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SIDE EFFECTS

RESEARCH AND DEVELOPMENT
EXECUTIVE SUMMARY

The Naval Air Warfare Center Training Systems Division (NAWCTSD) has conducted a coordinated program of research to address the application of virtual environments to training. The purpose of the Virtual Environment Training Technology (VETT) program was to develop, demonstrate, and evaluate virtual environment technology for training applications. The VETT program included five primary work areas: (1) VETT Enabling Research for the Human Operator (ERHO); (2) Haptic Interface Design and Evaluation; (3) VETT Side Effects R&D; (4) Training Effectiveness Research; and (5) Testbed Development and Utilization. 

This chapter describes the research conducted under the VETT Side Effects R&D work area. The objective of this work was to identify methods to alleviate adverse side effects in virtual environments. Within this work area, there were two research thrusts: (1) the examination of manual control or reaching errors in real and virtual environments, and (2) the examination of disorientation and motion sickness associated with the use of a helmet-mounted visual display (HMVD). 

INTRODUCTION

The objective of this research was to examine methods to alleviate adverse side effects in virtual environments. In a typical VE configuration, users view a virtual world through a helmet-mounted visual display (HMVD) coupled with a head movement tracking device. However, a HMVD employing a wide field-of-view (desirable for many training applications) and a low graphics update rate has been shown to evoke symptoms of motion sickness (such as nausea and disorientation) both during and after exposure. Therefore, the problem is that the characteristics of a VE that allow the user to become immersed in a virtual environment can also elicit symptoms of motion sickness. These side effects are aversive to VE users, interfere with training objectives, and can affect performance when the user returns to the real world. The bulk of existing research on motion sickness stems from work on traditional simulators rather than virtual environments that use HMVDs. Therefore, one goal of the VETT program was to examine spatial disorientation and motion sickness symptomatology elicited by head movements in virtual environments.

A second type of side effect that is problematic for training in a VE includes problems of reaching or positioning in virtual space while the user is undergoing real or virtual motion. A number of Naval tasks involve motion. This may include passive motion such as when a person is being transported aboard an accelerating craft, or active whole body motion such as when a person is moving aboard a ship. VE technology can enable trainees to experience this movement by generating visual scenes and other cues that would be present in a real motion environment. However, real motion is accompanied by gravitational or inertial forces that are difficult to generate in a virtual environment. Therefore, when trainees perform a task in a VE such as reaching out to operate a control in a moving environment, the failure to incorporate some representation of these forces may lead to errors and to poor transfer of training from the virtual to the real environment. Research was conducted to examine how the simulation of body movement differs in a virtual environment versus a real environment and to examine the consequences of these alterations on training. 

Project Background
The Naval Air Warfare Center Training Systems Division (NAWCTSD) has conducted a coordinated program of research to address the application of virtual environments to training. The purpose of the Virtual Environment Training Technology (VETT) program was to develop, demonstrate, and evaluate virtual environment technology for training applications. The VETT program included five primary work areas: (1) VETT Enabling Research for the Human Operator (ERHO); (2) Haptic Interface Design and Evaluation; (3) VETT Side Effects R&D; (4) Training Effectiveness Research; and (5) Testbed Development and Utilization. 

This chapter describes the research conducted under the VETT Side Effects R&D work area. The VETT Side Effects R&D work was performed by Paul DiZio and James R. Lackner, Brandeis University. Project results were reported in two technical reports; DiZio and Lackner (1993), and DiZio and Lackner (1997). 

Outline of this Chapter

The objective of this work was to identify methods to alleviate adverse side effects in virtual environments. Within this work area, there were two research thrusts: (1) the examination of manual control or reaching errors in real and virtual environments, and (2) the examination of disorientation and motion sickness associated with the use of a helmet-mounted visual display (HMVD). Accordingly, this chapter is organized into three major sections: 

Section 1: Introduction

Section 2: Reaching in Real and Virtual Motion Environments

Section 3: Motion Sickness in Virtual Environments

REACHING IN REAL AND VIRTUAL MOTION ENVIRONMENTS

The following sections describe the research that was performed to examine problems in manual control and reaching in real and virtual motion environments. The first section discusses the rationale for this research and its applicability to Naval VE training systems. The second section describes an initial study to examine alterations in reaching movements in moving environments. The third section describes a follow-up study to examine the role of haptic feedback in maintaining stable motor performance.

Rationale for this Study 

A number of Naval tasks involve whole body motion. Whole body motion includes active motion such as actual movement through an environment and passive motion such as transport on a ship. Furthermore, many tasks involve manual control (reaching or positioning) while undergoing motion, such as manipulating equipment on a moving ship. Tasks that involve whole-body motion and manual control may be problematic to train in a virtual environment because motion in the real environment is accompanied by gravitational and inertial forces that are difficult to reproduce in a virtual environment. To the extent that the VE training environment differs from the operational environment (or more specifically, to the extent that the VE disrupts manual control), the trainee may be forced to learn responses in the VE that are inappropriate for the real environment.

The purpose of this task was to examine manual control in real environments that involve body motion and in virtual environments. The initial experiment that was performed had three goals: (a) to quantify errors that occur when an individual makes reaching movements in a rotating environment, (b) to determine the extent to which practice in the moving environment restores performance to baseline levels, and (c) to determine whether haptic information about the objects being reached for assists performance. 

Study 1. Control of Reaching in Accelerative Environments: The Role of Haptic Cues in Compensatory Adjustment of Motor Control

In this experiment, transient, unexpected accelerations of the arm were produced by having subjects reach for an object while seated at the center of rotation in a fully enclosed room turning at 10 rpm. Reaching movements were made to visual targets when subjects were stationary, when rotating at constant velocity, and again when stationary. When stationary, subjects moved their arms in almost a straight line and ended within 20mm of the target. Coriolis forces generated during rotation resulted in reaching movements being more curved and ending off target. Subjects were able to compensate for the acceleratory perturbations within about 10 attempts, with performance returning to baseline levels. When rotation stopped, subjects made reaching errors that were the mirror image of those produced during the initial rotation, but subjects again regained baseline accuracy within ten movements in the stationary environment. Results further indicated that adaptation occurred faster and more completely when subjects made contact with the target surface at the end of the reaching movement.

Approach.  If a reaching movement is made during body rotation, the motion of the arm relative to the body will generate a transient Coriolis force, an inertial force that does not involve mechanical contact. During a forward reach, the Coriolis force acts on the arm in the direction opposite of the body’s rotation. Thus, forward reaches made during leftward (counterclockwise) body rotation produce rightward Coriolis forces. The magnitude of the Coriolis force is a function of the velocity of the arm movement and of the body rotation. Thus, the Coriolis force will be small for a slow arm movement and larger for a fast movement. Figure 11 provides a schematic illustration of Coriolis forces. 

In this study, the researchers designed a paradigm in which arm reaching trajectories could be transiently perturbed without any local contact forces. 2  To generate the Coriolis forces, subjects reached for an object while seated at the center of rotation in a fully enclosed room turning at 10 rpm. Because subjects are at the center of rotation and the rotating room represents a static spatial configuration, motion is not perceived. In this paradigm, there are no abnormal sensorimotor conditions except for the Coriolis force acting on the arm when it is moving, and the nature of this force is not reflected in external contact forces on the arm. Thus, Coriolis force perturbations in the rotating room are transient (they are only present when the arm is moving), and they are unexpected and novel because they act without local contact. 

People normally make compensations for forces produced by their own movement. However, disorientation can readily occur when body displacements are generated by unexpected or novel forces. This experimental paradigm provides the opportunity to examine how unexpected accelerative forces, which are in principle similar in the rotating room and in any moving platform, affect movement. This study addressed two general questions. First, how is the ability to make movements or reach for objects affected by an environment that does not reproduce the forces we unconsciously expect? This question relates to the broader question of whether training may be degraded in a VE that simulates whole body motion but lacks the proper accelerative forces generated by actual movement. Second, to what extent does terminal contact (allowing subjects to touch the visual target at the end of the reaching movement) affect reaching performance? 

Objectives.  This experiment addressed two primary topics:

1. How do unexpected forces generated during voluntary movements in accelerative environments affect performance? This is an initial question in a chain that ends with relevance to VE training effectiveness. The ultimate question is whether the novel force environment embodied by virtual environments without a moving base will degrade training performance because they lack proper accelerative forces. If human control mechanisms automatically compensate for novel perturbations, without the need for adaptation, then the lack of a proper force environment in virtual environments may have little impact on training effectiveness.

2. How is motor learning affected when subjects are not given the opportunity to touch objects they can see? This question provides an initial step toward defining conditions under which haptic interfaces (i.e., representing objects in the near field haptically) contribute to training effectiveness in VEs that involve manual control. 

Procedure.3  Testing took place in the slow rotation room facility of the Ashton Graybiel Spatial Orientation Laboratory. The subject was seated in the center of the room and pointed radially. Subjects made arm movements in darkness to a visual target that was extinguished as movement began. Trajectories of reaching movements were measured pre-rotation, during rotation, and post rotation. 

In experiment 1, subjects reached to a visual target at either a fast or slow rate and made contact with a horizontal surface at the end of their reach. Each subject’s right arm rested on a plexiglass surface that extended forward at waist level. Embedded in this surface was a light-emitting diode (LED) which served as the target. At the beginning of the reaching movement, the subject’s right index finger rested on a microswitch that illuminated the LED. As the subject lifted his finger off of the microswitch, the LED was extinguished, and the subject pointed to the remembered position of the target in one continuous movement. The reaching movement ended with the subject touching the surface of the plexiglass. An infrared emitter taped to the subject’s index finger, monitored by a WATSMART motion recording system, registered the reaching movement. Experiment 2 was identical to experiment 1, except that subjects pointed just above the plexiglass at the end of the reaching movement, so no surface contact was involved.  Figure 24 illustrates the experimental situation.

