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Abstract. This paper proposes three measurable physical
variablcs which determine telepresence and virtual presence.
It discusscs scveral aspects of human performance which
might be (diffcrentially) affccted by these forms of presence.
The paper suggests that distortions or filters in the afferent
and cffcrent communication channels should be further tested
cxperimentally for their effects on both presence and
performance. Finally it suggests models by which to
charactcrize both kinematic and dynamic propertics of the
human-machinc interfacc and how they affect both sensc of
presence and performance.

Introduction

There are many new technologics ecmerging which are likely
to have large impact on both telcoperation (human remote
control of vchicles, manipulators and other systems using
vidco, audio, kincsthetic and tactile feedback from the remote
site} and the expericnce of artificial reality (computer-
simulated environment from which the user can try out
altemative actions and get realistic feedback). In cither case,
given sufficiently high-fidelity display, a mental attitude of
willing acceplance, and a modicum of motor "participation”
(scc discussion below) the human opcrator experiences
"clepresence” (sensc of being physically present with virtual
object(s) at the remote telcoperator site) or "virtual presence”
(scnse of being physically present with visual, auditory or
force displays generated by a computer). Figure | illustrates
these terms and their interrelations.
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Figure 1. In telepresence, the displays and operator actions
result in a mental model which includes the sense of being
present with actual environmetnal object(s). In virtual
presence, software substitutes for actual teleopera’r and
environmental object(s).

The new and driving technologics arc high-density
vidco, high-resolution and fast computer-graphics, head-
coupled display, instrumented "data gloves” and "body
suits”, and high-bandwidth, multi-degrcc-of-freedom force-
fcedback and cutancous stimulation devices.  Virtual
cnvironment devices are now being integrated into actual
control stations in the ficld, so that the operator can usc such
virtual "what-would-happen-if” cxercises for in-situ planning
and embeddced training. Perhaps we arce at the threshold of a
dramatic improvement in remote control and (raining
capability. Or perhaps we are simply victims of the
technological imperative ("invention is the mother of
nccessity”).

Qucstions nccding answcers

Allcgedly, such sophisticated, high fidelity human
interfaces, characterized by terms like "tclepresence” in the
casc of telcoperation (feeling like you arc actually "there” at
the remote site of operation) and "virtual presence” (fecling
like you arc present in the environment gencrated by the
computer), will improve scnsory-motor or cognitive
performance and cfficiency of training and planning. Yet at
present we have very little fundamental understanding of
what cffect such conveyors of "presence™ do for us. The
litcrature docs not even offer us a uscful mcasurc of
"presence”, though Newell (Sheridan ct al, 1987), Held and
Durlach (1987) and others have stressed the nced for an
objective measure.

At present we have no theory of presence, Ict alonc a
theory of telepresence or virtual presence. This is spitc of the
fact that students of litcrature, the graphic arts, the theater
arts, film and TV have long been concerned with the
obscrver’s scnsc of presence. In fact, one might ask, what
do the new technological interfaces add, and how do they
affect this sense, beyond the ways in which our imaginations
(mental models) have been stimulated by authors and artists
for centurics?

In controlling actual vehicles or telerobots, where we
absolutely depend upon feedback, we have inadequate
knowledge of how the opcrator's sensc of presence
contributes either to ultimate performance -- apart from
providing necessary feedback for control. Is what really
matters the bits of information, coded.with sufficiently high
resolution in stimulus magnitude and time and space, and
displaycd to the appropriate sensory modality? And is scnse
of "presence” simply a concomitant benign phenomenon, or
even a distraction? Or s the quality of "presence” the critical
psychological indicator of physical stimulus sufficicncy?

Similar qucstions are appropriate for training and
learning. Knowledge of results is known to be cssential. A



sensc of participation and involvement is known to help a
great dcal. When simulation and virtual cnvironments are
cmploycd, what is contributcd by the scnsc of presence per
sc¢? When simulation and virtual environments arc uscd in
conjunction with actual vehicles or dynamic systems in the
ficld, providing ecmbedded or in situ  training/planning
capability, we do not have design/opcrating principles for
how best to use the virtual and actual capabilitics together.
Suggested here are some mcasures of presence, the
crude beginnings of a theory of presence, and some
experimental approaches to help sort things out.

