Separate representations of visual space for perception and visually guided behavior
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Abstract
There are two independent representations of visual space in humans and primates. One, the cognitive or “what” system, processes image information that we use in pattern recognition and normal visual experience. The other, a sensorimotor or “how” system, controls visually guided behavior. Its memory is very brief, only long enough to execute an act, but it possesses an egocentrically calibrated metric of visual space that the cognitive system lacks. 

We have separated the two systems with an illusion of static position, the Roelofs effect, in which an eccentrically located background biases perception of a target’s location. Open-loop pointing to the target, however, is unaffected by the background.

In some circumstances the two systems must communicate with one another. For example, motor activities are usually initiated when the cognitive system informs the sensorimotor system about what to do -- to grasp one of several available objects, to poke a particular button, etc. But the object-centered code of the cognitive system should be incompatible with the egocentric spatial code of the sensorimotor system. Using the lack of a Roelofs effect as an indicator of the use of sensorimotor system information, we have found that making a decision about which of two targets to strike does not prevent subjects from using accurate sensorimotor information to guide their movements. One possible way the nervous system might link the codes is to direct spatially specific visual attention on the object of action, using eye movements and the eye movement control system to collapse visual space onto a single object.

Despite our introspection that vision is a single, unified sense that allows us to perceive objects and act on them, recent evidence has indicated two quasi-independent neural representations of visual space. First is the perceptual representation that we experience. It has been the subject of two centuries of psychophysical work. A second representation, controlling visually guided behavior, has been discovered more recently, and almost nothing is known about its psychophysics. Evidence from a number of sources is converging on this conception (Paillard, 1987).

The two systems share a common input from ‘early vision’, at least to the level of striate cortex, differentiating later in the processing stream. Some of the earliest evidence for this idea came from experiments in rodents, where lesions of the superior colliculus led to the inability to run a maze, combined with preserved discrimination abilities in pattern discrimination. In other animals, visual cortex lesions disturbed pattern discrimination without interfering with maze-running ability (Schneider, 1969). This forebrain-midbrain distinction changed over the course of evolution, as both the spatial orientation and the pattern recognition branches became corticalized in primates (Trevarthen, 1968). 

Cognitive/sensorimotor dissociations in brain pathology
Perceptual information in primates follows a course into the inferior temporal (IT) cortex of the temporal lobe, while information needed for motor control flows to posterior parietal areas, creating an anatomical dissociation between cortical areas coding visual experience and areas handling the information that controls visually guided behavior.

 Experimental lesions in primates reveal this dissociation between cognitive functions in IT cortex and sensorimotor functions in a posterior parietal region. Monkeys with lesions of the IT cortex have difficulty in performing visual discriminations (Pribram, 1971), but have good hand-eye coordination. In contrast, animals with posterior parietal lesions have good discrimination skills but are clumsy and uncoordinated in reaching and grasping.

Human patients show patterns similar to those found in lesioned monkeys. Some neurological patients show the symptom of visual apraxia, an inability to reach for and grasp objects appropriately despite being able to identify them. The deficit is not a general damage to motor ability, for grasp that is not guided by vision can remain normal. In apraxia patients, information in the perceptual pathway is not available to control accurate grasping and reaching. 

Another, less common group of patients has difficulty with perception and object identification, but can reach for and grasp objects accurately even though the properties of the objects cannot be identified. One such patient, with brain damage from carbon monoxide poisoning, cannot identify the orientation of a slot that is cut into a disk held before her. But when asked to extend her flattened hand through the slot, she does so accurately, rotating her hand appropriately to pass through the slot (Milner & Goodale, 1995). This is a demonstration of a sensorimotor capability using a source of knowledge that is not available to perception. Recent neurophysiological evidence has also implicated a parietal pathway, specifically in the posterior parietal region, in visually guided pointing behavior. This region is activated (among other regions) in PET scans collected during visually guided pointing (Lacquaniti, Perani, Guigon, Bettinardi, Carrozzo, Grassi, Rossetti & Fazio, 1997).

These studies have the limitation that the patients’ brains may have become reorganized as a result of their pathology. We cannot be sure that functions that are distinct in brain-damaged patients or lesioned monkeys are also distinct in normal brains, for the brain may erect a ‘firewall’ to divide a normally unified system so that at least part of the normal function can continue despite damage to another part of the system.

