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A review of the literature has shown that most investigations of head-tracking

performance have used symmetrically shaped targets . This paper identi® es a
problem in using circular targets to represent the movement of complex targets
(i .e. targets giving directional cues ). Two experiments investigated the eŒects of a
target direction cue on head-tracking performance . In the ® rst experiment,

practice did not improve performance when tracking either with or without a
`look-ahead trace’ showing all target positions 160 ms into the future. A second

experiment utilized a `look-ahead trace’ showing target positions with eight
diŒerent lead-times (0 ± 560 ms). With lead-times of 160 ms or more, signi® cant

improvements in tracking performance and subjective di� culty ratings were
obtained . Tracking responses were also signi® cantly aŒected. The results suggest

caution when performance data obtained with a symmetrical target are
generalized to predict tracking performance with a real target giving cues to the

direction of movement . The look-ahead trace oŒers a systematic means of
bridging the gap between a symmetrical target and a real target having direction

of movement cues.

1 . Introduction

A good understanding of the complex human visual-motor responses is required for

the optimum design of control and display instruments (BoŒ and Lincoln 1988 ).

With advances in head-mounted sights and head-mounted displays, new types of

head-controlled displays and devices have been developed (e .g . head- steered guns,

Williams 1987; virtual reality simulators, Geltmacher 1988, Haworth et al . 1989,

Bar® eld and Furness 1995 ). A head-mounted display projects images in front of an

operator’ s eyes, while a head-mounted sight measures the head-pointing angle for

steering an aiming or tracking device . To optimize the design of head- steered devices,

head- tracking responses have been studied (e .g . Catling 1987, Wells and Gri� n 1987,

Lifshitz and Merhav 1992, So and Gri� n 1992, 1995, 1996, Nathan and M eehan

1996 ).
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A review of literature concerning continuous head- tracking performance

indicates that targets with symmetrical shapes (e .g . a circle ) have been used in most

head-tracking studies (e .g . smooth pursuit head- tracking performance, Shirachi et al .

1978; tracking performance with a helmet-mounted sight, Wells and Gri� n 1987;

tracking performance with a head-coupled virtual display with lags, So and Gri� n

1995, 1996 ). A summary of target types used in studies of continuous head- tracking

performance is shown in table 1 . Studies investigating discrete head aiming

performance have been excluded (e .g . Gauther et al . 1987 ). The results of the

review indicate that > 75% (16 of 21 ) of the studies with head-tracking performance

used a symmetrical target, which provides no cue to the direction of movement (e .g .

a circle, a cross, or a diamond-shaped symbol). To con® rm this result, a further

search of the open literature between 1984 and 1998 was performed . The results

identi® ed more than 150 papers, when using various combinations of search words

Table 1. Review of the type of target used in studies concerning continuous head-tracking

performance (head-aiming and target acquisition studies are excluded).

Use symmetrical target?

Author(s) y/n and types of target Variable(s ) investigated

Barnes and Sommerville
(1978)

y a cross `+ ’ Target velocity and frequency

Catling (1987) n Simulated aircraft(s) Simulation exercises compar-
ing head steered and manual

steered missile systems
Fearnside et al . (1997) n Simulated aircraft(s) Symbologies on a HMD

Grossman (1974) n Used ® lmed aircraft(s) g force and personal equip-
ment

Grunwald et al . (1991) y Diamond-shaped è ’ Image update lag and types of
target movement

Grunwald and Kohn
(1994)

y Diamond-shaped è ’ Lags in a head slaving system

Henke (1970) y Shape not speci® ed Reticle shape and types of
target movements

Hornseth et al . (1976) y a circular spot d̀ ’ Target movement frequency
Levison and Zacharias

