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Abstract

Recent research from several laboratories has revealed two distinct representations of visual space: a cognitive or ‘what’ system specialized for perception, and a sensorimotor or ‘how’ system specialized for visually guided behavior. To know how these two pathways normally operate and cooperate, they must be studied in normal humans. This has become possible with the development of psychophysical methods that isolate the two pathways and measure spatial information separately in each. The pathways are distinguished by the response measure, a symbolic response probing the cognitive system and an isomorphic motor reaction probing the sensorimotor system.

The two systems represent visual space in different ways, the cognitive system relying on context even when that strategy leads to errors of localization, while the sensorimotor system possesses a quantitative calibration of visual space that is insensitive to context. Only the contents of the cognitive system are accessible to awareness, operationally defined as the ability to describe visual information. When conflicts arise between cognitive and sensorimotor information, it is the cognitive information that is available for making judgments and decisions. 

In this context, only the cognitive system can direct attention to particular objects or regions in the visual field, and only that system can initiate behaviors based on current goals. The sensorimotor system has calibrated egocentrically based spatial information, but cannot initiate actions in the service of behavioral goals. Attention serves as a pathway for the cognitive system to motivate actions, which are then carried out under the guidance of sensorimotor information.

X.1 Introduction -- Cognitive and Sensorimotor Visual Systems

It seems obvious that to interact effectively with an object, we must perceive its location and properties accurately. We have the impression that vision is a unified sense, with all of its richness and variety tied to a single, coherent whole. Perceived positions of objects and surfaces, color, motion, and control of action are smoothly integrated. This intuition is deceptive, however: Several lines of evidence now have demonstrated that humans can achieve accurate motor behavior despite experiencing inadequate or erroneous perceptual information from the same environment at the same time. Under some conditions, perception is not required to visually guide an action. The following reviews the accumulation of several decades of empirical work to test this idea. The review is designed to complement the review by Rossetti and Pisella (this volume), and therefore some important lines of research are given less attention here.

The earliest experiments on separation of cognitive and sensorimotor systems were done in animals and in human neurological patients. Hamsters with a lesioned superior colliculus could perform a simple pattern recognition task, but could not run a maze. Other hamsters, with visual cortex lesions, could run the maze but could not do the pattern recognition task (Schneider, 1969). Monkeys with lesions of the striate visual cortex could not perform pattern recognitions in their scotomic fields, but could perform many visually guided behaviors (Trevarthen, 1968). The result implied that in primates, as in hamsters, pattern recognition and visually guided behavior could be affected separately by selective lesions. 

 Subsequent work extended some of these observations to humans. Although human patients with scotomata from damage to the visual cortex fail to report the presence of objects in their “blind” areas, they are able to point at or direct their eyes to these objects with little error (Pöppel, Held, & Frost, 1973; Sanders, Warrington, Marshall, & Weiskrantz, 1974; Weiskrantz, 1996). Weiskrantz has termed the phenomenon “blindsight” because the patients were perceptually blind in the affected field but retained some ability to guide actions by sight, and even to pick up some other kinds of limited visual information without awareness.

Ungerleider and Mishkin (1982) modified Schneider’s dichotomy in the context of monkey neurophysiology into cortical what versus where systems, assigning the what to the inferotemporal cortex and the where to the posterior parietal cortex. Bridgeman (1991) revised the dichotomy again, noting that meaningful what questions can be asked of both pathways -- one merely receives different answers from them under some circumstances. Paillard (1987) described a similar distinction, introducing the terms cognitive and sensorimotor, which are used here and in Rossetti and Pisella (this volume). According to these views, visually guided behavior such as grasping or reaching is handled by a sensorimotor pathway that takes information from early vision and processes it in a pathway separate from the one that underlies the rich spatial sense of perception.

Perception is defined here as sensory information that is actually experienced or, more operationally, information that can be described and remembered by the observer. According to this definition, if a visual stimulus is masked in such a way that an observer denies seeing it, the stimulus is not considered to be perceived, even if it can affect later perceptual judgments or actions. Broader definitions, asserting that any information input to an organism that can affect behavior represents perception, lead to the conclusion that perception also occurs in insects, one-celled protozoa, and even thermostats. At this point the definition would become so broad as to add nothing to the discussion of human neurological organization. Further, the experiments described below show that under some conditions normal humans can simultaneously hold two contradictory spatial values for the same stimulus, one perceived and the other not perceived, without becoming aware of the conflict and without resolving it.

