995). Integration of motion and stereopsis in middle temporal cortical area of macaques. Nature, 373, 609–611. Braunstein, M. L., & Andersen, G. J. (1981). Velocity gradients and relative depth perception. Perception & Psychophysics, 29(2), 145–155.
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