Toward an opcrational mcasurc of prescnce

There is an obvious nced for a measure of "presence” which
is opcrational (repeatable by anyonc using proper procedure),
reliable, useful (can be applied) and robust. "Prescnce” is a
subjective sensation, much like "mental workload”, and
mental modcl -- it is a mental manifestation, not so amenable
to objective physiological definition and mcasurcment.
Therefore, as with mental workload and mental modecls,
subjective report is the essential basic mcasurcment.

Subjective measures nceed not be unidimensional.
Like so many rating scalcs, if the dimensions (factors) are
carcfully qualificd, subjccts should be able to give reliably
different responses for the different factors to the same
stimulus. This has certainly been truc of mental workload,
and multifactor rating proccdurcs (Sheridan and Simpson,
1979) now form the basis of mental workload applications.
Multiple dimcensions can also be inferred from unidimensional
ratings of "psychological distancc” between stimuli (Shepard
ctal, 1972).

Onc likes to have objective mcasures as well. A good
(by the above standards) objective mcasure can often be
obtained morc conveniently than a subjective onc. Some
pcople, c.g., physical scicntists and engincers tend to feel
more comfortable with objcctive measures. Onc type of
mcasure which has face validity is response to unexpected
and perhaps thrcatening stimuli, as suggested by Held and
Durlach (1987). If a virtual objcct is suddenly scen (and/or
hcard binaurally to be) on a collision coursc with one's head
docs the subject blink, or duck? If the subjcct is controlling a
virtual automobile displayed to bc hecading for a crash, or a
virtual aircraft showing signs of stalling, docs thc opcrator
take immediate appropriate action? Another type of mcasure
might be a socially conditioned responsc to virtual social
cncounters: unpremeditated reaching out to grasp somcthing
being handed over, or to shake hands or cheer, or an
utterance of "Hello”, "I beg your pardon” or "Gesundheit”,
as appropriate.

Three determinants of presence

I propose that there are three principal determinants of the
sensc of presence:

(1) extent of scnsory information (the
transmitted bits of information concerning a salicat variable to
appropriate sensors of the observer);

(2) control of rclation of scnsors to
cnvironment (e.g., ability of thc observer to modify his
viewpoint for visual parallax or visual ficld, or to reposition
his head to modify binaural hearing, or ability to perform
haptic scarch); and

(3) ability to modify physical cnvironment
(e,g., the extent of motor control to actually change objects in
the environment or their relation to one another).
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Thesc determinants may be represented as three
orthogonal axcs (sce Figure 2) since the three can be varied
independently in an cxperiment. Perceived extent of sensory
information is somctimes rcgarded as the only salient lactor.
Somectimes the other two are lumped together as “user
interaction” (Zeltzer, 1990). Figurc 2 shows "perlect
presence” as the maximum of all three, though it is far from
clear by what function "presence” is detecrmined by
combinations of the threc. It surely is not a simple vector
sum.
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Figure 2. Principal determinants of sense of presence
for a givan task

Lines of constant information communicated are
suggested in the figurce to indicate that the "cxtent of scnsory
information” is a much greater consumer of information (bits)
than are the two control components, "control of scnsors”
and "ability to modify environment”.

Major task variables

I am not suggesting that the three principal determinants of
prescnce operate alone. They arc surcly task-dependent. It
scems to me there are two major propertics of tasks which
affect behavior, both subjective and objective. These I call:
(1) task difficulty; and (2) dcgrec of automation. Task
difficulty may be defined in terms of entropy mcasurcs, such
as Fitts’ index of difficulty (Fiuts, 1954). Dcgree of
automation mcans the extent to which the control of the task
(thc ability to modify the cnvironment) is aulomatic as
contrastcd to being manual. There is a scale from manual to
automatic, where intermediatc levels of automation are
normally called supervisory control (Sheridan, 1987).