According to Milner and Goodale (1995), a ventral channel mediates perception (what), while a dorsal channel subserves visually guided behavior (how). This dual arrangement allows spatially directed behavior to be rapid and efficient, implemented by a dedicated processor operating solely on the here-and-now goal of action. The cognitive pathway, in contrast, specializes in recognizing and remembering the identities of objects and patterns and their spatial interrelationships, based on comparisons with prior knowledge. The dorsal/ventral or parietal/temporal summary of the neuroanatomy of the two pathways is oversimplified, however, since some cortical regions that should be identified with the 'ventral' system are anatomically dorsal to the striate cortex, though the pathways remain anatomically distinct. The language is still useful to discuss the two systems, with the provisos that the anatomy is more complex than the terms imply and that there are information links between the systems at several levels (Rossetti & Pisella, this volume).

Since the sensorimotor and cognitive pathways normally lead to motor actions and perceptual experiences that are consistent with one another, tests of dissociability require studies that disturb this congruence as a result of either experimental intervention in normal subjects or certain types of brain injury in neurological patients. For example, Goodale, Milner, Jakobson, and Carey (1991) described a patient who was unable to identify the orientation of a slot perceptually, but could correctly place objects in it. Milner and Goodale (1995) review many other instances of behavior in the absence of perception, as well as perception in the absence of a behavioral capability (i.e., double dissociation). For example, some patients show visual apraxia, an inability to reach for and grasp objects appropriately despite being able to identify them. This deficit is not the result of general motor damage, since grasping that is not guided by vision remains normal. In our interpretation, information in the cognitive pathway is unavailable to control accurate grasping. Conversely, Rossetti and Pisella (this volume) report patients who can grasp objects appropriately but are unable to describe them.

However, neither the possession of two anatomically disparate visual streams nor evidence of perception-action dissociation in brain-damaged patients guarantees that such a dissociation applies to the intact brain, for a system that is unified in normals might become fragmented after brain damage. For example, the injured brain might erect a “firewall” to preserve at least a portion of its usual function. Thus, rigorous evidence for perception-action dissociation in normal humans can be obtained only by studying normal subjects.

X.1.2 Cognitive and Sensorimotor Visual Systems

Several methods have been used to tease apart cognitive and sensorimotor systems in normal humans. Early experiments on the separation of systems showed that normal subjects were unable to perceive jumps of targets that take place during saccadic eye movements (a cognitive-pathway function). But the subjects could still point accurately to the new locations of the same targets (a sensorimotor-pathway function), even if their pointing movements were controlled open-loop (Bridgeman, Lewis, Heit & Nagle, 1979; Goodale, Pélisson & Prablanc, 1986). In these conditions accurate information about the new location of the target was entering the nervous system, but was not available to perception. Since each pathway could be probed without affecting the representation in the other, one can conclude that the two pathways must be storing spatial information independently. Bridgeman and Stark (1979) refuted the possibility that this result was due to differing response criteria by showing that the dissociation between perception and action occurred even with a criterion-free forced-choice perceptual measure. 

A more rigorous way to separate cognitive and sensorimotor systems is by double dissociation, introducing a signal only into the sensorimotor pathway in one condition and only into the cognitive pathway in another (Bridgeman, Kirch & Sperling, 1981). A fixed target was projected in front of a subject, with a frame surrounding it. When the frame was displaced left or right, subjects saw an illusion of stroboscopic induced motion -- the target appeared to jump in the opposite direction. After target and frame were extinguished, the subjects pointed to the last target position. They always pointed to the same location, regardless of the direction of the stroboscopic induced motion. But the illusion did not affect pointing, showing that the illusory displacement signal was present only in the cognitive system. 

Another condition of the same experiment inserted displacement information selectively into the sensorimotor system by nulling the cognitive signal. Each subject adjusted the real target jumps until the target appeared stationary, with a real displacement in phase with the background jump equaling the induced displacement out of phase with the background. Thus, the cognitive pathway specified a stable target. Nevertheless, subjects pointed in different directions when the target disappeared in the left position than when it disappeared in the right position, showing that the difference in real target positions was still represented in the sensorimotor pathway. This is a double dissociation because the apparent target displacement in the first condition affected only the cognitive measure, while the real displacement in the second condition affected only the sensorimotor measure.

