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SUMMARY

This report reviews factors contributing to the effects of lags in head-coupled systems. A
model of head tracking behavior is defined with appropr.ate feedback toops. The relevant
lags and their possibie effects on operator performance are defined. Twenty-one head-
coupled simulators and operational head-coupled airbome systens are listed and grouped
accerding to their feedback ioops. Studies of the effects of lags within individua! feedback
locps are reviewed. The feedback loops investigated were the head-coupled visual loop,
the head-slaved weapon control loop, the manual control loop, the eye-coupled visual locp
and the eye-slaved weapon controi loop. The effects of relevant task and simulator
variables, such as target velocity and motion cues, are also discussed.

Withirn a head-coupled visual loop, many studies have shown thiat lags degrade head
tracking performance (these lags are referred to as 'display lags'). Lag compensation by
continuous head position prediction and image deflection have been shown to be very
effective. In a head-siaved weapon control ioop, the visuai feedback of a lag in the form of
a reticle lagging behind the operators' line-of-sight (i.e., reticle lags) has been found to
degrade head tracking performance. Within an eye-slaved weapon control loop, eye
tracking error increases with increasing lag (eye-reticle lag). Systematic investigations of
the effects of reticle lag, eye-reticle lag ancu display iag on target acquisition performance
are recommended. '

The handling qualities of a head-coupled helicopter simulator have been reported to be
N degraded by lags in the manual control loop. It is desirable to consider whether the resuits
of equivalent studies with panel-mounted displays can be extended to head-coupled
| displays. Lags in the dynamic response of an eye-slaved high resolution insert (eye display
| lags) have been shown to degrade lateral manual tracking performance.

Interactions between the lags in different feedback loops have been studied in a few cases
but there are many variables and the results are insufficient to draw general conclusions.  or il

! . .

: It is recommended that future experimental studies of the effects of lags are conducted in E]]

' the context of an appropriate mode! of the head-coupled system. ]
. 8y ... -~
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1.0 INTRODUCTION

This report reviews the effects of lags on human performance with head-coupled
simulators. The rescarch has been conducted by the Institute of Socund and Vibration
Research at the University of Southampton with the support of the United States Air Force
through Logicon Technical Services Inc. (F33615-89-C-0532). The report summarizes the
work parformed over the period 1 July 1992 to 30 November 1992.

20 OBJECTIVES

The objectives of the study were:

0] to categorize factors that may contribute to the lags in a head-coupled simulator;

(if) 10 determine the effect of each categorized factur by reference to previous
experimentation on the effects of lags on human performance or human
acceptance; the effect of manipulating engineering parameters, such as bandwidth,

phase and gain was also to be reviewed,;

(i)  to identify the published studies concemning interactions among different lags within
a simulator.

T above objectives are slightly different from the original objectives in the prime contract
( 53615-89-C-0532). The cii~nges came about at the request of Logicon Technical
Services, Inc. (subcontract: 07-014-35S).

3.0 APPROACH TO CATEGORIZATION

There are only a few published studies concemned with the effects of lags on operator
performance with a head-coupled simulator. Comprehensive categorization of the
contributions of individuai variables towards piiot perfoimance is therefors not yet possible.
It is propused to categorize the contribution of individual feedback loops, and their
associated variables, on the effects of lags on pilot performance. A systematic procedure
is outlined and a detailed explanation of Stage 1 is presented in Appendix A,
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Stage 1 identity the systein architecture of the head-coupled simulator under
investigation so that a model can ve constructed (Section 5.0).

Stage 2 identify variables associated with each feedback loop and the effects of
these variabies on performance within the model (Section 6.0).

Stage 3 survey published studies of interactions among lags in various feedback
loops (Section 7).

4.0 MODELING THE HEAD TRACKING SYSTEM
4.1 Experience from manual control modeling

Review of the literature showed that there are few published head tracking models
compared to the vast amount of literature conceming hand tracking models. Therefore, it
was decided to develop established theories of manual tracking for application to head
tracking. Section 4.1.1 outlines the development of quasi-linear approaches to tracking.
The concept of modeling the amount of target information perceived during manual tracking
is described in Section 4.1.2,

4.1.1 Overview of quasi-linear approacheé to the modeling of manual tracking
behavior

The pioneer researcher on the manual control of dynamic systems was Amold Tusfin. In
1944 he reported attempts to find an approximately linear relationship (within the range of
practical requirements) between movement and error so that the well-developed theory of
linear servomechanisms' could be applied. Figure 4.1 shows a block diagram of a typical
remote position control servo system (Whiteley, 1947). Tustin reported that operators in
manual control systems responding to randomly moving visua! forcing functions, exhibited
a type of behavior analogous to that of a servo system as shown in Figure 4.1. It was
concluded that manual tracking respor.se is non-linear, but that the relationship may, to a
useful extent, be approximated by a linear iaw, namely that the speed of a hand centroller
mavemeant is proportional to both the tracking error and the rate of change of error, subject
to a lag which corresponds to that involved in nerve transmission (Tustin 1947).
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Figure 4.1 Block diagram of a typical remote position control servo process
(adapted from Whiteley, 1947).

Until 1960, most of the raesearch in this field was devoted to understanding the
characteristics of the human as a single-loop linear controller of a single variable, the error
{i.e., the difference batween the targut position and the human control outpui). This
tracking behavior was later described as compensatory tracking by Krendel and McRuer
(1960). Inthis paper, other tvpes of tracking mechanisras, pursuit and pre-cognitive, were
also reported. Details of compensatory, pursuit and pre-cognitive tracking are discussed
in Section 3.1.2. McRuer and Krendel published a report in 1965 summarizing twe
decades of work concerning compensatory tracking models. The basic structure of the
manual control modal daveloped by McRuer is shown in Figure 4.2. Since 1965, rasearch
on manual control dynamics has diversified. At System Technology Inc. (ST1j, McRuer and
his colleagues extended their model to dascribe manual pursuit tracking and conducted
numerous studies with variables such as secondary tasks and order of control dynamics
(a.g. Allen et. a/, 1970).

At the Bolt, Beranek and Newman Laboratory (BBN!}, Levision et. a/ (1969) applied the
optimal control theory (Kalman, 1963) in modeling compensatory rmanual tracking
behavior. This led to the development of an optimal human operator control modsl
{(Figure 4.3, Kleinman et a/., 1970). So far, the human operator models mentioned above
were developed under tne assumrtion that during a tracking exercise, tha human operator
hehaves linearly for most of the time. These models were called quasi-linear operator
models, that is, models consisting of a linear input-output describing function and a
remnant to represent the non-linearity {(McRuer and Krendel, 1965). Irn 1971, Astrom and

Eykoff proposed a general set of mathematical models for human tracking respenses. The
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grror | OWtut Lineeriy Retmnant
: Correlated Vith
Operator
¢ ;. Foreing Function © Total Ooerator
Stimulua) outout
Foreing : System
Function + \ Operator / Output
B M oncr 151 ng [ E)————py oMol lea >
- i : Element
: Function :

Figure 4.2 Basic structure of a generalized single-loop model for compensatory
control developed at STI (adaptad from McRuer and Krendel, 19565).

quasi-linear model was included in a sub-set called "Noise-Free’ medel (Figure 4.4). Based
on Astrom’s general model, Balakrishia proposed an 'Auto Regressive Moving Average’
(ARMA)} model to describe compensatory tracking behavior. Once excited, this ARMA
mode! requiras only previous outputs and an sxternal noise input to simulate the next
output (Balakrishia, 1975). That is, tracking was modeled as a self generated behavior
rather than a response to a visual input. Despita the claim that this ARMA model produces
better prediction for manual compensatory tracking response tnan some quasi-linear
models (Balakrishia, 1978), the latter was considared more suitable in describing hesad
tracking behavior. The reasons were two-fold: (i} head tracking is not a self generated
behavior but a response to a visual input, (ii} there is no single physicai equivalent for the

external noise source used in the ARMA model.

4.1.2 Perceptual organizaticn: amount of information perceived

4.1.2.1 Review of literature

in 1960, Krende! and his colleagues explained motor skill development in terms of
organization of perceived target information. They reported that as skills develop,
"Successive Organizations of Perception” (SOP) enables an operator tc take increasing
advantage of the predictability of perceived target information. A model was presented

to describe how the predictability of input signals could be made more apparent to a

-4 -
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Figure 4 3 Block diagram of the optimal human operator control model (OCM)
developed at BBN {adapted from Kleinman et a/., 1970).
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Figure 4.4  Astrom’s gencral model for manual tracking behaviour and the Auto
Regressive Moving Average modal by Balakrishia (adapted from Astrom
and Eykoff, 1971 and B. akrishia, 1975).

human operator by appropriate displays (Figure 4.5). They axtended this idea to predict
the level of skill exercised during a tracking task by identifying the type of display used.

The three levels of skill are compensatory, pursuit and pre-cognitive. They are described

-5 -




in the foliowing sections with their representative displays in Figure 4.5:

{t) Compensatory

During a8 compensatory tracking task, only one moving marker is displayed (Figure 4.5a).
The purpose of the task is to minimize the distance betwaen the marker and the center
point reference. The marker motion is the difference between the system input motion,
i(t), and the control response, o(t). Tha visually displayed movement of the control
responsae is not distinguished from the input target movement. Hence, no anticipation of

the targut is possible.

(ti) Pursuit

Unlike compensatory tracking, two moving markers are displayed during a pursuit tracking
task (Figure 4.5b). One rapresants the system input motion, i(t), and the other represents
the control response, aoft). In this form of tracking the control response can be
distinguished from the system input motion. Consequently, an operator can anticipate the
future target motion based on past target movement and previous control responses.
MHeverthaiass, such anticipation will not be perfect and the operator must ope-ate in a

closed-loop fashion relying on visuai feedback.

(i) Precognitive

This condition exists when the operator has complete information about the future system
input, and so it is no longer necessary to maintain continuous closed-loop control of the
perceived error. Although pracognitive control is not really tracking, tracking approaches
this condition occasionally. For example, tracking with periodic target motions: this
invoives the "Synchrorous Ganerator” within the human nperator model where an input
stimulus tnggers a serias of vracticed responses (Figura 4.5c). Such open-iocp behavior
is achieved through learning and can happen with pursuit displays. Another example will
be driving on a familiar road whaosa curves, dips and rises are all visible far ahead so that
an appropriate maneuver is made in advance. This situation can be simulated by the
"Pracegnitive Cisplay” in which the next target position is shown in advance. Such a
display enables the operator to function in an open-loop fashion for periods of time that

depend on a range of vanables such as target motion velocity and control dynamics.
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o 4.1.2.2 Applications to head tracking

When tracking with a head-coupled system, using visual and proprioceptive iaputs
o {Figure 4.6}, an operator perceives both the movements of the target position marker and
the reticlo position marker. The pointing angle of the reticie position marker is the same

as that of the helrnet-mounted display. Within the context of this research, head iracking
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behavior is modeled as pursuit tracking. However, whan under stress, an oparator may
not take full advantage of the input information and regress back to cornpensatory tracking
(Allen and Jex. 1968). Because the target motions are assumed to be random, progress

to the precogiiitive stage is considered impossible.

RCTY digplay (& helmat-mounted

reticie marker

targat markaer
Torget He lmet-mounted di{splay

r"__'j L
motlon ) R Human

i '%_@ T operator

ICf) Is the original target motion.

heimet poln- R
ting system

Output
ocr)

E(f) is the radial sapsrstion betwsen the targat and \he reticle.

ACF) s the retici® position which Is the same as the pointing
angiw of the helmet-mowtted display .

R(TI+ECT) is the perceivod target motion.

Figure 4.6 A quasi-linear pursuit model of a typical head tracking loop within a
head-coupled system.