Dcpendent variables: from presence to performance

Given the three independent determinants of presence I sce
the larger rescarch challenge to be the determination of the
dependent variables: (1) sensc of prescnce, as measured
by (a) subjective rating, and (b) objcctive mcasurcs
suggested above; (2) objective training cfficicncy; and (3)
ultimate task performance. This mapping is illustrated in
Figure 3.

Tasks in which presence, learning and performance
interrclate take many forms in time and space and stimulus
intensity (e.g., brightness, loudness, force). Somectimes the
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Figure 3. Experimental determination of presence,
learning efficiency and performance

dynamic aspects of sensing and control are the most
important. Somctimes it is the relation of stimuli in space. It
may be uscful to distinguish these and consider scveral cases.
However, before considering examples of cither the temporal
or spatial rclations, it is important to distinguish the relative
cffects of cffcrent information and afferent information upon
presence, training and performance.

Afferent and cffcrent [iltcring: indcpendence and
coupling

Causality of events in a human-machine system is commonly
characterized as a closed infornmation/control loop: the cfferent
or motor loop from human responsc to environmental slate,
plus the afferent or sensory loop from cnvironmental state to
human scnses. This mapping from opcrator to (actual or
virtual) vehicle or tclcoperator environment and back again
can be generalized as two filters, an effcrent filter and an
affcrent filter respectively, where the concept of filter can
cmbody all forms of distortion in mapping, including
distortions in both time and spacc. This is represented in
Figurc 4.

The following gencral question is immecdiately
suggested:  What arc the relative cffects of  cfferent or
afferent distortions on sense of presence, training cfficiency
and performance? I submit that we have very poor
cxperimental answers to this question, for other than
relatively trivial distortions such as pure time delay. When,
in purcly mechanical systems, distortions can be couched in
sulficiently tractable mathematical form (c.g., lincar
differential equations) control theory can predict the relative
cffects of forward loop or feedback loop filtering on closed
loop performance.  Such analyses can provide a starting
point for modeling cffects of afferent and cfferent distortions
in human-machine systems.

In the case of human control loops, we have relatively
poor information, to a large cxtent becausce sensation and
perception tend to be characterized in very different ways
from motor responses. However the fact remains that he
relative sensitivity of closed-loop performance may be
enormously different for the same effort or dollars spent on
improving the feedback as compared to improving the
feedforward.

actual or
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Figure 4. Loci of efferent and afferent distortions in human
interaction with actual and viriual environments.

We do know, for example, that in very simple
continuous visual-motor tasks it usually docs not matter with
respect to final closed loop control whether a pure time delay
is in the forward position-command loop or in the visual
fecdback foop. However for any given element of human
response the time of closed-loop environmental state change
is obviously diffcrent by one time dclay.

Coupling in touch and kincsthesis: cffccts of
dynamic filtcring

When touch and kincsthesis arc involved, unlike vision and
hearing, there is an energy-port couple relation between force
and velocity (or displacement) so that what constitutes input
to and what is output from the human is an arbitrary. In any
casc, if onc is considered input the other must be output.

In such a casc it is probably more appropriatc to resort
to a filter model in which what is forward and what is
feedback are determined by the governing cquations for the
coupling, with an arbitrary assignment of causality between
force and position. A simple lincar lumped-parameter model
based on this idca is shown in Figurc 5, wherc manual
position Xm and applied force Fm form the energy couple at
the human cnd, while manipulator position Xc and force Fe
form the corresponding couple at the environment end. Ina
telcoperation context such a model helps us answer questions
about how the various parameters (which posc diffcrent
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Figure 5. Lumped parameter model of tactile / kinesthetic
coupling between afferent and efferent filters.
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forces and dynamics) affect an opcrator's ability to (1)
reproduce positional changes at the slave by repositioning the
master (requiring absolute judgments of position or force) or
(2) discriminate small position-force changes of the slave by
feeling position-force changes in the master (differential
judgments). From a model such as is shown below one can
predict, for example, Fm / Fe force scnsitivitics for given
filter paramecters and to some extent predict  results of
psychophysical experimental. A simple lincar dynamic
analysis is given in the Appendix. Tactile-kinematic
performance (and sensc of presence and Icarning) will be
alfected much as vision or hearing arc affected by the
dynamic conditions of the visual-auditory stimulus pattern
and surround.