Cognitive and sensorimotor systems in normal subjects
To know how these two pathways normally operate and cooperate, they must be studied in normal humans. This has become possible recently with the development of psychophysical methods that can isolate the two pathways and measure separately the spatial information in each representation. Some of these attempts have been successful, and others less so. Experiments on separation of cognitive and sensorimotor systems showed that normal subjects were unable to perceive jumps of targets that take place during saccades. But the subjects could still point accurately to the new locations of the same targets, even if the pointing was controlled open-loop (Bridgeman, Lewis, Heit & Nagle, 1979). This showed that information about the new location of the target was stored accurately, but was not available to inform the perception of location. 

Methodologically, it is necessary to separate cognitive and motor systems by response mode, using a different task to address each system. A way of proving that the two representations are distinct, rather than feeding from a common representation of space or one being a subset of the other, is by double dissociation, introducing a signal only into the sensorimotor pathway in one condition and only into the cognitive pathway in another. If each manipulation can be performed without affecting the representation in the other pathway, then they must be storing spatial information independently.

To demonstrate this empirically, a fixed target was projected in front of a subject, with a background behind it (Bridgeman, Kirch & Sperling, 1981). When the background was displaced left or right, subjects experienced the illusion of stroboscopic induced motion -- the target appeared to jump in the opposite direction. Target and background were then extinguished, and the subjects pointed to the last target position.  Despite the induced motion, they pointed to the same location whether the target had appeared to jump to the left or the right. The illusion did not affect pointing; this leads to the conclusion that the displacement signal was present only in the cognitive system. 

Another condition inserted displacement information selectively into the motor system by nulling the cognitive signal. Each subject adjusted the real target motion until the target appeared stationary. When properly adjusted the target’s real motion, in phase with the background, exactly matched the induced motion, out of phase with the background. Thus the cognitive pathway specified a stable target. Nevertheless, subjects pointed in different directions when the target was extinguished in the left or the right positions, showing that the difference in real target positions was still represented in the sensorimotor pathway. This is a double dissociation because in the first condition the apparent target displacement affected only the cognitive measure, while in the second condition the real displacement affected only the sensorimotor measure.

If a moving target is sampled at different times for different functions, apparent dissociations might result even though a single visual representation underlies both functions. This confound might apply to both the saccadic suppression and the induced motion experiments reviewed above. Recently, psychophysical methods have been developed to test dissociations of cognitive and sensorimotor function without possible confounding effects of motion, by using static illusions. 

One method is based on the Ebbinghaus illusion, also called the Titchner circles illusion. A circle appears to be larger if it is surrounded by smaller circles than if it is surrounded by larger circles. Aglioti, DeSouza and Goodale (1995) exploited this illusion by making the circle into a 3-dimensional poker chip-like object and asking subjects to either judge the size of a surrounded circle or to grasp it. Subjects adjusted their grasp to the real size of the circle, not to its illusory size. They were able to see their hands, however, so they could have adjusted their grasp not to the non-illusory true size of the circle, but to the visible error between the position of the fingers and the edge of the circle. The adjustments did not begin until just before the movement was completed, nearly 2 sec after it started. Aglioti et al. (1995) noted that the normal calibration of grip aperture is largely open-loop, relying instead on motor programming that occurs before the movement begins. The experimental evidence cited for this property, however, concerns movements to targets without illusory size modifications, so that visual recognition of grasp error and subsequent correction would not occur. The movements appear to be open-loop only because no correction is necessary. 

In a subsequent experiment that avoids the feedback confound, Haffenden and Goodale (1998) measured the Ebbinghaus illusion either by asking subjects to indicate the apparent size of a circle or to pick it up. In both cases neither the hand nor the target could be seen. The illusion appeared for the size estimations, but not for the grasp, indicating that the sensorimotor system was insensitive to the illusion. 

There are limitations to the generality of this result, however. First, binocular information appears to be necessary for the sensorimotor system to overcome the perceptual illusion (Marotta, DeSouza, Haffenden & Goodale, 1998). Second, static size illusions appear to influence the predicted weight of an object, measured by the force used to lift it, even when the illusions do not affect size of grip aperture (Brenner & Smeets, 1996). Another experiment contrasting grasp and perception, using the Müller-Lyer illusion, showed the illusion to be significantly smaller when measured with grasp than with perception, though there is some illusion under both conditions (Daprati & Gentilucci, 1997). Again, relatively slow grasp movements may be responsible, and vision of both hand and stimulus was allowed. 

In summary, the experiments in normal subjects suggest the operation of more than one representation of visual space, but the differentiations between the systems are small, inconsistent or restricted to particular measures. 