X.1.3 Experiments and Ambiguities

Apparent dissociations might appear if a moving stimulus is sampled at different times for different functions, even though a unified visual representation underlies each function. A target evaluated at a longer latency, for example, will be sampled when it has moved further along its path. Recently, methods have been developed, using static illusions, that can test dissociations of cognitive and sensorimotor function without the possible confounding effects of motion. One such method is based on the Ebbinghaus illusion, also called the Titchener circles illusion. A circle appears to be larger if it is surrounded by smaller circles than if it is surrounded by larger circles. The Ebbinghaus illusion has been applied to cognitive/sensorimotor dissociation by making the center circle into a 3-dimensional poker chip-like object and asking subjects either to judge the size of the circle or to grasp it (Aglioti, DeSouza & Goodale, 1995). The grasp was adjusted closer to the real size of the circle than to its illusory size. 

Subjects were able to see their hands in this experiment, however, so it is possible that subjects adjusted their grasp not to the non-illusory true size of the circle, but to the visible error between the grasp and the edge of the circle. The adjustments did not occur until just before the movement was completed, nearly 2 sec after it started. In a subsequent experiment that avoids the feedback confound, Haffenden and Goodale (1998) measured the illusion either by asking subjects to indicate the apparent size of a circle or to pick it up, in both cases without vision of hand or target. Both measures used distance between thumb and forefinger as the dependent variable, so that output mode was controlled, and only the source of the information varied. The illusion appeared for both estimations but was much smaller for the grasp, indicating that the sensorimotor system was relatively insensitive to the illusion.

The interpretation of these results has been called into question by Franz, Gegenfurtner, Bülthoff and Fahle (2000), who failed to replicate the smaller grasp-adjustment effects in the motor condition. Goodale has responded with new experiments showing that it is primarily the physical distance between the test circle and the inducing circles that affects grasp aperture, while perceived size of the test circle is affected primarily by the size contrast between the test and inducing circles. In previous experiments, inducing circle size and distance from the test circle had been confounded.

 A different method for contrasting grasp and perception, using the Müller-Lyer illusion, showed that while the illusion is significantly smaller when measured with grasp than with perception, 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. The difference dissipated when the observers were forced to delay their behavior, indicating a short-lived sensorimotor representation consistent with other results described below.

In summary, there is behavioral evidence in normal subjects for a distinction between processing in two visual pathways, but we still know very little about processing in the sensorimotor pathway. In addition, there is a contrast in the parameters examined, some methods addressing the properties of objects and others their locations. But the saccadic suppression and induced motion methods are vulnerable to the ambiguities of sampling a moving target. If information used for perception is sampled from a unified visual representation at a different time than information used for action, one could explain some differences between perceptual and motor measures without resorting to a two-visual-systems hypothesis. The illusion methods use static stimuli, but show a quantitative rather than a qualitative distinction between cognitive and sensorimotor processing, and thus are vulnerable to scaling and distortion artifacts. 

A new method overcomes these limitations, producing 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 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 somewhat to the right of the subject’s center (Roelofs, 1935). 

We have extended and generalized the Roelofs effect to apply it to the study of the two-visual-systems theory. First, the frame need not have one edge centered in front of the subject; illusions occur whenever the frame is presented asymmetrically in the visual field. Second, if a target is presented within the offset rectangle, its location tends to be misperceived in the direction opposite the offset of the frame. Misperception of frame position induces illusions of target position; this is an induced Roelofs effect, but will be called simply a Roelofs effect here. 

In our experiments, the motor task is isomorphic with stimulus position. This means that there is a continuous, 1:1 relationship between target position and hand position when the subject touches the target. If the target deviates 5 deg. to the right, the hand does also, and no remapping or symbolic operation intervenes between stimulus and response. 

Roelofs effects can be observed reliably if subjects describe the target’s position verbally, a task that addresses the cognitive system. A jab at the target, however, made just after it disappears from view, is not affected by the frame’s position. This task addresses the sensorimotor system. Motor behavior for many subjects remains accurate despite the perceptual mislocalization (Bridgeman, 1992; Bridgeman, Peery & Anand, 1997).