(1981)
y a circular spot d̀ ’ Target movement axes and

comparison with manual
tracking

Lifshitz and Merhav
(1992)

y a cross `+ ’ Aircraft and head vibration

Monk et al . (1978) y Shape not speci® ed Eye dominance
Nathan and Meehan

(1996)
n Simulated aircraft(s) Compare helmet-mounted

sight with head-up display
Nicholson (1966) y a cross `+ ’ Target velocity

Sandor and Leger (1991) y a circular spot d̀ ’ Visual ® eld-of-view
Shirachi et al . (1978) y a circular spot d̀ ’ Target span and helmet weight

So and Gri� n
(1992, 1995, 1996)

y a circle s̀ ’ Image update lag and lag
compensation algorithm

Verona (1978) y a circular spot d̀ ’ Types and weight of helmet,
¯ oor vibration, and eye dom-

inance
Wells and Gri� n

(1987)
y a circular spot d̀ ’ Target position and frequency;

personal equipment
Williams (1987) n Simulated aircraft(s) Simulation training
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relevant to helmet-mounted sight, head- tracking tasks, head control tasks, and

performance . Review of these studies indicated that only ® ve papers concerned

experimental studies of continuous head- tracking performance and all of them had

already been included in table 1 . Some recent studies concerning manual task

performance in a head- tracked virtual environment were identi® ed (e .g . Kawara et

al . 1996, Watson et al . 1997 ), but excluded from our literature review because they

did not investigate continuous head- tracking performance . Similarly, head-aiming

studies with stationary targets in a head- tracked virtual environment were also not

included in table 1 (e .g . Venturino and Kunze 1989, Venturino and Wells 1990 ).

Visual search experiments not studying continuous head- tracking performance were

also excluded (e .g . Bauer and McFadden 1997, Lubow and Kaplan 1997, Nelson et

al . 1998 ).

A review of the 21 studies listed in table 1 indicates that all the generic target

symbols used were of symmetrical shapes (16 studies in total ). The ® ve non-

symmetrical targets all used images of a speci® c object, an aircraft . Pointed symbols

giving cues to the direction of target movement were not used . Studying assessment

criteria for target tracking and acquisition performance of moving ground vehicles,

Gerhart (1991 ) reported that a shaped target with motion cues would result in better

performance than a rectangular target . A review of literature concerning the eŒects

of cues on both head and manual continuous tracking performance publications

since 1980 located more than 80 studies, but none investigated the eŒects of target

shape (or other direction cues ) on continuous head or manual tracking performance .

Peripherally relevant studies included cueing for visual search tasks (e .g . Kinchla et

al . 1995, Lubow and Kaplan 1997 ), cueing for target identi® cation tasks (e .g . Astley

et al . 1993, Scialfa and Thomas 1994, Humphreys and Boucant 1997), and auditory

cueing (e .g . Mondor and Zatorre 1995, Strybel et al . 1995 ). One reason for the lack

of recent literature might be that the subject has already been studied thoroughly in

the past (i .e . before 1980): there were many experimental studies of manual tracking

performance between 1950 and 1980 by researchers such as Elkind, Ferell, Jex,

Krendel, Levison, M cRuer, Poulton, Sheridan and Taylor . Models describing and

predicting manual control performance were proposed, e .g . a quasi- linear model by

McRuer and Jex (1967 ), an optimal control model by Sheridan and Ferell (1974 ),

and Levison (1982 ). Review of the experiments conducted to support and validate

the various operator control models indicate that most of the manual tracking tasks

(both compensatory and pursuit tracking ) involved the use of symmetrically shaped

targets (e .g . a line as the target: W arrick 1949, Russell 1951, Goodyear 1952, Jex and

Allen 1970, Levison et al . 1979, or a dot as the target: Taylor 1949, Ellson and Hill

1948, Elkind 1956, Rockway 1954, ChernikoŒand Taylor 1957, Jex and Cornwell

1961, Pew 1966, Poulton 1967, Baty 1971, Poulton 1974 ). In some studies, although

pointed- target symbols were used, the orientations of the targets were not used to

indicate the directions of movement of the targets (e .g . a triangle as the target: Davis

1956 ). Many classical manual control studies utilized ¯ ight simulators, but

symmetrically shaped target symbols were still used in these studies (e .g . tracking

a circular target pip presented on a display mounted inside the F-80A simulator:

Krendel 1951, 1952a , b, Krendel and Barnes 1954, McRuer and Krendel 1957,

tracking a rolling or a pitching line (arti® cial horizon ) inside a roll- axis motion-based

T-33 ¯ ight simulator: Goodyear 1953, 1955 ).