The experiment included three measurement periods: pre-rotation, per-rotation, and post-rotation. All subjects first received experimental instructions and were allowed to practice the pointing procedure. Following this training, 40 reaching movements were completed, constituting the pre-rotation trials. The rotating room was then accelerated to a constant velocity of 60° /s, counterclockwise. One minute after constant velocity was attained, subjects again made 40 reaching movements, constituting the per-rotation trials. The room was then decelerated to rest, and after one minute, 40 post-rotation reaches were made. The endpoint and duration of every reaching trial were assessed, as were leftward and rightward trajectory errors and peak forward velocity of the movement. A pre-rotation baseline was obtained by averaging each variable over the subject’s last 8 pre-rotation trials. Statistical analysis compared changes from baseline to each subject’s per- and post-rotation reaches.

Experiment 1 Results: Movements with Terminal Contact.5.  Subjects. Twenty-four subjects participated in the experiment, 11 making slow arm movements and 13 making fast movements. 

Results. Before rotation, subjects made nearly straight reaches toward the target. For the per-rotation trials, the average initial lateral endpoint error relative to the pre-rotation baseline was 41mm rightward (slow movements) and 51mm leftward (fast movements). The average initial peak trajectory deviations were 56mm rightward (slow movements) and 53mm rightward (fast movements). Figure 36 illustrates the movement trajectories. As subjects made additional reaches, they quickly regained trajectory and endpoint accuracy (see Figure 4)7. 

For the post-rotation trials, subjects again made initial endpoint and trajectory errors, opposite in direction to that of the initial per-rotation reaches. For the post-rotation trials, the average initial lateral endpoint error relative to the pre-rotation baseline was 36mm leftward (slow movements) and 39mm leftward (fast movements). The average initial peak trajectory deviations were 61mm leftward (slow movements) and 53mm leftward (fast movements). With repeated movements, accuracy was quickly regained, as with the per-rotary movements. 

In brief, each subject in both movement speed conditions exhibited the following pattern relative to baseline performance: (a) per-rotation movements: rightward trajectory and endpoint deviations during initial per-rotation reaches, followed by a return to baseline accuracy by the end of the 40 trial period, and (b) post-rotation movements: leftward trajectory and endpoint deviations on the initial post-rotation reach, followed by a return to baseline accuracy by the end of the 40 trail period. The statistical analysis confirms that these differences were significant (see Figure 6)8. 

Experiment 1 Results: Movements Without Terminal Contact.9  Subjects.  Fourteen subjects participated in the experiment, 7 making slow arm movements and 7 making fast movements. 

Results.  For the per-rotation trials, the average initial lateral endpoint error relative to the pre-rotation baseline was 16mm rightward (slow movements) and 46mm rightward (fast movements). The average initial peak trajectory deviations were 42mm rightward (slow movements) and 51mm rightward (fast movements). Figure 710 illustrates the movement trajectories. As subjects made additional reaches, they quickly regained trajectory accuracy, but subjects retained errors in endpoint accuracy (see Figure 811). 

For the post-rotation trials, subjects again made initial endpoint and trajectory errors, opposite in direction to that of the initial per-rotation reaches. For the post-rotation trials, the average initial lateral endpoint error relative to the pre-rotation baseline was 12mm leftward (slow movements) and 46mm leftward (fast movements). The average initial peak trajectory deviations were 39mm leftward (slow movements) and 58mm leftward (fast movements). After 15-25 trails, accuracy was restored. 

Statistical analysis of the data indicated that trajectory errors deviated significantly from baseline (in opposite directions) for initial per- and post-rotation trials, for both fast and slow movements. Endpoint errors differed significantly from baseline for the per-rotation trials for fast and slow movements, but differed significantly for the post-rotation trials only for the fast movements. 

Finally, an analysis was conducted of endpoint and trajectory errors across experiment 1 and experiment 2 to determine whether differences existed between movements with terminal contact and those without terminal contact. There were no significant differences in trajectory deviations between the touch and no-touch groups. For endpoint error, a significant difference emerged for the slow movement group, indicating that movements without terminal contact resulted in smaller endpoint errors for the initial per-and post rotation reaches than movements with terminal contact.

Conclusions.  The results of this study have several implications for movement control in virtual environments:

1. Transient, unexpected Coriolis forces were shown to deviate the trajectories and endpoints of reaching movements. It is concluded on the basis of these errors that biological control mechanisms do not automatically compensate for transient, novel perturbations. The results suggest that the nervous system must actively produce motor compensations for such perturbations. Therefore, the presence of unexpected forces and the absence of forces that the nervous system "expects" are important and can produce errors.

2. Virtual environments that involve experienced motion but without the inertial forces of a real accelerative environment constitute a novel force environment. Therefore, a virtual environment without a motion base may be susceptible to the movement errors demonstrated in this study.

3. For an experienced person performing in an accelerative environment, there will be an expectation or neural representation of Coriolis forces generated by reaching movements that will activate the proper compensatory reaction. When this person performs in an experienced motion environment such as a virtual environment, the same compensation will be activated and lead to movement errors because no Coriolis forces are present. By contrast, the person that has no prior experience or training in an accelerative environment will lack the expectation of Coriolis forces and will perform accurately in an experienced motion virtual environment. However, the experience in the virtual environment will not prepare the trainee for the actual forces present in a real accelerative environment. 

4. With repeated exposure, subjects evidenced rapid adaptation to Coriolis force perturbations, within approximately 10 trials. Thus, with experience in a experienced motion virtual environment, initial errors will disappear, but this will involve canceling the compensatory reactions necessary for accurate performance in the real movement environment. 

5. Terminal contact can help people adapt to novel force environments. When subjects were allowed to touch the visual target, endpoint accuracy and trajectories were restored to baseline conditions completely over repeated trials. Without terminal contact, the adaptation of endpoint and trajectory accuracy occurred independently, and endpoint adaptation was less complete and slower. Thus, contact cues can help people adapt to novel force environments. For virtual environments that do not have a motion base, a haptic representation of the near-field may enhance movement accuracy. 

Study 2. Virtual Environment Displays: Haptic Feedback about Fixed Surfaces Stabilizes Motor Performance

This second experiment was conducted to further understand how manual contact with surfaces affects reaching performance in real and virtual environments. In this study, subjects made reaching movements to a visual target in real and virtual environments. Both visual information and haptic feedback about the work surface were varied. In half of the trials, only the target was illuminated, and in half of the trials, the target and work space were illuminated. Within each of these conditions, subjects were either allowed to touch the work surface at the end of the reaching movement or not. Results indicated that (a) reaching accuracy was worse in virtual versus real environments, (b) haptic feedback about the work surface improved reaching performance, (c) visual information about the work surface improved reaching performance, and (d) combined visual and haptic feedback led to the greatest improvement in performance. 

Approach.  Results of Study 1 indicated that contact with near-field surfaces was critical for adaptation of reaching movements to either unexpected perturbations or the lack of expected forces. This finding suggests that surface contact may be important for maintaining motor performance in other unusual environments as well. For example, haptic feedback may be especially important in virtual environments where visual representation is not perfect. For visual displays, resolution and brightness are limited. For head-mounted displays, resolution and brightness are worse, plus visual update delays can introduce further errors. In brief, if virtual environment display systems distort the visual or haptic stimuli from a near-field work space, reaching errors will result. However, haptic interfaces that accurately present near-field surfaces may reduce these problems. 

The type of the haptic feedback examined involved information about the orientation, location, and stability of surfaces that form the near-field work space. This global level of haptic feedback12 purposely excludes specific, identifiable features of the of the target object itself. This allows the examination of whether global information obtained from the substrate or environmental surface influences motor calibration. If gross tactile information about surface layout is sufficient to sustain motor performance, it may be possible to simplify virtual environments by leaving out specific details of the haptic feedback, such as the exact shape and feel of a button.

In this experiment, subjects made reaching movements to visual targets in real and virtual environments. Subjects received no tactile feedback about whether the target was hit, but some of the subjects received haptic feedback to the fingertip from contact with the workspace surface, and some received no such feedback. In addition, some subjects received visual feedback showing illumination of the target alone, and some received visual feedback showing illumination of the target and work surface. Data were gathered on accuracy of reaching movements, dispersion or stability of performance, and duration of reaching movements.

Objectives.  The objectives of this experiment were:

1. To examine reaching movements in real versus virtual environments. 

2. To examine the effect of haptic feedback regarding near-field surfaces on reaching performance.

3. To examine the effect of visual feedback regarding the near-field work surface on reaching performance.

Procedure.13  All subjects were seated in an arm chair equipped with a level, hinged Plexiglass tray extending forward at waist level. A fixed section of the tray directly in front of the subject contained a micro switch button that was depressed at the start of all reaching movements. The task was to reach for a target light that was at the body midline 35 cm in front of the start button.
Half of the subjects reached to a real target and half reached to a virtual target. For the conditions involving reaching in a real environment, the target was a light emitting diode (LED) embedded in the Plexiglass tray. For the conditions involving reaching in a virtual environment, subjects wore a head-mounted visual display (HMVD), and facsimiles of the tray and target were presented via the HMVD.

In half of the real and virtual environment trials, only the target LED was illuminated, and in the other half, the target and surrounding workspace were illuminated. Within these conditions, half of the time, the Plexiglass tray swung down so that subjects made no contact with the surface at the end of reaching movements; and half of the time, the subjects made fingertip contact with the work surface at the end of reaching movements.

