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INTRODUCTION

Purpose

The purpose of this chapter is to reveal the aspects of perception and action that are essential

for simulating self motion in a virtual environment.  It is assumed that a goal of the associated

technology is to provide for compelling experiences of presence in virtual environments.  The

potential manifestations and applications of this emerging technology are sufficiently diverse that

general discussions are difficult.  Consequently, this chapter focuses on research that is relevant to

flight simulation.  While the discussion is couched in the particulars of flight simulation, it is

emphasized that the design principles and strategies are not limited to flight simulation.  To promote

generality, self motion in real and virtual environments is discussed from the perspectives of

ecological psychology  and control theory.  The centrality of these complementary perspectives is

due to the fact that they have generated a significant body of theoretical and empirical research in

which the interaction between a human and an environment and the linkage between perception and

action are fundamental.  More extensive treatment of these perspectives, and their relevance to self

motion, are available elsewhere (Flach, 1991; Riccio, in press).

From ecological and control-theoretic perspectives, one must start with identification of the

task-relevant information (e.g., Riccio, 1993, in press).  Only then do issues concerning

observability and controllability of a system's behavior become nonarbitrary, and only then can

developments in simulator technology transcend the arbitrary constraints of convenient

experimental paradigms.  In other words, research and development in flight simulation should be

based on an epistemology that is commensurate with the tasks performed in flight simulators and

with those aspects of the human and environment that are meaningfully related to these tasks.  The

conceptual analysis presented in this chapter exemplifies such an epistemology (see also, J. Gibson,

1979, pp. 7-43, Riccio, in press).

Caveats and Cautions

Extensive conceptual analyses, such as presented in this chapter, are unusual in published

applications of control theory to perception and action.  Control-theoretic analyses usually proceed

expeditiously from block-diagram representations of a system to formal mathematical models of the

system and its behavior.  These models have definite epistemological implications, although the

implications are rarely examined extensively.   Such implications generally follow from

mathematical assumptions (e.g., initial values, boundary values, parameterization, equation structure)

that are heavily influenced by criteria such as solvability and computability.  Different mathematical
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techniques have different assumptions and implications, and these differences can proliferate as

models develop.  If modeling techniques are driven primarily by domain-specific mathematical

expedients, they are likely to diverge with respect to the phenomena that they can explain.  It is in

this sense that particular programs of research in control theory and ecological psychology may

appear to be incompatible.  Mathematical models must converge, however, if they are motivated by

similar conceptual analyses of the systems and behavior they are intended to explain.  Thus, the

conceptual treatment of self motion in this chapter should not be interpreted as an argument against

mathematical modeling.  Rather, it is a necessary precursor to any mathematical model of the

perception and control of self motion.

Topics such as self motion and flight simulation are familiar in ecological psychology and

in the study of human-machine systems.  Most readers will undoubtedly have expectations about

this chapter that are based upon other treatments of self motion and flight simulation.  These

expectations could be a problem for the reader insofar as this chapter presents a radically different

style of analysis.  The reader will be disappointed, for example, if a comprehensive summary of the

literature is expected.  As a conceptual analysis this chapter provides a guide to thinking about the

phenomena of self motion and flight simulation rather than a survey of the facts.  A premise of this

chapter is that we are largely fact-less in the scientific study of these phenomena.  An increasing

amount of detail has become available on a vanishingly small subset of self motion and flight

simulation.  Much of this concerns mathematical modeling of vehicular control and visual

perception of the objects and events depicted in a computer-generated display.  While these areas of

investigation are important, they are not even close to being sufficient for an appreciation of real and

simulated self motion.  

This chapter attempts to reorient the study of these phenomena so that subsequent analyses

have sufficient scope.  The conceptual reorientation sacrifices depth of analysis for breadth.  Thus,

readers who are familiar with the traditional approaches to real and simulated self motion may find

the conceptual reorientation somewhat unsatisfying.  Familiarity with traditional approaches may

actually be a problem since this chapter challenges some of the most pervasive assumptions in the

study self motion.  By relaxing these assumptions, the conceptual reorientation broadens the

domain of inquiry and it leads to some areas of scientific inquiry that have been relatively neglected

in the study of self motion.  The intent in this chapter is to acquaint the reader with the diversity of

research that is relevant to the perception and control of self motion.  A detailed discussion of such

a diverse body of research is beyond the scope of this chapter.  For these reasons, the reader should

expect to be left with many more questions than answers.  This chapter attempts to entice the

research-oriented reader to consider a broader domain of inquiry.  The design-oriented reader

should expect to discover a significantly extended range of possibilites for the design of flight

simulators or for any simulation of self motion.
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Pedagogical Foundation

Block diagrams are used in this chapter to graphically summarize categories of human-

environment interactions that are essential in the perception and control of self motion.  In addition,

such diagrams emphasize the coupling of perception and action.  The mutuality of the human and

the environment, and the coupling between perception and action, are fundamental principles in

Ecological Psychology (J. Gibson, 1979).  Block diagrams, on the other hand, are more familiar in

control theory.  The correspondence between ecological psychology and control theory is

somewhat controversial.  It has been argued, however, that there are deep conceptual connections

between these two approaches (Flach, 1990; Riccio, in press).  Both approaches begin by

differentiating1 between the essential and incidental characteristics of a system.  In control theory,

block diagrams document the conclusions of this initial phase of invesitgation.  Block diagrams

represent both the separable components of a system and the functional relations among these

components.  They describe the interactions between sensors, controllers, and controlled processes.

These components are persistent characteristics of systems that can be identified over changes in

systems.  Thus, consideration of invariance and transformation underlies the development and use

of block diagrams for the analysis of a system's behavior.

Block diagrams are generally constructed from arrows, branching points, circles, and

rectangles.  Arrows represent the "flow of control energy or information" from one component of

the system to another (DiStephano, Stubberud, & Williams, 1967, p. 13; cf., Kugler & Turvey,

1987, pp. 7-9).  Branching points indicate that energy or information flows from one component of

the system to several other components.  Circles (summation points) generally represent simple

concatenation operations such as addition or subtraction.  The outputs of these operations are

dimensionally similar to the inputs.  Rectangles (blocks) represent cause-effect relations such as the

transfer function for some subset of the system or the perception-action relations for some human

activity.  These dynamical2 relations generally depend on the spatiotemporal characteristics of

change in the system, and the outputs of these dynamical subsystems are often dimensionally

different than the inputs. Block diagrams vary in detail because they reflect the level of detail in the

corresponding analysis of a system.  The amount of detail in a block diagram is determined by the

invariants and transformations that are considered in the analysis of a system's behavior.  The

remainder of this introductory section is a summary of the invariants and transformations, and the

elements of the associated block-diagram representations, that are considered essential to the

perception and and control of vehicular motion (see also, Riccio, in press).
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Vehicular Control

Vehicular Control Relative to the Surroundings

There can be more than one cause for an observed change in orientation or motion of onself

or the vehicle in which one is an occupant.  This is illustrated in Figure 1 (Riccio, in press).  The

stimulation of the sensory organs ("input" to the "sensors") provides information about a change in

state relative to the surroundings irrespective of the cause of the change.  J. Gibson (1979, p. 184)

referred to this information as kinesthesis3, and he was careful to distinguish it from feedback or

reafferance about controlled movement (see also, J. Gibson, 1964).  Control actions ("outputs"

from the "controller") are just one cause of change relative to the surroundings.  Events in the

surroundings can also result in change (e.g., motion) relative to the surroundings.  

Vehicular motion is observed with respect to particular task-relevant aspects of the

surroundings.  Uncontrolled motion occurs whenever there are task-relevant changes or

disturbances in the surroundings, and this relative motion need not involve a transmission of force

from the surroundings to the vehicle (cf. J. Gibson, 1979, pp. 93-102).  Three types of disturbance

are represented in Figure 1:  (a) a vehicle can be displaced relative to an object, the terrain, and the

inertial environment4 by some external force such as a wind gust; (b) a vehicle can be displaced

relative to the terrain because of variation in terrain (e.g., hills and valleys); or (c) a vehicle can be

displaced relative to an object because of motion of the object (e.g., movement of another vehicle). 

_____________________________________________________________________________

Place Figure 1 about Here

_____________________________________________________________________________

Dynamical Variation and Vehicular Control

 

One can differentiate between disturbances if there is invariant structure in stimulation to

specify persistence and change of objects and the terrain (J. Gibson, 1979, pp. 102-110).  If a

precipice is perceived as such, for example, the relative motion resulting from flight over the

precipice is not confused with motion relative to the inertial environment (e.g., change in altitude due

to wind shear).  The availability of information in stimulation does not guarantee that the
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information can be picked up by an observer.  Perceived variation in the level of the terrain before

passage over the precipice could be different than the perceived change in above-ground-level

during passage over the precipice.  The difference could be incorrectly attributed to motion relative

to the inertial environment and there could even be a visceral experience associated with this event. 

Such misperceptions are mitigated by perception of motion relative to the inertial environment. 

Perception of motion relative to the inertial environment is, by definition, equivalent to perception of

change in the inertial environment.  Perception of such motion is possible if there is invariant

structure in stimulation that specifies change in the inertial environment.

The inertial environment changes whenever a vehicle speeds up, slows down, or changes

direction, that is, whenever there is change in the vehicular velocity vector.  The inertial environment

is part of the aerodynamic environment since it influences the response of the aircraft to control

inputs and external forces.  Factors that affect the inertial environment are represented on the input

side of the aerodynamics in Figure 1.  Aerodynamics constrain the effects of forces on the aircraft

while such constraints are not imposed on the effects of object motion or terrain variation.  The

vestibular and somatosensory systems are stimulated whenever external forces cause variations in

magnitude or direction of vehicular velocity (Stoffregen & Riccio, 1988).  This is obviously not the

case for variations in remote objects or the terrain.  Thus, multimodal perception can be important

for differentiation among disturbances.  (Riccio, in press) has argued that multimodal differentiation

is necessary because (a) it is the only general way to detect persistence and change in the inertial

environment and (b) such information about the inertial environment is required to predict the

effects of the pilot's control actions on the motion of the aircraft.

Effects of Vehicular Control on the Human Operator

Sustained acceleration in a vehicle changes the magnitude of force on occupants in the

vehicle.  These so-called "G forces" have both physiological and biomechanical effects on the

occupants (see Kron, Cardullo, & Young, 1980; Brown, Cardullo, McMillan, Riccio, & Sinacori,

1991).  Large G forces can lead to a progressive loss of peripheral vision "gray out") and even a

complete loss of vision and loss of consciousness ("black out").  Such events impose hard

contraints or limits on perception and action by the pilot, and these limits partially determine the

operational envelope of the pilot-aircraft system.  Robust control of a system is facilitated if the

states of system relative to its limits are observable (cf., Riccio, 1993; Riccio & Stoffregen, 1988;

1991).  The physiological effects of increasing G forces provide information about the limits of the

pilot-aircraft system with respect to its limits, and this information can support robust control of an

aircraft.  The informational role of these physiological effects is represented in Figure 2.