M any of the classical studies of manual control were performed between 1950

and 1960 when raster displays were not common . Oscilloscopes were then the most
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popular displays for presenting target information . Given the limitations of

oscilloscopes at that time, it is understandable that a circular shaped target and a

straight line were used as the most straightforward forms of generic target symbols .

Moreover, most of the classical manual control studies were performed to study pilot

performance in aircraft control and, in those years, ¯ ight control instruments

consisted of mostly symmetrically shaped symbols (e .g . line symbols: arti ® cial

horizon and altitude indicator; or circular symbols: compass headings ). Conse-

quently, there may not have been an obvious need to study tracking performance

with pointed targets giving direction cues . Nonetheless, some studies related to the

use of look-ahead cues in manual tracking have been identi® ed . These studies were

mainly motivated by time delay problems in manual control dynamics . In 1966 Pew

reported the bene® ts of a velocity- augmented display with a one-dimensional

continuous manual- tracking task . A line vector, whose length and direction were

proportional to the instantaneous target velocity, was superimposed on top of a

circular target . This work was later extended to two-dimensional manual tracking

tasks during which subjects could preview part of the future target path (Drewell

1972, Poulton 1974 ). Both studies reported that tracking errors reduced as the

operators were allowed to preview part of the future target paths . In 1981 Jensen

investigated the use of a `look-ahead’ pointer (a dot ) to aid ¯ ight path control

performance . The position of this pointer was calculated from the derivatives of the

current target position . In the Engineering Data Compendium, this technique has

been referred to as a `predictor display’ (BoŒand Lincoln 1988). Both Jensen (1981 )

and BoŒand Lincoln (1988 ) reported that the predictive information of a target

position can help an operator in ¯ ight path control and vehicle control tasks with

long delays (e .g . ships and submarines whose delays in control dynamics are

measured in seconds ). Although the use of `predictor displays’ and previews of future

target positions have been shown to give improved manual tracking performance,

the use of symmetrical target symbols has remained a common practice in head-

tracking performance studies (table 1 ). Reviews of both `classical literature’ (1950 ±

80 ) and more recent literature (1980 ± 97 ) suggest that there have been no studies of

the eŒects of target direction or movement cues on continuous head- tracking

performance .

With the advance of head- tracking technology, the use of natural head

movements to steer machinery is now a reality . Examples include the head- steered

machine gun on board an AH-64 Apache ground attack helicopter (Albrecht 1989)

and its simulators (Drew et al . 1987 ), head- steered cameras and sensing probes in

remote- control vehicles (Earnshaw and Vince 1995 ); and head- steered missile seekers

on ® xed-wing ® ghter jets (Lovesey 1989) and ® ght simulators (e .g . WoodruŒet al .

1986, Fearnside et al . 1997 ). In these applications, operators will track targets having

well-de® ned front and rear parts giving cues to the directions of target movement. A

symmetrical symbol, such as a circle, does not have a front or a rear part and so its

direction of movement is less predictable than such targets . Head- tracking

performance in these head- steered applications may be expected to diŒer from that

with a symmetrical target . Two experiments have been performed to study head-

tracking performance with a target giving direction and movement cues .

To provide a direction cue to a circular target moving along a predetermined

random path, future target positions can be shown in advance to the subjects in the

form of a trace (® gure 1 ). The length of the trace (referred to as a `look-ahead trace’ )

is determined by the lead- time of the future target positions . This set up is similar to
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that used by Poulton (1974 ) in a study of manual tracking performance . Tracking

with this `look-ahead trace’ is analogous to driving at night where the headlights

enable a driver to see part of the road ahead . Just as the power of the light beam

determines how far ahead the driver can see, the lead- time of the `look-ahead trace’

determines how much of the future target position the subject can perceive .