Each subject made reaching movements to a visual target in eight conditions, conducted over two days. On one testing day, subjects performed conditions 1-4 in a real environment. In conditions 1-4, subjects received either visual feedback and haptic feedback, visual feedback and no haptic feedback, haptic feedback and no visual feedback, or no visual nor haptic feedback. Conditions 5-8 were similar, conducted in a virtual environment. 

A total of 24 reaching movements were made in each condition. For each subject, data were gathered on (a) signed error, or the accuracy of the endpoint of the reaching movement relative to the target in the fore/aft and lateral directions, (b) the average absolute value of error, which provided a measure of dispersion, and (c) the duration of movement. For analysis, accuracy, dispersion, and duration scores were averaged across subjects. 

Experiment 2 Results.14  Analyses of variance were performed on all three measures (accuracy, dispersion, and duration) with subjects as a repeated measure and three experimental factors: (1) real versus virtual environment, (2) haptic feedback about the work surface versus no feedback, and (3) visual information about the work surface versus illumination of the target alone. 

Real versus Virtual Environments.  Reaching performance was worse in virtual versus real environments on all three measures. In virtual environments, endpoint errors were greater, endpoint dispersion was greater, and movement duration was longer. 

Haptic Feedback about the Work Surface.  Reaching performance was better on all three measures when subjects were allowed haptic feedback about the work surface. The impact of haptic feedback was greater in virtual than in real environments. Haptic feedback was most useful when visual feedback about the work surface was not available. 

Visual Information about the Work Surface.   Reaching performance was better on all three measures when subjects were allowed visual feedback about the work surface. Combined visual and haptic information led to greater improvements in performance. 

Conclusions. The results of this study have several implications for movement control in virtual environments:

1. Moving from a real to a virtual environment degrades motor performance. In a virtual environment, reaching movements resulted in greater endpoint errors, greater dispersion of errors, and longer duration times. 

2. Providing haptic feedback about the work surface enhances reaching performance in both real and virtual environments.

3. Reaching performance was most enhanced when haptic feedback was complemented with visual feedback about the work surface.

4. The haptic feedback provided subjects with no local information regarding the target per se. Normal environments provide both local haptic feedback regarding the identifiable features of an object and global haptic feedback from contact with the substrate or underlying environmental surface. The haptic feedback provided in this experiment excluded the type of local contact feedback that would come from actually touching a button. The results of this experiment suggest that global information obtained from the substrate is sufficient to enhance motor performance. 

(Refer to endnotes15 for a detailed discussion of Experiment 2 results.)

MOTION SICKNESS IN VIRTUAL ENVIRONMENTS

Research was initiated as part of the VETT program to examine spatial disorientation and motion sickness symptomatology elicited by head movements in virtual environments. The bulk of the research that was conducted is reported in recent program technical reports (see DiZio & Lackner, 1998), and therefore will not be described here in detail. In the following, we provide a brief overview of this research effort. 
Overview

Motion sickness can result in number of adverse side effects, including nausea, disorientation, and postural instability. These side effects can affect user acceptance of a training simulator, hinder the achievement of training objectives, and impact safety and health. Moreover, motion sickness can result in aftereffects that can impair performance and safety when the trainee returns to the real world. 

Motion sickness has been studied most extensively in traditional simulators, such as flight trainers, that involve visual cueing to induce perceived body motion through space. However, the VE literature has provided emerging reports of motion sickness occurring in VEs utilizing helmet-mounted visual displays (HMVDs). These reports indicated that users may experience motion sickness in a VE even when viewing a fixed, stable environment when voluntary head movements are made to scan the virtual world. Thus, initial research efforts were directed towards examining the side effects evoked by moving the head to interact with a virtual environment.

The Naval application that served as the basis for this research was the training of the submarine Officer of the Deck (OOD) to navigate a harbor when surfaced. The OOD stands on the bridge of the submarine with a 360 degree view of the harbor. The OOD’s task is to control the direction and speed of the submarine through the harbor based on information obtained from the visual scene and other sources. A VE incorporating a wide field of view HMVD provides an ideal platform to allow natural exploration of a panoramic virtual world. (Note that the early interest in OOD training has evolved into NAWCTSD’s current VESUB program.) 

In the initial OOD VE testbed, trainees viewed a stationary virtual world from a stationary vantage point. Yet, initial observations indicated that users could experience motion sickness in this setting when the only visual motion was contingent on the head movements of the trainee. In other words, voluntary head movements trainees made when asked to explore the visual scene induced motion sickness symptoms. It was likely that the trainees were experiencing slippage of the retinal image due to the compensatory changes in the HMVD image being out of synchrony with the head movements—the HMVD images moved later than the head and continued after the head movement ceased. 

Initial research, reported in DiZio and Lackner (1998), was conducted to examine the range and etiology of these side effects. Results indicated that:

1. After 15 minutes of exposure to the VE utilizing a wide field of view HMVD, subjects experienced motion sickness, some severe enough to terminate their participation. Motion sickness severity increased as the visual update delay increased (over the range of 67 ms, 159 ms, 254 ms, and 355 ms delay). A larger field of view produced more severe symptoms, over constant delay conditions.

The side effects disappeared within 15 minutes of rest in a natural environment following VE exposure, but reoccurred with voluntary head movement in the natural environment. The side effects quickly reoccurred (within 2 minutes) upon returning to the VE.

2. Blanking the visual field briefly during head movements reduced motion sickness severity by half.

ENDNOTES

 1Schematic Illustration of Coriolis Forces
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Figure 1.
Schematic illustration of the Coriolis forces (Fcor) generated 

during reaching movements of the arm in a rotating room. Fcor is proportional to the cross product of the room's angular velocity (w ) and the arm's linear velocity within the room (v). Fcor is to the subject's right when the arm is moving forward during counterclockwise rotation. Fcor is zero when the arm is not moving. In our experiment, the starting position for reaches was directly on the axis of rotation so neither the hand nor any other part of the body was exposed to significant centrifugal forces.

From Lackner, J.R. and DiZio, P. (1994). Rapid adaptation to coriolis force perturbations of arm trajectory. Journal of Neurophysiology, 72 (1),  p. 300. 

2Experimental Paradigm

The experimental challenge is to develop a paradigm that produces results that are (1) relevant to the presently defined applications, (2) clearly interpretable and (3) rich in potential connections to issues that are important for future applications. Initially we chose to study the Coriolis forces that arise when an individual makes reaching movements in a rotating environment, such as our rotating room.

An object, such as a limb moving within a rotating frame of reference is subject to a Coriolis force (Fcor). The magnitude of this force is proportional to the rate of room rotation (w ), the arm's mass (m), and the arm's linear velocity within the rotating framework (v); Fcor = -2m(w x v). See Figure 11. Accordingly, the Coriolis force is transient, rising from zero when the movement begins to a maximum when the arm is moving at its peak velocity, and then falling to zero again when the movement stops. The Coriolis force direction is orthogonal to the arm's velocity. When a subject reaches forward while rotating counterclockwise his or her arm is thrust rightward. At a normal reaching speed (about 500 mm/s peak), the Coriolis force is about 0.1 g in an environment that is turning at 10 rpm. Coriolis forces are inertial ones that act without physical contact. During a reach, the arm will be deflected from its intended path, if no corrective action is taken, without any physical contact with the environment.

This paradigm satisfies the need of this project. In flight, pilots experience a combination of gravitational, centrifugal, Coriolis, and linear accelerative forces. All of these forces are physiologically indistinguishable from what we can generate in a subject seated on the axis of rotation in our rotating room because all act without local contact on the arm. We need only change the room rotation rate or have the subjects speed up or slow down their movements to recreate precisely the net patterns of inertial perturbation that could be experienced when an aircraft turns, rolls or changes speed. Because the subject is sitting at the axis of rotation, no significant body displacement through space is involved. This makes it easy to manipulate the near-field workspace, which is exactly what we desire to investigate. The subject's reaching movements are easy to monitor with experimental equipment aboard the rotating room that is an order of magnitude more accurate than typical movement monitoring systems used in VEs, simplifying data interpretation. Off-the-shelf VE equipment for monitoring movement in all six degrees of freedom costs under $10,000 (e.g. the Polhemus) and provides an rms positional accuracy of 0.03 inches (0.76 mm) at up to 120 Hz for tracking a single object. The Northern Digital OPTOTRACK system costs $60,000 and has an rms accuracy of 0.1 mm with up to 512 Hz for up to 256 objects. The same paradigm could easily be used for studying eye, head, or whole body movements in unusual force environments because any moving object in the rotating room is subject to Coriolis forces. This provides potential research links to VE training applications that are not currently being considered. Thus the paradigm is operationally relevant, permits control of inertial stimuli and haptic stimuli, allows accurate response measurement, and is applicable to many kinds of movement.

A further advantage of the Coriolis force paradigm is the potential for studying the interchangability of haptic cues in VEs. Haptic information is a consequence of the forces created when a person manipulates objects or explores the environment. The medium of the environment is usually air, but for Navy applications water is also a likely medium. Moving the arm through a fluid involves viscous forces that are distributed over the entire moving limb. No local concentration of force is involved, yet the faster the limb moves the greater the force that must be generated to propel the limb. The Coriolis force is also velocity dependent and acts without local contact. Thus, the Coriolis force perturbation paradigm provides the opportunity for studying whether inertial Coriolis forces can substitute for viscous forces. Knowing which haptic cues and experiences are interchangable increases flexibility in VE applications.