While sustained "high-G" manuevers are relatively rare, variations in the inertial
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environment involving lower magnitudes of force and acceleration are ubiquitous.   Common

sources of variation include transients due to sudden disturbances or sudden changes in direction

and orientation.  A source of more continuous variation is vibration.  Vibration and transients have

consequences for nonrigid organisms in general (Riccio & Stoffregen, 1988) and, in particular, for

occupants of vehicles who are neither rigid nor rigidly attached to the vehicle (Boff & Lincoln,

1988, pp. 2076-2081; Griffin, 1975).  Such disturbances generate motion of an occupant relative to

controls, displays, and the seat in the cockpit.  Relative motion stimulates multiple perceptual

systems, and there is information in this stimulation that can facilitate vehicular control (Riccio, in

press).  Relative motion can also degrade vehicular control, however, to the extent that it interferes

with perception and action in the cockpit.  The information available in nonrigidity and disturbances

due to nonrigidity are represented in Figure 2.

_____________________________________________________________________________

Place Figure 2 about Here

_____________________________________________________________________________

Coordination of Postural Control and Vehicular Control

Postural Control in the Cockpit

Pendulum dynamics in general, and balance in particular, are pervasive properties of human-

environment interactions (Stoffregen & Riccio, 1988).  Constraints that are specific to pendulum

dynamics are imposed by gravitational and resistive inertial forces.  The sum of these forces is

sometimes referred to as the gravitoinertial force vector (see e.g., Young, 1984, pp. 1046-1051). 

The magnitude of the gravitoinertial vector is nonzero whenever a body is in contact with a support

surface, and the direction of this vector generally determines the direction of balance for a body in

contact with a surface of support (Stoffregen & Riccio, 1988; Riccio & Stoffregen, 1990).  When

the orientation of the body deviates from the direction of balance, torque is produced by the non-

alignment of gravitoinertial and support surface forces.

The dynamics of balance in the cockpit vary because of variation in the gravitoinertial vector

within and across typical flight maneuvers (see e.g., Brown et al., 1991).  Linear acceleration and

centripetal acceleration of the aircraft change both the direction and magnitude of the gravitoinertial

vector.  Thus postural control in vehicles must be robust, or it must adapt, to variations in both the
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direction of balance and the consequences of imbalance.  Adaptability is also important because

postural control is influenced by situation-specific factors other than torques on the body segments

(Riccio, 1993; Riccio & Stoffregen, 1988; 1991).  The visual system and the parts of the body

involved in manual control are nested within the postural control system (J. Gibson, 1966, 1979;

Reed, 1982).  Postural orientation and configuration may be modified to facilitate perception and

action.  For example, the pilot may tilt the head away from the direction of balance to scan a

“tilted” horizon.  In addition, the pilot may move the head or torso to minimize movement with

respect to the inside of the cockpit even when this increases movement with respect to the direction

of balance.  Such nonmechanical influences on postural control are analogous to effects that

variations in remote objects and the terrain have on vehicular control.  System diagrams for postural

control should represent the observability of postural orientation and configuration with respect to

balance, support surfaces (e.g., an aircraft seat), manipulanda (e.g., control stick in the cockpit), and

objects of visual regard (e.g., cockpit instruments).  Figure 3 is a simplified diagram that represents

these essential aspects of postural control.

_____________________________________________________________________________

Place Figure 3 about Here

_____________________________________________________________________________

Coupled Control Systems

The importance of postural control in a vehicle indicates that the human operator is

confronted with two concurrent control tasks.  On the one hand, the operator needs to control the

dynamical interaction between the vehicle and its medium or surface of support.  On the other hand,

the operator needs to control the dynamical interaction between his or her body and the interior of

the vehicle.  The two interactions can and should be represented as separate systems in the diagrams

that represent the respective control problems.  Each system exists in the context of the other in that

the behavior of each system influences the other.  The disturbance of each system by the other is

one source of coupling between the systems.  Another source of coupling derives from

coordination between the controllers, that is, interdependence between the perception-action

relations that are relevant to the respective control problems.  The two sources of coupling are

represented in Figure 4.

 The coordination of postural and vehicular control suggest that these two control systems
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form a "superordinate" control system (Riccio, in press).  The function that can be uniquely

attributed to this superordinate system is the perception and control of self motion.  Self motion is

not adequately described by the component (or subset of components) of the system diagram that

refers to vehicular control.  This component does not differentiate the control of remotely piloted

vehicles from the control of a vehicle in which the operator is an occupant.  Thus, vehicular control

considered in isolation can only lead to models of phenomena that are common to these two types

of vehicle.  The experience of constant velocity motion is such a phenomenon, albeit vanishingly

rare.  Since the control of self motion involves variations in velocity and acceleration, the postural

consequences of these variations must be considered in any model of the perception and control of

self motion.

Ubiquitous postural control activity provides "persistent excitation" of the human-

environment system that reveals the changing dynamics of this interaction (Riccio & Stoffregen,

1991).  In particular, postural control is sensitive to variations in the magnitude and direction of the

gravitoinertial force vector.  Postural control activity is analogous to the "dither" of the aircraft’s

controls in that it can provide information about changes in the inertial or aerodynamic environment

(Riccio, in press).  The obtaining of such stimulation allows the pilot to "feel" the changing

dynamics of the aircraft.  A possible advantage of the information in postural dither is that it does

not interfere with vehicular control actions to the extent that dither on the control stick can.  Another

advantage is that this information is always available unless the pilot is completely restrained in the

cockpit.  One reason to emphasize this source of information is that it reveals another way in which

control systems can be coupled.  The postural control system can be considered as an "informative

dynamical component" of the sensors used for vehicular control (Riccio, in press); that is, the

vehicular control loop is closed through the postural control system of the human operator.  Such

"active observation" may be a general form of coupling in nested systems (Gibson, 1979; Riccio, in

press; Shaw et al., 1992).  It could be generally important in the control of self motion since

postural control is relevant in all forms of pedal and vehicular locomotion.  This is consistent with

the importance attributed to the basic orienting system in an ecological approach to perception (J.

Gibson, 1966, 1979; Riccio, 1993; Riccio & Stoffregen, 1988, 1991).

_____________________________________________________________________________

Place Figure 4 about Here

_____________________________________________________________________________
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SIMULATED VEHICULAR CONTROL

Simulator Fidelity

The sine qua non  of flight simulation is generally considered to be the capacity to induce

perception of self motion through an environment without moving the observer.  This capacity

becomes useful if the observer is allowed to control the simulated self motion, if the observer-actor

can achieve goals.  Most goal-directed motion through the environment requires perception of

objects and surfaces that are distant from the observer.  Visual perception is thus crucial for goal-

directed motion and there is no question that visual display systems are necessary in flight

simulation.  Furthermore, there is general agreement that further developments in visual display

systems are important because recognition of familiar objects and layouts increases the range of

flight tasks that can be performed in the simulator.  For example, the detail on a tanker aircraft is

important in the approach and docking phases of in-flight refueling; the depth of a ravine or the

presence of telephone wires is important in low level flight.  The issue in flight simulation over

which there is the greatest controversy, and which has the greatest design consequences, is whether

there are any situations in which visual display systems are not sufficient (e.g., Cardullo & Sinacori,

1988; Hosman & van der Vaart, 1981; Lintern, 1987).  Consequently, there is some disagreement

about whether nonvisual displays are necessary for high-fidelity simulations.  There is a lack

of general agreement about the criteria for fidelity of flight simulators.  This makes it difficult to

resolve controversies about the sufficiency of particular displays.  Fidelity criteria fall into two

general categories (E. A. Martin, et al., 1986; Riccio & Hettinger, 1991; R. Warren & Riccio,

1985):  (a) Subjective experience in the simulator and the aircraft should be similar (experiential

fidelity).  Ideally, the simulation should not be perceived as such (i.e., as a simulation), but rather as

motion of the pilot in an environment with recognizable objects.  (b) Flight control skills acquired in

the simulator and those acquired in the aircraft should be similar (action fidelity).  Ideally, training

in the simulator should transfer to the aircraft.  Progress in flight simulation has been limited by a

poor understanding of experiential fidelity and action fidelity, and this can be attributed to neglect of

many of the issues reviewed in this chapter (although, see Brown, et al., 1991; Riccio, in press).

The controversy about the sufficiency of visual displays in flight simulation has theoretical

as well as practical relevance.  The general theoretical issues concern multimodal perception of self

motion and control of the nested systems involved in orientation and self motion (Riccio, in press). 

The real and simulated events for which these issues are most important involve variation in

orientation, variation in the velocity vector for self motion, and the consequences of these variations

for perception and action.  The consequences of variation in orientation or velocity derive from the

forceful interaction of the aircraft or simulator with the pilot’s body.  Vehicular motion, and the
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forces that they impose on the pilot's body, stimulate multiple perceptual systems.  It is a common

assumption in many areas of research, including those concerned with flight simulation, that such

multimodal stimulation is either redundant or conflicting (see Stoffregen & Riccio, 1988; 1991). 

This assumption is inappropriate, however, given that nonredundancies are both common and

informative for a nonrigid body (Riccio & Stoffregen, 1988, 1991).  Multimodal stimulation is

more accurately described as complementary, and this complementarity has nontrivial implications

for the perception and control of self motion.  While redundant stimulation may be considered

unnecessary in many situations, complementary stimulation would be necessary if it provided task-

relevant information not available to individual perceptual systems.  Rigidity of the body and

redundancy or conflict of multimodal stimulation are two pervasive assumptions that are rejected in

this chapter.  This leads to a completely different view of action fidelity and experiential fidelity in

flight simulators.

Vehicular Control Relative to the Simulated Surroundings

One set of goals for locomotion includes chasing, avoiding, or moving with another object

(see R. Warren, 1990).  Such events can be simulated simply by providing information about the

relative location of a moving object.  Visual displays that provide this minimal information are

common in target following or pursuit tracking experiments which investigate the spatiotemporal

characteristics of manual control (see e.g., Poulton, 1974).  It can be difficult, however, to

differentiate controlled and uncontrolled movements when only the relative location of the target is

visible.  For example, vehicular motion and motion of another object can each result in a change in

the relative location of the object.  Differentiating between these two causes of relative motion

makes possible the identification of vehicular dynamics (i.e., effects of one's control actions) and

the identification of any regularities in the motion of the other object.  Knowledge of the dynamics

of the controlled system or the dynamics of disturbances can improve control performance.  Thus,

displays that support differentiation between vehicular motion and object motion can improve

target-following in a simulated vehicle.  The results of Hosman and van der Vaart (1981), for

example, demonstrate this point.  They found significant improvements in target-following

performance when either peripheral visual displays or whole-body motion were added to a central

visual display (18% and 33% reduction in tracking error, respectively).  Peripheral displays and

whole-body motion provided information about vehicular motion relative to the stationary

environment while the central display provided information about relative location of the target. 

This effect was probably not due to differences across conditions in the perceivability of vehicular

dynamics since vehicular dynamics did not vary.  It was presumably due to differences in the

pilot’s ability to predict movements of the target.  In fact, the analysis of the control behavior
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revealed that pilots anticipated movements of the target when information about vehicular motion

was available (Hosman & van der Vaart, 1981, p. 283).5

The results of Hosman and van der Vaart (1981), indicate that human operators do not

simply respond to an instantaneous deviation from a desired state.  Humans perceive regularities in

a controlled system and in the surroundings of a system as events unfold over time.  Knowledge of

these regularities can improve control of a system such as a simulated vehicle.  Simulator displays

that support the differentiation between controlled and uncontrolled movements facilitate the

perception and exploitation of regularities in the simulated vehicle and the surroundings.  As noted

above, however, uncontrolled motion can result from forces in the surroundings that move the

vehicle as well as events in the surroundings, such as object motion, that do not affect the vehicle. 