Here a question arose because the Roelofs result showed a dissociation for only about half the subjects, while the earlier studies based on saccadic suppression and on induced motion showed dissociations for all subjects. The earlier work did not require a direct position judgment of the perceptual system, however, but only an indication of whether a target had moved or not. The perceptual task was a simple detection, not a position discrimination, and the relatively undemanding nature of the task may have enabled subjects to stay in a more direct motor mode for the motor task. Indeed, in the Roelofs experiments the subjects felt that the motor trials were less difficult than the cognitive trials, because no decision had to be made. Pointing was perceived to be easier, possibly because a representation inaccessible to consciousness was doing the work.

Since the experiments described below follow up on earlier studies (Bridgeman et al., 1997), we were able to take advantage of the results of those studies to improve our experimental design. In the earlier studies we presented targets in five different positions. With both cognitive and sensorimotor measures, though, the responses to the five positions fell close to a straight line; nearly all of the variance in responses as a function of target position was accounted for by a linear regression. Thus the positions were redundant, and in the current experiments we did not need to present five target positions: two target positions would give us the same information, and allow us to increase the number of trials per condition.

Though the motor task is formally isomorphic, it can also be interpreted as a communicatory act. In effect the observer might be informing the experimenter by pointing where he thinks the target is located, so that the task might be closely linked to cognitive representations. An alternative is to require an instrumental act, in which a subject must do something to the world rather than simply indicate a position to another person. Behavior with a purely instrumental goal might be different from behavior with a communicatory goal, even if both the stimuli and the motor movements themselves are identical. 

Thus in our next experiment subjects jabbed a 3-dimensional target object, a long vertical bar, pushing it backward and making a clicking noise. Their intention was not to communicate anything, but only to hit the bar. With this improvement in our technique we achieved a cleaner separation of cognitive and motor systems. For a quick jab at a 3-dimensional target, rather than a pointing motion, almost all subjects showed independence from Roelofs effects in immediate action, along with the robust Roelofs effects that we have observed previously in verbal estimation of position.

X.2 Preliminary Experiment: Dissociating Cognitive and Sensorimotor Pathways
Using these improved techniques, we began the job of characterizing the psychophysics of the sensorimotor system. A preliminary experiment (Bridgeman, Gemmer, Forsman, & Huemer, 2000) is necessary to interpret the results of the main experiment. Because many of the methods and procedures are common to the two experiments, they will be described in detail.
X.2.1 Method

Observers sat with heads stabilized before a white hemicylindrical screen that provided a homogeneous visual field 180° wide x 50° high. A lever box located in front of the screen presented 5 vertical white levers. The center lever, marked with a black stripe, functioned as the target. Each lever was hinged at its base and spring-loaded. A long baffle hid the microswitch assembly without revealing the position of the lever array. In the motor condition, the task was to jab the black target rapidly with the right forefinger. The remaining levers served to record the locations of inaccurate responses. A jab between the locations of two levers would trip both of them, as the distance between the edges of the levers was about 7 mm, less than the width of a finger.

A rectangular frame 38° wide was projected via a galvanic mirror under computer control, either centered on the subject's midline, 6° left, or 6° right of center. Inside the frame, the lever array occupied one of two positions, 3.5° left of center or 3.5° right of center. On each trial the frame and target were positioned in darkness during the intertrial interval. Then a computer-controlled shutter opened for 1  sec. Reflected light from the projected frame made the screen and the levers visible as well. As soon as the shutter closed, the observer could jab the target or verbally indicate its position in complete darkness. Responses were recorded by the computer on an absolute scale (lever 1, 2, 3, 4, or 5).

X.2.1.1 Cognitive measure: For the cognitive system the observer verbally estimated the position of the target spot on the center lever. The choices were ‘far left’, ‘left’, ‘center’, ‘right’, or ‘far right’, so that the response was a 5-alternative forced choice. In the present series of experiments the cognitive measure serves as a control to assure that a cognitive illusion is present, differentiating the cognitive and sensorimotor systems. 

Instructions in the verbal condition emphasized egocentric calibration. Quoting from the instructions that were read to each observer, “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 center was defined in terms of the subject’s body rather than the apparatus or the frame. Each subject received at least 20 trials of practice with no frame present, so that only egocentric information could be used in the judgment.