4.2 Head-coupled simulator modeling {operator-in-the-loop)

A model of a basic operator-in-the-loop head-coupied simulator is shown in Figure 4.7.
This model contains only one feedback loop and the whole system is described as the
'head-coupled visual loop’. Examples of variables involved in this loop are listad in
Ap.endix A. Simulator components are added to the ‘head-coupled visuai loop’ system
to form a more complex head-ct upled simulation system; this results in more feedback

icops (see Figure 4.8).
3.0 MODELS OF VARIOUS READ-CQUPLED SIMULATORS

A review of published literature concerning various head-coupled systems has been
condurted. The systems reviewed are !isted in Tables 5.1 and 5.2 and included both

opeiational systems and research simulators.
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6.0 EFFECTS OF VARIABLES ASSOCIATED WITH INDIVIDUAL FEEDBACK LOOPS

This saction reviews published studies concerned with the effects of lags within individual
feedback lcops in head-coupled systems. One problem with selecting papers for this
raview is that the papers’ authors were not always primarily concerned with the effect of

lags and so all of the desired information is not always available.

The studies are presented in a style similar to that of the Engineering Data Compendium
{Boff and Lincoin, 1988). Studies concerned with the effect of lags within the same
feedback loop are grouped (subsections 6.1 to 6.5).

6.1 Head-coupled visua! ioop

A block diagramy showing a head-coupled visual lgop within a simulator is shown in
Figure 4.8.

The variables investigated in this section are listed as follows:

(i} lag-induced image position error (Section 6.1.1);

(ii) dispiay lag (Section 6.1.2):

(iii) exponential display lag (Section €6.1.3);

{iv) time lead and display lag (Section 6.1.4).

(v) lag compensation by image deflaction and head position prediction {Section
6.1.5).

- 15 -




6.1.1 Lag-induced image position error
General dascrigtion

Head-couplad systems comprise heimat-mounted displays, helmét-pointing systems and
host computers for graphics generation. Such systems enable an operator to view
continuously information appropriate to the instantaneous line-of-sight of the head.
Problems arise with the inevitable lags between the moment at which head crientation is
sampled and the momant 4t which the image is presented on the display. This type of lag
has previously been referred to as target prasentation lag (ref. 5), transmission lag (ref. 2)
and display lag (ref. 3}. The lag represents the dynamic response of the entire visual field
of a head-coupled system to head movement and wiil be hereafter referred to as ‘display
lag’. Within the context of this report, an aiming reticle is not included as part of the

visual field and is not subjected to the display lag.

With a display lag and continuous head movement, head-coupied images are displayed at
incorrect positions. The generation of such image position error is illustrated in
Figure 6.1. This image position error has been referred to as display orientation error
(ref. 1}. The display lag increases lineariy with increasing frame period or graphic update
time (Figure 6.2, ref. 2). The image position arror also increases linearly with the head

movement velocity (Figure 6.3) and the magnitude of the display lag.
Applications

Understanding of any degradation in visual control pericrmance with head-coupled

systems.
Miethods
Two studies, reported by different authors, are reviewed here. The study in ref. 2
investigated the position error introduced by the dispiay lag from an engineering point-of-

view and no human response was considered. The study in ref. 6, however, included

human response to the display lag in the measurements of lag-induced position error.

- 16 -
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Figure 6.1 Diagrammatic illustration of the effect of lag between head movement
and image movement on an image captured by a head- slaved camera (The effect is
similar to that of display lags, adapted from ref. 6..

Test conditions (ref. 2)

e Display (transmission) lags were measured with different graphic update times (10 ms

to 300 ms). Measurements were repeated when a data buffer was inserted inte the head-

coupled system to gernerate extra lags (a data butfer may be treated as a frame store in

terms of its time delay characteristic).

® Image position errors for head-coupled images were measured with ditferent graphic
update times (10 ms to 300 ms; and different head (tracker) transiational veloc.ties
{0.0221 m/s to 0.0558 m/s).

Experimantal details {ref. 2)

» Independent variables: graphic update time: head (tracker) velocity: the presence of a

data buffer.

e Dependent variables: display lag; image position error.

! -17 -




® Experimenter’'s task: move the head

tracker at a pre-arranged velocity.

® No subject was used.

Test cond.tions (ref. 6}

® Image position errors for head-coupled
images were measured with different
display lags (40 ms to 420 ms). These
errors were compensated by image
deflection and measured in tarms of the
amount of defiection needed Figure 6.4,
{see Saction 6.1.5 for details on the image

deflection techniquej.
© The target maotions used in both pitch
and yaw axes were random signals
integrated twice and band-pass filtered
betwean 0.0%1 and 0.63 Hz.

Experiment details (ref. 6}
¢ Independent variable: display lag.
¢ Dapendent variables. image position
error in terms of the amount of deflection

needsd.

® Subject’s task: track a moving target

with the head.

»* Tweive male subjects participated.

14
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Figure 6.2  Display lags for different

graphic update times with and withcut a data
buffer (line fittings are given, adapted from

ref. 2).
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Figure 6.3 Position errors versus hecd
{tracker) velocity for graphics update times of

30, 50 and 100 ms (adapted from ref. 2).
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Rasuits
© The visual effect of display lag on a
head-coupled image is illustrated in
Figure 6.1. Although computer-generated
images werg used in all the studies
reviawed, a head-slaved camerais used for
illustration. Figure 6.1 shows the effgct
on the displayed image when the head of
an operator moves to acquire a stationary
target at a constant anguiar velocity, é,,,
assuming the head-slaved camera follows
with a constant time delay, r. After a
time, t, the head has traveled an angle of:

8, = O
but the camera and images captured have
only moved to 0., where:

0. = G,(t-7)

= 0,-6,r

-

-

deflection (deg}

~
i
i

X-axis r.m.s.

ol

0 100 00 300 400

Additional Time Dalays (ms)

Figure 6.4 Yaw-axis r.m.s. image
displacement by deflection (i.e. position
error) for different display lags (adapted from
ref. 6).

Therefore, the image position errar, éhr, is proportional to the head veiocity, é,,.

¢ The relationship between display lag and graphic update time is modeled as follows

(Figure 6.2):
display lag = a + b x (graphic update time)
where
a = lag of the helmet-pointing system (tracker) + the processing time of the
host computer 1o generate a complete graphic frame,
b = a constant proportional to the number of data buffers within the head-

coupled visual ioop of a head-coupled system.

® Image position errors in head-coupled displays increase linearly with head (tracker)

velocity (Figure 6.3). This agrees with Fiqure 6.1.

@ Image position errors in head-coupled displays increase linearly with display lag
(Figure 6.4).




Comparison with othar studies

® The reported linear relationship between the position error and the head veiocity was
confirmed by the result of a study reported in ref. 5. With display lags from O ms to
160 ms, changing the velocity of a target motion by scaling its displacement produced no
significant effect on head tracking performance other than the linear changes due to

displacement scaling (the system display lag was 40 ms).

References (*: key refavenca(s))

1. Allen and Hebb (1983} *2. Bryson and F.sher {(1999)
3. Eyre and Griffin (1992) 4. Lewis et. a/ (1987)
5. So and Griffin (1991a) *6. So and Griffin (1991b)
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6.1.2 Disgplay tays

Genersl descript’on

Image movements on zll head-coupled systems are subject to display lags (see
Section 6.1.1 for definiiicn, Figure 6.5). For a band-limited random target motion, head
tracking performance can b significantly degraded by imposed display lags greater than,
or equai tc. 40 ms (Figure 6.6, the system display iag was 40 ms). Ref. 3 reported that
in the presence of display lags, no significant improvement in head tracking performance
was found through practice (Figure 6.7). Display lags were shown to increase the gains
and the phase Jags in head tracking transfer functions with a band-limited random target
ination (Figure & 8). Thsse increases resuited in increasad input-correlated tracking errors
{Figure 6.9).

Appiications
Design of control systems with head-coupled visual fesdback.
Mcchods
Two stucies are reviewed here, they were reported by the same authors and the head-
coupiad systems used in both experiments were the same (Figure 6.5). The halmet-
mouriced display used was a monocular system and the eye of presentation was the right
eye.

Test conditions (ret. 4)
® Mean radial head tracking error and subjective difficuity rating were measured with
different imnosed display lags (0 ms to 380 ms, Figure 6.6). The system di~play lag was

40 ms.

® The target motions used in both pitch and yaw axes were random signais integrated

twice and band-pass filtered between 0.01 and 0.63 Hz. The duration was 60 seconds.

21 -
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m?t:on — ——ﬁ — Human Lags
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|
e e e e ——

subjectlve rating
ICf) 1s tha orginal tarQet motion.

RCFI+ECT) is the perceived target motion due to the
Presence of lags in visual foadhack.

Figure 6.5 A diagrammatic illustration of a head-caupled system with a display lag.

Experimental details (ref. 4) ! — - -
e 6 Ll
£ %
¢ Independent variable: display lag. 3 y : {
G 7
ST _— -
® Depandent variables: mean radial head ERAE v .
-
tracking error and subjective difficuity rating. <5 | P // i
® Subject’s task: track a moving target with o , ) .
[ 100 200 300 «00

a reticla. Both the target and tha reticle Additional Time Delsye (ms)

were presented on a monocular helmet- . .
p Figure 6.6a Meaan radial tracking error

rounted display at optical infinity. The with different display lags (Median of 12
reticle was presented at the centar of the subjects, adapted from ref. 4).

display.

& Twelve male subjects participated. They werse aither students or researchers.

¢ With O ms and 80 ms imposed display iags, mean radial head tracking error was
measured for ten consecutive trials to study iearning effects (Figure 6.7). The system

display lag was 40 ms.

@ Head tracking transfer functions and both input-correlated and uncorrelated tracking

grror spectra were measured with different imposed display lags (0 msto 160 ms,

-22-




Figures 6.8 and 6.9).

® The target motions used i1 both pitch and
yaw axes were random signals integrated
once and then low-pass filtered at C.7 Hz
(24 dB/octave) and 1 Hz (120 dB/octavs).

The duration was 120 seconds.

Ve Racing:

not difficult

4 litcle ditficult
taiely ditficule
di{ficult

very dikficult
extremely difficult

Subjective difficully rating

Experimental details {ref. 3)

(S W SR -]
[ U T T T )

b |06 :30 350 400
® Independant variables and subject’s task Addlcionai Time Delays (ms)

are the same as in ref. 4. Figure 6.6b Subjective difficuity rating
with different display lags. (Median of 12
) . subjects, adapted from ref. 4).

® Dependent variables: head displacement jects P )
(pitch and yaw axes) expressed as mean radial error, head tracking transfer funiction and

input-correlated and uncorrelatad error spectra.

® Eight male subjects participated. They P mananaienen: ” -
waere either students or researchers. E ;
~ |
. !
;
Results a o,
; == :
9 adtan (0‘:-')' LT ORRP R T o
. H Ureen et (o o)
® Head tracking performance was foung to c ~tdla o w)
q o Lowar qusrtile (1]
. . ] . Ugper quaccile (B0 ss)
be degradod for imposed display lags S __.__'_’__:_“__ |
greater than, or equal to, 40 ms 1 2 3 4 8 8 7 8 910

Number of Trials

Fi 6.6, the system display ia a . .
(Figure 4 Isplay fag was Figure 6.7 Mean radial error for 10

40 ms). About 65% of the increase in l|earning stages with 80 and 120 ms display
lags (median and inter-quartile range for 8

wotal tracking error was input-correiated .
g o subjects, adapted from ref. 3),

{Figure 6.9).

® No significant improvement in head tracking performance in the prcsence of O ms and

40 ms imposed dispiay lags was found through practice (Figure 6.5].

® Both the gains and the phase lags in head tracking transfer functions increased with

-923-




increasing display lag (Figure 6.8). This indicated that the operator tracking strateqy may
have been affected by the display lags.

mogulus ponasy  rad

200 5 ouuy

3060 L I 1 $ KRR} 1 L 1
J o Tl 0 100 7 GO0

Coaquens fragquency <01

Figure 6.8 Mean head tracking transfer functions in the yaw-axis with different
display lags {(Hanning window, 144 daegrees of freedom, C.09 Hz resolution, adapted
from ref. 3).

nSOs of 11D cort-iat-g @rror PSDs o' 11p correlsted arror

1500 1500,

=T T T

0 009
Q 600 2 000

fFrequancy 1H1, Frequency H7)

Figure 6.9 Mean input-correlated and uncorrelated yaw-axis head tracking error
specira with dgifferant display lags {(Hanning window, 144 degress of frsadom, 0.09 Hz
resolution, adapted from ref. 3).