The former is the case in disturbance regulation or compensatory control experiments (see e.g.,

Poulton, 1974).  In such experiments, information about vehicular motion relative to the stationary

environment does not necessarily support differentiation between controlled and uncontrolled

movements.  This should make it difficult to perceive and exploit regularities in a disturbance.

Hosman and van der Vaart (1981) also investigated disturbance regulation with central visual

displays, peripheral displays, and whole-body motion.  Their results do not show any evidence of

anticipatory control behavior in a disturbance regulation task.  Performance was significantly

improved when whole-body motion was added to the central and peripheral displays (see also,

Junker & Replogle, 1975), but the data on control behavior indicate that this was due to increased

sensitivity to higher rates of vehicular motion (Hosman & van der Vaart, 1981, p. 282).6

The results from disturbance-regulation and target-following experiments emphasize an

important general point in flight simulation.  Additional displays can improve performance either by

increasing the number of events that can be separately perceived (e.g., differentiation between object

motion and vehicular motion) or by increasing sensitivity to less-specific events (e.g., increased

sensitivity to relative motion between object and vehicle).  The task or goal of locomotion

determines the importance of differentiation and sensitivity.  Since natural tasks are generally

nested, displays may have to serve both of these functions.  Chasing or avoiding another object, for

example, requires sensitivity to relative motion, and increased sensitivity to relative motion can

improve performance in such tasks.  It is also important, however, to differentiate among the causes

of relative motion.  Such differentiation supports perception and exploitation of regularities in the

various disturbances, and it supports the observability and controllability of vehicular motion

relative to the stationary (or inertial) environment.  Vehicular motion relative to the inertial

environment has consequences for control since there are boundary conditions on controllability. 

For example, it is important to perceive the linear or centripetal acceleration of a vehicle relative to

the limits on thrust or turning radius in order to manage efficiently the energy transfers that occur

during locomotion.  Simulations that do not provide the information required for such activities are
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fundamentally deficient.

Dynamical Variability in Simulators and Vehicular Control

Perception of the Aerodynamic Environment  

Perception of vehicular motion relative to the inertial environment is not important when

acceleration is either small, nonexistent or irrelevant to the task.  This is the case in many

experiments on simulated vehicular motion, but is relatively rare for locomotion in general because

slowing down, speeding up, and changing direction are almost always necessary in the attainment of

one's goals.  Thus, perception of vehicular motion relative to the inertial environment, and the

fidelity with which such motion is simulated, determines which tasks or situations can be

reasonably recreated in the simulator.  The extent to which an occupant of a flight simulator can

move, or be moved, with respect to the inertial environment is extremely limited.  In fact, this is the

essential difference between a simulator and a real vehicle.  In current fixed-base simulators the

perception of acceleration is heavily, if not exclusively, dependent on the visual perception of linear

and centripetal acceleration (i.e., visual kinesthesis) and perception of the forces implicit in visually

displayed acceleration.  Unfortunately, there are few experimental data on visual sensitivity to

accelerative self motion (Todd, 1982; W. Warren, Mestre, Blackwell & Morris, 1991).  The

experiental data suggest that such sensitivity is extremely limited, and this conclusion is supported

by anecdotal evidence7. Perception of acceleration in a fixed-base simulator may be limited because

vehicular acceleration is fundamentally a multimodal phenomenon (Riccio, in press).  This implies

that multimodal perception is relevant even when simulations or experiments do not involve actual

movement of the observer relative to the inertial environment.  Multimodal stimulation in current

fixed-base simulators is specific to remote control (teleoperation) of a vehicle.  It is not specific to

self motion.

Vestibular and somatosensory systems are involved in the perception of self motion, or

absence thereof, even when simulators or experimental manipulations are limited to visual displays. 

This view contrasts with an assumption that information about motion is unavailable to the

vestibular and somatosensory systems when there is no motion.  Such an assumption is implicit in

most research on postural control and simulated self motion.  Two common manifestations of this

assumption about the vestibular and somatosensory systems are that (a) the magnitude of motion is

related to the informativeness of the attendant stimulation, and (b) a modality is irrelevant to

experimental results unless the corresponding stimulation is either experimentally manipulated or

indirectly effected by such manipulations.  A revealing exception is an experiment on the

multimodal perception of rotation and orientation (DiZio & Lackner, 1986).  Stationary observers
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looked at a rotating disk under conditions that generally induce an experience of self motion (i.e.,

perceived rotation of the body).  The disk rotated, at constant velocity, in a body-referenced roll axis

while the disk and the observer's head were oriented in different ways with respect to "vertical."

(Figure 5).  This experiment is interesting in the present context because the investigators examined

effects on the perception of orientation as well as the perception of self motion.  Perception of

orientation in the various experimental conditions was constrained by the information, available to

the vestibular and somatosensory systems, that indicated absence of variation in orientation with

respect to gravity.  In general, the orientation of the disk was percieved to be in the horizontal plane

even when the disk was, in fact, tilted 30 deg relative to the horizontal plane.  This perceived or

misperceived orientation was consistent with the visual perception of constant-velocity roll motion

and the vestibular or somatosensory perception of invariant orientation with respect to gravity.  Both

kinesthesis and proprioception8 are relevant to phenomenology in this experiment (cf., Riccio, 1993,

in press).  Similar intermodal constraints should be relevant in the simulation of self motion.

_____________________________________________________________________________

Place Figures 5 and 6 about Here

_____________________________________________________________________________

Consider a curved trajectory of self motion.  The centrifugal forces on the body, during

centripetal acceleration of the body, change the gravitoinertial force vector and the direction of

balance relative to the surroundings.  Orientation to the inertial environment is independent of

orientation to the visible or tangible surroundings.  During a coordinated turn in an aircraft, for

example, the roll orientation of the aircraft changes as heading changes, and it remains

approximately aligned with the changing direction of balance (Figure 6).  Rotation and changes in

orientation of the aircraft relative to the visible surroundings can be recreated in a fixed-base

simulator, but rotation and changes in orientation relative to the inertial environment are absent. 

Stimulation of the visual system and the otolith organs in the simulator is similar to such

stimulation in the aircraft if one maintains the same orientation with respect to the direction of

balance (e.g., if one remains upright), while stimulation of the semicircular canals is different.  In

this case, stimulation of the semicircular canals allows the simulator to be perceptually differentiated

from the aircraft.  In particular, sensitivity to the absence of variation in canal simulation allows the

simulator to be perceived as such.  More generally, such perceptual differentiation is based on

intermodal relations among the perceptual systems (e.g., between otolith and canal stimulation,

between visual and canal stimulation) because stimulation of the individual systems depends on the
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postural control strategies used in the cockpit.  Postural control, and movement of the body, in a

simulator is not necessarily the same as in a real aircraft.

Multimodal patterns of stimulation are different when driving a car along a curved path on

level terrain.  During a level turn, the direction of balance with respect to the terrain changes as

heading changes, while the orientation of the car is (by definition) invariant with respect to the

terrain (Figure 7).  Stimulation of the visual system and the semicircular canals in the simulator is

different than such stimulation in the terrestrial vehicle if one remains upright, while stimulation of

the otolith organs is similar.  In this case, visual stimulation or canal stimulation allows the

simulator to be perceptually differentiated from the real vehicle.  Visual stimulation and canal

stimulation in the simulator is similar to that in the real vehicle, however, if one maintains orientation

of the body with respect to the terrain (and the vehicle).  This postural control strategy leads to

different patterns of otolith stimulation in the simulator and the real vehicle, and sensitivity to the

absence of variation in otolith stimulation allows the simulator to be perceived as such.  Thus, in

both aircraft and terrestrial vehicles, information may be available in the absence of what is generally

considered to be the "adequate stimulus" for a perceptual system.  As in the experiment of Lackner

& DiZio (1986), such null information can influence what kind of self motion is perceived. 

Presumably, a simulated event can be perceived as self motion only if one fails to

differentiate the simulator from the vehicle that is simulated.  The sensitivity of nonvisual systems to

the presence or absence of variation is important in this differentiation.  Nonvisual sensitivity is

dependent on frequency and amplitude of body movement with respect to the inertial environment.

This frequency- and amplitude-dependence is different for the otoliths and the semicircular canals

(see Ormsby & Young, 1977; Zacharias & Young, 1981).  Thus the experience of self motion in a

simulator should be dependent on the relative magnitude of linear and angular motion of the

observer relative to the inertial environment, and on the frequency and amplitude of such motion, as

well as on the frequency and amplitude of motion relative to the visually-displayed environment. 

Since the relation between the inertial environment and the visible environment is different for

coordinated turns and level turns, the relative importance of visual and nonvisual sensitivity may be

different in the simulations of these events.  Moreover, postural control should be considered in the

simulation of curvilinear self motion because movement of the body in the cockpit influences the

stimulation of the various motion-sensitive perceptual systems.9  The role of postural control in the

simulation of self motion is addressed in more detail below.

_____________________________________________________________________________

Place Figure 7 about Here
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_____________________________________________________________________________

Exploration of Aerodynamics  

Simulation of vehicular motion can be useful even if it is not perceived as self motion.  In

principle, the human operator can learn the dynamics of vehicular control in a simulator.  In learning

to control the simulator, the human operator learns the effect that actions on the controls have on

movement of the simulated vehicle.  If these dynamical relations are simulated with high fidelity,

control skills acquired in the simulator could be useful in the real vehicle.  The dynamics of aircraft

control are complex because they are dependent on a number of aerodynamic parameters in which

variation is common (McRuer et al. 1973, pp. 36-60).  The precision and accuracy with which

aerodynamics are modeled in a flight simulator is dependent on tasks that are performed in the

simulator and on various technological limitations (see e.g., Rolfe & Staples, 1986). Variation in

aerodynamic parameters is negligable in a "small signal" disturbance regulation task, for example,

and a linear model around the associated aerodynamic operating points would be sufficient for such

a task (see e.g., E. A. Martin et al., 1986).  Manuevers that involve significant variation in G, altitude,

orientation, and airspeed (see e.g., Brown et al., 1991), however, require nonlinear or piecewise-

linear aerodynamic models to adequately simulate the associated variation in maneuverability of the

aircraft.  This is a potential problem because complex aerodynamic models can lead to

computational transport delays that degrade the temporal fidelity of the simulation.  Thus, design

tradeoffs in the development of a high-fidelity simulation are common, but they are difficult because

little is known about human perception and control of such complex dynamical systems.  Data on

transfer of training between simulators with different transport delays can help support such design

tradeoffs (McMillan, Riccio, Lusk, & Bailey, in preparation).