X.2.1.2 Sensorimotor measure: The observer rested the right forefinger on a foam pad mounted on the centerline of the apparatus just in front of the chin rest, then jabbed the target with the forefinger as soon as the target disappeared. Thus both cognitive and sensorimotor measures were open-loop, without error feedback. Before the experimental trials began, observers practiced jabbing the target -- some were reluctant to respond vigorously at first for fear of damaging the apparatus. Subjects then received at least 10 practice trials in the jab condition.

X.2.1.3 Trial execution: A computer program randomly selected target and frame positions, with the exception that an identical set of positions could not occur on two successive trials. In each trial one of the two target positions and one of the three frame positions was presented, exposed for 1 sec, and extinguished. Since the projected frame provided all of the illumination, target and frame exposure were simultaneous. A computer-generated tone told 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 delay. The delay trials, while intermixed with no-delay trials, were aimed at a different experimental question, and will not be considered further here.

Two target positions x three frame positions x two response modes x three delays resulted in 36 trial types. Each trial type was repeated 10 times for each subject, resulting in a data base of 360 trials/subject. There was a brief rest and a chance to light adapt after each block of 60 trials.

Data were collated on-line and analyzed statistically off-line. Two-way ANOVAs were run for each subject and each response mode. Factors were frame position and target position. Summary statistics were analyzed between subjects.

Nine University of California undergraduates participated in the experiment, all right-handed with normal or corrected-to-normal visual acuity. Four were male and five female.

X.2.2 Results
X.2.2.1 Cognitive measure: The induced Roelofs effect, measured as a main effect of frame position, was significant under all conditions. Observers tended to judge the target to be further to the left than its actual position when the frame was on the right, and vice versa. Six of seven individual subjects showed a significant Roelofs effect, and the magnitude of the Roelofs effect averaged across subjects was 2.23 deg (s. e. 52 min. arc).

 X.2.2.2 Sensorimotor measure: The results can best be summarized with the generalization that subjects hardly ever missed the target, regardless of target position or frame position (Fig. 1). Seven of eight subjects showed no significant Roelofs effect. Averaged across subjects, the magnitude of the Roelofs effect was 20 min. arc (s. e. 22 min. arc).

X.2.2.3 Comparing the two measures: Overall, there was a significant difference between cognitive and motor measures, as expected from the robustness of Roelofs effects with the cognitive measure and the absence of Roelofs effects with the motor measure. 

The sizes of the Roelofs effects under various conditions can be compared by measuring the difference between average response with the target on the right and with the target on the left in Fig. 1. The cognitive measure shows a large and consistent deviation, replicating Bridgeman et al. (1997), while the sensorimotor measure (illustrated) shows no deviation.
X.2.3 Discussion

This experiment showed that the sensorimotor pathway can code veridical information about target position, unaffected by visual context, even when perception shows an illusion of position. The rules are different for the two systems. Cognition is conscious and must  use  context,  even when  that leads to errors of  localization.   The sensorimotor 
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Figure 1. Jabbing at a target under three stimulus conditions. Position of the background frame does not affect behavior. Drawn from data of Bridgeman et al. (2000).

system, in contrast, is insensitive to context, and its spatial values are held unconsciously. Conflicting spatial values can exist in the two systems simultaneously.
These results contrast with results obtained previously with the Roelofs method (Bridgeman et al., 1997). In the earlier experiments, using a projected target and frame, only half of the subjects pointed to the targets in the motor measure without the influence of a Roelofs effect, while in the present experiments almost all of them did. The difference between the current study and the earlier one is that, with the addition of the mechanical target, subjects are more prone to execute an instrumental rather than a communicative action.

Dissociation occurred here in the frontal plane, where grasp directions differed only on the x-axis. Rossetti and Pisella (this volume) have found a critical limitation of this phenomenon, for grasp in the z-axis (changing distance from the observer) is affected by context. Depth cues are very different from the more retinally based x-axis information, and Rossetti and Pisella’s result may be due to a context effect in the convergence movements that help to localize targets in depth. Recordings of eye movements during a depth grasping experiment would be necessary to test this hypothesis.