2 . Methods

2 .1 . Objectives and hypotheses

Two experiments were conducted to investigate: (1 ) the eŒects of practice with a

`look-ahead trace’ and (2 ) the eŒects of the variation in lead- time of a `look-ahead

trace’ on head- tracking performance . It was hypothesized that: (1 ) the eŒects of

practice with a `look-ahead trace’ will be small since head- tracking with a target

giving direction cues is common in daily life; (2 ) an increase in lead time of the `look-

ahead trace’ will reduce the perceived task di� culty; and (3 ) the use of a `look-ahead

trace’ will reduce the head- tracking phase lag and, hence, tracking errors .

2 .2 . Tasks, subjects, and design of experiment

In each tracking condition, subjects were asked to move their heads to track a

circular target, 1 8 in diameter, moving along a predetermined random path in the

pitch and the yaw axes for 120 s . A `look- ahead trace’ , whose length depended on the

lead- time, was added to the target as a direction cue . An open-cross reticle sight was

used (inner diameter 1 .2 8 ; outer diameter 3 .6 8 ; ® gure 1 ). Both the target and reticle

were presented on a head-mounted display . While the reticle was always displayed at

the centre of the display, the target position was controlled by a host computer

according to a predetermined target motion and the instantaneous helmet

orientation . The yaw axis target motion was a random function integrated once,

high-pass ® ltered at 0 .01 Hz (24 dB/octave ), and low-pass ® ltered at 1 .2 Hz (120 dB/
octave ). The pitch axis target motion was the same as that of the yaw axis but was

presented in reverse order . Both experiments were within-subject experiments using

Figure 1. Subject’ s view of a target with a `look-ahead trace’ .
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full factorial designs . During the second experiment eight target motions with the

same frequency content were used to balance the sequence of presentation of the

conditions . An 8 ´ 8 Latin square design was used .

The ® rst experiment investigated the eŒects of practice . The subjects performed

the tracking task eight times, ® rst without a `look-ahead trace’ and then with a `look-

ahead trace’ showing target positions up to 160 ms ahead . In the second experiment,

`look-ahead traces’ showing targets with eight diŒerent lead times were presented (0,

80, 160, 240, 330, 400, 480, 560 ms ). The same eight healthy male subjects

participated in both experiments . The subjects were university students and staŒ

aged 19 ± 26 years . The study was approved by the Human Experimentation Safety

and Ethics Committee of the Institute of Sound and Vibration Research at the

University of Southampton .

2 .3 . Apparatus

The dual-axis-tracking task was presented on an experimental head-coupled virtual

reality system . The system consisted of a Hughes Aircraft monocular helmet-mounted

display (HMD ) with 17 ´ 17 8 ® eld-of-view, a Ferranti SPASYN magnetic head-

tracking system, and a host computer workstation . The HMD was mounted on a US

Air Force helmet . During the experiment the surroundings were darkened so as not to

distract the subjects . There was a baseline lag of ~ 26 ms between the moment a

subject moved his head and the moment the target image responded . This lag was the

sum of the inherent delays in measuring the head position and updating the target

image on the display . An analysis of this baseline lag can be found in So (1995 ). Since

this lag was constant throughout all the experimental conditions, its eŒects, if any,

should be constant among the diŒerent conditions and not aŒect the conclusions .

2 .4 . Measurements and analyses

A quasi- linear model of the head- tracking system is shown in ® gure 2 . Head

positions in response to the target motions were measured (point B, ® gure 2 ) and

expressed as head- tracking transfer functions . The moduli (i .e . gains ) and phases of

such transfer functions were used as indicators of the head- tracking responses . The

head-tracking transfer functions were calculated using:

Head tracking transfer functions 5 [Goi ( f )/G ii (f )],

where, Go i(f ) is the cross- spectral density between the measured head position (o(t ) at

point B, ® gure 2 ) and the input target position (i(t ) at point A, ® gure 2 ); and G ii(f ) is

the power spectral density of i(t ). This method of calculating transfer functions was

adapted from previous studies (e .g . Lewis and Gri� n 1979, So and Gri� n 1995 ).