There are tradeoffs in the development of visual displays for flight simulators because

complex visual displays also can lead to computational transport delays.  It may be necessary to

reduce display complexity in order to increase temporal fidelity of the simulation.  Reductions in

the spatial detail of a visual display could reduce sensitivity to patterns of optic flow that provide

information about aircraft motion (e.g., linear or centripetal acceleration).  In any case, limitations on

the visual perception of aircraft motion necessarily reduce sensitivity to aircraft dynamics in a fixed-

base simulator.  These limitations are less important when there are other ways to perceive

aerodynamics.  In an actual aircraft, aerodynamics are more or less observable in the moveability10

of the controls (Riccio, in press).  Aerodynamics could be perceived through dither on a control

stick, for example, if constraints on these movements are similar to constraints on movement of the
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aircraft.  Stick dynamics and aerodynamics are similar to the extent that some aerodynamic

parameters that affect maneuverability of the airframe also affect the moveability (or impedance) of

the control surfaces and, indirectly, impedance of the control stick.  Other similarities may exist

because of perceptual factors that have been implicit in the evolution of aircraft design and,

specifically, in the dynamical connections between the control stick and the control surfaces.  The

purpose of control loading systems in flight simulators is to mimic as closely as possible the

impedance (i.e., the "feel") of the controls in the actual aircraft.  It is recognized, in the design of

control loaders, that simulation of the stick impedance is important at frequencies that are at least an

order of magnitude higher than the frequencies required to simulate aircraft control (Rolfe &

Staples, 1986, pp. 77-81).  The stiffness and damping of the stick at these high frequencies and low

amplitudes could be explored with minimal effect on movement of the aircraft, and this exploration

may provide information that is relevant to aircraft control at lower frequencies and higher

amplitudes.  In this sense, dither on the control stick could be viewed as a nested inner loop or

informative dynamical component in the human-vehicle control system.  This view is similar to

recent work in teleoperation (Repperger, 1991) in which manipulator dynamics are designed

according to observability criteria rather than impedance-matching criteria.  Such an approach to

teleoperation makes explicit what may have been implicit in the design of aircraft.

Effects of Simulated Vehicular Control on the Human Operator

Physiological Effects  

While variations in G (i.e, gravitoinertial force) are important in flight, they are not

represented with much fidelity in common flight simulators.  Physiological effects, in particular, are

conspicuously absent in flight simulators with high-fidelity visual displays.  The simulation of

physiological effects is important insofar as these effects constrain perception and action

performance in the cockpit.  Presumably simulation of these effects could have some training

benefit since perception and action in the cockpit is part of piloting skill.  More generally, the

operational envelope of the pilot-aircraft system is influenced by physiological limitations of the

pilot, and representation of physiological boundaries in a simulator can be considered as part of the

problem of accurate "aero" modeling.  Knowledge of these boundaries is considered to be

important for both pilots and designers.  For this reason, human centrifuges are an important tool

for training and scientific examination of physiological effects.  Such devices are impractical for

most aspects of flight simulation because it is difficult and expensive to include high-fidelity visual

displays and because there are undesirable effects such as relatively large coriolis forces on

occupants when they move in the cockpit.  More exotic devices could be used to recreate or
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simulate physiological effects in otherwise conventional flight simulators.  Such devices have been

treated extensively in other reports (Kron et al, 1980; Brown et al., 1991).  Examples include lower-

body negative pressure (LBNP) devices and variable transmission visors.  LBNP devices reduce the

impedance of blood vessels in the lower parts of the body and, consequently, reduce blood flow

toward the head.  LBNP could recreate the lower blood pressure in the head during moderate

positive-G maneuvers.  Variable transmission visors, on the other hand, would simulate the effects

of lower blood-pressure in the head.  Such devices could simulate gray-out by progressively

reducing the field of view.

Biomechanical Effects

Variations in gravitoinertial force are more common at magnitudes that do not have

noticeable physiological effects.  Devices such as G seats and G-suits are currently used to simulate

the somatosensory effects of relatively low-magnitude inertial variations (see e.g., Rolf & Staples,

1986).  These devices employ inflatable bladders that recreate some of the tactile pressure patterns

that result when the aircraft pushes and pulls against the pilot.  G seats can be enhanced with

hydraulically or pneumatically driven actuators that increase the specificity of somatosensory

stimulation (see e.g., Kron et al., 1980; Brown, et al., 1991).  The seat pan, back rest, and seat

restraints can be driven independently in such dynamic seats and, to some extent, movement in

rotational and translational axes can be represented independently.  The potentially high bandwidth

of dynamic seats can be useful in the simulation of transients and vibration.  At the very least, such

devices allow a pilot to become acquainted with some of the challenges that vehicular motion (i.e.,

whole-body motion) pose for perception and action in the cockpit.  Beyond this, laboratory

experiments have demonstrated that skilled tracking performance, manual control behavior, and

perception of the magnitude of simulated vehicular motion in a dynamic-seat simulator can be

similar to that in a whole-body motion device (see e.g., Flach et al., 1986; E. A. Martin et al, 1986).  

The whole-body motion device in the experiments mentioned above (a roll-axis tracking

simulator or RATS) moved only in the roll axis, and the axis of rotation was through the seat pan. 

The purpose of these experiments was to make the dynamic seat as similar as possible to the RATS

with respect to various measures of perception and performance.  It was found that the dynamic seat

could be made more similar to the RATS if  the dynamics of these two devices were different. 

Unlike in the RATS, the motion of the dynamic seat was not exactly the same as motion of the

simulated vehicle (e.g., motion relative to the horizon in the visual display).  In particular, matching

the dynamic seat to the RATS required a drive algorithm for which the dynamic seat position was

proportional to visually simulated vehicular position (i.e., roll angle) at low frequencies, and for

which the seat velocity was proportional to vehicular position at high frequencies.  The general
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interpretation of this matching algorithm was that it provided a level of sensitivity to high-frequency

motion in the dynamic seat that is naturally provided by the vestibular system in the RATS.

While drive algorithms can successfully lead to the development of similar manual control

skills in the dynamic seat and the RATS, transfer of training between such devices has been

disappointing.  Furthermore, the lack of transfer is inexplicable within common models of human

operator behavior such as the crossover model or the optimal control model (see e.g., Flach, 1991). 

To understand why, one must examine the assumptions and limitations of these models and the

associated experimental techniques.  All the psychophysical and manual control techniques in these

experiments were based on the operator's sensitivity to variation irrespective of what the operator

perceived as varying.  This was consistent with models of vehicular control behavior that assumed

vehicular states were the only task-relevant parameters.  In other words, the models considered the

role of kinesthesis but not proprioception in vehicular control.  It follows that the experiments and

models are limited to those situations in which movement and control of the body in the cockpit is

irrelevant to perception and control of vehicular motion.  The lack of transfer between the dynamic

seat and the RATS suggests that movement of the body in the cockpit is relevant to vehicular

control in one or both of the devices.  That is, both kinesthesis and proprioception seem to be

relevant to control of these devices.

Movement in the cockpit also provides an alternative explanation of the whole-body

matching algorithm for the dynamic seat.  In the dynamic seat simulator, the operator perceives

motion of the body with respect to the seat and perceives the body to be stationary with respect to

the inertial environment; that is, the dynamic seat is perceived as such.  In the RATS, the operator

perceives motion of the body with respect to the seat and motion of the body with respect to the

inertial environment; that is, this whole-body motion device is perceived as such.  Motion with

respect to the inertial environment is a salient difference between the dynamic seat and the RATS,

and this difference has consequences for postural control in the cockpit.  The devices also differ in

the motion of the body with respect to the seat pan.  The difference is primarily at low frequencies

of motion (i.e., rotational acceleration) because the body tends to move with the RATS at lower

frequencies and accelerations.  Thus, somatosensory stimulation is attenuated at low frequencies in

the RATS.  Somatosensory stimulation becomes increasingly similar in the dynamic seat and the

RATS as frequency of motion increases because the body increasingly resists motion at higher

frequencies and accelerations in the RATS.  This suggests that a matching algorithm would have to

attenuate motion in the dynamic seat at low frequencies but not at high frequencies.  In fact, the

matching algorithm does exactly this (Flach et al, 1986; E. A. Martin et al., 1986).  Note that the

vestibular interpretation does not address, and seems to be inconsistent with, the attenuation of

dynamic seat motion in a whole-body matching algorithm.

The motion of the dynamic seat would have to be attenuated even further to match the
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somatosensory stimulation in an aircraft.  Roll-axis motion in aircraft is usually accompanied by

changes in the lift vector and the gravitoinertial vector.  In coordinated turns, for example, change in

roll angle leads to minimal change in orientation with respect to the gravitoinertial vector.  (This is

largely due to the aerodynamic characteristics of the airframe.)  Somatosensory stimulation may be

important for the perception and control of large amplitude transients such as a snap roll (see e.g.,

Brown et al, 1991) or precision tasks such as landing during downdrafts (Strughold, 1950, p. 995),

but the variation in the pilot's orientation with respect to the seat is generally much less than the

variation in the aircraft's orientation.  This has obvious implications for dynamic seat drive

algorithms in flight simulators.  For example, drive algorithms for the dynamic seat that match

performance in a device such as the RATS may have unrealistically large excursions compared to

real aircraft.  While such augmented information can improve tracking performance, pilots may

indicate that the experience is different than in a real aircraft  (Cress, McMillan, & Gilkey, 1989, pp.

100).  Such phenomenological reports by skilled participants (e.g., pilots) can play an important

role in the investigation of human-environment interactions (cf. Riccio, 1993), and in the present

context, they suggest that the nominal vehicular control task (e.g., compensatory tracking) is only

part of the nested task-structure when one interacts with the environment while moving.  Pilots must

be sensitive to movement of the body in the aircraft as well as movement of the aircraft.

COORDINATION OF POSTURAL CONTROL AND SIMULATED VEHICULAR

CONTROL

Postural Control in Simulated Vehicles

Phenomenological comparisons between simulators and real vehicles are consistent with

data on performance matching and transfer of training between simulators.  The nonrigidity of the

human operator is difficult to ignore from either of these perspectives.  The salient fact of

nonrigidity suggests that control of self motion involves coordination of nested systems.  Human

operators can learn to control a moving seat in ways that are superficially similar to control of a

whole-body motion device, but different skills are acquired in doing so.  The perception-action

relations are different in the two devices.  Control of the moving seat requires sensitivity to the

changing pattern of contact between the seat and the body and the ability to couple manual control

action to these patterns.  Control of whole-body motion is different because of movement in the

cockpit.  Neither vestibular nor somatosensory simulation alone is specific to movement of the

device.  The human operator must be sensitive to intermodal relations between vestibular and

somatosensory stimulation in order to perceive motion of the device (cf. Stoffregen & Riccio,

1988).  Moreover, a whole-body motion device presents a different challenge to postural control
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than does a moving seat.  In both devices, the human operator must stabilize the hand-arm system

with respect to the control stick and stabilize the visual system with respect to the visible

surroundings.  Such interactions with the cockpit environment impose general constraints on

postural control, but the way in which perception and action constrain posture in a whole-body

motion device is different than in a dynamic-seat simulator.  Movements of the RATS, for example,

affects the position and motion of the body with respect to the control stick, the visual display, the

seat, and the direction of balance.  Postural adjustments must be coordinated with movements of the

device in order to stabilize the perception and action systems with respect to the cockpit.  The

meaning of vestibular and somatosensory stimulation in a whole-body motion device is different

than in a dynamic-seat simulator.  The information in stimulation is different, and it has different

affordances for the coordination of postural control and vehicular control, in the two devices (cf. J.

Gibson, 1979;  Riccio, 1993; Riccio & Stoffregen, 1988, 1991).