This experiment by itself does not prove that the normal brain possesses a true sensorimotor map of visual space, though. A possible mechanism of the sensorimotor store is that subjects might perform the motor action by fixating the target visually when it is visible, then pointing where they are looking when the target is extinguished. This would mean a 0-dimensional storage of information of spatial information limited to the location of a single point, held in gaze position rather than in an internal neurological register. Further, since oculomotor fixation is a good measure of spatially selective attention, fixating the target also facilitates attention to it. 

If this interpretation is correct, subjects should be unable to perform the motor task if they are prevented from ever fixating the target. In the next experiment, extending the Roelofs effect paradigm, we seek to control for possible attention and fixation effects by preventing observers from fixating the target. This is the motivation of the main experiment, testing whether it is necessary for spatial values in the sensorimotor system to be held in an internal neurological store.

X.3 Main Experiment: Gaze Position and the Motor Pathway
In a condition where subjects are not allowed to fixate the target in a Roelofs-effect design, one can form two hypotheses. If the sensorimotor pathway normally stores target position only as a gaze angle, then it cannot use spatial information from gaze position and will be forced to call upon the cognitive pathway for spatial location information. If the pathway includes a true map of visual space, however, context-free spatial information would be available even from a target that has never been fixated. We monitor eye movements to be sure that subjects never fixate the target. Further, we prevent covert orienting to the target by requiring subjects to perform a continuous oculomotor task throughout the exposure period. In this way we break the normally tight relationship between fixation and spatial allocation of attention.

X.3.1 Method

For this experiment we need fixation points that define eye movements, but give the subject no information about target or frame positions. A pair of fixation points is added to the display, in positions statistically uncorrelated with target or frame positions, to elicit horizontal saccades.

 X.3.1.1 Apparatus: In order to present the target, frame and fixation points simultaneously, and also to improve the accuracy or our motor recordings, we moved to an electronic apparatus with all stimuli displayed on a CRT screen. The screen is mounted at the top of the apparatus, with its face down, and is viewed through a front-surface mirror mounted at a 45° angle in front of the eyes, so that the display appears to be in the frontal plane directly in front of the subject. A touch pad mounted vertically in the apparent plane of the display records jab responses made with a stylus, at an 800-pixel horizontal resolution (Fig. 2). 
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Figure 2. Aiming at a target in the electronic apparatus. The display screen appears to the observer to be located at the plane of the touch pad. Contact with the pad offers 800-pixel resolution, compared to the five pixels of the preliminary experiment.

The frame’s width is 24° and its height is 12°. The saccade targets are 2° diameter circles, 23° apart, displayed 2.5° above the frame. Because of the smaller available stimulus aperture, frame positions are at 4° left, center, and 4° right of center. Target positions, are 2° left and 2° right of center. Two target positions x 3 frame positions x 3 fixation point positions yielded 18 trial types.

Gaze position was monitored continuously by a Bouis photoelectric infrared eye tracker aligned to the left eye. The head was stabilized with a bite bar attached to the frame of the tracker. With this apparatus, eye position can be measured in two dimensions at a 400 Hz sampling rate in complete darkness.

X.3.1.2 Procedure: Except for the change in apparatus, the procedure and design are similar to those in Exp. 1, with the following additions. Before each trial block, the eye tracker was calibrated by having subjects fixate each corner of the frame in its centered position. At the start of each trial subjects were instructed to look up, above the frame’s edge. When the eye monitor indicated upward gaze, the experimenter triggered the computer to display the trial, while the subject alternately fixated the two fixation points, alternating as quickly as possible as long as the points were visible (Fig. 3). Continuous saccades were required to prevent surreptitious attention shifts to the target position. Target, frame and fixation points appeared and disappeared simultaneously. 

For analysis, the mean response averaged across subjects for each target, frame, and fixation point position was entered into a factorial ANOVA. This format trades some power for the ability to compare cognitive and sensorimotor data directly, with equal power in each measure, despite the different number of observers in each condition. Cognitive and sensorimotor conditions were analyzed separately, and then combined into a single analysis. Two target positions x three frame positions x three fixation point positions resulted in 18 trial types. Each trial type was repeated 10 times for each subject, so that each cell in the analysis is based on 10 observations/subject x the number of subjects in the respective condition.  
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Figure 3. Stimuli and saccadic eye movement scanpath in the gaze experiment. Eye movements alternate as many times as possible between the left and the right fixation points during the 1-sec exposure period. In this example, the saccade fixation points are biased to the right. In other trials, they were centered or biased to the left.