The theory involved is documented in Bendat and Piersol (1980: 264 ± 281 ).

Mean radial head- tracking errors and subjective di� culty ratings were also

measured . A six-point (0 ± 5 ) absolute di� culty rating scale was used to determine

subjective di� culty: 0 = not di� cult; 1 = a little di� cult; 2 = fairly di� cult;

3 = di� cult; 4 = very di� cult; 5 = extremely di� cult . This scale has been used in

previous studies of head- tracking performance (e .g . So and Gri� n 1992). The mean

radial tracking errors were calculated using:

Mean radial tracking error 5
X

{[x2 (t) 1 y
2 (t)]

1/2}/N ,

where x(t ) and y(t ) are the instantaneous head- tracking errors (in degrees ) in the yaw

and pitch axes respectively, and N is the total number of samples .
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3 . Results

3 .1 . EŒects of practice

Head- tracking transfer functions for the yaw axis with eight practices are shown

in ® gure 3 . With and without the use of a `look-ahead trace’ , a trend can be

observed for the moduli (i .e . tracking gains ) to decrease with increasing practice .

The Friedman two-way analyses of variance by ranks were performed on the

tracking gains at both 0 .6 and 0 .8 Hz . Results showed that the eŒects of practice

on tracking gain were signi® cant without the trace (p < 0 .01 at both 0 .6 and

0 .8 Hz) and not signi® cant with the trace (p > 0 .1 at both 0 .6 and 0 .8 Hz). The

median data and their ranks, according to the Friedman test, are shown in table

2 . The phase lag responses at 0 .6 and 0 .8 Hz in the transfer functions appear to

Figure 2 . Quasi-linear model of the head-tracking system.

Table 2 . Medians of yaw axis head-tracking moduli at 0 .6 and 0.8 Hz as functions of practice
(ranks assigned by the Friedman two-way analyses of variance are shown in square

brackets ).

Medians of yaw axis head-tracking moduli and [ranks]*

Without trace With trace (160 ms lead-time)

No. of
practice at 0 .6 Hz at 0 .8 Hz at 0.6 Hz at 0.8 Hz

1 1 .06 [7 .5] 1 .09 [6 .8] 0 .98 [6 .3] 1 .10 [6 .7]
2 0 .97 [6 .3] 1 .01 [5 .4] 0 .92 [4 .0] 0 .94 [5 .1]
3 0 .90 [4 .3] 0 .95 [5 .5] 0 .78 [4 .0] 0 .84 [3 .6]

4 0 .88 [3 .8] 0 .94 [5 .3] 0 .89 [4 .0] 0 .89 [4 .4]

5 0 .88 [3 .9] 0 .88 [4 .1] 0 .83 [3 .0] 0 .86 [3 .5]
6 0 .83 [2 .5] 0 .85 [3 .3] 0 .95 [5 .4] 0 .93 [5 .0]

7 0 .88 [4 .2] 0 .83 [3 .3] 0 .92 [5 .4] 0 .92 [4 .4]
8 0 .88 [3 .7] 0 .81 [2 .5] 0 .85 [4 .0] 0 .86 [3 .4]
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increase slightly with practice but the eŒects were not statistically signi® cant with

or without the trace (p > 0 .1: with `trace’ at both 0 .6 and 0 .8 Hz; p > 0 .4: without