Perception of Postural States in Simulated Vehicles

Postural control in a simulator provides information about the direction of balance in the

simulator, but the direction of balance cannot be manipulated in most simulators.  This is a problem

because the direction of balance changes frequently during goal-directed self motion.  Thus,

perception of the direction of balance in the simulator imposes limitations on the fidelity with which

self motion can be simulated.  Sensitivity to the direction of balance is primarily due to balancing of

the head when other body parts are passively stabilized, and such sensitivity increases with tilt from

the direction of balance (see Riccio et al., 1992).  Noticeable deviations from the direction of

balance occur in a flight simulator when the rotational component of a coordinated turn is

reproduced with a motion platform, but tilt in an aircraft is minimal because the gravitoinertial vector

remains roughly perpendicular to the wings as the aircraft rolls.  This creates a tradeoff in flight

simulator design.  Platform rotation increases the fidelity of the simulation with respect to vehicular

motion but it decreases the fidelity of the simulation with respect to vehicular orientation.  The

tradeoff has resulted in specialized drive algorithms that partially decouple the perception of rotation

and orientation (see e.g., Rolfe & Staples, 1986, pp. 166-120).  High-pass washout filters minimize

sustained tilt with respect to the direction of balance but allow high-frequency variations in rotation

and transient changes in orientation to be preserved in the motion platform (Figure 8).  Further

decoupling of rotation from transient changes in orientation can be accomplished by coordinating

rotation and translational acceleration of the motion base.  Pitching upward, for example, can be

accompanied by a transient backward acceleration so that changes in orientation with respect to the

gravitoinertial vector are minimized.  Rotation and translation can also be coordinated to simulate

sustained accelerations.  Tilting the motion platform with respect to gravity, for example, simulates
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changes in the gravitoinertial vector with respect to the aircraft during linear or centripetal

acceleration of the aircraft (Figure 9).  Through the use of such algorithms, the forces on the pilot's

body in a simulator can closely approximate some of the forces in a real aircraft (see e.g., Parrish et

al., 1975).  This has implications for both experiential fidelity and action fidelity in the simulator.

_____________________________________________________________________________

Place Figure 8 and 9 about Here

_____________________________________________________________________________

Coordination of postural control and vehicular control should be explicitly considered in the

evaluation of experiential and action fidelity in a simulator.  Figure 10 represents these nested

control systems in a motion-base flight simulator.  The skill of coordinating the nested postural and

vehicular systems develops in the context of the forceful interactions between these systems. 

Motion devices in simulators provide the potential for development of more appropriate skills of

coordination.  The realization of this potential requires a level of analysis for postural control in

simulators that is commensurate with extant analyses of vehicular control.  A starting point is to

examine the multi-modal and multi-criterion control of posture in a simulator.  Consider, for

example, an event involving the simulation of rotation with a motion-base simulator.  Low-

frequency rotation of the simulated vehicle, represented in the visual display, would be attenuated by

washout filters in the motion base.  There would be a low correlation between visually displayed

rotation and actual rotation of the pilot and the simulator at low frequencies.  Furthermore, there

could actually be brief periods of time during which there is a negative correlation between visually

displayed rotation and actual rotation.  This would be the case if high-frequency components of

rotation, preserved in the motion base and the visual display, were opposite in sign and lower in

amplitude than the low-frequency components of rotation preserved only in the visual display.  This

could present a problem for postural control given the multiple criteria that include stabilizing

posture with respect to the visible surroundings and the inertial environment.  While this problem

may not be insurmountable for the postural control system, it could lead to motion sickness and to

the development of postural control skills in the simulator that are different than those in an aircraft.

_____________________________________________________________________________

Place Figure 10 about Here

_____________________________________________________________________________
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The potential problems of motion-base simulators with respect to coordination of postural

control and vehicular control are not necessarily an argument in favor of fixed-base simulators. 

Fixed-base simulators present different problems for coordination of postural control and vehicular

control.  In fixed-base flight simulators, deviations from the direction of balance could result from

the use of habitual strategies for coordinating postural control and vehicular control.  This effect is

represented in Figures 11 and 12.  During a simulated change in orientation, for example, one may

lean relative to the cockpit of the simulator to maintain stability with respect to the visually displayed

horizon.  This has been observed in videotapes of occupants in a fixed-base flight simulator (Riccio,

unpublished observations).  The exploratory observations indicate a tendency to align the

interocular axis with the visually displayed horizon.  This primarily involves head tilt, but small

amounts of lean in the torso have also been observed.  Presumably, alignment with the horizon

facilitates conjugate scanning eye-movements.  Small transient movements of the head and torso

have also been observed during sudden turns or changes in orientation of the simulated vehicle. 

Such postural adjustments in a simulator could be destabilizing since the forces on the pilot are

different than in actual self motion.  Adaptation to postural constraints of the simulator could lead to

the development of postural control skills in the simulator that are different than those in the

aircraft.  These differences may be greater than the differences between postural control skills in

motion-base simulators and real aircraft because the forces on the pilot can be represented with

higher fidelity in motion-base simulators, although this is not necessarily the case.

_____________________________________________________________________________

Place Figures 11 and 12 about Here

_____________________________________________________________________________

Simulated Vehicular Motion and Postural Perturbations

Differentiation of Postural Events

The effects of visual displays on postural control in flight simulators indicate that such

displays are relevant to both proprioception and kinesthesis.  The effects are analogous to the well

known effects of motion in the visible surroundings on the control of stance (Dichgans & Brandt,

1978; Lee & Lishman, 1975; Lestienne, Soechting, & Berthoz, 1977; Lishman & Lee, 1973).  Such

effects would tend to destabilize the body with respect to the inertial environment, and this
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instability could interfere with manual control in the cockpit.  Furthermore, visual displays that are

likely to affect postural control could degrade control performance in a flight simulator.  While

there are no experiments that directly test this hypothesis, some results are suggestive.  For

example, one study has revealed that disturbance regulation performance in a flight simulator can be

worse with a wide field-of-view display than with a narrow field-of-view display (McMillan, Cress,

& Middendorf, 1990).  This effect could be due to the fact that larger displays can have a greater

effect on both postural control and the perception of self motion (see e.g., Brandt, Wist, &

Dichgans, 1975; Stoffregen, 1985).  The effect of visible surroundings on postural control is useful

to the extent that it stabilizes the visual system with respect to the surroundings.  Presumably, the

destabilizing effects of large displays would be mitigated by stable visible surroundings inside the

cockpit.  Visibility of inside-the-cockpit surroundings was minimized in the experiment of

McMillan et al. (1990).  Thus, the effects of large displays on manual control may not apply to

other simulators.  In any case, experiments that minimize visibility of inside-the-cockpit

surroundings should consider postural destabilization as a potential explanation for the effects of

display manipulations on manual control performance.  

Postural control can be influenced by many factors other than the size of a visual display. 

Compelling presentations of motion in depth, such as provided by flow fields, can influence both

postural control and the perception of self motion even when displays are limited to central vision

(see e.g., Andersen & Braunstein, 1985; Andersen & Dyre, 1989).  This suggests an alternative

explanation for some of the effects optic flow has on the control of simulated vehicular motion. 

Consider an experiment on altitude maintenance in the presence of a disturbance (R. Warren &

Riccio, 1985).  In this experiment, performance was better with a display that contained only a

horizon and a longitudinal "roadway" than with a display that contained a flow field of random

texture elements on the terrain, and there was little transfer of training between displays.  Several

explanations for the differences between displays have been considered (see also, Riccio & Cress,

1986; Wolpert , 1990), but postural confounds have been neglected.  It is reasonable to predict that

postural destabilization would be greater for the flow-field display than for the roadway display, and

that the effect would be greater for optical disturbances of low magnitude (cf. Stoffregen, 1986) and

low frequency (cf. Dichgans & Brandt, 1978; Lestienne et al., 1977).  These predictions are

consistent with the altitude-dependence and frequency-dependence of the manual-control data from

the experiment of R. Warren & Riccio (see Riccio & Cress, 1986, p. 128; Zacharias, R. Warren, &

Riccio, 1985).

Disturbances can occur in any of the three translational and three rotational axes of motion. 

Disturbances differ with respect to their affordances for the nested systems that subserve perception

and action.  It has been suggested above that optical perturbations affect postural control because of

the role of the postural system in maintaining stability of the visual system in relation to the visible
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surroundings.  Thus, various axes of optical perturbation should be evaluated with respect to their

effect on visual stability and the ability of the postural systems and other action systems to

compensate for the optical perturbations.  Optical disturbances in the vertical axis, for example,

cannot be compensated by postural sway while conjugate eye movements can be sufficient for this

purpose.  Such optical disturbances should not affect postural control.  Lateral postural sway can

compensate for optical disturbances in the lateral axis and, to some extent, in the yaw axis; however,

conjugate eye movements reduce the need for postural compensation.  Tilting of the torso and

especially the head can compensate for optical disturbances in the roll axis, and such adjustments

may facilitate conjugate eye-movements for scanning optical structure by making the interocular

axis parallel or perpendicular to this structure (cf. Boeder, 1961).  The effects of motion in depth

are more complicated.  Fore-aft sway, as well as accommodation and convergence, would be useful

for optical disturbances in depth and, to some extent, in pitch if the disturbances were due to motion

of actual surfaces in depth.  Such compensatory movements would be inappropriate for common

visual displays in which the actual optical distances do not vary (i.e., the visual display is in a fixed

location).  Simulation can create problems for the visual system, and its coordination with the

postural system, to the extent that the apparent distances of surfaces in a visual display do not

correspond to the actual optical distances.  

The effect of any optical disturbance on postural control should be evaluated in the context

of the nested lens-pupil-eyeball-head-body system (cf. J. Gibson, 1979).  Putative effects of "retinal

location" or "flow structure" on postural sway (e.g., Stoffregen, 1985, 1986), for example, are

confounded with the availability and effectiveness of other action systems (e.g., lens, pupil, eyeball,

and head) for stabilizing the visual system with respect to the visible surroundings (e.g., focusing

and tracking).  Posture can be decoupled from optical disturbances because of insensitivity to the

disturbance or because other action systems compensate for the disturbance.  The effects of visible

flow (central vs. peripheral) and looking direction (toward the focus of expansion or to the side)

should be different in real and virtual environments because in the latter (e.g., in a flight simulator)

the actual locations of the visible surfaces do not change when the depicted locations change.  Thus,

data on the postural effects of motion relative to the visible surroundings in real environments may

not apply to virtual environments.

Simulator Sickness

When other action systems are unavailable or ineffective, it may be difficult for the postural

system to satisfy multiple criteria such as stability relative to balance, stability relative to the visible

surroundings, and stability relative to the tangible surroundings (Riccio, 1993; Riccio & Stoffregen,

1988).  Limitations on the multi-criterion control of posture could lead to imbalance and instability
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in situations that impose significant demands on vision and posture, such as in a flight simulator,

and prolonged instability may cause motion sickness (Riccio & Stoffregen, 1991).  This suggests

that prolonged exposure to optical perturbations could lead to motion sickness when there are

limitations on the control of posture and other action systems with respect to multiple criteria.  In

fact, visually induced motion sickness has been observed in flight simulators and other virtual

environments (see e.g., Kennedy, Hettinger, & Lilienthal, 1990).  As with mechanical disturbances,

optical disturbances at frequencies in the postural control range have been found to be particularly

nausogenic (Hettinger, Berbaum, & Kennedy, 1990).  This is consistent with the postural instability

theory of motion sickness.  The postural affordances of optical disturbances are different from

those of mechanical disturbances (Riccio, in press).  Optical disturbances should be most

destabilizing and, thus, most nausogenic in roll axis.  Data are not yet available, however, for the

differential effect of axis of optical disturbance on visually induced motion sickness.  Finally, it

should be noted that simulator sickness includes symptoms -- such as eye strain, headache, blurred

vision, and difficulty focusing --  that are not common in other forms of motion sickness (see

Kennedy et al., 1990).  Such symptoms may be due to disruptions in the eye-head system that are

similar to the disruptions in postural control.  Disruptions of the eye-head may be due to the optical

peculiarities of visual displays.  Presumably, postural instability is responsible for the symptoms

that are common to all forms of motion sickness (Riccio & Stoffregen, 1991).