Seven University of California undergraduates participated in the cognitive condition, and six in the motor condition, all right-handed with normal or corrected-to-normal visual acuity. Each subject was run in only one condition, cognitive or motor.

X.3.2 Results

In general, significance levels were lower in this experiment than in the preliminary experiment because of greater variability, though mean effect sizes were comparable. Preventing direct visual fixation reduced the quality of the spatial information available.

X.3.2.1 Cognitive measure: For this analysis the three fixation point positions were considered as repetitions of each target/frame condition. In an ANOVA with target and frame as the factors, the cognitive observers showed a significant effect of target position, F(1,12) = 30.88, p=0.0001, and a marginally significant effect of frame, F(2,12) = 3.74, p=0.0547. A Fisher's PLSD test for the frame at a significance level of 5% showed that the difference between position estimates at frame positions of 4° left and 4° right of center was significant at p = 0.018, mean difference =1.40°, critical difference = 1.12°. The interaction was not significant at p<0.05. 
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Figure 4. Verbal estimates of target position without direct fixation on the target. Perceived position is biased by the position of the background frame, even though the instructions did not mention the frame. Error bars +/- 1 S. E., where not shown, were smaller than the size of the corresponding symbol. 

X.3.2.2 Sensorimotor measure: The motor observers, in contrast, showed no Roelofs effect, frame F(2,12) < 1, p=0.96, but had a statistically significant target effect, F(1,12) = 404.78, p<0.0001. There was no significant interaction. Thus the motor behavior remained independent of frame position.

X.3.2.3 Comparing the measures: When cognitive and sensorimotor data were combined in a single ANOVA with target, frame and measure as the factors, the measure factor was significant, F(1,24) = 5.46, p=0.028. The only significant interaction at p<0.05 was frame x measure, F(2,24) = 3.55, p=0.045, showing that the frame effect was larger in the cognitive condition than in the sensorimotor condition. 

X.3.3 Discussion

The single most important finding is that preventing direct fixation on the target does not cause a Roelofs effect in motor activity. Since the observers in the motor condition showed no Roelofs effect, while those in the cognitive condition did, we can conclude that the sensorimotor representation was controlling the jab for the motor observers. The result indicates that the sensorimotor representation is at least 2-dimensional, a true map rather than a simple matching of gaze and jab positions. This experiment shows that oculomotor fixation and spatially selective attention are not responsible for accurate pointing behavior in an illusory visual context. 
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Figure 5. Motor responses to targets without direct fixation on the target. Perceived position is not biased by the position of the background frame. Error bars +/- 1 S. E.

X.4 Decision and the Motor Pathway
At this point we are certain that the sensorimotor pathway can represent spatial information without the disturbing influence of a biased visual context that invariably affects perception. Further, the information used for motor control is held in a true neural map of visual space. What, then, is the function of the cognitive system? Surely it has functions beyond representing a more error-prone version of the sensorimotor map.

One unique function of the cognitive system is its ability to make decisions, to determine which of several alternative behaviors to execute. This is a nonlinearity in vision, because a decision once made is an all-or-none affair, no longer subject to the subtleties of coding and perception that may have lead to the decision. Since the nonlinearity of a decision seems to be a hallmark of the cognitive system, forcing observers to make decisions about which of several possible targets to hit might bring control by the cognitive system into a sensorimotor task, and bring the Roelofs effect along with it. 

An experiment by Bridgeman and Huemer (1998), using the same apparatus as used in the preliminary experiment but putting targets on the second and fourth bars rather than only the third bar, tested this hypothesis. Subjects were cued at the end of the stimulus display period in each trial whether they would jab the left or the right target bar. The results showed that observers could jab either the left or the right target bar in accordance with a post-stimulus cue, without influence of the Roelofs effect. The hypothesis was not confirmed -- no Roelofs effect was found (Fig. 6). Observers were able to make a cognitive decision about which target to attend to, and then to use spatial information in the context-free sensorimotor pathway to guide their actions. The jab was not as veridical as that of the result in Fig. 1, and the subjects sometimes hesitated before responding, but there was no statistically significant effect of the surrounding frame. The combination of decision and jab was apparently more difficult than a simple jab, resulting in larger errors.
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Figure 6. Aiming at a target under three stimulus conditions. Motor responses to two targets are adjusted to be superimposed in the graph. There is no significant Roelofs effect. Redrawn from data of Bridgeman & Huemer (1998).