`trace’ at both 0 .6 and 0 .8 Hz, Friedman ). Results from the pitch axis were

similar . According to the de® nition of the tracking transfer function, a unity

tracking gain means that the subjects could follow the target without over- shoots

or under-shoots . Figure 3 also reveals that as the number of practices increased

the median tracking modulus reduced and deviated further from unity . A possible

reason is that as practice increased subjects put less eŒort into their pursuit of the

target . This may suggest that the head- tracking task in the experiments with and

without the `look- ahead trace’ was intuitive and subjects became more and more

relaxed as practice increased . The eŒect of practice on the mean radial tracking

error was also tested using Friedman two-way analyses of variance . The results

indicated that with and without a `look-ahead trace’ the median tracking errors

were not signi® cantly aŒected by practice (with `trace’ : p > 0 .9; without `trace’

p > 0 .6 ). It is therefore reasonable to conclude that the task of head tracking, with

or without a `look-ahead trace’ , does not require much learning .

Figure 3. Yaw axis head-tracking transfer functions obtained in eight repeated-runs with and
without a 160 ms `look-ahead trace’ (median data from eight subjects).
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3 .2 . EŒects of `look-ahead ’ cue

Head- tracking transfer functions with `look-ahead traces’ of diŒerent lead- times are

shown in ® gure 4 . The phase lags show that the subjects’ head positions followed the

target position with a delay . With a randomly moving circular target without a

Figure 4 . Yaw axis head-tracking transfer functions with a `look-ahead trace’ showing future

target positions at diŒerent lead times (median data from eight subjects).

Figure 5 . Medians (and interquartile ranges) of mean radial head-tracking error with a

randomly moving circular target with a `look-ahead trace’ showing future target positions
at diŒerent lead times (data from eight subjects).
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`look-ahead trace’ , a lag was expected as subjects could not predict where the target

would move . If a subject could predict the movement of the target, the phase lag

would reduce . Barnes and Sommerville (1978 ) reported a head- tracking phase lag of

zero or negative magnitude when tracking pure sinusoidal target motions of

frequencies up to 0 .8 Hz . Figure 4 shows that as the lead time of the trace increased,

the head- tracking phase lags decreased (p < 0 .001 at 0 .6 Hz; < 0 .001 at 0 .8 Hz;

Friedman two-way analyses of variance by ranks ). This suggests that with the help of

the trace, subjects could predict the target’ s future position . Reductions in tracking

phase lags were associated with reductions in radial tracking error . Friedman

analyses showed that as the lead- time of the `look-ahead trace’ increased, the mean

radial tracking error decreased signi® cantly (p < 0 .001, ® gure 5 ). Further analysis

using Wilcoxon matched-pairs signed ranked tests indicated that for a `look-ahead’

lead- time of 160 ms or more, the use of the `look-ahead’ trace signi® cantly reduced

head-tracking errors .

At 0 .8 Hz, the moduli (i .e . tracking gains ) decreased as the trace lead- time

increased . The reduction was statistically signi® cant (p < 0 .005, Friedman ). The

median tracking gains at 0 .8 Hz for diŒerent trace lead times and their associated

mean ranks, according to the Friedman tests, were: 0 ms: 0 .78 [rank: 5 .3]; 80 ms:

0 .85 [4 .9]; 160 ms: 0 .86 [6 .0]; 240 ms: 0 .85 [6 .2]; 320 ms: 0 .75 [4 .9]; 400 ms: 0 .65 [4 .0];

480 ms: 0 .56 [2 .9]; and 560 ms: 0 .43 [1 .7] . The reduction of tracking gains with

Figure 6 . Medians (and interquartile ranges) of subjective di� culty ratings of a head-

tracking task with a randomly moving circular target with a `look-ahead trace’ showing

future target positions at diŒerent lead times (data from eight subjects ).
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increasing trace lead-time suggests that the subjects may have changed their tracking

strategies according to the duration of the `look-ahead trace’ . Head- tracking transfer

functions for the yaw axis were similar to those for the pitch axis . Subjective

di� culty ratings also decreased with increasing duration of the `look-ahead trace’

(p < 0 .001, Friedman; ® gure 6 ).