Finally, the Coriolis force paradigm provides an extremely useful way of investigating basic mechanisms of human movement control. The next section of this report expands upon this point in detail. Only enough detail is given here to illustrate why understanding basic mechanisms of biological movement control can enhance VEs. Coriolis force are unique as a physiological tool because they are transient, novel and non-contacting forces. Many experiments have attempted to study arm movement control by mechanically perturbing limb movements and measuring responses. All of these perturbation methods involve altering the movement pattern of the arm by applying a local contact force. The Coriolis force paradigm is the first to perturb limb movements briefly and transiently without a local contact force, and very different results have emerged compared with the traditional paradigms.

The forces generated between a moving object and a stationary one depend not only on the kinematics of the object but also on how its motion is being controlled. For example, a car being driven down a hill can mimic the speed of an identical car that is rolling down passively, but if an obstacle is placed in their paths, the collision forces will be brief for the rolling car but in the driven car persist until the driver takes his or her foot off the gas. If the car is the hand of a VE user and the obstacle is being presented by a force-feedback display, the pattern of forces that must be fed back to accurately simulate a specific obstacle depends on the way the hand is controlled. This is one example of how a basic understanding of movement control can enhance training effectiveness of VEs.

The Haptic Near Field

The foregoing has developed the reasons for our focus on reaching movements in real and virtual environments that involve body motion and our means of experimentally approaching the problem. This section deals with the reasons for our interest in representation of the haptic near field and how we will approach it. The "haptic near field" is comprised of objects within arm's reach.

When a reaching movement is made, its goal is an object within arms reach. Such a movement can be viewed as having two components -- the trajectory toward the target and the final position of the arm at the target. Novel force environments obviously affect both components, but the forces created by stationary objects in the near-field workspace mechanically affect only the latter. For example, novel forces present during the trajectory of a movement deflect the arm which leads to sensory signals that can be used for correcting subsequent movement trajectories. There is no local contact associated with Coriolis, centrifugal and gravitational forces on the arm so the cutaneous receptors that react to physical contact can provide no information for correction of movement trajectory. However, contact forces that occur when the movement reaches the target can provide useful information for correcting subsequent movements. If the hand does not reach the desired location there will be tactile information about surface contours and about the angle of contact that provides information about movement errors. Based on this analysis, we expected that subjects would learn to adapt to novel force environments better if their movements end on a stable familiar surface, than if they ended in mid-air. 

One of our goals was to test this in the Coriolis acceleration paradigm. We exposed subjects to the rotating environment and had them reach to virtual visual targets that had no haptic counterpart as well as to real, tangible visual targets. We expected reaching errors initially because of the novel Coriolis forces. Any difference between the two conditions in the ability of the subjects to resume pre-rotation baseline accuracy would demonstrate a role of information about movement endpoint from the haptic near field. We saw this evaluation as a first step toward defining the conditions under which the near field must be represented haptically versus those in which near-field information does not assist performance. The next step would be assessing whether representation of the near field in a VE involving the experience of body rotation (or linear acceleration) could compensate for the lack of the expected inertial forces. This would permit VEs to exclude motion bases without sacrificing training efficacy.

From DiZio, P., and Lackner, J.R. (1993). Control of reaching in accelerative environments: The role of haptic cues in compensatory adjustments of motor control (Final report on contract no. 93-C-0022). Prepared for Naval Air Warfare Center Training Systems Division, Orlando, FL, pp. 6-8.

3EXPERIMENTAL PROCEDURE
Apparatus

Testing took place in the Graybiel Laboratory's rotating room, a fully enclosed chamber 6.7 m in diameter. The subject was seated in a chair with a head rest near the center of rotation. His right hand rested on a horizontal surface that projected forward at waist level. A light-emitting diode (LED) embedded in this plexiglass surface served as the target to which the subject could point. During testing the room lights were extinguished and the single LED was the only object ever visible to the subject. Before the beginning of a reaching movement, the subject's right index finger depressed a microswitch that maintained illumination of the LED. The microswitch provided a start position that was slightly to the right of body midline and coincident with the axis of rotation of the room, the target light was 35 cm away, straight ahead of the start position. When ready, the subject lifted his finger, thereby extinguishing the LED and in one continuous movement pointed to the remembered position of the target. The subject touched the plexiglass panel but received no tactile feedback about the accuracy of his pointing movement because the target lay beneath the smooth surface. An infrared emitter was taped to the tip of the subject's index finger, its position was monitored by a WATSMART motion recording system that registered movements in the subject's workspace. The sampling rate was 50 Hz. Figure 24 illustrates the experimental situation.

Procedure

An experimental session was divided into pre-rotation, per-rotation, and post-rotation components. During each part, 40 pointing movements were made to the target. Subjects were instructed to reach and touch the location of the target in one continuous natural movement without stopping and to hold their index finger there for a second before lifting it and slowly bringing it back in the air toward the body. The appropriate movement speed was demonstrated in the light to the subject by the experimenter. The subject then practiced pointing several times until the experimenter was satisfied that the correct cadence for slow or fast movements, as appropriate, had been achieved. The 11 subjects who made slow movements were attempting to achieve a movement duration of about 700 msec, the 13 subjects making fast movements about 400 msec. Then there were several practice trials in darkness with the target LED extinguished at the onset of the reaching movement. In experimental trials, the subjects were given a 30 sec rest after every self-paced eight movements to minimize fatigue. Throughout the experiment, the subject's head was stabilized by a contoured head rest and he avoided making any head or body movements besides the pointing movements.

After 40 pre-rotation movements had been completed, the rotating room was accelerated at 1°/s² to a constant velocity of 60°/s, counterclockwise. During acceleration and for 1 min afterwards, the subject sat quietly not making arm or head movements. During angular acceleration, an observer may see a target light that is physically stationary in relation to him to be displacing in the direction of acceleration. This phenomenon known as the oculogyral illusion can persist beyond the period of angular acceleration until the semicircular canals return to their equilibrium state (Graybiel & Hupp, 1946). Because of this, we purposely waited at least one minute after constant velocity was attained, and after deceleration to rest, before subjects began their pointing movements. For the low acceleration rate used, this was ample time for any oculogyral illusions to dissipate (Evanoff & Lackner, 1986). 

Moreover, our subjects' initial per-rotation reaching movements were displaced in the direction of the Coriolis force generated (rightward). If they had mislocalized the visual target because of an oculogyral illusion and pointed to its apparent location, then they would have pointed leftward in the direction of rotation. Following completion of the experiments reported here, we had the opportunity to test labyrinthine-defective subjects without detectable horizontal semicircular canal or otolith function. They showed the same initial trajectory and endpoint errors as our normal subjects. Subjects were warned that their movements might feel odd and reminded that their sole task was to touch the location of the target LED in one smooth continuous movement with the same overall speed and stiffness of the arm as during the pre-rotation period. Reaching movements were then made to the target as during pre-rotation. The subject was instructed to remember what the first movement made during rotation felt like so that he could reproduce it at the very end of the experiment. After completion of 40 movements, the rotating room was decelerated to rest at 1°/s², and 1 min was allowed to elapse before 40 post-rotation reaches were made to the target. After completion of the 40 post-rotation reaches, the subject mimicked what the first per-rotation reach had felt like, and we recorded it when he was satisfied that he had gotten it right. Then, he mimicked how the first post-rotation movement had felt. 

Data Analysis

The endpoint and duration of every reaching trial were determined by a program that located the position and the time when the finger stopped, arbitrarily defined as when velocity of the filtered (5 Hz) signal first fell to zero. The maximum leftward and rightward positions of the finger's trajectory and the peak forward velocity of the movement were found using binary search algorithms. Our main interest was in how these variables changed in the per- and post-rotation periods relative to the pre-rotation period. To obtain a pre-rotation baseline that was free of random error, we averaged each variable over a subject's last eight pre-rotation reaches. Statistical tests were performed on the changes from baseline measured for each subject's per and post-rotation reaches.

From DiZio, P., and Lackner, J.R. (1993). Control of reaching in accelerative environments: The role of haptic cues in compensatory adjustments of motor control (Final report on contract no. 93-C-0022). Prepared for Naval Air Warfare Center Training Systems Division, Orlando, FL, pp. 12-14.

4SCHEMATIC ILLUSTRATION OF EXPERIMENTAL PARADIGM
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Figure 2. Schematic illustration of the experimental paradigm.

The experiment was conducted inside a rotating room. Subjects were seated at the center of the room and reached forward in a parasaggital plane for a target that disappeared at movement onset. Reaches were executed in complete darkness, the target was beneath the plexiglass work surface, and return movements were made in the air and slowly so there was no visual or tactile feedback. Subjects made 40 reaching movements before, during, and after rotation at 60°/s, counterclockwise. Acceleration and deceleration lasted 60 s and an additional 60 s elapsed before any movements were made. Subjects mimicked in light what they had felt their arm do in darkness in each condition. Mimics of the pre-rotation reaches were done just after the pre-rotation series of reaches. Mimics of the per- and post-rotation reaches were delayed until the room was stationary again and readaptation to normal conditions had been achieved. 

From Lackner, J.R. and DiZio, P. (1994). Rapid adaptation to coriolis force perturbations of arm trajectory. Journal of Neurophysiology, 72 (1),  p. 301.

5EXPERIMENTAL RESULTS
Movements with Terminal Contact
Slow Movements.  Pre-rotary Reaches. Every subject made nearly straight reaches toward the target before rotation commenced. The trajectories deviated a maximum of only 8 mm left and 5 mm right of a straight line between the start position and endpoint. The average endpoint of the subjects' reaches fell 3 mm to the left of the target and 30 mm short of it. The average pre-rotation movement duration was 660 ms and the peak velocity was 825 mm/s.