Dynamical Variability in Simulators and Postural Control

Constraints During Curved Trajectories

A central theme in this chapter is that variation in the magnitude and direction of the velocity

vector must be considered in the analysis of vehicular control.  Variation in heading, in particular, is

an important part of all forms of locomotion.  Such variations generate centripetal accelerations and

centrifugal forces that have consequences for postural control.  It may be desireable to lean into a

turn, for example, to minimize the tilt of various body parts with respect to the direction of balance. 

Postural control must adapt to the torques produced by variations in heading even when tilt is not

minimized.  In general, while there are a variety of ways in which posture and locomotion can be

coordinated, some form of coordination is required to maintain the stability of these activities. 

Coordination can be more or less reactive and more or less proactive.  One can compensate for a

perceived postural perturbation produced by the torques on the body segments during a change in

heading, and one can anticipate the postural consequences of a controlled change in heading. 

Anticipatory activity depends on one's experience with the constraints on posture imposed by a

particular type of locomotion.  Constraints on posture are particularly challenging in aircraft
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because of the relatively large variations in the direction and magnitude of the gravitoinertial force

vector.  Pilots thus experience relatively large variations in the direction of balance and in the

consequences of tilt or imbalance.  Since orientation of the aircraft tends to covary with the direction

of balance, as in a coordinated turn, variation in the direction of balance may have relatively little

effect on postural control skills in the cockpit.  Variation in the consequences of imbalance,

however, could be problematic.  The forces on the pilot during common trajectories of aircraft

motion, and the postural consequences of these forces, are similar to those experienced during

"vertical-axis vibration" (Riccio, in press).   The nausogenic property of vibration in the vertical axis

suggests that such events can lead to postural instability.  Presumably, pilots adapt to these

constraints by developing postural control skills that are unique to aircraft.  One aspect of this

adaptation might be establishing a perception-action linkage between controlled changes in heading

and the strength of compensatory postural actions.

The constraints on postural control in aircraft are different than those in flight simulators. 

There are no variations in the forces on the pilot's body in a fixed-base flight simulator.  Even in

motion-base simulators, variations in the magnitude of the gravitoinertial force vector are generally

quite small.  Thus, variations in the consequences of imbalance in flight simulators are minimal or

entirely absent.  Consider how this might affect postural stability in a fixed-base simulator for a

pilot who has learned to coordinate postural control with vehicular control.  (This coupling is

represented in Figure 12).  The pilot might produce a particular muscular torque to counterbalance

the anticipated consequence of imbalance during a controlled change in heading; however, the

linkage would be inappropriate in the simulator.  The gain on the postural control system would be

too large in the simulator.  It would not be surprising if this led to unstable oscillations in the

postural control system just as it would in many control systems (see e.g., Stark, 1968).  This kind

of instability would not be expected, at least not to the same degree, for a nonpilot in a flight

simulator.  A nonpilot would not have learned the pattern of coordination in the aircraft that is

inappropriate in the simulator.  Similarly, one would not expect as much postural instability by a

passenger in a flight simulator.  The passenger would tend not to anticipate the control actions of

the pilot and would tend not to use postural control skills that are destabilizing in the simulator. 

This suggests that nonpilots and passengers in flight simulators should be less susceptible to

simulator sickness.  This implication of a postural instability theory of motion sickness is

consistent with the evidence on susceptibility to simulator sickness (see Kennedy et al., 1990).

Visual Control of Posture in Context

The destabilizing effects of inappropriately high gains on postural control in a simulator

could be minimized if body segments are aligned with the direction of balance.  This would lead to
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postural orientations and configurations that are similar in the aircraft and the simulator, and it

would constitute a robust control strategy for posture in aircraft and simulators.  While such a

strategy could reduce postural instability after transfer from an aircraft to a simulator, or vice versa,

it could create other problems.  For example, visual perception of the surroundings outside the

cockpit could be impaired if head is not tilted with the surroundings during a coordinated turn. 

Little is known about the effects of head tilt on visual perception, but it is sufficiently important that

occupants of vehicles consistently tolerate the imbalance produced by such head tilt during changes

in heading.  This is prima facie evidence that, within a certain range, head tilt can have some

desirable effects that outweigh the undesirable effects of imbalance.  It follows that visually induced

head-tilt is likely to be a factor that contributes to simulator sickness.  Tilting the head stabilizes the

visual system with respect to the outside-the-cockpit scene, but the muscular torques required to

produce and maintain these tilts are smaller in a simulator than in an aircraft.  Thus, the presence of

visible variation in the roll axis together with the absence of inertial variation in the vertical axis is

likely to elicit a postural control strategy that is inappropriate in a simulator.  These events should

be especially destabilizing for frequencies of variation in the postural control range.  It is not

surprising, then, that such low-frequency variation in the simulated trajectory of vehicular motion

induces simulator sickness (Hettinger et al., 1990).

Coordination in the Simulator and its Aftereffects

Experience in a simulator should allow one to develop postural control skills that are

appropriate to the simulator.  At the same time, adaptation to the simulator could create problems

outside the simulator.  Anecdotes about disorientation after prolonged exposure to vehicle

simulators are pervasive (see e.g., Kennedy et al., 1990), but there are few data on such aftereffects. 

One study indicates that aftereffects on postural control are measurable and that the effects can be

somewhat specific (Hamilton, Kantor, & Magee, 1989).  The length of time that subjects could

maintain stance in an unstable posture was evaluated, in this study, before and after flying a

standard left turn toward a runway in the simulator.  Duration of stance was reduced (stance was

less stable) only with the eyes open and only in the subjects who experienced balance-related

symptoms of simulator sickness.  There were no significant differences in stability for the subjects

who did not experience such symptoms, and there were no differences for any of the subjects when

their eyes were closed.  The link between simulator sickness and postural aftereffects is important. 

Presumably, subjects who do not experience simulator sickness do not experience the postural

instability that necessitates a change in postural control strategies.  From the present perspective,

postural aftereffects would be expected only if there were changes in postural control in the

simulator.  The fact of specificity of postural aftereffects is also consistent with the present
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perspective; however, predictions about the nature of the specificity requires careful consideration of

the patterns of simulation, the constraints on postural control, and the postural control strategies in

the simulator.  

The simulator used in the study of Hamilton et al. (1989) rotated continuously around a

vertical axis through the pilot (i.e., yaw motion).  The consequences of imbalance in such a rotating

system are different than in a nonrotating system.  In particular, the relation between displacements

and torques are different.  Consider, for example, the consequences of imbalance when the pilot

leans forward to activate a switch (Hamilton et al., 1989; p. 247).  A given displacement of a body

segment in the pitch axis requires additional muscular torque to compensate for the centrifugal

forces on that body segment in the rotating coordinate system.  In addition, movement in the pitch

axis gives rise to coriolis force in the roll axis that requires compensatory torque to stabilize the

body segment.  Adaptation to centrifugal and coriolis forces in the simulator could create problems

for postural control outside the simulator if compensatory muscular torques are linked to perceived

displacement of the various body segments.  Instability in a particular axis could result because the

gain of the pilot's response in that axis would be too high.  Additional instability would result from

a coordinated response in pitch and roll to a perceived displacement in pitch.  While adaptive in the

simulator, such a pattern of coordination could lead to instability in the roll axis outside the

simulator.  It is reasonable to expect aftereffects of this kind when the eyes are open because

postural sway is affected by displacements relative to the visible surroundings.  Adaptation to

centrifugal and coriolis forces in the simulator would not necessarily create problems outside the

simulator if compensatory actions are linked to perceived force on the associated body segment in

each axis of motion.  Such resistance to aftereffects would be more likely with the eyes closed

because the role of the vestibular system and force feedback in postural control is more important

when displacement relative to the visible surroundings is irrelevant.

Coupling of Real and Simulated System Components

Felt Presence and Interaction with Virtual Environments

The coupling between postural control and vehicular control is different in simulators and

real vehicles and it is different in different simulators.  The major reason for this is the effect of

vehicular disturbances on postural control (compare Figures 4, 10, and 12).  Devices can be

categorized with respect to this coupling:  (a) Real vehicles generate transient and sustained motion

of the occupants, and they are a source of mechanical disturbances on postural control.  (b) Fixed-

base simulators do not move the occupants, and there are no mechanical disturbances on posture

control that are similar to those in a real vehicle.  (c) Simulators that contain locally moving
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components, such as dynamic seats, do not move the whole body, although some mechanical

disturbances on postural control can be similar to those in a real vehicle.  (d) Motion-base

simulators generate transient motions of the whole body, but not sustained motions, and the

transient mechanical disturbances on postural control can be similar to those in a real vehicle.  (e)

Continuously rotating devices, such as centrifuges, create both transient and sustained whole-body

motions, but sustained rotation gives rise to mechanical disturbances on postural control that are

different than in a real vehicle.  There should be qualitative differences among these categories with

respect to the postural control skills acquired in the associated devices.  The examples discussed in

this chapter reveal that the coordination of postural control and vehicular control required in each

category is fundamentally different.  In principle, similar vehicular control performance and manual

control behavior can be obtained in these devices but transfer of training between devices may be

poor because of differences in postural control in the various devices.

Coordination of postural control and vehicular control is important in all real or simulated

vehicles.  This is the case even when there are no mechanical disturbances of posture.  In a fixed-

base simulator, for example, vehicular control influences the relative orientation of the displayed

surroundings outside the cockpit which, in turn, can influence the orientation of the head and

configuration of the body in the cockpit.  The latter is presumably due to coupling between postural

control and control of the eye-head system (i.e., the biomechanical components of the visual

system).  This emphasizes that the coupling between postural control and vehicular control is not

unique in perception and action.  Coupling of control systems is pervasive, and it occurs at many

levels of analysis.  Little is known about these flexible and adaptive couplings, but they are an

essential aspect of human-environment interactions (Riccio, 1993; Riccio & Stoffregen, 1988) and

they must be taken into account in the analysis and design of virtual environments.  The multiplicity

of coupled control systems within the human body is evident in the high degree of coordination and

coherence in human movement.  The direct coupling of some of these systems with the environment

establishes a multiplicity of indirect couplings between the human and the environment.  This web

of connections with the environment is presumably the major determinant of felt presence in an

environment.  Felt presence is necessarily reduced when connections with the environment are

broken.  Connection with an environment and felt presence in an environment are minimal when

mechanical coupling with the environment is absent.  One may feel connected with a device such as

a fixed-base simulator.  One may even feel a sense of "oneness" with the device when high levels of

proficiency are achieved.  The feeling of felt presence in the simulated environment, however, is not

compelling when simulations are limited to visual displays.  One may feel a strong sense of vection

in such devices (if variation in velocity is small), but the phenomenology of vection is different than

the phenomenology of actual self motion.  The multiplicity of couplings that proliferate from a

fundamental mechanical coupling, and perception of the associated affordances, may explain why.
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Informative Interactions with Virtual Environments

Motion-bases and devices that push or pull on the body can simulate some aspects of the

mechanical coupling between a real vehicle and the body of the human operator.  In particular, the

biomechanical consequences of transient changes in the direction and magnitude of gravitoinertial

vector, and sustained changes in the direction of this vector, can be simulated with a reasonable

degree of fidelity.  The biomechanical consequences of sustained changes in the magnitude of the

gravitoinertial vector, however, cannot be simulated with any fidelity in extant devices. 