The reduction in tracking phase lag (in degrees ) at 0 .8 Hz with diŒerent `look-

ahead trace’ durations is shown in ® gure 7 . The reductions were calculated by

normalizing the phase responses at 0 .8 Hz obtained with diŒerent `look-ahead traces’

against the phase responses obtained without a `look-ahead trace’ . As the trace

duration increased, the phase reductions increased . However, the phase reductions

were always less than the phase of the `look-ahead’ information provided by the

trace . This suggests that the subjects did not fully-utilize the cueing information

provided by the `look-ahead trace’ .

4 . Discussion

There are many ways in which an observer can predict the future position of a target .

This may be implied by the direction of a non-symmetrical target moving mainly

towards its front . In the case of an aircraft there may be cues from a change in wing

surfaces or afterburners . Additionally, the past behaviour, the physical limitations of

the target and the constraints of the world in which the task is being performed all

provide cues to future position . The results of the present study con® rm the

expectation that head- tracking performance may be signi® cantly improved by the

Figure 7 . Reductions in tracking phase lag at 0 .8 Hz with a `look-ahead trace’ of diŒerent

lead times (medians of eight subjects) (the `look-ahead’ phase information provided by
the traces is also shown).
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presentation of cues to future target movements . This ® nding is consistent with the

literature concerning the use of predictive cues on manual tracking performance (e .g .

Poulton 1974, Jensen 1981 ). The manual tracking literature led to the development

of predictor displays for manual control systems (e .g . ¯ ight path estimation pip for

aircraft navigation ). This study suggests that predictor displays will also assist the

performance of head control systems .

In some head- steered systems, it may be possible to program a `look-ahead trace’

for a target because the system has `knowledge’ about the likely future positions of

the target . Examples include the spatial presentation of radar signatures of distant

targets on the helmet-mounted visor of a pilot . The target signatures may be

represented by a `pointed symbol’ (e .g . a circle with a `look-ahead trace’ ). With some

head control systems, it may be possible to enhance an electronically presented view

of a target so as to show arti® cial cues to future target positions . For example, with

head-steered tele- control application, in addition to the video picture of a target,

which may be delayed by several frames, a symbol representing the current position

of the target might be presented based on instantaneous data collected by sensors .

With pure, non-assisted, head- tracking tasks, the results of the present studies may

merely emphasize the bene® ts of an operator `thinking ahead’ .

The present study shows that the addition of a cue to the future target direction

and movement can signi® cantly reduce head-tracking errors, change tracking

strategies, and reduce subjective ratings of task di� culty . As explained above, real

targets in most head- tracking applications contain direction and movement cues (e .g .

aircraft in air- to-air combat, Fearnside et al . 1997; a space station docking connector

viewed on a head- steered camera, Shepherd 1988; and a landing platform on an

oŒshore oil- rig viewed by a helicopter pilot ). The ® ndings suggest that head- tracking

behaviour and performance data collected with symmetrically shaped targets will

diŒer from those with real targets containing cue information . Data presented in this

study provide a link between head- tracking performance using symmetrical symbols

as targets (table 1 ) and head-tracking performance with real `pointed- targets’ having

movement cues . Unlike images of speci® c targets (e .g . a simulated aircraft ), the

`look-ahead trace’ provides a way of systematically increasing the predictability of

any moving target .

The absence of a signi® cant eŒect of practice with the use of the `look- ahead

trace’ suggests that the trace provided a natural way to provide direction and

movement cues to a target . This study showed that the task was perceived as being

easier when the duration of the `look-ahead trace’ increased . It may be expected that

this corresponded to a reduction of workload, which may make the task easier to

learn . The reduced task di� culty might also be expected to allow improved

performance of other, secondary tasks .