Comparison with other studios
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A

j'ﬁ,; .

s " : T X
L Figufe 6.10 indicates a similar flndlng L1 tnose wroray . 1
from ref. 1 for the effect of display lag on 7 2
head tracking performance. The R 0 “L ) 7
experimental head-coupled system used in b i B ]
ref. 1 was different from that used in g obu o o
raf. 4 (see Table 5.1, Section 5.0). i ‘ .

T - ~ — S SO
® Ref. 2 reported that display lags van — . ——— : .

30 wo 130 229 230 00

cause motion sickness. 9 ot trtssense)

Figure 6.0 Mean radial head trackin, wrror
e Ref. 6 reportod that in a helicopter with diffcrent display lags (adapted from
combat mission simulation, the computer ref. 1.
scene could not keep up with the high turn rates inherent :n an aggressive maneuver, the

simulator had a display lag of 120 ms.

® A monocular helmet-mounted display (HMD) was used in both studies (refs. 3 and 4).
The eye of presentation of the HMD was always the right eye. Ref. 5 investigated the
effect of the eye of presentation during head aiming and tracking, no significant. effect on

performancs was reported.

Constraints

¢ The studies werg focused on the effects of display lag on continuous tracking. Other
tasks such as target acquisition involving ballistic head movement may need further

attention.

References (*: key reference(s)}

1. Eyre and Griffin (1992)
2. Friedman et. a/ (1992)
*3. So and Griffin (1991a)
*4. So and Griffin (1991h)
5. Wells and Griffin (1987b)
6. Williams (1987)
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€.1.3 Exponential display lags

General description

When a head-coupled system is used to present imagas captured by a head-slaved camera,
the delay (i.e. display lag, see Section 6.1.1 for definition) is replaced by an sxponentiai
lag. This exponentiai lag represents the dynamic response of the head-slaved camera and
is hereafter referrad to as exponential display lag (Figure 6.11). When such head-coupled
systems are used to search and identify visual objects, the effact of increasing the delay
time constant (r) of an exponentiai lag is likely to increase the searching time {Figures 6.12

and 6.13) and constrains an operator from makiny fast head motions (Figure 6.14).

Py
TNY

Phase (radiarns)
4

a.-y (-]

Yrequency (Hz) Frequeacy (Hz)

Figure 6.11 Frequency responsas of axponential display lag of ditferent time constants
(adapted from raf. 2).

Appiications

Design of tele-operated systems and head-coupled forward looking infrared radiation (FLIR)

systams.
Mathods
Test conditions (ref. 2)

® One-dimensional character search with a head-couplad system; the characters were the

twenty-six letters of the alphabet presented in a random order. Character position was

.26 -




generated randomly betwean -70° to -10°
and from +10° to +70° from boresight

along the horizontal median.

¢ Percentage reading error and total time
taken tc complete the task were measured
with diftarent exponential dis slay lags (e™¥":
r from 0.003 to 0.318 seconds
corresponding to a 1* order low-pass filter
with cut-off frequencies from 50 to
0.5 Hz).

Test conditions (ref. 1)

Tine

4. Feading tise

Figure 6.12

recognize

exponeantial

ref. 2).

. - S——

u.ul [SRN 1.0

Tims constant Is)

Time taken to search and

26 letters with different

display lags (adapted from

® Estimation of the flight path in a simulated straight or curved level flight with a head-

coupled system (see Experimental Details section for a summaiy of the estimation

procedure).

® Estimation error, time and yaw-axis
movement and velocity were measured
with and without & 1" order exponential
display lag (6“*®). The error and head
velocity measurements ware represented
by their standard deviations, since their
means were approximataly zero. Their
standard deviations were approximately

equal to tha r.m.s. values.

Experimental details (ref. 2)

10.0 +

—
(&)
aJ

8.0 -

NOMINAL
PHASE LAG

g 5.0 4 z 7
/
'f: 4.0 % é
N
2 N7 g’
2.0 g

Z 7

L

9o

straight cutved
(level tlights)

Figure 6.13 Flight path estimation time
with and without an axponential display lag
of 895 (adapted from ref. 1).

e independent variable: exponential display lag.

e Dependent variables: percentage reading error and rsading time.




]

@ Subject’s task: start from a forward LI
facing position, turn the head tc the left §”< 3 %:ﬁ:‘;’;‘tw
until a character is located, call out the =
character and turn the head to the right {i}"’-"‘ :
until another character is located. This is o N
repeated until all of the twenty-six ; NY
characters huive been read. ‘i Lo
v straight- curved -
e Seven maie subjects participated. (level flights)

Figure 6.14 Yaw-axis head mation
Experimental details {ref. 1) velocities (standard deviation) in the flight
path esumation task with and without an

axponential display lag of e7°® (sdapted
¢ Independent variable: exponential display from ref. 1).

lag.

® Dependent variables: flight path estimation error and time; standard deviations of yaw-

axis head movement and velocity.

® Subject’s task: on pressing a response button, a simuiated helicopter flight was
presented. Within the visual field, a marker was placed on the ground level, at zero yaw
angle and at a specified depth. Subjects were asked to place the marker along the
anticipated flight path at the spacified depth and press the response button when finished.

® Eight male and one femala trainaed subjects participated.
Raasults (ref. 2)

® Figurs 6.12 shc vs that for a time constant greater than, or equal to, 0.04 seconds,

there was 1 consistent degradation in reading time with increasing exponential display lag.
® Reading er-ors were not consistently affectad by the exponentiai display lag (data not

shown here, see ref. 2). In a character search task, when 2 subject is under stress, a

trade-off wou'd normaily be expected between reading time and reading error.
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Results (ref. 1)

@ When an exponential display lag with &
time constant of 0.5 seconds (") was
introduced, the average estimation time of
the flight paths in simulated halicopter
flights increased by 30% (Figure 6.13).

¢ The effect of the exponential lag on the
flight path estimation error was slight (4%

increases, data not shown heare).

e With the exponential display lag (e°®"),

yaw-axis head velocity decreased by

<

NOMINAL
PHASE (AG

o
[=]

2.Q

HEAD YAM ANGLE ACTiv.Tr O3,

straight curved
(level flights)

Figure 6.15 Yaw-axis head displacements
(standard deviation) in the flight path
estimation task with and without an
exponential display lag of %% (adapted
from ref. 1).

approximateiy 3% (Figure 6.14}. In contrast, the yaw-axis head dispiacement increased
by 14% (Figure 6.15). This may suggest that the exponential display iag constrained tha

subjects frorn making fast head mctions, requiring them to maks more corrections, and

resulted in larger estimation timas.

Constraints

@ The findings from the two studies (refs. 1 and 2) cannot be compared directly, because

flight path estirnation is more complicated than a character search task. The performance

of the former task is more dependent on subject experience.

® Only one dimensional character search was studied.

References {*: key referenca(s))

*1. Grunwald et. a/ (1991)

*2. Lewis et. al/ (1987)
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6.1.4 Combined effect of time iead and display lag
Genaral description

In previous sections (6.1.1 to 6.1.4), the degradation effects of display lag on performance
have been discussed. A solution to this lag-induced problem is to predict the futurs head
position by a signal processing algorithm. For random movements of the head, prediction
is, by definition, impossible. Howaver, due to the limited tracking bandwidth of the human
head {up to 1 Hz, Wells and Griffin, 1987b), pradiction of head position becomes possible.
A model of 8 head-coupled visuai loop with a head position predictor is shown in
Figure 6.16. With imposed lags greater than, or equal to, 80 ms the use of an optimized
phase lead filter with 48 mslead reduced the mean radial head tracking error (Figures 6.17
and 6.18). Intha case of the optimiz: 1 phase lead fiiter with 117 mslead, the mean radial
head tracking error was reduced when the imposed lag was equal to 100 ms (the system
display lag was 40 ms). It was reported that the gain amplification of the filter, above the
target motion frequency range of O to 0.7 Hz, magnified the measurement noise which,
in turn, caused the visual images t¢ jitter. Tha jittering of the images were found to force
the human operator to adopt a diffarent strategy that produced more tracking errer
{Figure 6.19).

A radial separation B1 BZ 2

of target und the
aming retcie

* E \ ! '—] Human b |
» ]t/' P aperator HPS Phase La;_lﬂ,

target _ Hi -lead

motion T HMD [ filter !

]

L J

T

F N

Figure 6.16 Block diagram of a head-coupled visual loop with a display lag and a head
position predictor (adapted from ref. 6).

Applications

Dasign of helmer-pointing svstem and head-coupled simulator.
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' Figure 6.17 Frequency responses of the twg phase lead filters used in ref. 5.

! Mathods (ref. 6)
Teast conditicns

® Mean radial head tracking error was measured with different imposed display iags (0 ms

to 100 ms) and three filtering conditions (no fiiter, filters A and B, Figure 6.17}.

@ The two phase lead filters (A and B) were optimized so as to produce time lead at the

frequency range 0 to 0.6 Hz. Their equations are (sampling rate = 50 Hz):

a,+a 2 vaz™!

ay+a,z ' +a,2?

H(z) = ™ =
| (z) = [ 1+b,z b,z 1+b,z  +hyz o - j/?
N .;:.lll— . ______,_,_//’ ___________________
| Eoal
i — just lag
: Filter A Filter 8 R I 1
i a, 14.6324 3.1022 0.1
o a, -24.7464 4.336 009 20 ) 50 i ]
| 82 10-7239 1.63 sddrcionsl <1 weisyn (wm}
| a, 0.0619 1.0
¢ . -1.7348
: :‘ g ;g?; 0.7651 Figure 6.18 Mean radial error with different
| b5 o 0068 0'4075 display lags and phase lead filters (adapted
: ) . . A
. b, -0.383 .0.3897 from ref. 6).
’ b, -1.1837 -1.3086
= by 0.4312 0.5788

The frequency responses of Filter A and Filter B are shown in Figure 6.17.
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[ Figure 6.19 Mean head tracking transfer functions measured between A and B1 and
between A and B2 (Figure 6.1) with 80 ms and 100 ms imposed lags and different
filtaring conditions (0.078 Hz, 124 degrees of freedom, adapted from ref. 6).

e The target motions used in both pitch and yaw axes were random signals integrated
twice and band-pass filterad between 0.01 and 0.64 Hz (48 dB/octave). The duration of
: each task was 90 seconds.

Experimental datails
® Independent variables: display lag and phase lead filtering.

® Dapendant variables: mean radia! tracking error and head tracking transfer functions.

® Subject’s task: track a moving target with a reticle. Both the target and the reticie were

presented on a monocular helmet-mounted display at optical infinity. The reticle was

presanted at the center of the display.

@ Six male subjects participated. They were either students or researchers.
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Resuits

® With the use of fiiter A, which had a 48 ms lead, mean radial error was significantly
reduced when the imposed lag was greater than, or equal to, 100 ms {(p<0.05, Wilcoxon

matched-pairs signed ranks tests).

® For imposed time delays less than, or equal to, 20 ms however, mean radial error was
significantly increased with the use of filt3r 8, which had 117 ms lead (p<0.05,
Wilcexon). This was because the time lead produced by ths filtar was greatar than the

total display lag present (total lag = imposed lag + system lag).

® From Figure 6.19, it can be observed that the use of filter B forced the subjects to adopt
new tracking strategies which produced more phase lags. Consequently, with the 100 ms
time delay condition, the use of filtar B produced iess improvement in the tracking error
than filter A, even though filter B had a longer prediction time (Figure 6.17). The changes
in tracking strategy when filter B was used were thought to have been due to the jittering
of images praduced by amplified measurement noise. Lag compensation by filter B
induced a higher subjective difficuity rating for the tracking tasks than lag compensation
by filter A (data not shown here).

Comparison with other studies

® Ref. 3 reported a computer simulation study of the use of a simple non-linear prediction
algorithm to compensate for lags occurring during high velocity step mevements of the
head. The algorithm used acceleration data and was reported to have been successfully

implamented in a fiber optic helmet-mounted display.