Another approach has produced large and consistent contrasts between  cognitive and sensorimotor systems, differentiated by response measure. The dissociation is based on another perceptual illusion, the Roelofs effect: if a large rectangular frame is presented off-center, so that one of its edges is directly in front of the subject, that edge will appear to be offset in the direction opposite the rest of the frame. A rectangle presented on the left side of the visual field, for example, with its right edge in the center, will appear less eccentric than it is, and the right edge will appear to lie to the right of the subject’s center (Roelofs, 1935). We have extended and generalized this phenomenon to apply it to the two-visual-systems theory.

 First, the frame need not have one edge in the subject’s midline; illusions of location occur whenever the frame is presented asymmetrically in the visual field. Second, if a target is present within the offset rectangle, its location tends to be misperceived in the direction opposite the offset of the frame. Misperception of the frame induces misperception of the target. Formally this is an induced Roelofs effect, but will be called simply the Roelofs effect below.

When subjects describe a target’s position verbally in the presence of an offset frame, Roelofs effects can be observed reliably. If the task is to point to the target as soon as it disappears from view, however, in many cases there is no effect of the frame offset. Motor behavior remains accurate despite the perceptual mislocalization (Bridgeman, 1991; 1992). If a delay is imposed between the disappearance of the target and the motor response, however, the result is different . After a delay of four seconds, most subjects point in directions that are biased by the cognitive illusion. This result was interpreted as a consequence of loss of veridical information available only to the sensorimotor pathway. 

Since action is based only on the current stimulus situation, and not on what was available in the past, the sensorimotor system needs no memory. Thus to inform pointing after a delay, only one source of spatial information remains -- the memory in the cognitive system. Having lost the accurate representation in the sensorimotor pathway, subjects must import spatial information from the perceptual pathway. In the process they import the illusion as well, and the illusion serves as a marker for the source of the information (Bridgeman, Peery & Anand, 1997). Indeed, with a 4-second delay nearly all subjects showed the predicted Roelofs effect in pointing as well as perception.

In studies with immediate response, half of the subjects showed a Roelofs effect with a motor measure and half did not. Why did subjects switch so readily to importing spatial information from the cognitive system? The tendency to use cognitive-system spatial values to do a sensorimotor-system task may originate from the nature of the pointing task. In aiming a stylus at a target, subjects were offering their opinion about target position to the experimenter, much as the subjects of Haffenden and Goodale (1998) indicated the perceived size of a disc with their fingers. Though in our case the act is isomorphic with stimulus position, it remains a communicatory act, and might be closely linked to cognitive representations. 

The behavior might be different if the experiment required an instrumental act, in which a subject must do something to the world rather than simply indicate a position to another person (I thank Prof. Josef Perner, Salzburg, for suggesting this distinction). Even if both the stimuli and the movements themselves are identical, behavior with a purely instrumental goal might follow different rules from behavior with a communicatory goal.

Contrasting perceptual and instrumental measures of space

To test these ideas we asked subjects not to point to a projected target spot, but rather to jab a 3-dimensional object (a vertical lever), pushing it backward and making a clicking noise. The task is described to the subject as acting on the lever, rather than informing the experimenter about its position. With this refinement in our techniques we achieve a cleaner separation of cognitive and motor systems. Almost all subjects show independence from the Roelofs effect in immediate action, along with the previously observed robust Roelofs effects in verbal estimation.

 In measuring the effects of delay in the earlier experiments we had begun with a 4-sec delay, but we found that almost all subjects had lost the information in the sensorimotor pathway by that time. Therefore we investigated shorter delays, 1 and 2 seconds, to determine the limits of the sensorimotor system’s memory for position. Two response measures were designed to access the two visual pathways. For the cognitive pathway the subject verbally estimated the position of the target spot on the lever. The choices were ‘far left’, ‘left’, ‘center’, ‘right’, or ‘far right’, so that the verbal response was a 5-alternative forced choice. 

The task emphasized egocentric calibration. The instructions read to each subject said in part “In this condition you will be telling the experimenter where you think the target is in relation to straight ahead.” Further, “If the target looks like it’s directly in front of you, you will indicate this by saying ‘center’.” Thus the center was defined relative to the subject’s head and body.

To probe the sensorimotor system, the subject used the right forefinger to jab the target as soon as it disappeared. Thus both cognitive and sensorimotor measures were open-loop, without error feedback. A target and a frame were presented in each trial, exposed for one second, and extinguished. The projected frame provided all of the illumination, so that target and frame exposure were simultaneous. A tone prompted the subject to respond. For no-delay trials the tone sounded as the shutter extinguished the frame, while on other trials the tone began after a 1-sec or 2-sec delay in darkness. 