Per-rotary Reaches. Every subject on his first per-rotary movement was grossly more inaccurate in pointing to the target location than pre-rotation. The lateral errors were always in the direction of the Coriolis forces (rightward) generated by the reaches. An error developed as the forward velocity of a reach increased, paralleling the build up of the Coriolis force that was proportional to the velocity of the arm. As the arm slowed down toward the end of the reach, the hand tended to hook slightly back toward the target. Thus, there were trajectory deviations and endpoint errors in the initial reaching movements. For the initial per-rotary reach, the average lateral endpoint error in relation to pre-rotation reaches was 41 mm rightward; the average peak trajectory deviation of the initial reaches was 56 mm rightward. Subjects also tended to undershoot the distance of the target more than pre-rotation. Figure 36 illustrates the movement trajectories.

Within three to four per-rotary reaching movements, every subject showed increased accuracy. Figure 47 shows all movement endpoints and peak trajectory positions averaged across subjects and plotted sequentially. The per-rotary lateral endpoint errors diminished quasi-exponentially as successive pointing movements were made and the trajectory errors diminished in parallel. By the end of the per-rotary period, movement endpoints and trajectories were indistinguishable from those of the pre-rotation period, being deviated only 7 mm in the direction of the Coriolis forces for endpoint and 10 mm for peak trajectory deviation. Figure 4 also shows that the peak velocity and thus the peak Coriolis force were virtually constant throughout the per-rotation period.

Post-rotary Reaches. Each subject's first post-rotary reach was inaccurate. The magnitudes of the lateral endpoint errors were comparable for initial per- and post-rotary movements but their directions were opposite. The average endpoint error was 36 mm left of the pre-rotation baseline. Moreover, the trajectories of the first post-rotary reaches were virtually mirror images of the trajectories of the first per-rotary movements, with the peak trajectory deviation being 61 mm leftward. In initial per-rotary movements the onset of the lateral deviation (relative to the initial pre-rotation trajectory) had begun as the increasing forward velocity of the arm produced a rapidly increasing rightward Coriolis force; the (oppositely directed) lateral deviations from baseline in the initial post-rotary movements appeared slightly earlier in the movement trajectories as can be seen in the first few points plotted on Figure 36. The lateral inflections back toward the target occurred at similar distances into the movements as in the first per-rotation movements and were of a comparable magnitude.

The first post-rotary movements tended to overshoot target distance whereas the initial per-rotary movements had tended to undershoot. With repeated post-rotary pointing movements, accuracy was rapidly regained quasi-exponentially, as with the per-rotary movements, and the subjects again made straight reaches to the target.

Fast Movements.  Pre-rotary Reaches. All subjects made nearly straight reaches toward the target but ended on average 23 mm to the left of the target. Reaching distance was 20 mm short of the target at the beginning of the period but only 8 at the end. The pre-rotation movement duration was 373 ms and the peak velocity was 1382 mm/s.

Per-rotation Reaches. Subjects showed large deviations of movement trajectory relative to pre-rotation reaches in the direction of the Coriolis forces generated by the movements. Across subjects for the initial reach the peak trajectory deviation was 53 mm rightward relative to pre-rotation reaches. Unlike the slow, per-rotary movements described above, there was little tendency for the hand to curve back toward the target near the end of the trajectory. The lateral endpoint averaged 51 mm to the left of the pre-rotation baseline. The distance of the reach was also shortened relative to baseline.

As they made additional reaches, the subjects' arm movement trajectories rapidly regained endpoint accuracy while maintaining their straight trajectories. Baseline accuracy was nearly regained in 8 movements, but then after the 30 sec rest period that separated sets of 8 movements, the next movement was again deviated in the direction of the Coriolis force. This pattern was present to varying extents in all 5 sets of 8 movements and can be seen in Figure 4. The return of errors after each rest period indicates some loss of adaptation during the 30 seconds separating movement sets. By the fifth set of 8 movements, stable adaptation was largely achieved. The average endpoint error of the subjects' final per-rotary reaches was only 9 mm and the average trajectory error 16 mm. 

Centrifugal force cannot be responsible for the lateral endpoint errors observed in the present experiments. In other experiments we have changed the direction of room rotation. Reversal of direction reverses the direction of the Coriolis forces during reaching but keeps the centrifugal force the same. Subjects show mirror symmetric endpoint errors for opposite directions of rotation showing that the errors are attributable to the transient Coriolis forces.

Post-rotation Reaches. The first post-rotation reaches were deviated leftward - the direction opposite that of the initial per-rotation reaches. The average leftward change from baseline was 39 mm for endpoint and 53 mm for peak trajectory position. The return inflection toward the target position occurred near the end of the movement. As with the initial post-rotation slow movements, the lateral deviation began very shortly after movement onset. After about 8 movements, the post-rotary movements were again nearly as accurate as the pre-rotation movements, the endpoints deviating only 4 mm and the trajectories 5 mm.

Mimic Movements. These movements showed that subjects were aware of their lateral endpoint errors in all conditions tested. At both speeds, they correctly reproduced the shape of their pre-rotation and initial post-rotation movement trajectories, but their reproductions of the initial per-rotation reaches had one more inflection point than the actual reaches.

Individual Differences. Every subject in both movement speed conditions showed the following pattern evident in the average data: rightward trajectory and endpoint deviations during initial per-rotation reaches, return to pre-rotation accuracy by the last per-rotation reach, leftward deviation of trajectory and endpoint on the first post-rotation reach and return to baseline performance within 40 reaches. The size of the rightward and leftward deviations of per- and post-rotation reaches varied from subject to subject. Figure 57a shows that subjects who moved faster, generating larger Coriolis forces, had larger endpoint and trajectory errors on the initial per- and post-rotation reaches (note that Figure 5 also presents data from our second experiment, described below). Subjects also differed in two ways that are not evident from the average data: (1) baseline endpoint consistency (standard deviation) and (2) drift of the endpoint baseline (a monotonic change of endpoint throughout the pre-rotation period and also evident at the ends of the per- and post-rotation period). The direction of drift varied and the right/left deviations due to onset and offset of rotation were super-imposed on the drift.

Statistical Analysis. Changes from baseline in lateral movement endpoint and trajectory for the initial per-rotation, final per-rotation and initial post-rotation trials are summarized in the top portion of Figure 68. A multivariate analysis of variance (SPSS MANOVA procedure) was performed on endpoint and trajectory changes with movement speed (fast/slow) as a between subjects factor and rotation exposure (initial per-, final per-and initial post-rotation) as a within subject factor. It showed only a highly significant effect of rotation exposure (Pillai's Trace F(4,88)=19.3, p<.001). Our primary concern was whether reaching errors were significantly greater than zero on the initial per- and post-rotation reaches, at both movement speeds. Having these pre-defined questions justifies performing multiple t-tests, but instead we used post-hoc Scheffé 95% confidence intervals, which make it harder to find significant differences. The estimates of variance used for these tests were the within group mean squared error values from the movement speed x rotation exposure effect from separate univariate ANOVAs performed on the change from baseline scores for endpoint and trajectory. We found identical patterns for endpoint and trajectory: changes from baseline were significantly different from zero for the initial per- and post-rotation trials but were indistinguishable from zero at the end of the per-rotation period for both slow and fast movements.

To determine whether the tendency for trajectories to curve back toward the target was significant we performed an analysis of variance on the differences between endpoints and peak trajectory positions. Here there were effects of movement speed (F(1,22)=9.66, p=.005) and rotation exposure (F(2,44)=15.93, p<.001). The inflections toward the target were larger for slow movements than fast and for the initial per- and post-rotation reaches than the well-adapted final per-rotation reaches.

From DiZio, P., and Lackner, J.R. (1993). Control of reaching in accelerative environments: The role of haptic cues in compensatory adjustments of motor control (Final report on contract no. 93-C-0022). Prepared for Naval Air Warfare Center Training Systems Division, Orlando, FL, pp. 14-17.
6Average Trajectories – with contact
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Figure 3.
Top view of the average trajectories for slow (n=11) and fast (n=13) reaches where subjects touched the work surface at the end of the movement. The first (INITIAL) and last (FINAL) movements of each 40 movement sequence pre-, per- and post-rotation are shown. Movements were originally sampled at 50 Hz but were rescaled prior to averaging to equate movements of different lengths.

From Lackner, J.R. and DiZio, P. (1994). Rapid adaptation to coriolis force perturbations of arm trajectory. Journal of Neurophysiology, 72 (1),  p. 302.
7MOVEMENT PARAMETERS
[image: image4.jpg]SLOW-TOUCH FAST-TOUCH

Lateral endpoint and trajectory errors Lateral endpoint and trajectory errors

"""" A M’F '\Q"l,.*\?

Peak Velocity Peak Velocity

1600
)
12007

€
Eto00+

1 a Trial il 120



 

Figure 4.

Plots of movement parameters for all 120 reaches of the experiment, averaged for the slow (n=11) and fast (n=13) movements with terminal contact. In the upper plots, dots represent lateral endpoint positions and lines represent the peak lateral trajectory positions. The lower plots show peak velocity of each movement in the horizontal plane.
From Lackner, J.R. and DiZio, P. (1994). Rapid adaptation to coriolis force perturbations of arm trajectory. Journal of Neurophysiology, 72 (1),  p. 303.