® Ref. | utilizead an adaptive least-mean-square predictor to predict pilot head look
direction. Computer simulations showed that the predictor was capable of good
predictions for input signals that change their characteristics linearly with time (e.g. a
swapt sina with decreasing amplitude) but needed improvement to predict head

movements whose characteristics change randomiy with time.
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N 6.1.5 Lag compensation by image deflection and head position prediction
General description

Images on a head-coupied system are positioned incorrectly due to display lag (see
Saction 6.1.1 for details of lag-induced position error). By deflecting the lagged image to
the currently correct angular position, tha image maintains correct corraspondence with
the outside world. The principle of the image defiection technique is expiained in Method
Section. Image deflection significantly improved two dimensional head tracking

| parformance in the presence of imposed display lags (up to 380 ms, system display lag

h

N was 40 ms) and performance was restored to that without an imposed lag (Figures 6.20
and 6.21). The amount of inage deflection required to compensate for ths display lags
increased with :nc-easing lag ("igure 6.22). Theimags deflection reduced tha field-of-view
l. and introduced parallax errors (see Method Section). Both were expected to degrade
i tracking performance although their effects were not apparent in the tracking
: measuremaents (Figure 6.20). Tha explanations reported were: (i) images used wera not
in three dimensional perspective, therefore parallax error did not affect the image quality
and (ii) the target was always captured near the center of the fieid-of-view, therefore
raduction of the fisid-of-view had littie effect on the perception of the target. For imposed

display lags less than 280 ms, the use of a simple head position prediction algorithm

A significantly reduced the amount of image deflaction required (Figure 6.22) and would
therefor - reduce parailax errors and reductions of the field-of-view. The principle of the
simple head pesition prediction algorithm is illustrated in Table 6.1.

Applications

Dasiyn of had-coupled simulator.

. Methods (ref. 5)

Test conditions

® Mean radial head tracking error and subjectiva difficulty rating were measured with

. * different imposed display lags (0 ms to 380 ms, system display lag was 40 ms], with and

i -35 -
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without image deflsction, and with and

without head position prediction. ool - tags . J
v “~ lags+deflection e
, @ * lugs+deflection+prediction .
| . 25 7/ 1
| ® The amount of deflection used to . /
1 - od o |
i compensate for different imposed display ui o
. =) e ~
: lags was measured. 3 7
E; .
) ety
ST e e g e e e
) . . 3t i
| ® The target motions used in both pitch *
| ; 0 . . .
I and yaw axes were random signals 0 100 200 300 00

. . . Additi 1 Ti De 14 (ms)
integrated twice and band-pass filtered teionat Time Tetays

betwesn 0.01 and 0.63 Hz. The duration Figure 6_.20 Meap radial head tracking error
with different display lags and 3 lag

was 60 saeconds. compensation techniques (median of 12
subjects, adapted from ref. 5).

Experimental details

® Independent variablas: display lag, lag compensation by image deflection, head position

~ prediction and combined image deflection with head position prediction.

¢ Dependent variables: mean radial head

tracking error, subjective difficulty rating 5
- lags T
and the amount of image deflection. & | + lagsvdeflection o S
S 4| ™ lagstdeflection+prediction
: - /_—__-....__/ .
- s
® Subject’s task: track a moving target ER1 // ]
with a reticle. Both the target and the = //
o 2 *——/ - — [—— - -
reticle were presented on a monocular & 7 Ve >
u AN - X7 / w7
helmet-mounted display at optical infinity. PR ~7 N ]
vi
The reticle was presented at the center of 0
T . o 1o¢ 2‘ I 4no
the display. % e
Additional Time Delays (ms)
Rating:
) L. 0 = not difficult 3 = difficuit
® Twelve male subj.:cts participated. They | = a lictle difficult 4 = very difficnlc
1 = fairly difficulc 5 = extremekv drificule

waere either students or researchers.

!' Figure €.21 Subjective diificulty ratng

| with different display lag- and 3 l.g

; compensation techniques (1 :dian of 12
subjects, adapted from raf. &),

-36 -




Terhnical details

® Image deflection: benefits

The visual effect of display iag, and the
banefits of image dseflaction on a head-
coupled image is illustrated in Figure 6.23.
Although computer-generated images were
usaed in all the studies reviewed, a head-
slaved camera is used for illustration.
Figure 6.23 shows the effect on the
displayed image when the head of an
operator rnoves to acquire a stationary
target at a constant angular velocity, éh,
assuming the head-slaved camera follows
with a constant time delay, r. After a

time, t, the head has traveled an angle of

6, = Gt (1)
but the camera and images capturad have
6, = G,ft-7)
= 6,-6,r (2)

Therefore, by deflecting the screen with an
offset of 6,7, the image is restored to its
correct position.

e flection; r ion in fi:lg-of-
view

Suppose the target is separated from the
initiai head position by an angie, 6,, and
that the field-of-view (FOV) of the camera
subtends an angle of ¢. The image of the
target will only be captured if it falls within
the FOV of the camera:

6. 8,-0.= w2 (3)
substituting 6, from (2):

Rl |' e bt T T -
@ .
3 « no prediction
~ ~ with prediction /
el 7 E
-3
o .
< e
3 L .
o /
22 _// / J
. e /
»
d - A
q e
- 1 . .~ 4
- h
® -
: Lt
- T
0.7 ", . .
0 100 200 300 400

Additional Tima Delays (ms)

Figure 6.22 The amount of image

daflection used to compensate for different

display lags with and without head position

prediction {madian of 12 subjects, adapted

from ref. 5).

only moved to 6., where

Table 6.1

The simplas haad position

pradiction algorithm (adapted from ref. 5}.

R(t4n)

- H(t) + (hesd valocity) % {(n)

where

H(ny - Hi—4t)

head velocity (instantancous) = —ee

Key:
H(¢)
n
feean)

ts
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6,-6,+6,r = w2 (4)

If we arrange equation (4), we get:

9, -6, = fp-20,r)/2 (5)
where (p - 26,7) is defined as tha effectivo _ ',’@:L
FOV, which is two times the maximum Alelmet— opfiS T larES
(Y e\,

. . 3 - A
angular separation allowable between the rc)\j ‘ S ol
image g
deflection

target and the observer’'s lins-of-sight so B _— £\

that the target will fall within display.

camera_ J witial head angle
images seen on the display :  (Gy8)
From equation (5), one can sea that this S : *HT D
effactive FOV is reduced by any time delay + # 37* )
. no lag with lag lag+deflection
Resuits (ref. 5) Figure 6.23 Illustration of effects of lags

between head movement and image

movement on images captured by a head-

slaved camera. The effect of image

with and without head position prediction) defﬂection is also shown (adapted from
raf. 5).

® The image deflection technique {(hoth

significantly reduced radial error and
improved the subjectiva difficulty rating (Figures 6.20 and 6.21). This is confirred by the

rasults of the Frisdman two-way analysis of variance by ranks.

® The amount of deflection required to com, nsate for the lags in the yaw-axis inc sased
with increasing imposed display lags (Figure 6.22). Tha rasult in the pitch-axis was similar

but is not shown hera.

® The simple head position prediction algorithm (Table 6.1) was shown to reduce the
amount of deflection used in both the pitch and yaw axes (the pitch-axis data is shown
in Figure 6.22).

Comparisen with other studies

e Ref. 1 reported the use of an image deflection technique to compensate the lag in a

head-coupled visual loop of a head-coupled simuiator. The simulator used a dome screer

with head-coupled projector rather than a helinet-mounted display, tharofore the restriction
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in tha field-of-view was not important. Detailed descripiion of the deflection technique
used was included in ref. 1 and it was patented {ref. 2), however no bhuman

gxperirnantation was reported.

® The simpla head position algorithm used in ref. 5 was replaced with phase lead filters
{ref. 6). With imposed display lags, similar head tracking performance was obtainad with
less reduction in the field-of-view and parallax error as compared to the results in ref. 5.

These filters were optimized to produce tire leads in the frequency range 0 to 0.6 Hz.
Constraints

® Studies were coriducted in laboratory environmants. The benefits of lag compensation
by combinad head position prediction and image deflaction in operational head-coupied

simulator should be investigated.

Referances (*: key reference(s))

*1. Allen and Hebb (1983) 2. Allen et. 3/ {1984)
3. Lewis et.a/ (1987) 4. So and Griffin (1991a)
*5. So and Griffin (1991b) %6. So and Griffin (1992)
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6.2 Head-slaved weapon control toop

A biock diagram showing a head-slaved weapon control loop within a simulator is shown
in Figure 4.8. This loop provides the position control of a head-slaved device and feeds
back this position in terms of the position of a reticle. The variables investigated in this
section include head reticle lag and the visual feedback of the position of a head-slaved

device lagging behind the line-of-sight.

€.2.1 Raticle lag

General description

in addition to presenting information to operators, head-coupied systems can be used for
aiming and target designation. One such application will be the head-slaved turret gun in
a combat helicopter: as a pilot turns his or her head to track the target, the gun follows.
The instantaneous position of the head-slaved gun may be displayed as a reticle on a
helmet-mounted display (HMD). Due to the inevitable lag in the head-slaved device (turret
gun), the reticle will always lag behind the head-pcinting angle. Hence, the iag has been
referred to as ‘reticle lag’. 1racking performance with a head-slaved device was found to
be significantly degraded by lags greater than, or equal to, 80 ms {Figure €.24, the system
has a 40 ms display lag and no reticle lag). With head tracking transfar finction
measurements, it was reported that as the lag increased, the subject decraased his gain
from unity and the phase lag became larger which, in turn, increased the tracking error
(Figure 6.25).

Applications

Dasign of head-slaved devices.

Mathods {ref. 2)

Test conditions

® Mean radial tracking error and head tracking transfer functions were measured with
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different reticte lags (C ms to 400 ms).

The system had a 40 ms display lag and o T T
r 4 — (Nadian}

no reticle lag. g s v ,
B 3 t’ . /,": ! ‘
I HY e

. . . L I el

® The target motions used in both pitch ul et :
< L !

and yaw axis were random signals % 2 ,V,, -
@ e

integrated once, high-pass filtered at g .
[ 4 N B

0.01 Hz (24 dB/octave) and low-pass RN s

[ 199 20¢ 388 aee
filtered at 1.2 Hz (120 dB/octave). Additionel Timu Owlsyw (me)

Figure 6.24 Maan radial error in degree with
Experimental details different reticle lags (median of 8 trials, 1
subject, adapted from ref. 2).

¢ Independent variable: reticle lag.

® Depandent variables: mean radial error and head tracking transfer function.

Subject’s task: track a moving target with a head-slaved reticle. Both the target and the
raticle were presentad on a monocular helmat-mounted displday at optical infinity. The
reticle had an open-cross shape with an inner diametar of 1.2 degrees.

© One mala subject participated. Eight trials were recorded.
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Figure .25 Head tracking transfer functions in the yaw-axis with diffarent reticle lags
(averuge of 8 trials, 1 subject, adapted from ref. 2).




Rasults (raf. 2)

@ Moan radial error increased significantly for reticle lags greater than, or equal to, 80 ms

{p<0.05, Wilcoxon matched-pairs signed ranks tasts).

® Head tracking transfar functions in the yaw -axis are shown in Figure 6.25. The transfer
functions in the pitch-axis wera similar and are not shown. As thn lag increased, the
subject decreased his gain from unity and the phase lag became larger which, in turn,

increased the tracking error.

Comparison with other studies

® Figure 6.2% (ref. 1) indicated that mean radial head tracking error increased with
increasing reticle lag. However, 1 threshold lag was not reported. The exparimantal head-
coupled systom used in ref. 1 was different from that used in ref. 2 (ses Table 5.1,

Sertion 5.0). 8 male subjects were used in ref. 1.

e Ref. 1 reported that with imposed reticle ET L eckem rericte RN
lags greater than, or squai to, 80 ms, head vp- : : . : -
tracking performance improved when tha
visual feedback in the form of a reticle
lagging behind tive operator’s line-of-sight

vas removed.

3N (B m eror (ORgrEwe)

Conistraints . e : ; R

L] - tan a -0u 230 g

¢ Only one male subject was used in Figure 6.26 Mean radial tracking error with

ref. 2. different raticle lags {Median of 8 subjects,
adapted from ref. 1).

Refarences (*: key refarance(s))

1. Eyre and Griffin (1892)
2. So and Griffin (1991a)
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6.3 Menual control loop

A block diagram showing a manual control loop within a simulator is shown in Figure 4.8.