For the cognitive measure there was a significant Roelofs effect, measured as a main effect of frame position, under all delay conditions (Figure 1). Averaged across subjects, the magnitude of the Roelofs effect was 2.23 deg. The one-sec delay condition also showed a similar result, and the magnitude of the effect was 2.30 deg. In the two-sec delay condition the magnitude of the effect was 2.33 deg. The magnitudes of these effects are not statistically different from one another, indicating that spatial information available to perception does not degrade within the two-second response intervals of our design.

[image: image1.wmf]Figure 1. Magnitudes of Roelofs effects using a cognitive measure and a motor measure. Cognitive effects are large, consistent and unaffected by delay, but motor  effects are small. Only at 2 sec delay does the motor effect become significant. Each measure is fit with the best-fit exponential function.

In the motor condition, the results can be summarized with the generalization that subjects hardly ever missed the target, regardless of target position or frame position, if the response was immediate. Averaged across subjects, the magnitude of the Roelofs effect was 0.34 deg, not significantly different from chance, meaning that the subjects were able to respond accurately without a disturbing influence of the varying frame position. Performance rapidly deteriorated when a forced delay was interposed between stimulus offset and response. At one sec delay  there was a small but significant effect in half of the subjects, and no effect in the other half. Average magnitude of the effect was 0.28 deg. At two seconds delay the average illusion magnitude increased to 0.74 deg. Here the effect of frame position begins to affect motor behavior, and this establishes a practical upper limit to the sensorimotor system’s ability to store spatial information.

Testing independence of cognitive and sensorimotor systems
To demonstrate a double dissociation of cognitive and sensorimotor systems in these data, perceived positions must be determined under conditions where motor behavior is held constant. Then motor behavior must be determined under conditions where perceived position is held constant. 

The first step is to find the target positions that would be present when the motor response is nulled. Here the null position is defined as deviating neither to the right nor to the left, i. e. when a motor jab would be straight ahead in the subject’s midline. Subjects did not see such trials directly, but linear interpolation finds where the targets would have to lie to induce the subjects to point straight ahead at the three frame positions in the experiment. Because of the lack of a significant Roelofs effect, the corresponding target positions are very close together near the midline. Now these three target positions can be used to measure where subjects would estimate the targets to be with the verbal measure and identical stimulus conditions. Subjects would perceive the targets in three very different positions when they appear in what the motor measure estimated to be straight ahead. Thus with nulled motor responses there are large offsets in the responses of the cognitive system.

The second step is to find the target positions that would be present when the cognitive response is nulled. This reveals the actual positions of the targets when the subject perceives them to be straight ahead. Because of the Roelofs effect, the frame’s position introduces considerable variation into the actual target positions. Correspondingly, motor responses would occur at widely varying positions, depending on frame offset, for targets that are perceived to be straight ahead. Thus, nulling the verbal response position reveals large deviations from straight ahead in the sensorimotor system. Combining this result with the one in the previous paragraph leads to a demonstration of double dissociation between cognitive and sensorimotor representations (Figure 2).

Decision and the Motor System

In the experiments reviewed above, the sensorimotor system was probed with an isomorphic task in which no decision was required. Next we can ask whether a decision to strike one of two possible targets will force subjects to switch to a cognitive strategy for guiding their motor behavior. If decision is characteristic of the cognitive system, the information available in the cognitive mode might be imported into the sensorimotor representation and used to guide behavior based on a spatial decision, just as cognitive information drives pointing after long delays. Again, the presence of a Roelofs effect will serve as a marker for the mode of  information used;  if a

[image: image2.wmf]Figure 2. Double dissociation of cognitive and motor responses. The crossed lines, one of positive and one of negative slope, fulfill the formal conditions needed to demonstrate double dissociations statistically.

Roelofs effect (bias from the visual context) is observed, information is coming from the cognitive system; if not, it is coming from the sensorimotor system.

Experimental conditions were similar to those used previously, except that a new condition used two response levers. Targets were black letters (an “X” or an “O”) on a white background, printed on removable sleeves that fit onto the 2nd and 4th of five response levers. The remaining levers served to record jabbing errors. A computer-generated tone told the subject how to respond. Subjects associated the low beep with the “X” and the high beep with the “O.”  Since left versus right may be a spatial concept that subjects already possess, this condition was meant to create a new, more cognitive association based on symbol rather than location. Half the subjects were tested with the X on the right, and half with the O on the right.