7ALATERAL ENDPOINT AND LATERAL TRAJECTORY ERRORS
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Figure 5.
Plots of lateral endpoint and peak lateral trajectory errors versus peak velocity for individuals making slow and fast movements where contact was made with the work surface at the end (TOUCH) and where the finger was held in the air above the target at the end (NO TOUCH). Error values (change from baseline, pre-rotation values) are presented for the subjects' first per-rotation and first post-rotation reaches in a normal stationary environment after adaptation to Coriolis forces had occurred.
From Lackner, J.R. and DiZio, P. (1994). Rapid adaptation to coriolis force perturbations of arm trajectory. Journal of Neurophysiology, 72 (1),  p. 305.
8BAR GRAPH OF MEAN ERRORS
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Figure 6.
Bar graphs of mean errors (changes from baseline, pre-rotation values) in lateral endpoint and peak lateral trajectory positions. Averages for subjects who made slow (n=11) and fast (n=13) reaches with terminal contact (TOUCH) are shown at the top. Averages for subjects who made slow (n=7) and fast (n=7) reaches with the hand held in the air at the endpoint (NO TOUCH) are below. The graphs show the average for the initial per-rotation reaches, where Coriolis forces were first generated by a movement, the final per-rotation reaches and the first post-rotation reaches. The error bars represent standard errors. 

From Lackner, J.R. and DiZio, P. (1994). Rapid adaptation to coriolis force perturbations of arm trajectory. Journal of Neurophysiology, 72 (1),  p. 306.

9Experimental Results

Movements without Terminal Contact Cues
One possible reason for the endpoint errors during rotation may be the terminal contact of the index finger with the target board surface. Perhaps friction prevented lateral motion of the arm to the target that would otherwise have occurred owing to equilibrium point control. To evaluate this possibility we conducted a second experiment in which the subjects did not touch the target board at the end of a reaching movement but pointed in the air just above the target location. The absence of contact meant that there was no possibility of friction preventing the hand from moving to its programmed endpoint. The design of the experiment was otherwise identical to the first. Fourteen individuals who had not taken part in the first experiment and who had no known sensory-motor anomalies participated. Seven performed slow movements, and seven fast movements. The subjects were instructed to point about an inch above the target with their fingers at the same distance and angular position (azimuth) as the target. All of them found it comfortable to point in this fashion and not unnatural or constraining. Otherwise the instructions were the same as in the experiments with contact.

Slow Movements.  Initial per-rotation movements showed significant trajectory and endpoint deviations relative to the pre-rotation movements in the direction of the Coriolis forces generated by the movements. As can be seen in Figure 710, as a movement neared completion and the Coriolis force diminished, there was an inflection of the finger toward the target position. The finger ended up closer to the target than it had in Experiment 1 where contact had been involved, with the average error being 16 mm relative to pre-rotation. The peak trajectory deviation relative to baseline was 42 mm, also somewhat less than in Experiment 1. With repeated movements, the subjects made no improvement in endpoint accuracy but the difference between the endpoint and the peak trajectory deviation became as small as in the baseline. See Figure 811. That is, subjects made straight movements to errant endpoints. The aftereffects also revealed that trajectories had adapted but endpoints had not. The initial post-rotation movement trajectories showed significant trajectory deviations in the direction opposite those of the initial per-rotation movements, 39 mm leftward. The endpoints of the same reaches were on average 12mm to the left of baseline. The post-rotation movement trajectories were virtually mirror images of those of the initial per-rotary movements. After 15-20 post-rotary movements, accuracy was restored to pre-rotation level and movement trajectories were again straight. 

Fast Movements.  The initial per-rotary movements showed large, 51 mm, trajectory deviations, relative to pre-rotation movements. Toward the end of a movement, the finger hooked slightly back laterally toward the target location but stopped well short of it, 46 mm rightward. Significant adaptation took place with additional per-rotary movements, but endpoints were still 19 mm right of pre-rotation values after 40 points. Peak trajectory deviations which had been to the right of the initial per-rotary movement endpoints shifted over the course of 40 movements until they exactly equaled endpoints. That is, the movements to the deviated endpoints became straight. The initial post-rotation movements were mirror reflections of the per-rotary movements, the endpoints deviated 46 mm leftward and the trajectories 58 mm. Within 25 movements, accuracy was back to pre-rotation levels.

Mimic Reaches.  The subjects in the slow and fast, no-contact movement conditions made mimetic reaches that accurately reflected the trajectory deviation direction of their initial per-rotary and post-rotary movements. They were also aware of their endpoint errors except for the slow, per-rotary reaches, which actually ended to the right of baseline but were reproduced as ending slightly to the left. The reproductions of fast, per-rotary reaches had one more lateral inflection point than the actual reaches, as had been the case for movements with terminal contact described above.

Statistical Analysis.  Our first analysis examined the changes from baseline in endpoint and trajectory of movements. A MANOVA revealed a main effect of rotation exposure (Pillai's Trace F(4,48)=10.31, p<.001) and an interaction of rotation and movement speed (Pillai's Trace F(4,48)=5.16, p=.002). Follow-up univariate analyses showed that the main effect was present for both endpoint and trajectory errors, but the interaction only for endpoints. Post-hoc Scheffé tests (.05 confidence level) showed that the pattern of trajectory errors was the same for fast and slow movements: there were significant deviations from baseline in opposite directions for initial per- and post-rotation movements. The trajectory errors of the final per-rotation reaches were significantly smaller than the initial per-rotary trajectory errors but significantly greater than zero. That is, there was significant but not complete adaptation. The pattern of endpoint errors differed for slow and fast movements. Both had initial per-rotation changes from baseline that were significantly greater than zero but the post-rotation aftereffect was significant only for fast movements. The magnitudes of the endpoint errors in these conditions were larger for fast than slow movements. The source of the interaction between movement speed and rotation exposure was identified in comparisons involving the endpoints of final per-rotation reaches. Final per-rotary endpoints were significantly less deviated than initial per-rotary endpoints for fast movements but not for slow. Nevertheless, the absolute sizes of the final per-rotary endpoint errors were the same at both speeds and were significantly different from zero for both. Put differently, for the fast movements without terminal contact, the endpoint errors induced by rotation diminished incompletely, but for slow movements their size remained unchanged.

The next set of analyses examined differences between lateral endpoints and peak trajectory positions, an index of the amount of corrective curvature occurring within single movements. Analysis of variance revealed main effects of movement speed (F(1,12)=5.56, p=.036) and room rotation (F(2,24)=8.5, p=.006). Post-hoc Scheffé tests (a =.05) showed that there was corrective curvature in initial per- and post-rotary slow movements, but not in fast movements.

Our final set of analyses was designed to compare endpoint and trajectory errors across the two experiments to see how movements with and without terminal contact differed. Univariate ANOVAs were performed on endpoint and trajectory errors, with movement speed and contact condition (terminal touch of the finger vs no touch) as between subjects factors and rotation exposure as a within subject factor. The within group mean squared error value from the movement speed x touch x rotation interaction was used to compute Scheffé 95% confidence intervals to make individual comparisons. No differences in trajectory errors were present between the touch and no-touch conditions for comparable movement speeds and rotation exposure conditions. The only endpoint differences that appeared were for slow movements, the movements without terminal contact had smaller endpoint errors in the initial per- and post-rotation reaches. Excluding the one subject who had very large endpoint errors in the slow, touch condition (see Figure 5)7a did not alter the significance of the difference between the endpoints for the touch and no-touch groups.

From DiZio, P., and Lackner, J.R. (1993). Control of reaching in accelerative environments: The role of haptic cues in compensatory adjustments of motor control (Final report on contract no. 93-C-0022). Prepared for Naval Air Warfare Center Training Systems Division, Orlando, FL, pp.18-21.

10AVERAGE TRAJECTORIES – WITHOUT CONTACT
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Figure 7.
Top view of the average trajectories for slow (n=7) and fast (n=7) reaches where subjects did not touch the work surface but held their finger in the air above the target. Data treatment is as indicated in 

Figure 3.

From Lackner, J.R. and DiZio, P. (1994). Rapid adaptation to coriolis force perturbations of arm trajectory. Journal of Neurophysiology, 72 (1),  p. 306.

11MOVEMENT PARAMETERS – WITHOUT CONTACT
[image: image8.jpg]SLOW-NO TOUCH FAST-NO TOUCH

Lateral endpoint and trajectory errors Lateral endpoint and trajectory errors
Right 60] )\
N
40 Pl "
zoJ '\‘\va
E
E Pl thoen i e et gl BN s s
207 .
407 7
Left g0t f
Peak Velocity Peak Velocity

e

T
1 L 12



 

Figure 8.
Plots of movement parameters for all 120 reaches in the experiment, averaged across the subjects who made slow (n=7) and fast (n=7) movements that ended with the finger in the air above the target surface. In the upper plots, dots represent lateral endpoints and lines represent peak lateral trajectory positions. The lower plots represent peak velocity in the horizontal plane.

From Lackner, J.R. and DiZio, P. (1994). Rapid adaptation to coriolis force perturbations of arm trajectory. Journal of Neurophysiology, 72 (1),  p. 307.

12Global Haptic Feedback

It is important to reemphasize the nature of the haptic feedback we will be dealing with in order to clarify its relevance to Navy training. We are referring to information about the orientation, location, and stability of surfaces that form the local environment. We are not referring to moveable solid objects or individual features of extended surfaces. In order to appreciate this, imagine reaching out to touch the flat surface of your desk. When you look at it and reach straight forward with your forefinger extended, you expect the pad of your finger to land flat. If you reach to the right then one side of your finger will touch first and to the left the other side, unless you rotate your hand. Your finger would land differently for the same reaching directions if your desk were bowl shaped or slanted. These cases illustrate that there is a regular relationship between fingertip contact patterns, arm movements and layout of environmental surfaces.