The variables investigated in this saction are as follows:

{iy manual display lag (Section 6.3.1);
i) time lgad with lag (Section 6.3.2);

{iii) lag in motion cue presentation (Section 6§.3.3).

Sections 6.3.1 to 6.3.2 concern the effects of tima delay variables whilst Section 6.3.3

concerns the related offects of a simulator hardware variable.

6.3.1 Manual dispiay lag

General description

In the manual controf loop of a head-coupled system, lags occur between the input from
a hand controlier and the resultant change in the visual output. Similar lags occur in
manual control systems with panel-mounted displays and their effects have been tha
subject of many studies (transmission lag, Boff and Lincoln (1988), Warrick (1949);
simulator delay, Riccie et. a/ (1987); system transport delay, Gum and Albey (1977)).

In a head-coupled system, this typs of lag has previously been referred to as ‘throughput
lag’. Since, like display lag, it affects the orientat n of the entire visual field, this type of
lag will hereafter be refurred to as ‘manual display lag’. If a head-coupled system is used
as a helicopter simuiator, as the manual display lag increases, the Cooper-Harper rating
incraases, soindicating degradation of heiicopter simulated handiinig qualities {Figures 5.27
and 6.28).

Applications

Design of head-coupled simulators and tele-operated vehicle system.
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Figure 6.27 Cooper-Harper rating (adapted from ref. 1 and Cooper and Harper, 1969).

Methods

Test conditions (ref. 1)

® Simulated helicopter maneuvers: narrow
slalom or dolphin (high speed), serpentine
(low speed-hover) and longitudinal quick
stop (transition between high and iow

speed).
® Task evaluation with Cooper-Harper
rating were taken with difterent manual

display lags (87 ms to 254 ms).

Experimental details (raf. 1)
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Figure €.28 Effarcts of manual display lags
on Cooper-Harper ratings with three types
{( , . ) of tiight manoeuvres (Median of 4
subjects, adapted from ref. 1).

® independent variables: helicopter maneuver and manual display lag.




® Dapendent variables: subjective evaluation of the task with Cooper-Harper rating.

® Subject’s task: fly a simulated high performance helicopter in three typss of maneuver.

Each maneuver took approximately 40 minutes.

® Four former military helicopter pilots participated. Thaeir total flight time ranged from
2650 to 7300 hours.

Resuits (ref. 1)

® It was found that with increased manual display lag the Cooper-Harper rating increased

indicating degradation in perceived handling qualities (Figure 6.28).

® For the types of helicopter simulated, there was not a definite manual display lag at
which thae ratings changed abruptly.

References (*: key referance(s))

*1. Woltkamp et. a/ {(1988)

Cross referancos

Ref. 1in Section 6.1.3. Effects of an exponential display lag on simulated helicoptar flight

path estimation tasks with head-coupled systems.
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6.3.2 Time lead with manual dispiay iag

During this literature survey, few published studies concerned with the effects of lag
within the manual control loop of a head-coupied systam were found and oriy one of them
dealt with lag compensation by prediction (Friedmann et. a/, 1892). Although time
histories indicating the potential benefits of lag compensation by a Kalman filter were
shown in that study, no objective data such as tracking error or time-on-targat were
reported. This approach to lag compensation in a manual control loop with a pane!l-
mounted display has baen the subject of many studies. Various methods have been
proposed to improve the performance: single interval iead filters, Taylor series
axtrapolations, trapazoidal intagration algorithm and split-path non-linear filters. They have
been tested in manual simulation environmeants and the results have been published in Gum
and Aibery (1977), Malona and Horowitz (1987), McFarland (1988), Jewell and Clament
{1987) and Hess and Myers {1285),

it is the intention of this review to concentrate on the effect of lags within head-ceupled
systems. Therefore, detailed reviews of the above studies have not been included in this
saction. Brief summaries of some of tho references mentionad above are attached as

Appendix B,

6.3.3 Lags in motion cue presentation

As with Section 6.3.2, no published study which deait with the effects of lags in manual
controlled motion cues within a head-coupled system was found. Similar effects of lags
in motion cue presentatio within a manuai control loop with a panei-mountsd display have
been the ubject of several studies. Boff and Lincoln (1988) have reviewed studies
concerned with the effaect of temporal mismatch of motion and visual displays on
continuous tracking with simulataed aircraft dvnamics. Millar and Rilay (19786) reported that
as task difficulty increased, tha amount of acceptable time delay batween visual and
motion cues daecreases. The task difficuity was quantitied by the Cooper-Harper aircraft

handling quality ratings and the target frequency content.

Detailed reviews of the above studies have not been included in this section. Brief

summaries of some of the references mentioned above are attached as Appendix B.




6.4 Eye-coupled visual loop

A block diagram showing an eye-coupled visual loop within a simulator is shown in
Figure 4.8. This loop could provide an eye-slaved high resolution insert that blends into
the visual field of the simulator. The variable investigated in this section is aye-display lag
(Section 6.4.1).

6.4.1 Eye-display lag

General description

in a simulator, the concept of using an eye-slaved high resolution graphic insert in a low
resolution background has been devaloped to provide an image scens of kigh detail and
resolution at a reasonable cost and speed (ref. 2). This insert has previously been raeferred
to as eye-slaved area of interest (AQI, refs. 1, 3 and 4). Two ditferent approaches have
been taken to implement this concept. The first approach was to project the insert on the
inside of a dome or flat display screen (ref. 1). The second approach was to piesent the
insert on a wide field-of-view halmet-mounted display (refs. 3 and 4). The structure of
various simulators with sya-siaved insert can be found in Table 5.1, Section 5.0. In both
implementations, lags occur between the onset of head and eye movement and the
moment at which the eye-slaved insert responds. The sourcaes of this lag include eye-
tracker, head tracker, computer image gensration and servo driven mirror assembly that
steer the insart optically (refs. 1, 3 and 4). Such a lag will hereafter be referred to as ‘oye-
display lag’. The effect of eye-display lags on a combined target identification and manual
control task was studied (ref 1). With an imposed sye-display lag less than, or equal to,
50 ms (system eye-display lag was 140 ms), little performance variation was observed.
Beyond 50 ms, performance degraded appreciably (ref. 1). To locate, aim and recogniza
a target with saccadic eye movements, an imposed eye-display lag of 50 ms had only a

minor effact on aiming accuracy, however the number of target recognizad was reduced.

Applications

Development of cye-siaved high resolution graphic inserts in head-coupled simulators.
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; Methods (ref. 1)

Two studies from ref. 1 are reviewed here. The head-coupled system used was the Eye-
Slaved Projector Raster inset (ESPRIT) visual test bed (see Table 5.1, Section 5.0). The

system eyo-display lag reportad was 140 ms and extra sye-display lags were additional to

this 140 ms eye-display lag. The ESPRIT system comprised a flat display scrgen, a fixed
background projector, a control stick, a graphics image generator, a helmet with integratad
head and eye tracker and an eye-slaved insert projector. The background image resolution
" was 11 minutes of arc and its field-of-view (FOV) was 76° x 64°.. The eye-slaved insert

| had a resolution of 2.5 minutes of arc and a FOV of 18° (circular).
Tast conditions (study 1)
e Detailed performance measurements were not reported. Howsvar. they waere likely to
be manual tracking error and targset recognition error with different imposed eys-display
! lags (0 ms to 150 ms, in addition to the system evye-display lag of 140 ms).
® The eys-slaved insert size was set to 18 degrees (circular).
Experimental details (study 1)

® Indepandent variable: imposed eye-display lag.

® Dependent variables: overall performance (it may consist of maiiual tracking error and

| target recognition error).

@ Subject’s task: manually steer a simulated aircraft through a narrow canyon. The
aircraft’s aititude and speed wera fixed and laterai steering was controiied by subjects.
"! A drift factor was introduced to add some difficulty te the task. The carnyon had a nasrow
path on it's floor for the aircraft to follow, randomly placed targets and decoys were
prasentad along the canyon for target detection and identification. A picture of the canyon

is shown in Figure 6.29.

! ® Twenty subjects participated. Some of whom were pilots.

- 48 -

L ;



Test conditions (study 2)

® Target acquisition time, reading {fixation} time for each target, and target recognition

error were measured with different imposed eve-display lags (O ms to §0 ms, in addition

to the system eye-display lag).

Experimental details
{study 2)

® independent variable: imposed eye-

display lag.
® Dependent variables: target
acquisition time; target reading

{fixation) time and recogrition error.

® Subject’s task: locate a target,

Figure 6.29 Canyon with textured floor and
walls, presented on the ESPRIT system, adapted
from ref. 1.

identify the target, and then 'ook to the next target rapidly. Each target, if properly

recognized, would provide information needed for the next saccade. Targets were

presented at the four corners of the flat display screen. Each target provided a short radiai

line poiriting towards the next target {Figure 6.30).

2 Twenty-six subjects participated. Some j
a] [0

of whom were p..ots.

Fesults

¢ With an imp..ed eye-display lag less
than, or equal to, 50 ms (system eye- y @

display lag was 140 msij, little performance

o = target
= radial line

variation was observed. Beyond this level,

Figure 6.30 Niagrammatic illustration of

performance degraded appreciably {ref. 1). the targetco. quration for study 2, adapted

from ref. 2.

® To locate, aim and recognize a target with saccadic eye movements, an imposed eve-
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display lag of 50 ms had oniy a minor effaect on aiming accuracy, however the number of

targets recognized was reduced {(see subject’s task for the meaning of a properly

recognized target).

Constraints

® No measuraments or statistical data were shown in ref. 1.

References (*: key reference(s))

*1, Browder and Chambers (1988)
2. Eyre and Griffin (1992)

3. Geltmacher (1988)

4. Lypaczewski et. a/ (1987)

5. Longridge et. a/ (1990)
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6.5 Eye-siaved weapon control ioop

' A block diagram showing an ey:.-slaved weapon control loop within a simulator is shown
in Figure 4.8. This loop enables the position control of an eye-slaved device and feads
o back this position as a reticle presentation. The variables investigated in this section
. | include eye-reticle lag and the visual feedback of the position of an eye-slaved device
) E lagging behind the gaze angle.

6.5.1 Eye-raticla lag
General description

Similar to a head-slaved weapon (Section 6.2), lags occur in controlling an eye-slaved
weapon. The position of an aye-slaved weapon is fed back to an operator as & reticle
lagging behind the gaze angle. Such a lag has praviously been referred to as reticle iag
refs. 1 and 2) anu will hereafter be referred as ‘eye-reticle lag’. Figure 6.31 shows a
1 diagrammatic illustration of the apparatus during the study in ref. 1. With a two
i dimensional band-limited random tracking task, maan radial tracking error increased with
increasing eye-reticle lag (Figure 6.32). It is possible to withdraw the iye-siaved reticle
] feedback. in which case an operator will track in an open-loop fashion. That is, daspite
the lag in the dynamic response of an eye-slaved weapon, an operator will track a target
v as if no lags existed. Aithough there will be no visual indication for the eys-reticle lag,
such lag remains and affects the tracking performance of an eye-siaved weapon. This lag
[ will be referrad to as a ‘"dynamic response lag’, it’s magrutude will be the same as that of

the eye-reticie lag. 1t was found that for imposed eye-reticle lags of 160 ms and below,
| tha presentation of a reticla degrades eya tracking performance. For aye-reticle lags

| greater than 160 ms and up to 320 ms, no significant difference in tracking performance

, with and without reiicle presentiation was found. Ths system sys-reticls lag was 60 ms.

O Applications

| Design of eye-slaved davices and their visual interfaces with operators,




Skeleton suspension helmet

GEC Binocular 40x30 degree HMD

ISCAN RK520/RK426 Eye Tracking System
Bite--bar and chin-strop

Durkened environment

Hard -
flat i o
seat
CI
) ' Figure 6.31 Apparatus used to invastigate the offect of eye-retiria lag on eye tracking

performance {adapted from ref. 2).