A more gencral energy-port model of a master-slave
manipulator was pcrformed by Raju ct al (1989), considering
the dynamics of the operator ncuromuscular system as well as
thosc of the master and slave and task environment. They put
to rest simple claims that the impedance of the master arm (as
fcit by human arm) should always be the samc as the
impedance of the slave arm (as fclt by the environment) or the
impedance of the cnvironment (as felt by the slave arm).
Clearly what is best depends on the task to be done.
Hammering a nail, threading a ncedle, and detecting small
changes in cnvironmental stiffness arc best done with quite
different different combinations of master and slave
impedances.

Spatial filtcring: effects of distortions from spatial

isomorphism on scnsc of prescnce, training and
performance

Figure 6 portrays as vectors the position and oricntation of
clements local to the operator (operator’s body, head, control,
display scrcen, displayed arm and objcct) and thosc remote
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O Object manipulatt
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camera)

V Vehicle
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‘ C Control lever or master arm
A’ Arm of manipulator
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(displayed) isomorphism:
O’ Object manipulated B=V

(displayed) S-B=S-V, 3S =oH
S’ Sensor (video) display C-B=A'-S'=A-V
H Head of operator O-A=0-A

B Body of operator

Figure 6. Vector representation of spatial isomorphisms.
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from him, whcther real or in a computer modcl (vchicle,
scnsor, arm of telcopcrator, object manipulated).

The rescarch question here is: how do the gcomctrical

mappings of body and environimnental objccts both within the
perceived (virtual) environment and the true one, and relative
to cach other, contribute to sense of presence, training and
performance?
Control by the human operator which requires somc such
mappings may be casy, while others may be very difficult.
Somc own-body to telcoperator/ remote-cnvironment control
tasks (or own-body to virtual-opcrator / virtual cnvironment
tasks) may demand a high degree of isomorphism. In some
cascs therc may be a need to deviate significantly from strict
geometric isomorphism because of hardware limits, or
constraints of thc human body. At present we do not have
design / opcrating principles for knowing what mapping or
remapping from the lower sct of vectors to the upper, or back
again for fccdback are permissible, and which degrade
performance.
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Appendix: Lincar dynamical analysis of figure 5

A dynamical analysis of the lincar model reveals the following:

Fm = (M{S2+B(S +K[) xm+ (M352 +B3S +K3) x¢ + Fe and
(B2S + K2) (xm- xc) = (M352+ B3S +K3) xc + Fe

Solving for x¢ in the seccond cquation and substituting for x¢ in the first yiclds
Fm = (MIS2+B|S+K) Xy +

[M3B2S3 + (B2B3 + M3K2)S2 + (B2K3 + B3K2)S + K2K3) X + (B2S+ K2) Fe

M3S2 + (B2 + B3)S + (K2 + K3)
If all tcrmis arc finite this means the fecling of every environmental force component is
modificd by propertics of the intermediate telcoperator mechanics and filtered through a
damped oscillatory filter.
For K7 large (i.c., a rigidly connccted master and slave),

Fm = [(MjSZ+B1S+K1) + (M3S2+B3S+K3)] xm + Fe

and so the local and environmental damping and stiffness terms simply add. Thcere is no way
to distinguish slavc from master forces in this casc.

For K3 and B3 both = 0 (i.c., the slave has no contact with the environment),

(M3B2S3 + M3K2S2) x, + (B2S+K2) Fe

Fm = (M1S2+B(S+Kj) Xy +
M3S2 + B3S + K2)
In this casc if B2 = 0,

(M3K282) X, + K3 Fe
Fm = (M]S2+B|S+K|) x5 +

M3S2 +K32)

which mcans environmental mass and stiffness arc felt in combination and through an
undamped oscillation, and so too arc the unbalanced forces.

If for the no contact situation K2 =0,
(M3B2S2) X, + By Fe

Fm = (M{S2+BS+K[) xy +
M3S + B2

which mcans environmental mass and damping are felt in combination and through a first
order lag, and so too are the unbalanced forccs.
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