Gravitoinertial magnitude can be manipulated in  centrifuges and related devices, but the

biomechanical consequences are different than in a real vehicle.  The consequences of imbalance are

different because the attendant coriolis forces in rotating devices necessitate different patterns of

postural compensation.  Imbalance, and its consequences for perception and action, are important

and ubiquitous perceivables.  The balancing and control of unrestrained body segments is a source

of information about the inertial environment that is always available in simulators.  Simulators do

not differ in the extent to which they include information about the inertial environment because

such information is always available in the constraints that the inertial environment imposes on

postural control.  Simulators differ in the nature of the constraints they impose on postural control. 

The information available in postural control is the mapping between the constraints on movement

and the environment in which one moves.  The constraints are specific to the environment, and

information is specification.  The pick up of this proprioceptive information is responsible for a

feeling of presence in that environment.  The achievement of felt presence in a simulated or virtual

environment depends heavily on the extent to which the simulator can re-create the constraints that a

real environment imposes on movement.

The pick up of information in postural control limits the perception of visually displayed

variations in the velocity vector of self motion, and it provides a basis for differentiating the

simulator from that which is simulated.  Proprioception constrains kinesthesis.  Visual perception

of variation in vehicular velocity that is accompanied by nonvisual perception of invariance in the

consequences of imbalance, for example, necessitates that the displayed motion be perceived as

something other than self motion.  The control of self motion is not the superordinate function of

the coupling between postural control and vehicular control in such a simulation.  The superordinate

function could be described as teleoperation of a vehicle.  Teleoperation of a vehicle is

proprioceptively and experientially different than control of self motion.  Experiences in fixed-base

simulators generally resemble the former more than the latter.  Differences between teleoperation

and self motion are not limited to phenomenology.  The sources of information available for energy

management are also different.  In a fixed-base flight simulator, for example, information about G
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force and the associated potential energy is available only in the kinematics of the displayed

trajectory of aircraft motion.  In real aircraft, however, curvilinear trajectories are fundamentally

multimodal phenomena.  Nonvisual systems provide sensitivity to the constraints that variations in

the velocity vector impose on postural control.  Such sensitivity is useful because these constraints

on postural control are related to G forces on the aircraft.  The vehicular control loop can be closed

through the postural control system of the human operator.  The absence of posture as an

informative dynamical component in simulated vehicular control limits the precision and accuracy

of energy management in the simulator.  It is important to emphasize that such limitations on

energy management would be important in any simulation of self motion, not just simulated flight,

because energy management is important in all forms of locomotion.

CONCLUSIONS

Felt Presence

Perception science, movement science, and mathematical modeling all have contributed to

developments in flight simulation.  Technological developments have been limited, however, by the

dominant scientific assumptions and paradigms.  Ecological psychology provides an alternative

approach to the phenomenon of self motion and to any technology that attempts to simulate

movement of an observer-actor in a virtual environment.  Ecologically essential issues for such

technology are presented in this chapter, and special emphasis is given to those issues that have

been previously neglected.  In particular, the broad analysis of self motion emphasizes the

nonrigidity of a pilot (or human operator in any vehicle) and the multicriterion task structure that is

necessitated by the fact of nonrigidity.  From this perspective, the task of vehicular control cannot

be considered alone or independently of the task of postural control in the vehicle.  The nesting of

tasks, and the associated nesting of control systems, is partially due to the mechanical coupling

between vehicular control and postural control.  Vehicular control normally influences the dynamics

of balance in the cockpit, and the absence of such influences in a simulator seriously limits felt

presence in the virtual environment.  The absence of mechanical coupling between vehicular control

and postural control is information that the human operator is not present in the simulated

environment.  This information is fundamentally multimodal because information is available to the

visual system about variation in the vehicular velocity vector and information is available to the

nonvisual systems about the presence or absence of variation in the dynamics of balance in the

cockpit.  Information about the dynamics of balance is always available in subtle patterns of

nonvisual stimulation obtained through ubiquitous postural control activity.  The absence of

covariation (i.e., coupling) between vehicular velocity and the dynamics of balance, for example, is
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revealed in multimodal patterns of stimulation even in a simulator that contains only a visual

display.  Technological improvements that promote felt presence and movement in a virtual

environment require explicit consideration and control of these multimodal patterns.

Dynamics of Balance

This chapter constitutes a strong set of arguments for multimodal approaches to virtual

environments and, in particular, for nonvisual devices in flight simulators.  The arguments do not

imply that existing motion-base systems are superior to existing fixed-base simulators with respect

to experiential or action fidelity.  The relative efficacy of these devices depends on how well they

simulate or recreate constraints on postural control in real vehicles.  The constraints on postural

control in a motion-base simulator depend heavily on the mathematical algorithms that are used to

link states of the simulated vehicle to motions of the platform and on the technological

implementation of the algorithms.  A motion-base simulator could have poor fidelity because of

inappropriate algorithms, inappropriate implementation, or insufficient calibration of the moving

platform.  If properly designed and maintained, motion platforms can recreate many of the forces

that real aircraft impose on the pilot's body.  The conspicuous exception is the magnitude of the

gravitoinertial force vector (see Parrish et al., 1975).  An ecological approach indicates that this is

important because of the effect that gravitoinertial magnitude has on the consequences of imbalance.

While variation in gravitoinertial magnitude can be achieved in centrifuges, coriolis forces create

consequences for imbalance that are different from those encountered during common trajectories

of aircraft motion.  A different type of device is needed for this essential category of information.  

One possibility is suggested by the experiment of Riccio et al. (1992).  In this experiment, the

perception of upright (or vertical) was determined primarily by the experimentally controlled

dynamics of balance for the body as a whole (cf,. Riccio & Stoffregen, 1990; Stoffregen & Riccio,

1988).  A similar concept could be adapted to a fixed or moving cockpit by connecting torque

motors to the pilot's helmet (cf., Brown et al., 1991; Kron et al., 1980).  Both the direction of

balance and the consequences of imbalance could be manipulated through the orientation

dependence of torque on the head.  Such a helmet-loading system could simulate the perceivable

effects of variation in the direction and magnitude of the gravitoinertial vector.  The results of Riccio

et al. (1992) suggest that the helmet loader would promote experiential fidelity with respect to this

important category of information.  Furthermore, it could promote action fidelity by improving

postural control in the cockpit, minimizing simulator sickness, and reducing postural aftereffects.

Nonrigidity of Human Operator
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Variation in the gravitoinertial force vector is caused by variation in the velocity vector of

self motion.  Variation due to controlled changes in heading or altitude generally occurs over long

time scales while variation due to vibration and transients can occur over relatively short time scales.

It is unnecessary, and perhaps unwise, to use a helmet loader to recreate the effects that

gravitoinertial variations have on the direction of balance and the consequences of imbalance when

these variations are faster than the corresponding postural control activities.  These high-frequency

variations in force tend to move the various body segments, and it is best to consider them as

sources of postural perturbations.  Driving a helmet loader at high frequencies could lead to injury. 

Such high-frequency forcing also would tend to create patterns of head-torso motion that would be

different than in an aircraft where forcing is applied through the seat.  Such high-frequency effects

could be attenuated, while low-frequency variation in balance constraints could be preserved, with a

low-pass filter in the helmet loading system.  An undesirable effect of a low-pass filter on a helmet

loader would be the removal of information about high-frequency vehicular motion that would

otherwise be available in patterns of head-torso disturbance.  This information would be preserved

in the high-frequency fidelity of a motion platform.  Helmet loaders and motion platforms would be

complementary; together they could provide for high-fidelity simulation of transient and sustained

changes in the inertial environment.  

High-frequency motion of a nonrigid pilot could be included in a fixed-base simulator by

visually simulating and manipulating the inside-cockpit surroundings.  Instruments and edges of

the windscreen, for example, could be included in the visual display and could be moved

independently of the visually displayed scene outside the cockpit. The relative motion of inside-

cockpit structure and outside-cockpit structure, and the accretion and deletion of the latter by the

former, would correspond to a changing point of observation in the cockpit; that is, it could simulate

the movement of the pilot in the cockpit due to transients and vibration.  In this way, simulated

inside-cockpit structure would be analogous to a dynamic seat.  Motion of these simulator

components should be based on the fact that the pilot is not rigidly attached to the cockpit.  Motion

of these two components would be different to the extent that the head and the upper part of the

torso move differently than the lower part of torso.  Together, inside-cockpit structure and a

dynamic seat could simulate the nonrigidity of the pilot.  This may not require a quantitatively

precise biomechanical model to determine the relative motion of the two displays.  Qualitative

accuracy could be achieved simply by driving the inside-cockpit structure (i.e., simulated head

motion) so that it lags the dynamic seat (i.e., simulated motion of lower torso).  The simulation of

nonrigidity is represented in Figure 13.  Visual simulation of nonrigidity would provide an

alternative to motion-platform systems that actually move the pilot in the cockpit.  Nevertheless,

some nonvisual devices such as dynamic seats and helmet loaders are necessary for simulation of

self motion.
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_____________________________________________________________________________

Place Figure 13 about Here

_____________________________________________________________________________

A Different Approach

This chapter presents a unique conceptual analysis of real and simulated self motion.  As

such, it is an alternative to the more traditional mathematical and engineering analyses.  It may be

complementary to some of the more traditional treatments; however, irrespective of such

complementarity, the present analysis should lead to a more accurate "picture" of self motion.  The

conceptual analysis emphasizes the most important issues in the perception and control of self

motion.  These issues have considerable generality.  The various sections in the chapter, and many

of the details presented in the context of real and simulated flight, can be applied to all forms of real

and simulated locomotion.  In any case, it should be clear that the present perspective motivates and

emphasizes different types of displays than do traditional approaches to flight simulation and virtual

environments.  Helmet loaders and near-field optical structure, in particular, may be useful for

simulating movement of an observer-actor in any virtual environment.  The difference in emphasis

is important because it indicates that the present perspective is not tantamount to an argument for

increased complexity or physical (or pictorial) fidelity in flight simulation and virtual environments.

To the contrary, it suggests that displays need only be approximately correct if the essential

categories of information are represented in the simulation.  Indeed, if such categories of

information can be preserved, it may be desirable to reduce the complexity of displays to increase

temporal fidelity (E. A. Martin, et al., 1986; McMillan et al. in preparation) or to facilitate perceptual

learning (R. Warren & Riccio, 1985).
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NOTES

1.  Control-theoretic terminology is blended with ecological terminology to highlight similarities

and differences between various programs of research in control theory and ecological psychology.

One problem created by this blending of terminology is the term differentiation.  It is never used in

this chapter to refer to a particular mathematical operation.  In other work, the mathematical usage is

explicit when equations are included.  In ecological psychology, differentiation is associated with

discrimination and elaboration of detail through the process of perceptual learning and, more than

any other concept, it emphasizes that perception unfolds over time and that living systems are in a

continual process of development (see e.g., E. Gibson, 1969, 1991).  To avoid confusion in this

chapter, the term is always used in phrases such as "differentiation between" or "differentiation

among" perceivables.

2.  The word "dynamical" is used in this chapter to refer to the relationship between motion and its

causes, that is, characteristics that are considered in the science of "dynamics."  Elsewhere, the word

"dynamic" is sometimes used instead of "dynamical."  This can be confusing, however, because

"dynamic" may also refer to change irrespective of the cause of change, and it is often has this

meaning in psychology.