Methods (ref. 2}

Test ~onditions

b r1
| @ Mean radial eye tracking eror was b A
. . h - - a
! measured with different imposad aye- i1 AL 2
A &
: reticle lags (O ms 1o 320 ms, with a E A R R
i 4 F b
system eye-reticle display lag of 80 mis), F A ° . K
. § o fand
c ) R _
® Subjects were asked to track a target ¢ '
R .
with their eyes without an cys-reticle, vye B) wr s wer s

1aQ (mil11vacondy)

displacement time historigs in both pitch

and yaw axas were maasured. Lags from
Figure 6.32 Mean radial eye tracking error

0 ms to 320 ms wers added to thess time  with different eye-reticle lag (a curve fitting
histories and mean radiai tracking errors WS 8iso shiown, araptad from ref. ).

wera calculaied with referenca to the

target mngion time history.
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@ Tha target motions used in both pitch and yaw axes were random signais band-pass
filtered between 0.01 and 2.0 Hz (60 dB/octave roll-off). The duration was 120 seconds.

Experimental details

s independent variables: eye-reticle lag, eya-reticle feediback and lag within an eye-slaved

weapon control loop {(dynamic response lag) when no eye-raticle was used.

® Dependent variables: aye displacement time history and mean radial eye tracking error.
¢ Subjoct’s task: track a moving target with an eyea-siaved reticle or the gaze. Both the
targot and the reticie were presented on a binocular helmet-mounted display at optical
infinity. The reticle had a 2° radius.

¢ Ten maie subjacts participsted. They were either students or researchers.

Results (ref. 2)

o Mean radial eye tracking error increased with increasing eye-raticle lag (Figure 6.32).

@ Without reticle feedback, mean radial eye tracking error increased with increasing

dynamic rasponse lag of an eye-slaved weapon (Figure 6.32).
o With dynamic response lags less than, or equal to, 160 ms, there was a significant
degradation in tracking performance with the addition of an eye-siaved reticie {p<0.01,

Wilcoxon matched-pair signad ranks two-tailed). The system eye-reticle lag was 60 ms.

® For the addition of lags greatar than 160 ms and up to 320 ms, no significant difference

in tracking parformance with and without reticle presentation was found.

Constraints

@ Thase tindings may only apply when the target motion is band-limited random.




® Only continuous eye tracking was studied. The effect of eye-raticie lag on tasks, such

as target acquisition, was not investigated.

References (*: key reference(s))

*1. Eyre and Griffin (1991) 2. Eyre and Griffin (1992)
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7.0 PREVIOUS RESEARCH ONINTERACTIONS AMONG LAGS IN VARIOUS FEEDBACK
LOOPS

A survey of literature has been conducted concerning the effects of interactions among

lags in head-coupied simulators. The resuits are shown in Table 7.1.

Table 7.1 List of references concerning effects of lags in a head-coupled simulater
Lag hnd-c;ouphd visusl loop hesd-slaved manual control loop eys-Coupled eye-slaved
souwce waeapon visusi loop weapon

sontmlioge. -sgntrel lgop. |
[o]<] hPS FLHY hesd reticle stick motion oye Vvieusl aye reticle
SAAIA —Lijes loasc...
folte X 4.8 _3.9 z 14
HPs X 1.8 5.9 2 1.4
FLIR/ X 6
head 4.8 4.8 X

| 1oticly

| atick 3 3548 5 X 6l
motion 6,7 X

L Suas._
aye visusl 2 2 X
9y reticla 1.4 1,4 X
1. Barnes {1990) 2. Browder and Chambers (1988)

3. Held (1990) 4. Eyre anc Griffin (1992)
5. Grunwald et.a/ (1991) 6. Miller and Riley (1976)’
7. Reid and Nahon (1987)° 8. So and Griffin {1991a)

9. William (1987)
* studies with panel-mounted display
More than 100 papers concerning the effects of lags within head-coupled systems were

found. Most of the studias involved more than onia lag source, but only a few investigated

the interactions between individual lags.
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8.0 GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

8.1 Effects of variabies within a head-coupled visual ioop

8.1.1 General discussion

Head-coupled systems enable an operator to view continuously information appropriate to
the instantaneous line-oi-sight of the head. However, head-coupled image movements
suffer lags in thair responses to head movements (display lag). This type of lag causes a
head-coupled image to be positioned incorrectly on a helmet-mounted display. This
position arror has been shown, both theorstically and experimentally, to increase linearly
with increasing display lag and target velocity. Studiss have shown that as display lag
increased, head tracking performance decreased. In tha light of the experimental findings,
it is hypothesized that with a display lag within a head-coupled system, the degradation
ot head tracking performance is mainly due to the incorrect target position feedback (i.e.

position arror}.

Display lag compensation by image deflection has been shown to be effect'e. Howsever,
the associated parallax error and the reduction in fisid-of-view may degrade pe:formance
whan complex images in three dimensional perspective are used. The benefits of display
lag compensation solely by head pesition prediction have been found to be restricted by

high frequency noise, perceived as jittery image movement.

With display iags up to 380 ms, the combined use of a simple head position prediction and
image deflection technique has baen shown to restore tracking performance with less
parallax error, less reduction in field-of-view and smoother image movement than the use
of either image deflection or image prediction alone. The simple head position predictor
was replaced by several phase lead filters, and similar head tracking performance was
obtained wi:h further reduction in both the paraliax errors and the restriction of the field-of-
viow. Thase filters wera optimized to produce time leads over the frequency range O to
0.6 Hz. So far. studias concerned with lag compensation by combined head position
prediction and imagy detluction have cnly been conducted in laboratory conditions. The
hanafits of this lag compensation technigue in a simulator environment have yet tc be

confirmad.
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Studies of the affects ot display lag have been focused on continuous head tracking tasks.

Other tasks, such as target acquisition, may nead further attention.

With ‘search and read’ tasks, exponential display lags with time constants of 0.04 sacond
or more have been found to increase reading time. The use of combined head position
prediction and image deflection to compensata the effects of exponantial display iags has

not been studied.

8.1.2 Conclusions and recommandations

Lag-induced position error increases linearly with increasing display lag and target velocity.

For two dimensional contiruous hoad tracking tasks, performanca has been found to be
significantly degraded for display lags greater than, or equal to, 40 ms (in additicnal to a

systerm display lag of 40 ms).

Measurements of mean radial error showed that the image deflection technique greatly

improved head tracking perfermance with display lag.

The amount of deflaction needed to compensate for the display lag, and the consequent
reduction of field-of-view, increased in proportion to the lag. This also introduced parallax

8rrors.

iMean radial head tracking errors were reduced by using head position prediction with
phase lead filters. These filters were optimized to give tima leads over the frequi..ncy range
0 t0 0.6 Hz.

With lag compensation by optimized phase lead filters, the inevitable amplifications at
frequencies higher than the prediction range introduced jittery image movement. This was

subjectively disturbing and degraded the image quality.
With display lags, measurements of mean radial tracking error and subjective difficulty

rating showed that combined image deflaction and head position prediction techniques

graatly imnroved tracking pe:formance with less parallax error, less reduction of field-of-

- 57 -




viow and a smoother image muvement.

Studies of the effects of display lag have been focused on continucus head tracking.

Other tasks, such as target acquisition, may naed further attention.

Tha benefits of lag compensation by combined image deflection and head position

prediction in 4 simulator enviranment has yet to be confirmed.

With ‘search and read’ tasks, exponential display lags with time constants of 0.04 second

or more increased the reading time.
8.2 Effects of variables within a head-slaved weapon control locp
8.2.17 General discussion

Head-coupied systems can be used to search and designate a térget. One such application
is the head-slaved weapon. The instantansous orientation of a nead-slaved device can be
displayed as a reticle on a helmet-mounted display. Due to the lag in the dynamic
response of the head-slavad device, the reticle will always lag behind the head-pointing
angle (reticle lagi. The mean radial tracking error was found to increase with increasing
reticle lag. With reticle lags greater than, or equal to, 80 ms head tracking performance
improved when the visual feedback (in the form of a reticle lagging behind the operator’s
line-of-sight) was ramoved. Howaver, this visual feedback may be nacessary while
performing operations such as ‘aim and shoot’ tasks, when decisions to shoot are made
on the basis of tracking accuracy. As cne of the key references reviswed in Secticn 6.2

contains results from only one subject, further studies to confirm the finding ars needed.

Investigations have baen focused on continucus tracking so as to obtain head tracking
transfer functions. Howsgver, one use of a head-slaved weapon will be to search and
designate a target. Studies to investigata the effact of reticle lag in a target acquisition
task are required.

8.2.2 Conclusions and racommendations

Mean radial tracking error was found to increase with increasing reticle lag.
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With reticle lags greater than, or equal to, 80 ms head tracking performance improved
when the visual feedback (in the form of a reticle lagging behind the operator’s line-cf-

sight) was ramovad.

Studies to investigate the eftect o reticle lag in a target acquisition task are recommended

as this task represents a common use of a head-slaved davice.

8.3 Effects of variables within a manual control ioop

8.3.1 General discussion

The effacts of lags on manual control performance with panel-mounted displays have been
the subject of many studies: lags associated with control orders (Allen and Jex, 1968)
{Privosnik et. a/, 1985), pure lags (Bailey and Knotts, 1987; Ricco et. a/, 1987}, modaling
the effects of lags (Levison et.a/, 1979; Levison and Papazian, 1987), lag compensation
by phase lead filters (Crane, 1983), lag compensation by non-linear filters (Hess and

Myers, 1985), lags in inotion cues (Miller and Riley, 19756).

Boff and Lincoin (1988} and Boff et. a/ (1986) hava reviewed studies coricernad with the
effacts of lags on continuous tracking whilst Merriken and Riccio (1987) have reviewed

studies concerned with the effects of lags in flight simulators.

In comparison with the numarous studies on panel-mounted displays, there are relativaly
few publications on the subject of the effect of lags in manual control performance with
head-coupled displays (manual display lag). Woltkamp et. a/ (1988) reporied that manua!
display lag dsgrades the perceived handling gualities of a head-coupled hslicopter
simulator. From an enginearing point-of-view, it is expected that if an operator keeps his
head stationary during a manuai control task, .he effects of manuai dispiay fag shouid te
simiiar to those encountered in front of a comparable panel-mounted display. However,

further studies are neaded to test this hypothasis.
When an operator moves his head during a manual control task with n head-coupled

display, two types of lag are present: manual display lag and display lag. Section 7.0

summarizes the results of a survey of published studies of the interactions hetween thase
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lags in a head-coupled system. In a head-coupled system, both the manual control loop
and the head-coupled visual loop enable an operator to control the orientation of the entire
visual field. When both loops are in opsration, their visual effects may not be
distinguishable. For example. an operator who pulls up the noss of an aircraft in a
simulator, may tilt the head upwards rather than pull back the control stick. With the
provision of adequate training this confusion may be reduced by displaying the appropriate
information. However, the presence of lags in both control loops is likely to escalate the

problem. Some form of lag compensation may be benaficial.

8.3.2 Conclugsions and recommendations

Manual display lag was found to degrade the perceived handling qualities of a head-

coupied helicopter simulator.

Studiss are recommendad to test the following hypothasis: in the prasence of lags in both
the manual controi loop and the head-coupled visual loop, an operator may not be able to
identify the visual feadback from an individual loop and hence performance may be

degraded.

8.4 Effectr of variables within an eye-couplad visual ioop

8.4.1 General discussion

In head-couplad simulators, an eya-slaved high resolution graphic insert to a low /esolution
background is frequently used to reduce the need to compute a high resolution background
covering a large figid-of-view. Inevitable lags occur between the onset of a head and eye
movement and the moment at which an eye-slaved insert responds (aye display lag).
Imposed aye display lags greater than 50 ms have been shown to degrade lateral manual
tracking performance. The simulator had a system eye display lag of 140 ms and the
affact of the lag on performance was unknown. To study the effect of this lag, a system

with an eye display lag of less than, or equal to, 50 ms is recommended.

Studies to investigate the eftect of eye display lag on parformance with continuous

tracking tasks (smocth pursuit eye movement) and target acquisition tasks (saccadic eye
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movement) are recommended.