Adaptive mechanisms exploiting this relationship might explain how information about contact with a surface at the terminus of a perturbed reaching movement can eventually reform the entire in-flight portion of the movement. In our earlier experiments, reaching movements that were perturbed in-flight by accelerative forces and ended on a solid surface regained straight paths and accurate endpoints more swiftly and completely than movements ending in midair. Muscle spindle, joint and tendon receptors signal in-flight accelerative deviations, but cutaneous receptors are not stimulated because accelerative perturbations are distributed evenly over the whole arm. This aberrant pattern (muscle, joint and tendon signals indicating a perturbation concurrently with normal cutaneous signals) is not consistent with perturbation by a solid obstruction so the nervous system does not respond as if the environment has changed, namely that a new obstacle is present. However, this aberrant pattern could occur if the nervous system issues the wrong motor commands for the intended spatial hand path. This would call for motor adaptation. A central neural network that compares in-flight cutaneous and proprioceptive signals and updates the association between motor signals and intended paths would explain why our subjects adapted at least partly to accelerative perturbations without terminal contact. However, a mechanism exploiting terminal contact is necessary to explain the added improvement in motor recalibration we observed when movements ended in contact with the target surface instead of in midair. Touching down provides supplementary information via the fingertip about movement accuracy, as described in the previous paragraph. This information pertains to whether the hand has landed in the expected location on the surface (not to whether the target itself was contacted). Apparently, such information is an additional driving force for calibration of motor commands. 

From DiZio, P., and Lackner, J.R. (1997). Virtual environment displays: Haptic feedback about fixed surfaces stabilizes motor performance (Final report on contract no. 93-C-0112). Prepared for Naval Air Warfare Center Training Systems Division, Orlando, FL, p. 8.

13Experimental Procedures

Subjects

Ten Brandeis undergraduates in good general health volunteered to be tested. None reported difficulty performing the required tasks with either unaided vision or contact lenses. Each subject participated in all experimental conditions. The Brandeis review board approved use of human subjects in this research.

Apparatus

Overall System. All tests utilized an arm chair equipped with a level, hinged Plexiglas tray at waist level, extending forward 65 cm. A 10 cm wide segment of the tray was fixed across the front of the subject so that he or she could comfortably hold down a micro switch button situated on the body midline. This was the starting position for all trials. The task was to reach for a real or virtual target light that was always on the body midline 35 cm ahead of the start button.

For conditions involving reaching movements in a real environment, the target was a light emitting diode (LED) embedded in the distal part of the tray. The Plexiglas was sanded with fine grit paper in order to give it enough optical texture for subjects to have an easy time orienting visually to it but not enough tactile texture to make different locations discriminable. As a result, the surface itself was localized by sight or by touch, and the LED target shone through it from beneath as a punctate visual target (.2 mm in diameter) but could not be discriminated by touch. The LED remained illuminated while the start button was depressed but was extinguished along with all other room illumination when the button was released to begin a reaching movement. The room lights illuminating the tray and other surroundings could be left on or off while the button was being pressed. During conditions that required reaching in a virtual environment, facsimiles of the tray and LED were presented in the HMVD, with the same timing relative to movement onset. Thus, prior to movement onset, visual stimuli from the real and virtual target and tray (if available) were identical, and after movement onset visual information was always absent. 

At the start of every trial, the distal portion of the tray was level with the part containing the start button. On half the trials, the tray swung down at movement onset so that the subject could not make contact with it at the end of a movement. This was controlled by a solenoid connected to the start button. The tray dropping away did not affect visual information about the tray or target because it occurred after all lights were extinguished.

Movements were monitored with a Northern Digital WATSMART system for two seconds after the start button was released. The WATSMART tracked the 3-dimensional position of an infrared LED (not visible) attached to the subject’s forefinger. Within the experimental work space the WATSMART has an rms accuracy of about 0.9 mm. We sampled fingertip position at 100 Hz.

Virtual Environment System. We employed components necessary to present a visual simulation of the targets, work surfaces and surrounding environment to a head-free subject. This required a HMVD, a system for tracking head position and a computer for presenting a model environment similar to the real one. The HMVD we used was a LEEP Cyberface II. It is based on dual LCD displays with a total field of view approximately 110° wide and 70° high. There is 60% stereo overlap with a resolution of 479 pixels wide by 234 high in each eye. The head tracking system we used was a Polhemus FASTRAK. The transmitter was mounted just above the seated subject’s head and a single receiver on the housing of the LEEP HMVD. A boresight calibration procedure was used to obtain a mapping of head position relative to the work surface. Data were fed to the graphics computer via a serial port (38,400 baud) for updating the point of view. Measurements made since this experiment was complete indicate a delay between head movement and update of the scene in the HMVD of 70 ms. The graphics computer was a Silicon Graphics ONYX II. The head tracking ran on one processor and image generation on the other. The lens system in the LEEP HMVD introduces a non-Euclidean distortion in order to expand the field of view. Computation of visual images had to compensate, thus, we had to 1) use many small polygons to generate large surfaces and 2) to give up the shading capabilities of the SGI graphics engine. We made up for this by using photographic bit-mapped images, as described above for the work surface. 

Procedure

Each subject made reaching movements to the visual target in eight conditions, each of which involved holding their right index finger on the start button until a target on the work surface had been viewed for as long as necessary and then reaching forward at a normal, comfortable speed in an attempt to touch the target. In four of the eight conditions visual information came from real objects and in the other four it was synthesized and displayed in a HMVD. In half of the real and virtual trials, only the target was illuminated and in the other half the work surface and other surroundings also were visible. In real and virtual conditions, haptic feedback about the work surface was allowed half the time both for conditions where only the target was shown and where the target and surface were both shown. Both visual and haptic feedback were as accurate as possible, when available. Table 1 outlines the conditions.

Table 1. Outline of Experimental Conditions

Condition
Visual Target
Visual Surface
Haptic Surface

1
Real
Real
Real

2
Real
Real
None

3
Real
None
Real

4
Real
None
None

5
Virtual
Virtual
Real

6
Virtual
Virtual
None

7 
Virtual
None
Real

8
Virtual 
None
None

The real visual stimulus conditions were done on one test day and the virtual on a second, in a balanced order across subjects. Referring to Table 1, Conditions 1-4 were run on one day and 5-8 on another. On the "real stimulus" day, subjects practiced with a full view of their movements and of a stable surface, until comfortable. On the "virtual stimulus" day subjects practiced under comparable conditions, except the hand and arm were never represented in the HMVD. After practice, we recorded 96 movements made in sets of eight under the experimental conditions. Each of the eight conditions was run in three different sets (24 movements, total, for each condition).

Data Reduction

All data were filtered at 10 Hz and analyzed with custom software. The first step was determining the duration and endpoint of individual reaching movements. From movement endpoint, we determined signed error relative to the target in the fore/aft and lateral directions. Our convention was that errors to the left or short of the target were negative. The average signed error across each subject’s 24 movements of each type provided a measure of accuracy; the average absolute value of error in the two dimensions provided a measure of dispersion. For both accuracy and dispersion, lower scores indicate better performance. Accuracy, dispersion and duration were averaged across subjects for statistical analysis. 
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Analyses of variance were performed on all three measures (accuracy, dispersion and duration) with subjects as a repeated measure and three experimental factors: 1) haptic interaction with the work surface versus termination of movements in midair, 2) real versus virtual environment and 3) visual information about work surface layout versus presentation of an isolated target light. There were main effects of the first two factors for all three measured characteristics of reaching movements, all with F(1,9)= 6.36, p = .014. The third factor, visual surface information, had a significant main effect on endpoint accuracy and dispersion but not on movement duration. 

Haptic Feedback about the Work Surface

Reaching performance was better with than without haptic feedback about the surface occupied by the visual target in every comparison where conditions were otherwise the same. This can be seen by comparing the pairs of black and white bars in the graphs for endpoint error, endpoint dispersion, and duration. The impact of haptic information was greater in virtual than in real environments. Although the proportionate improvement from touch was similar in real and virtual environments, the absolute extent of improvement was greater in the virtual environment because reaching was not much worse without touch in a virtual than a real environment. Other things being equal, haptic information about the work surface assisted performance more when visual information about the surface was absent.

Real Versus Virtual Environments 

Reaching performance was worse in virtual than real environments by all three criteria. Endpoint errors were greater, endpoint dispersion greater and movement duration longer in virtual environments. These differences were greatest when the visual target was presented alone, without visual context or tactile feedback. The relative advantage of a real environment was decreased if subjects were allowed to see or to feel the work surface that the target was embedded in. The most extreme effect in the virtual environment was on movement dispersion in the fore/aft dimension. Dispersion measures the difference between endpoints of multiple reaches made by each subject, or repeatability. The average dispersion, or repeatability, was around 20 mm in a real environment in this experiment. This value agrees with a great deal of our prior research. Dispersion was 64 mm in a virtual environment when subjects pointed at an isolated visual target without tactile feedback.

Visual Information about Work Surface

Visual information about the work surface improved reaching to a visual target. In other words, reaching to an isolated visual target was less accurate, repeatable and took longer when it was presented in isolation than in the context of a structured visual surround. Without the visual context, subjects reached too far right of the target. Visual context reduced the size of these rightward errors. The pattern of reaching distance errors depended on whether the visual stimuli were real or virtual. In the real environments subjects ended short of the target and in a virtual environment they reached too far. This suggests that depth perception may have been a real problem in the virtual environment. Our results show that visual surface information alone reduces the size of errors in the fore/aft dimension but combined visual and haptic feedback about environmental surfaces bring performance to a level that is indistinguishable in real and virtual environments.