3.   J. Gibson wrote that "Visual kinesthesis specifies locomotion relative to the environment,

whereas the other kinds of kinesthesis may or may not do so.  The control of locomotion in the

environment must therefore be visual." (1979, pp. 226-227).  This should be interpreted as an

argument for the necessity of vision and not for the sufficiency of vision in most situations. 

Furthermore, visual control of locomotion is not necessary in some special situations (Lee, 1990).

4.  The inertial environment includes any reference frame or aspect of a system's surroundings that

is not accelerating with respect to the system.

5.  This is indicated by "phase lead" in the Bode plots presented in Hosman & van der Vaart (1981,

p. 283).  The operators' control actions were phase advanced compared to motions of the target at

corresponding frequencies, particularly at low frequencies.

6.  This is indicated by enhanced gain, with whole-body motion, at the higher frequencies in the

Bode plots presented by Hosman & Van der Vaart (1981, p. 282).  Subjects were more effective in

compensating for high-frequency disturbances in the whole-body motion condition.



Riccio / Coordination                                                                                                                      44  

7.  Such evidence is often available in the informal, and sometimes unsolicited, comments of skilled

participants in an investigation (cf. Riccio, 1993).  This was the case in the development of a

simulation for an experiment on terrain following (Middendorf, Fiorita, & McMillan, 1991).  Prior

to the experiment, a pilot was brought in to evaluate the fidelity of the experimental simulator.  The

pilot indicated that the controllability of acceleration and gravitoinertial force ("G scheduling") was

not sufficient when, in fact, the variations in "G" generated by the pilot were unrealistically large

(M. Middendorf, personal communication).  The most parsimonious interpretation of this psycho-

physical inconsistency is that the pilot was relatively insensitive to the visually displayed

acceleration.

8.  The use of the terms, kinesthesis and proprioception, is highly variable and somewhat confusing

across the various communities in which perception is studied (see, Owen, 1990).  The following

definitions are used in this chapter.  Kinesthesis refers to perception of change in location of the

body, as a whole, relative to some aspect of the environment (i.e., self motion or “egomotion”). 

Visual kinesthesis, for example, refers to visual perception of self motion relative to remote objects

or surfaces.  Proprioception refers to perception of the position and motion of various body parts in

relation to one another (i.e., postural configuration) or in relation to the environment (e.g., location

of the eyes relative to an object of regard, location of the hand relative to manipulanda, or orientation

relative to the direction of balance).  Note that kinesthesis refers to perception of states that are

relevant to locomotion, and proprioception refers to perception of states that are relevant to postural

control.  Kinesthesis and proprioception are related because locomotion and postural control are

related, not because of redundancy or lack of specificity in the definitions for these terms.

9.  One should not assume that postural control necessarily increases the complexity of the

multimodal patterns of stimulation that specify self motion.  It is possible that purposeful movement

of sensory organs can simplify patterns of stimulation though the creation and exploitation of

symmetries or high-order properties that faciliate the pick of of information (cf. J. Gibson, 1979,

pp. 209-219). Virtually all the segments of the body, from the head to the feet, can be considered as

"accessory structures" for the sensory organs of the head.  Most of the body can be, and perhaps

should be, considered as part of the visual system or the vestibular system in the context of the

obtaining of stimulation and the pick up of information by an active perceiver (Riccio, in press).

10.  "Moveability" referes to the ease or difficulty of moving some object (e.g., the control stick in

an aircraft cockpit).  This property is often expressed in terms of force-displacement relations.  The

relation between force and displacement is often dependent on the rate of application of force, and
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this complex multiple relation is generally described mathematically as a mechanical impedance.
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FIGURE CAPTIONS

Figure 1.    Core components of block diagrams in this chapter (see also, Riccio, in press). 

Bidirectional flow of information between sensors and adaptive controller is unconventional in

control systems diagrams.  It is used in all subsequent diagrams in this paper as an expedient

representation of a nested inner loop in which the controller adjusts the perceptual systems to

optimize the pick up of information.  The notation on the inputs to the sensory systems represents

the fundamentally relational nature of perceivables.  Events outside a system or subsystem are

always perceived in relation to the system or subsystem.  In this diagram, the system is the aircraft

(represented by a/c), and the events are movements of the aircraft relative to some aspect of the

meaningful environment.  This diagram differentiates between three aspects of the meaningful

environment: the terrain, objects (e.g., other aircraft), and the aerodynamic medium.  The

aerodynamic medium includes the medium of support (i.e., the air mass) and the inertial “reference

frame.”  

Figure 2.  Forces encountered during variation in the velocity vector affect the cardiovascular

system of the pilot.  These physiological effects are due to both micro-biomechanical effects of G-

forces on tissues and fluids and neurophysiological responses to the attendant changes in blood

pressure.  The notation reflects that the events are perceived in relation to the pilot (e.g., the size of

the pilot’s field of view).  Forces encountered during variation in the velocity vector can cause

movement of the pilot relative to various aspects of the cockpit environment.  The notation reflects

that the events are perceived in relation to the pilot (e.g., looking at instruments, manipulating

controls).  The events are included in the vehicular control loop because they have affordances for

vehicular control.

Figure 3.  Block diagram for postural control.  This diagram emphasizes analogies between

postural control and vehicular control.  Note that information about the direction of balance is

available in the activity of postural control.

Figure 4.  Coupling of postural and vehicular control systems.  Control systems and the associated

diagrams are linked in three ways.  (a) Variation in vehicular velocity imposes forces on the postural

control system.  (b) Postural control and vehicular control are coordinated in that the actions of each

system reflect the constraints on both systems.  (c) Movement of the pilot relative to various aspects

of the cockpit environment has affordances for both postural control and vehicular control.  Note

that the control of posture in the cockpit provides information about the direction of balance that

otherwise is not available in the vehicular control system (cf. Figure 2).  
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Figure 5.  Four experimental conditions for investigating the relation between perceived orientation

and perceived self motion (adpated from DiZio & Lackner, 1986).  This schematic representation is

an oblique view with respect to a horizontal plane.  The orientation of a circular disk and of the

subject's head was manipulated across conditions while the torso was always oriented in the

horizontal plane.  Constant velocity rotation of such a disk generally induces an experience of self-

rotation when viewed by a restrained (or recumbant) subject in an otherwise dark room.   The

subject's task was to describe the orientation of the disk, the head, and the torso relative to vertical

and to indicate whether self-rotation was experienced. The trajectories represented in each panel

would be experienced if the subject perceived the correct orientation of the disk relative to vertical

and also experience self-rotation in a plane parallel to the disk (note that this implies changing

orientation of the subject with respect to vertical in conditions B and C).  In 20 out of 24 trials in

conditions B and C, subjects misperceived the disk to be oriented in the horizontal plane.  They also

perceived self-rotation and invariant orientation of the head and torso with respect to vertical in these

trials.  Presumably because of this, they also misperceived the orientation of the eyes relative to the

head, the head relative to vertical, and/or the torso relative to vertical.

Figure 6.  Comparison of straight-and-level flight (left panels) with a coordinated turn (right

panels).  Fg is the force of gravity and Fc is the centrifugal force due to centripetal acceleration. 

The vector sum of Fg and Fc is the gravitoinertial force vector.  The direction of balance (or

upright) is contraparallel to the gravitoinertial vector.  Upper panels depict the relative orientation of

aircraft, the terrain, and upright.  Lower panels depict these orientations for a fixed-base simulator.

Figure 7.  Comparison of straight-and-level motion (left panels) with a level turn (right panels).  Fg

is the force of gravity and Fc is the centrifugal force due to centripetal acceleration.  The vector sum

of Fg and Fc is the gravitoinertial force vector.  The direction of balance (or upright) is

contraparallel to the gravitoinertial vector.  Upper panels depict the relative orientation of the car, the

terrain, and upright.  Lower panels depict these orientations for a fixed-base simulator.

Figure 8.  Roll-response of an aircraft and a simulator to an aileron step input (adapted from

Baarspul, 1977).  The visual displays in a simulator can represent the aircraft trajectory with

reasonably high fidelity.  The motion platform follows a different trajectory due the effects of

washout filters (the effect of a linear washout filter is shown in this figure).  The washout filter

returns the roll-state of the platform to a level orientation so as to simulate the experience of

orientation during a coordinated turn (cf. Figure 6).  Note that in doing so there is a period of time

(shaded) over which the motion-platform moves in a direction opposite to the state of the simulated
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aircraft (presumably represented in the visual displays of the simulator).

Figure 9.  Comparison of straight-and-level flight (left panels) with a level turn (right panels).  Fg is

the force of gravity and Fc is the centrifugal force due to centripetal acceleration.  The vector sum of

Fg and Fc is the gravitoinertial force vector.  The direction of balance (or upright) is contraparallel

to the gravitoinertial vector.  Upper panels depict the relative orientation of aircraft, the terrain, and

upright.  Lower panels depict these orientations for a motion-base simulator.

Figure 10.  Coupling of postural and vehicular control in a motion-base simulator.  Forces imposed

on the postural control system by simulated vehicular motion require mechanical devices (e.g.,

motion platforms) that push and pull on the pilot’s body.  Nonvisual display systems (e.g., control

loaders) required for perception of the simulated aerodynamic environment are represented in the

same box as visual display systems required for perception of simulated vehicular motion relative to

visible surroundings.  Simulation of physiological effects is not represented in this diagram.  Note

that postural control in the cockpit provides information that is relevant to self motion even if it is

not explicitly considered in the design and evaluation of the simulator.  Pick up of this information

allows the simulator to be perceived as such and it is inconsistent with the perception of self motion.

This information also supports the coordination of postural control and vehicular control.  Postural

control, and its coordination with vehicular control, can be different in the simulator and an actual

vehicle.

Figure 11.  Coordination of the head and torso during straight-and-level flight (left panels) and

during a coordinated turn (right panels).  Fg is the force of gravity and Fc is the centrifugal force

due to centripetal acceleration.  The vector sum of Fg and Fc is the gravitoinertial force vector.  The

direction of balance (or upright) is contraparallel to the gravitoinertial vector.  Upper panels depict

the relative orientation of aircraft, the terrain, the head, the torso, and upright.  Lower panels depict

these orientations for a fixed-base simulator.

Figure 12.  Coupling of postural control and vehicular control in a fixed-base simulator.  There are

no forces imposed on the postural system by simulated vehicular motion.  As in a motion-base

simulator (see Figure 10), postural control in the cockpit provides information that is relevant to self

motion.  Pick up of this information allows the simulator to be perceived as such and it is

inconsistent with the perception of self motion.  This information also supports the coordination of

postural control and vehicular control.   Postural control, and its coordination with vehicular control,
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can be different in the simulator and an actual vehicle.

Figure 13.  A comprehensive approach to flight simulation.  This is an elaboration of Figure 10. 

Physiological effects of high-G maneuvers can be simulated with specialized devices that either

recreate the physiological effects (e.g., lower blood pressure in the head) or simulate the

consequences of these effects (e.g., reduce the field of view).  Biomechanical effects of variation in

gravitoinertial vector can be simulated with mechanical devices that manipulate the dynamics of

balance in the cockpit. Other biomechanical effects, such as nonrigid motion of the pilot due to

vehicular vibration and transients, can be simulated with a dynamic seat or with a visual display that

includes a simulation of inside-cockpit surroundings.  Note that the mechanical or optical

simulation of biomechanical effects influences postural control in the cockpit as well as control of

the simulated vehicular.  Note also that simulation of physiological and biomechanical effects

require mathematical models that would be analogous to the aero model in a flight simulator.
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