In order to compensate for the eye display lag, the lag sources need to be identified. Eye
display lag is reported to have baan introduced in the following processas: head position
measurement, eye pesition measuremant, computer image generation and eye-slaved insert
projection (Browdar and Chamber, 1988). Although the relative contributions from sach
process varies across different head-coupled systermns (Geltmacher, 1988), sye display lag
is mainly introcduced during eye position measurement and computer image generation,
The prediction of the final eye position of a saccadic aye movemant has previousiy baen
studied (Bahill and Kallman, 1983). The feasibility of applying tag compensation by rneans
of eye position prediction and imaga deflection should be invaestigated. Simulator variables
such as the size of the insert have bean investigated and no significant effect was reported
(Browder and Chambers, 1988). However, the combinad effect of increasing eye display

lag and reducing eye-slaved insert size have not yet been studied.

8.4.2 Conclusions and recommendations

imposed aye display lags greater than 50 ms have been shown to degrade lateral manual

tracking performance.

To study the effects of eye display lag, a huad-coupled system with an aye display lag less

than, or equal to, 50 ms is recommended.

Studies are recommsnded to investigate the feasibility of applying lag compensation by
means uf head position prediction and image deflection in systems where eye display lag
is presont.

8.5 Effects of variables within an oye-siaved weapen controi inop

8.5.1 Geaneral discussion

The ability to use the eyss to direct an aiming device towards a target is of great potential.

However, lags occur in controlling an eye-slaved weapon. The position of an eye-slaved

weapon can be fed back to an operator as a reticle lagging behind the gaze angle {eye-




reticle lag). Mean radial eye tracking error increased with increasing eye-reticle lag. With
aye-reticle lags, it has been shown that eye tracking performance improved when the
visual feedback in the form of a reticle lagging behind the gaze angle was removed.
Studies have been focused on continuous eye tracking (i.e. smooth pursuit tracking). As
one usa of a human eye is to search and locate a target, effects of eye-reticle lag on tasks
such as target acquisition should be investigated. Such tasks are likely te involve saccade
aya movements, It is hypothesized that the effect of eye-reticle lag will be more severe

with saccadic eye movements than with smooth pursuit tracking movements.

8.5.2 Conclusions and recommendations

Mean radial eye tracking error increased with increasing eye-reticle lag.

With eye-reticle lags, the removal of the visual feedback in terms of a reticle lagging behind

the gaze angle was shown to improve eye tracking performance.

Studies are recommended to investigate tha effacts cf eye-reticle lag on a targst
acquisition task so as to test the foilowing hypothesis: the effect of eye-reticle lag will be
more severe in  irget acquisition tasks (saccadic eye movements) than during continuous

gracking (smooth pursuit tracking).

8.6 Effacts of interactions among lags in various feadback loops

8.6.1 General discussion

During the period of this research, tew published studies concsrning the interactions
among the lags in head-coupled systems were found. Further review of thae literature

consulted may reveal further information.

As indicated in Section 5.0, a head-coupled simulator consists of many feadback loops,
each with its associated lag. The interacticris among these lags are unknown and ray
cause performance degradation (Section 8.3.1). Howsver, studies to investigate these
interactions may be difficult as many variables will be involved. To optimize the research

affort, modeling the effects of lags on performance is required when conducting
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experimental studies. The modsls should be developed on the basis of the following
assuniptions and hypothesises: (i) in a simulator, most of the lags affect an operator
through their effects on the visual presentation, (i) with an imposed lag, the degradation
of parformanca is mainly due to the lag-induced incorrect visual feedkack (Section 8.1.1)
and (iii) the effects of the individual lags on performance can be linearly combined with
appropriate weightings for each effect. Assumptions (i) and (ii} can be tested with
laboratory experiments. For example, with display lags and reticie tags, the offects on
performance can b described in two stages: (a) the lag-induced position errors in target
or reticle movements and (b) the effects of these position errors on parformance.
Assuming there is no interaction beiween the two lags, their combined effects on
perfurmance can then be predicted by summing the oreviously known effects of individual
lags. These predicted effects can again be described in two stages: (a) the position errors
in target and reticia movements and (b) the effects of these position errors on
performance. Experimental studies can be conducted to investigate the effacts of imposed
display lags and reticiu lags on performence $0 as to test these predictions. The ratios
between the measured effects and the predicted effects on perfarmance can be calculated
fo different combinations of display iags and reticle lags. These ratios can then be used

to establish weightings for the contributions to the overall effects from individual lags.

8.6.2 Conclusions and recommendations

Few published studies of the interactions among the lags in a head-coupled systam have

been found.

Experimenta. studies to investigate the combined effects of display lags and reticle lags
on performance are recommended. It is suggested that these studies shouid be

accompanied by a model for the prediction of the combined effects of lags.
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APPENDIX A

Structure of categorization: conceptual description and visual illustration
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N

The coricaptual dascription

This section describes the categorization process involved in Stage 1 described in

Section 3.0.

An operator-in-thu-loop head-coupled simulator can be modelied as a combination of

fsadback loops, with the 'head-coupled loop’ as the basa (Figure 4.7). These feedback

loops ars formed by combinations of simulator comp.unsnts wich their associated sources

of lag. It is the objective of this stage to identify the system architecture of a head-

coupled simulator by its simulator components. Examples of feedback logps with their

~imulator components and sources of lags are listed as follows:

Feadback ioop

head-coupled
loop;

manual control
joop without
moaotion cues;

manual control
loop with
miotion cues;

head-slaved
weapon control
loop.

Simulator camponent

simwulator database,
computer image
genarator;
helmet-mounted
display;

head-pgeinting system;

aircratt stick control;
aircraft dynamics
sirmulator;

aircraft stick controt;
aircraft dynamics
simulator;

motion platform;

head-slaved weapon
simulator;

cursor display unit
to project an aiming
raticle.

Source of lag

computer image
genaerator;
head-pointing system
head paosition
predictor;

stick response;
aircraft dynamics
simulator;

stick response;
aircraft dynamics
simulator;
vibrator response;

dynamic response of
the weapon
represented by a
delayed aiming reticle.

The abeve lists are not meant to ba exhaustive, for uxampla simulater components such

as sound cues and sye-trackers are not listed. Having identified the components within

the hnad-coupled simulator, a model of tha spacified pilot-in-the-loop head-coupled

simulator can be constructed (e.g. Figure 4.8).

- 74 -




Visual illustration of the categorization process

As discussed in Section 3.0, the detailed matrix classification of the variables suggested
in the contract has beeri replaced by a combination of simulator modeling and
categorization of variables according to the feedback structure of the model (see
Section 5.0}, Consequently, the matrix layout has been replaced by a saries of

diagrammatic illustrations (Stages 1 to 3 are outlined in Section 3.0):

|
! Stage 1: cig | ™otion| head-slaved | stick
. identifying simulator +EUE—LMERDON control
i architaciures a2 a -
combination of simulatar | $iml-1] 1 a o 1 ves
' components and thetr siml2] 1 1 1 T
! associuted sources of lag: E
|
i
s aach
. combination
}
; e
f simasialor model
| S
1 \/
Stage 2a Stage b
Idantify aesoclated variubles for Detenmilning the effact ol each variable
individual fendback | aps: regarding previous expiinint; the effect
a.g. haad-couplad k » ... of manipulatingn enginearing paramatars,
i indapendent  dapendent such us bandwidth, phase and gain we
variables varisbles reviewed.
1

s >

! Stage 3
: Identify the publlshad studles cuncaming

i intleractions among different lime deiays within
a simulador.
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APPENDIX 8

Summaries of literature concerned with tha effects of lags on manual control with

panel-mounted displays
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Author:

Aim:

Equipment:

Task:

Subjects:

Conditions:

Conclusions:

Allen R.W.. DiMarco, R.J. (1985).

To further understand the effect of various potential sources of transport deiays,
a computer model analysis was undertaken using a generic vehicle control model.
(*Manual control).

Computer modeling.

Basic control example for the analysis model concerns generic vehicle tracking (e.g.
dog-fighting).

None.

Three sources of computationai delay:

1) Equivalent delay for vehicle handling qualities.
{0/ tor analog vehicle; 0.075 second for modern digital aircraft).

2) Delay for display system. (0/ for analog processor; 100 ms for general CGl
raster scan devices).

3) Delay for motion feedback (no delay or 250 ms for typical simulator).

Controt bandwidih of the operator/vehicle system drops dramaticaliy as
various delays are added into the simwulation loop.

- Maximum vehicle heading deviation nearly doublas in the worst delay case
compared to the no delay condition.

Author:

Aim:

Equipment:

Tasks:

Subjects:

Ccnditions:

Conclysions:

Bailey, R.E., Knotts, L.H. (1987}

Generation of guidelinas and development of 2 data foundation for the spaecification
of allowable time delay in ground-based simulators.

USAF Flight Dynamics Laboratory NT-33A variable stability aircraft modified as
in-tlight simuiator.

Marriage of flying qualities and manual control concarns:
- fly the simulator with step-and-ramp attitude command

- compensatory attitude tracking tasks.
3 evaluation pilots.

- Addition ot time delay in pitch and roll 2xes from 0 to 240 msec.
- 4 gircraft contigurations (F-15; C-21; C-17; C-141)
- Motion cuing (Fixed basa/Inflight).

Fe- in-flight simulation of highly manoeuvrable and highly responsive fighter, total
Jon.y of up to 150 ms {100 ms plus 50 ms axperimental added delay) are tolerable
in a simulation environment.

The above e:periment was replicated using the NT-33A as a ground simulator.
Significant flying qualities diffarences ware shown to exist particularly for a highly
responsive, aggressively flown aircraft.




Authoi: Gum, D.R., Albery, W.B. (1976).

Aim; Investigating tive time delay problems, deiay compcnsation and the Zizparity of
motion and visual system cue in the Advanced Simulator for Undergraduate Pilot
Training.

Equipment: Advanced Simulator for Undergiaduate Pilot Training (ASUPT). It comprised: 1)
two basic T-37B simulators 2) two \.ide-angle visual displays, and 3} a shared
visual computer image generator.

Task: Formation flight capability, approach and landing manoeuvres.

Subjects: Unknown,

Conditions: Two delay compensation techniques: 1) single interval lead 2) Taylor series
extrapolation plus single interval lead.

Conclusions: The approximate delays and contributions from the visual, motion and G-seat
systom are identified and measured. The greatest impact of dalays seemed to be
in formation flight und control of aircraft roil position which required more precise
and rapid controi than other tasks like approcach and izanding manoeuvres.
Attempts to extend the extrapolation resultad i~ an objectionable lack of
smoothness. Recommendation was mads 10 abandon Taylor saries extrapolation
in tavor of using only the single-interval lead.

Authors: Hess, R.A.. Myers, A A. (1385)

Arm: Analyses and experimental evaluation of a non-linear filter configured to provide
phase iead without accompanying gain distortion.

Equipmant: Simple arrangament of CRT display and an isometric control stick.

Task: Single-axis compensatory tracking task involving a human operator.

Subjecty: Five subjects were used.

Conditions: Four different combinations of delay and compensation methods were usad: 1) n.
delay, no compensation (nominal case); 2) 0.25 second delay, laad-lag
compensation; 3) 0.25 second delay, split-path nonlinear filter (SPAN) filter; 4}
0.25 sacand delay, no compansation.

Conclusions: The non-linear SPAN filter is superior to a linear lead/lag compensator in its ability

10 maintain systam stabllity. Howavar, SPAN doas not increase tracking accuracy
ovar the lead-lag tilter. Computer analysis indicated that this is caused by the
harmonics produced and is most noticeable for low frequency inputs. Finally, a
new arrangement for a SPAN filtar was proposad which allows low {requency
INPUts.




[

Authors: Jawall, W.F., Clement, W.F. (1385)

Aim: Deascrike the critical task tester al_ rithm which can both measure the effective
time delay of a modern flight sim ilator and quantify the performance of the
closed-loon pilot simulator system relative to the "real world” (manual controi).

Eguipment: Not specified.

Tazk: The panticular manual contre! task was to stabilize an unstable controlled element
using the criticai tracking task.

Subjacts: Not specified.

Canditions: Not specified.

Conclusicns: Performance with 100 ms throughout delay was degraded by about 26 percent
and, at 200 ms, by 49 percent. The tochnique, called the split patn nenlinear filter
or SPAN was proposad for lag compensation.

Author: Joewaell W.¥., Clement, W.F. and Hogue, J.R. (1987}

Aim: Describing the technique and results in a fraguency regponse identification of a
computer-ganerased image (CGl) visual simulator (Manual control).