Time Course

In one experimental session, subjects were exposed three times to each of the eight stimulus combinations, and subjects were presented the combinations in different order. This balanced design permitted evaluation of order effects. ANOVAs were performed with trial block as a factor in addition to the three factors used in the previous analyses. There was a main effect of trial block (F(2,18)= 4.47, p = .056), but individual comparisons of trial order for the different conditions were inconsistent. In pilot experiments where subjects performed many reaches in one condition for a whole session, performance improved dramatically if haptic information was present but got worse over time if a visual target was presented in isolation. Overall, the results indicate that initial exposure to a virtual environment or to a reduction of visual context in a real environment destabilizes motor performance, as indicated by a gradual increase in endpoint error, repeatability and movement duration. However, providing haptic information about a stable surface restores performance gradually. 
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Our study showed strong support for improvement of motor performance by tactile feedback that gives no information about a target per se but provides systematically varying information about orientation to a surface associated with the target. Moving from a real to a virtual environment or removing visual contextual information from a real environment degrades motor performance. The decrements include greater average endpoint errors relative to a target, greater dispersion about the average position, and shorter movement times. Providing a stable haptic reference plane that doesn’t identify target location in any way nevertheless restores performance. The restoration is most complete in a virtual environment when the haptic reference plane is complemented with a visual representation of the same surface. Before discussing the results further, it is important to clarify some differences between our experiment and operational VEs.

Ordinarily, objects are parts of larger surfaces from which they can be differentiated by touch and vision. For example, a push button on a console is fixed to the surface but is also raised from it. Optical cues provide for visual localization and if a subject reaches to push the button, some feedback about accuracy is obtained simply by touch. If the movement was accurate the contours of the button would stimulate the finger. However, even missing the button completely could provide quantitative feedback information. The surface is a continuous manifold in three dimensional space and the contact forces obtained by touching different parts of it from the same starting vantage vary continuously.

In summary, normal environments provide both local haptic feedback from identifiable features of an object and global haptic feedback from contact with any part of a continuous surface visually established as a substrate for the feature. Most haptic research focuses on local information from contact with an object (cf. Gibson, 1962; Sherrick, 1979) but we have investigated global information obtained from the substrate.

Most haptic research also focuses on how perceptions of external objects are built from sensory stimuli. By contrast, we are interested in how haptic feedback, as just defined, influences motor calibration. Motor calibration involves attunement to an environment enabling the right muscle forces to be generated for carrying out desired movements in space. Local information, for example, the pattern of contact with a push button, provides information about the shape of the button, surface texture, how hard it must be pushed and also where it is in space. Local haptic information will only be available at the end of a movement that is performed without constant visual guidance and only if motor calibration is already good enough for contact to be made with the desired target. The feedback then informs the neuromuscular system whether calibration was good enough for a dead-on versus a glancing hit. The more global level of haptic feedback -- whether the surface contact was made in the expected orientation -- provides input about whether a movement ended left, right, beyond or short of a target, whether the target is hit or not.

In this experiment, we purposely excluded the sort of local contact information that would come from touching a button. Although this is not the usual case in a real environment, it gives us a chance to test the potency of tactile orienting information from the whole surface. It may be possible to simplify some virtual environments by leaving out details of the haptic feedback, such as the exact shape and feel of a push button, if providing gross tactile information about surface layout sustains motor performance. 

The ultimate criteria for sustaining motor performance have yet to be determined. We have taken a first step by demonstrating statistically significant effects. An operational specification would require consideration of whether motor performance in a given VE was intended to provide acquisition of motor skills that would be used in a real operational environment or to enhance acquisition of a cognitive skill in an active learning environment. The next step would be detailed task analysis in order to specify the exact level of motor performance required in a real environment or required to enable efficient exploration of cognitive training environments.

The other thing that must be highlighted about our experiment is the fact that subjects could never see their arm during reaching movements or at the final position at the end of a reach. In fact, nothing was ever visible from the time a subject started to move away from a start button until the movement had been completed and the hand returned to the same position. This also is a condition not often encountered in real environments, but it does have potential for facilitating VE training. Representing a fully articulated hand and arm in VE is a strain on computational and display systems. Leaving it out, or representing only the fingertip as an icon would simplify hardware and software and reduces delays in system interactions with the user. In addition to being relevant in this sense, our prohibition of normal visual guidance permits evaluation of haptic feedback that might otherwise be overlooked.

Our experimental results strongly support a role for haptic feedback from environmental surfaces on motor calibration. Excluding some traditional forms of information in VEs was essential for demonstrating this. Moreover, this demonstration highlights a role of haptic information that has not been discussed before, to our knowledge. Most haptic research has emphasized applications of interfaces for object manipulation in VEs; our research emphasizes the role of haptics in spatial orientation and motor calibration.

The gradual time course of motor degradation when haptic feedback is removed is notable. The time course of improvement when haptic feedback is augmented is also gradual. This implies that the haptic surface information we manipulated has a minor role in moment to moment control of spatial motor activities but a more powerful role in long term calibration. In other words, inappropriate or absent contact cues do not produce large disruptions of motor control; instead they release slow changes toward either loss of calibration (if feedback is absent) or toward restoration of calibration (if feedback is present). By extension, we expect that a situation where haptic feedback is present but out of register with visual representation of surfaces, will lead to gradual motor recalibration to a new set point.

Reaching to isolated visual targets was more variable and less accurate than with a visual context present, in real and virtual environments. Reaching to a virtual visual target presented in our helmet mounted visual display was less accurate and more variable than reaching to a comparable real target. This was presumably due to lack of spatial fidelity of the visual virtual target, the most likely cause being misalignment between the optic axes of the helmet and subject owing to slip of the helmet on the head. Errors in computation of the subject’s point of view that might have resulted from head-tracking errors are possible but unlikely (see calibration procedure in Appendix A). For some individuals, the helmet apparently shifted throughout an experimental session because their reaching endpoints wandered much more than with real visual targets. Shift of the visual scene will be prevalent in VEs utilizing HMVDs, and will be a problem when spatial registration between the real and virtual worlds is necessary (teleoperations, telerobotics), when the orientation of the work space relative to the body is critical, or when spatial registration with systems not mounted on the head (such as haptic displays) is necessary. The haptic stabilization we observed counteracted the effects of visual display slippage. It is apparent that reaching endpoint is stabilized by a haptic surface even when the visual display moves. It might have been expected that visual capture would override the haptic effect, but this was not the case.

We have recently found that contact with a stable surface can act as a sensory stimulus for postural stabilization. In an experimental setting, we measured postural sway during quiet standing. Subjects either stood free or rested their finger on a flat, stable horizontal bar. In one condition, subjects were permitted to lean as hard as they wanted to on the bar; in the other an alarm sounded if they applied more than 100 g of force. In the later, light touch condition, all subjects quickly learned to maintain a 40 g level of force, which is too light to provide mechanical support. Precision contact of the index finger cut postural sway in half relative standing in the dark with no touch contact. Light touch reduced sway as much or more than vision (Holden, Ventura & Lackner, 1994). Some combination of fingertip contact and brachial feedback about arm configuration relative to the torso facilitate control of stance. This example adds to the evidence that contact with environmental surfaces has an important role in spatial orientation and suggests speculation on further applications in VEs. VEs are likely to be used for geographical familiarization for combat training. Providing tactile landmarks may aid navigation through such environments, where visual registration may be lost.

Recommendations

1. Haptic feedback from environmental surfaces stabilizes motor performance in a real and virtual environments.

2. Adding or removing haptic information about environmental surfaces has no immediate effect on reaching accuracy. Instead, reaching performance worsens gradually throughout a session in which visual virtual targets are presented without a haptic context and recovers gradually toward normal performance when haptic information is added. These results imply that haptic contact with environmental surfaces is more important for long term calibration than on-line control.

3. Reaching to a virtual visual target presented in our helmet mounted visual display was less accurate and more variable than reaching to a comparable real target. These reaching errors were presumably due to lack of spatial fidelity of the visual virtual target, the most likely cause being misalignment between the optic axes of the helmet and subject owing to slip of the helmet on the head. Slippage fluctuated within an experimental session causing reaching performance to vary. Our results indicate that stable haptic information about the surface substrate of a virtual visual target presented in low fidelity improvs goal directed activity. This means haptic feedback can compensate for inherent problems with helmet mounted displays.

4. These results were obtained without visual representation of the arm in the helmet mounted display and without tactile representation of the targets. In our experiments without these factors, haptic feedback from surfaces may have played a bigger role than it ordinarily does. The role of haptic feedback should be examined in a wider range of situations in order to best assess its value in operational VEs.

5. Overall, the results suggest a new role for haptic interfaces in VEs. The usual role for haptic VE displays is conveying information about the properties of things that must be handled, such as tools, joysticks and moveable objects. Sometimes the properties of a fixed surface to be manipulated are simulated, such as body tissues. The new role we are suggesting does not relate to conscious awareness of object properties but instead to self-calibration to the virtual environment. Our work here focused on motor calibration but another area that haptic cue may enhance is development of spatial cognitive maps. 

An overriding concern for the motor system, even in a natural terrestrial environment, is maintaining the ability to generate muscle forces that will carry out the desired spatial plan for movements. We have demonstrated that the appropriateness of issued commands is assessed at least partly in terms of whether collisions with environmental surfaces that can be assumed to be fixed and stable occur as planned. Thus motor calibration depends on haptic feedback. Planned collisions with environmental surfaces are also important for finding one’s way around the environment. In a VE that simulates walking around in a new building, for example during urban combat training, having a feel for the walls and corners might provide important orienting landmarks that could speed up learning. In a VE that simulates a firefighting scenario below decks in a ship, touch cues could provide the only carryover from the virtual training environment to the real one where visibility might be poor. In general, the haptic component is part of the multi modal nature of VEs that can enhance motor tasks and possibly spatial cognitive tasks.
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