As expected, a control condition with only one target showed no effects of the frame’s position on the jab measure. But even if a decision between X and O was required, none of four subjects showed a significant effect of the frame. This finding contradicts the hypothesis that a decision would force use of cognitive information, and implies that the cognitive processing involved in making an X-O discrimination can be communicated to the motor system without communicating the spatial values as well.

A possible interpretation of the results is that for some reason the projected frame was ineffective in biasing the internally coded position of the 3-dimensional lever array; the studies reviewed above, however, show a Roelofs effect for perception in the presence of 3-dimensional targets. Subjects were not troubled by the fact that the frame was projected, while the target was a real and tangible object. Apparently the cognitive system can interpret the auditory cue and inform the motor system about which of two equally likely targets to approach, and the sensorimotor system can then  use its own egocentrically calibrated spatial information to control the movement. 

It is not clear how the communication is accomplished, because the codes of the cognitive and the sensorimotor systems should be incompatible. The cognitive system’s code for visual information is object-centered, with spatial relations represented as relations among visual objects. Location is not coded relative to the body, at least not with an accuracy comparable to the egocentric calibration in the motor system. The ubiquity of the Roelofs effect and other context-based illusions in perception, such as induced motion, is evidence for this. In cognitive tasks subjects cannot discount context information, though in this case it degrades performance. 

The sensorimotor system, in contrast, possesses an egocentric calibration that is insensitive to visual context and is inaccessible to perception, but can be used to control visually guided behavior. The evidence from the empirical work thus far is that information can flow from the cognitive to the motor representation, but not the other way around. The persistence of Roelofs effects in perception, when the motor system can find the targets without being disturbed by the frame, implies that information cannot flow from the motor to the cognitive representation even when such a flow would improve the accuracy of perception. 

The reason for the one-way flow may be related to the codes that the two systems use for representing visual information. If the motor code is simpler than the cognitive code, information flow might occur only from the system using the more elaborated to the system using the simpler code. By analogy, a black-and-white TV can receive color signals and display a normal-looking picture, using only part of the transmitted signal. But if a color TV picks up black-and-white signals the picture will be limited to black and white. The more complex code can be reduced to the simpler one, but the simpler code does not carry adequate information for the more complex format.

Oculomotor position, driven by visual attention, might link the two incompatible codes. If selective attention makes the fixation position the only relevant location for the sensorimotor system, visual space would collapse around that single point, and context would become irrelevant. It would not matter, for instance, whether visual space were linear, or logarithmic, or had some other metric, for in a 0-dimensional map all possible spaces would yield the same result. 

This theory would require either oculomotor fixation on the intended target or a planned saccade to the target, however. Recent experiments in my laboratory suggest that Roelofs effects are not transferred from the cognitive to the motor representation even when a subject is prevented from fixating the target during a trial. The communication between the two systems must be internal to the brain. 

A possible locus for this communication has been found recently in the prefrontal cortex (Rao, Rainer & Miller, 1997). Information from the cognitive system flows from the inferotemporal cortex to the ventrolateral prefrontal region, while information from the sensorimotor system flows from the posterior parietal cortex to the dorsolateral region. In awake monkeys, some prefrontal neurons had activity that was more closely tuned to either object identities or object locations. But about half of the neurons in lateral prefrontal cortex showed tuning to both identity and location; these neurons might be the link between the two representations. The link occurs at a high level, after the preprocessing of early vision. The same cells carried spatial information during one part of a trial and object information in another part of the same trial, an example of multiplexed coding in single cells. Temporal multiplexing has also been seen in the striate cortex of the monkey visual system (Bridgeman, 1982).

In conclusion, we are beginning to learn about some of the interactions between cognitive and sensorimotor representations of visual space. Double dissociation shows that each representation is independent of the other; there is no master map, but two distinct sets of spatial values. Normally values in the two systems should coincide, because each works from the same visual world, but in the laboratory the two representations can be separated, and spatial representations in one system can contradict the representations in the other. 

The cognitive system has a good memory, though its spatial information is biased by background locations, while the sensorimotor system holds veridical egocentric information about location for about 2 seconds. This is just long enough to guide behavior, but not long enough for successive actions to interfere with one another. Decisions made cognitively can be passed to the sensorimotor system, which then uses its own coordinates to guide behavior. In the end the brain benefits from the dual representation, because it can use both pattern recognition based on context information and unbiased spatial action in the control of visually guided behavior.
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