Equipment: Vertical Motion Simulator (VMS] in Natiorial Agronautics and Space Admiistration
(NASA) Amas Resuarch Center (ARC). it was configured 1o simuiarte UH-604

Task: Pitch attitude and heading control.

Subject: Ona UH-60A tast pilot.

Conditions; With and without a novel delay compensation scheme.

Conclusions: Rasults show that the CGl cor onsatan scheme can sliminats the phas: 2g due

10 a pura tima delay up to abouc 2 Hz, but above this fregquency, the CGl response
has phase lead and gain amplification.




Author:

Aim:

Equipment:

Task:

Subjects:

Conditions:

Coenclusion:

Johnson, W.V., Midderdorf, M.S. (1988}

Describa a flight simulator transport delay maasurement tecnnique along with
detailed 2pparatus descriptions and application consideration.

PDP11/60 digital compute was used for real time simulaticn computer. The
graphics computer was a Silicon Graphics Inc. IRIS 3020 and the visual display was
presented on a 19 inch diagonal raster scan monitor. Primary delay measurement
instrumant was a Befco Inc. frequency response anaiyzer model 916.

The ptiise shift through the simulatiorr, from stick input 1o display device, was
measured at a fixea frequency.

The -reg ency domain measurement technique proved to be useful in measuring
and identiiy, \ng time delay contributions from each pant of the simulation system.

Patent

Inventors:

Assignee:

Abstract:

Lee, D.R., McCreary, R.B. Mar 13, 1384.

The United States of America as represented by the Sacretary of tha Air Force,
Washington, D.C.

An anti-flutter apparatus for a head-mountad visuai display having servo-controlied
raflective surfaces tc proviie corrections to head rotations which occur before a
visual scana gsneration system is able to respond to the hsad movement.

Summary of the invention:

Tha computer generated imagery is projacted via a mirror system to a head mounted
display system. A central computer which controls the image generating system, generates
an error signal which is derived from a head position sensor and the relative position of the
ganerated scene. The error signal is applied to the servo actuator unit to correct the visual
irnage for the measured head position.
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Authors:

Aim:

Equipment:

Task:
Subjects:

Conditions:

Conclusions:

Lavison, W.H., Papazian, B. {1987)

Fxpiore the effects of time delay and simulator mode on close-loop pilot/ vehicle
parformance by modal analysis ang exparimentation (Manual control).

Maodel: Optimal control moda (GCM).
Expariment:  Ground base and in-flirht simulations (NT-33).

Target-tracking task in roll axis and pitch axis.
3 test pilots.

-"F 16"and "C-H1".
- Ground based and in-flight simulation.
- Addition of Q or 180 n:sec delay.

Trends predicted by pre-axperiment model analysis wera largely confirmed by the
sxporimental study and replicated by past-exparimental modei analysis. Spacifically,
- Addition of 150 msec delay caused an increase (around 22%) in r.m.g
tracking error.
Delav had larges offect on genuric fighter flown aggressively ("F-18") than
on the generic heavy transpert ("C-141%) flown in @ morg relaxed mannaer.
Ervor scores weve slightly larger in the ground-based simutation than in the
in flight simulations.

Authors:

Adm:

Fauipmant

Task:

Suigncts

Conditions:

Conzle s ore

Malone H.L., Horowitz S, (1987)

Deatermving the maximum tolerabls betwsen-simulator transport delay (BSTD) that
coule br actepred hefore a pilot would make @ changa in tactics during a combait
air-o-air network sinulation. The use of a predictor was aiso investigated.

Air Coinbat Manoeuvring Instrumentation (ACMD at Luke AFB,

The manoguvras cover thase most commaonly used in an A/A sngagement; a ¢un
trackinn shoy, missile shor, high deflaction gun shot, and a defensive manosuvry.

Fiva wgily experianiced fighier pilots.

- B8TD delays ot . 0.4, 0.5 1.0 and 1.5, seconds,

- Two cenditions . wih and without the pradictors.

For the manoauvres testad, a delay of 250 ms can be accspted with litile

degradation. Additionally, a simple first ordar predictor can sxtend this rmaximeuon
delay 1o 3030 vas.
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Authors: Merriken, M.%.. Johnson, W.V. (1988}

! Aim: investigate the affucts of providing reat-world supplementary information to tho
visual and tactile modalities o reduce the dalaterious effacts of a delayed primary
display on oparator contro! parfermancs.

I Equipment: A fixed-bass simulator and an in-cockpit motion simulator. |n addition, the dynamic
In , seat of the Advanced Law Cost G-cuing system {(ALCOGS) in-cockpit mation device
3 was usaed for the motion supplemantary cua condition.

l Task: A disturbance regulation task where the subjects were required to maistin
constant aitituds over & flat terrain grid and ramain paraliel with the longrudiagi
lines. (All tasks had 2 transport dalay of 200 msj.

. Subjects: Forty two non-pilst sabjects participated. Thav weare parsed inw 7 groups of 6
O subjucts: 6 experimental and one conirdl groun.

. Caonditions: - Two transport deiays tor supplementary cuas: 67 ms and 200 ms.
i - Three cuing conditions:

’ (1) dynamic seat motion us.

; (2) altitude ndicatar cue.

(3) peripheral horizon cue.

! - One conirol condition = no cuing.

Conclusion: Faster updating secondary cues produned botter r.m.g. esror performance for

altitude control. The trend was the sama for heading conuol but was not

e statisticaily significan?t., When comparag <0 tha conival condition {(no cuing), nons

of slower cuing conditions progducsd  statisticaliy  sighificamt  pediormance

imgrovement for either heading or altitude controf.  Hewever, in all cazes,
performance was better with faster cuing.

o Authors: Morriken M. S., Riccio G.E. {1987)

Summary: Centaing a review of tho fiterature concerning the affacrs of visual feedback Jdeiay

un pilot fight-eonto! parfarmance in simuiation anvironmants. A summaiy of
) vdsaerch 1o dote and futuss rascarch agproaches taken by the Human £ngineering
| Qivision of tha Arrast ong Asrgspacy Madicel Research Laborarories s aiso
: prasanted.
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Author: Mitier, G.K., Bigy, DR {(1878)

';‘r__.; Aim; Dhatermine tho offust of visual-motion time delays on pilat performance of a
|‘ iy simulatod pursuit waining task,

IR

1\‘;2{ Equipment:  Langley Raseurch Center Visual-tAotion Sirmalator (VMS).

\M Task: Primary - hack o tasget aircratt that was performing sinuscidal oscilistion. (Manual
“\{ tracking).

[} .‘i.

il ) . . . ) -

}’xl\: Sacondary - tapping aiternative strips (o increase the pilot workload).

N

Subjects: Unkoiown.

Conditions: Time delay = 0.047 to 0.547 second it steps of 0.33125.
Task difficulties = 15 handiing quality.
Target frequency effects (50% & 100% increase).
Motion cues = with/without,

Conclusion:  As tusk difficulty (deterntined by aisplang hundiing qualities or targey frequency;}

incressed, the amount of acceptable time delay decreasod. Howsver, when
| ralatively complate motion cues wora includued in the sirnulation, the pilot covld
maintain his performanca for considerably lanper tima delays.

Authors: Privoznik, C.M., Berry, D.T. {1985

Ainv: Measurement of pilot time delay 28 influenced by controlles charucteristics and
vehicle time delays.

, Equipment: Three control siick configurations: space shutde stick snd convantional
senerpl-purpose sticks with two different spring constants. Tha shivity cockpit
simulator in Ames Diydan Simulation laboratory was used

o Task: First-order, closesi-loep, compensatory tracking task in pitch axis was used.
|
Subjects: Four tast pilots and one non-pilot engines:.
Conditions Throe contrel stick contigurotion: and twro gystem delays: 48 and 238 ms,

Conclusion:  Tha data indicate that the heavy conventicr:.! controller had ths lowast affeciive
pilot time delay values asscciated with it, with and without the &ddyd systom
dulay. Euach control stick expariment showed an increasu in pilst 1inys delay when
thers was an incresse in total deiay.

Changes in pilot tima dclay because of increasas in system tima delsy were much
more significant than changes oscauss of manipulator charagctgristiog,

A suycopdary expariment using the critical task taster indicated that g pilet time
delay was unatfectsd by pravious piloting experience but wag influsnced by video
gama experiance.
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Author:

Queiio M.J., Riley D.R. {1975}

investigata the acceptable time delay in visual cues during simulated piiot tracking

Langley Research Center Visual-Mation Simulatar (VMS]).

Primary - track a target aircraft which was performing a sinusoidal oscil'ation in

Secondary - tapping two metal strips alternately as rapidly as convanient,

Delay insteps of 0, 1, 2, 3, 4. 5 and 8 were used. {One step = 0.03125 sacond).

1) Increasing the task comploxity or dograding the vehicie handling qualities
raduces the acceptakis lavel of visual-scene tima delay.

2) Everi smail delays in the order #f 0.047 secuitd can have an advarss affect
on pilot parformance for soma aircraft configurations. The maximum
accepfzhie time dolay was about Q.141 sscond.

D T T e T

Investigate the effects of simulatoy delays on performance, contiol behavior, and

Flight dynamics simclaton by digital computer POP11/60 and display through
high-ran-dution raster-ys aohics system (Silicon Graphics 2400},

Aim:
exercise.
E mgnt:
Task;
altitude (Manual racking).
Subjects: Two.
Conditions:
Conclusions:
Ausnors: Riccio, G.E., Cress, J.D. (1987)
Aim:
trangigr of training {(Manual control).
Equipment:
Task:

Subjeits:

Congitions:

Caonclusions:

Maintain consxant heading and atiitude in the presence of pseudo-randors rofi-rute
and pitchi-rate disturbances.

Thiny-six penple panticipatsd. They wera assigned to four groups or 0ing subyscts,
riotig of .. subjects were pilola.

Four time-delays: %G, 100, 200 or 400 ms.
Two aircraft types: Highly rasponsive dynamics or sluggish dynamics.

Simataror delay degrades conuni pe:forragnce thiroughout he learning process,
howevar, the atfects of adaing a small amount cf delay {100 ms) is negligible.
N imporiant affacty of small dolays {100-200 ms) on transier parfenmance
{(transfer of tramning 10 3 sysrami with snaller dalays) was found. Howuver. delays
largar than 200 mis may ba problematic.
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Authors: Sobiski, D.J., Cardullo, F.M. (1987)

Aim: Effect of delays in flight simulation is explored and a predictive method of
compensation is tested in an experimental environmant (Manual control).

Equipment: 80286 based desk-top computer programmed to simulate an executive cliass jet
awrcraft dynamics.

Tasgk: Manual control task (pitch and roll) of a linear mcdel of executive class jet aircraft
dynamics with input disturbances.

Subjects: 9 subjects (all had simulator experience).

Conditions: I With no predicting filter on the output.
2) With the iead/iag filter.
3) With a full state feadback pradictor filter with state estimation.
4) With a reduced order predictor filter on the output.
Time delays of 200, 400 and 800 ms arg inserted for sach expariment.

Conclusions: Fregquency analysis shows the sziats predictor {iter can restore phase and gain
margins to the systam for dalay as jung as 800 ms.

Authors: Wolfkamp, J., Ramahandran, S. (1988)

Aimy: Determina t:3 actual simulator hardware tiine deiay and its effect on pilot
psiformancae.

Equipment: McDaonnell Douglas Helicoptsr Company simulators including GEC CompuScena IV
(CIV) digitz! image generatiosr cystem, McFadden hydraulic system and a Servo
Optical Preoigclion Systam (SOPHR) that optically combined tho images, and
positioned the projection lens through servo control in either a fixed forward mode
or in 2 head-tracking mode.

Task: Pilats required to fly three differsiit types of course: narrow sialom/dolphin;
serpentineg and longitidinal quickstop.

Subjocts: 4 pilots took part.

Conditions: Pilots were exposea 0 0, 2, 4, 6 ana 1Q frames delay. {Ons frame delay is 16.7

Conclugions:

ms)

Measureinents showed that the average throughput deiay 'was approximately 87
ms.

No dramatic changes dus v increased simulzcsr delay were found but pilot cortrol
activihy was increased in the low speed, high gcin tasks.
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