X.5 Conclusions

The results of these experiments can be interpreted in terms of two visual pathways. One pathway is based on egocentric coordinates to govern motor behavior, while another uses information from visual context to represent spatial relationships in perception. These experiments also lend support to the claim that the price in performance the cognitive pathway must pay in order to take advantage of visual context information is a susceptibility to illusions of spatial context. While we have shown that direct fixation driven by attentional selection is not the mechanism responsible for accurate visually guided pointing in a context that creates illusory perceptions in the cognitive system, this result shows only that fixation is not responsible. Other aspects of attention may be responsible for the continued accuracy of motor behavior in these experiments. 

The visual mechanism by which motor behavior is governed has been shown to be extremely robust, both by these and previous studies. Indeed, the reappearance of a Roelofs effect for motor responses after a delay (Bridgeman et. al., 1997) shows that the cognitive system can provide information to the motor system when necessary, and this so far appears to be the only form of real-time communication between the two systems. Rossetti and Pisella (this volume; Rossetti & Régnier, 1995) reviews other extensive evidence for the ephemerality of the motor representation under delay. To date there is no evidence that the cognitive pathway has access to spatial location information in the motor pathway, except for longer-term adaptation effects. This observation supports the inference that spatial information can flow in only one direction, from cognitive to motor, for immediate control of behavior. In normal visual conditions (motor actions directed at still-visible targets), spatial information remains segregated in the two pathways. However, sensory influences that operate at the stage of early vision, before the two pathways divide, will of course affect both pathways. 

It is clear that vision begins from a single anatomical base, and ends by affecting either perception or motor behavior. Many of the controversies in this field can be interpreted as arguments about how late the split of these functions occurs. Some prefer to assume a unified system until just before the output stages, while the evidence reviewed here shows separate and distinct representations of visual space for cognitive and motor systems.

The cognitive system must take cognizance of spatial context, even when that strategy leads to errors in localization. Extending this principle to the temporal domain, Rossetti and Pisella (this volume) have shown that jabbing a lighted target is also affected by context if the jab is delayed, forcing the observer to rely on the cognitive pathway to control the jab. An array of target lights was arranged in a horizontal arc in front of the observer: Errors for delayed jabbing a given target tended to spread along the arc, in the direction of the other alternatives jabbed in other trials. In another condition, the same observers jabbed targets aligned in a row extending outward from the observer. Now the errors were spread in depth, again in the direction of the rest of the array but orthogonal to the error distribution in the horizontal-arc condition. This difference in error distributions was found even for the point where the two rows intersected, so that the observer was jabbing the same point under each condition. Thus information about context taken from other trials influenced aiming at the target point, leading to systematic errors in jabbing. 

If the jab was immediate, however, observers could use their direct sensorimotor pathway to hit the target with less error, and independent of the context established in other trials. Spatial and temporal context thus follow similar rules, affecting only the spatial coding in the cognitive pathway. This experiment is also significant from a methodological standpoint because it relies on error analysis, rather than spatial illusions, to differentiate cognitive and sensorimotor control. 

Both these experiments and the Roelofs effect experiments reviewed above require a subject to act on only one target in an otherwise clear or nearly clear field. The real world, however, is always filled with a myriad of possible objects to grasp, swat, push or prod, and the sensorimotor pathway lacks to motivation or plan to decide which of the objects to engage. In hindsight, a sensorimotor system that could not receive specific instructions on which of many alternatives is relevant would be of little value. Any other result would have spelled real trouble for the two visual systems hypothesis.

To return to the questions in the introduction, these results show that attention to a target, in the sense of verbalization of its location, does not always enhance performance. In fact, such performance is subject to illusions that lead to mistakes in localization, while an unconscious pathway can control motor action without suffering from the illusions. Accurate motor localization can occur despite simultaneous mislocalization represented in attended, and remembered, pathways. Vision is not all of a piece, and the location of what we perceive is not necessarily the location of action. The decision to engage the world must come from cognitive sources, but the calibration of the engagement itself can come from separate, unperceived pathways. What seemed unified is segregated in the brain into separate processing streams that follow different rules.
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