The results of the two experiments indicate that the `look-ahead’ information

provided by the `trace’ was not fully utilized . Inspection of ® gure 7 indicates that the

reduction in phase lag was greatest with lead times from 160 to 320 ms . Beyond

~ 480 ms, the reduction in phase lag levelled out . The levelling of the phase

reduction led to stagnation in tracking performance when the lead times increased

beyond 480 ms . If the lead- time increased to, say, a few seconds, then subject

performance might reduce due to overloading with unwanted information, but this is

outside the scope of the present study . Further studies of diŒerent methods of

presenting the `look-ahead’ cue so as to optimize the utilization of the `look-ahead’

information would be desirable .
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5 . Conclusions

A review of literature showed that the eŒects of many factors on head- tracking

performance have been investigated (e .g . update lag, g- force, vibration, air-borne

personal equipment, eye-dominance, target velocity, target frequency, and target

movement axis ). However, > 75% of head- tracking studies have used targets with

symmetrical shapes; there appears to have been no study of the eŒects of target

movement cues on continuous head-tracking performance .

The results of the experiments reported here show that when tracking a circular

target, the use of a `look-ahead trace’ can reduce head- tracking phase lags, head-

tracking errors, and subjective ratings of task di� culty . Based on these results, head-

tracking performance data obtained with symmetrical targets are expected to

underestimate performance with targets having shapes that indicate direction or

speed of movement . The `look-ahead trace’ simulates the information provided by

non-symmetrical targets and may be useful in some future studies of head- tracking

performance .

Acknowledgements

This work was supported by Armstrong Laboratory, Wright-Patterson Air Force

Base through the European O� ce of Aerospace Research and Development . The

authors thank the British Council and the Hong Kong Research Grant Council for

their support through the Joint Hong Kong/United Kingdom Research Scheme .

References
ALBR ECHT , R . E . 1989, An adaptive digital ® lter to predict pilot head look direction for helmet-

mounted displays. MSc thesis, University of Dayton, Dayton, Ohio.

ASTLEY , S . M., TAYLOR, C . J ., BOGGIS, C . R. M ., ASBURY, D . L . and W ILSON, M . 1993, Cue
generation and combination for mammographic screening, in D. Brogan, A . Gale and

K . Carr (eds), Visual Search 2 (London: Taylor & Francis), 207 ± 223.
BAR FIELD, W . and FURNESS III, T . A . 1995, Virtual Environments and Advanced Interface Design

(New York: Oxford University Press).
BAR NES, G. R . and SOM MERVILLE, G. P . 1978, Visual target acquisition and tracking using a

helmet-mounted sight, Aviation, Space, and Environmental Medicine, 49, 565 ± 572 .
BATY, D. L . 1971, Human transinformation rates during one-four-axis tracking with a

concurrent audio task, in Proceedings of the 7th Annual Conference on Manual Control .
SP-281 (Washington, DC: National Aeronautics and Space Administration), 293 ± 306 .

BAUER , B . and M CFAD DEN, S . 1997, Linear separability and redundant colour coding in visual

search display, Displays, 18, 21 ± 28 .
BEND AT, J. S . and PIERSOL, A . G . 1980, Engineering Applications of Correlation and Spectral

Analysis (New York: Wiley).

BOFF, K . R . and LINCOLN, J. E . 1988, Engineering Data Compendium, vol. 3 (Wright-Patterson

Air Force Base: Human Engineering Division, Armstrong Aerospace Medical Research
Laboratory ).

CATLING , P . R . 1987, A helmet-mounted sight evaluation exercise. Royal Aeronautical Society

Symposium on Aircrew Helmet and Helmet Mounted Devices, 10 February,

Farnborough .
CHERN IKOFF, R . and TAYLOR, F . V . 1957, EŒects of course frequency and aided time constant

on pursuit and compensatory tracking, Journal of Experimental Psychology, 53, 285 ±
292 .

DAVIS, R . 1956, The limits of the `Psychological Refractory Period’ , Quarterly Journal of

Experimental Psychology, 8, 24 ± 38 .

DREW, E ., GEORG E, G . and KNIGHT, S.,1987, AH-64 combat mission simulator tactical system,
in Proceedings of the AIAA Flight Simulation Technologies Conference, 17 ± 19 August,

Monterey, CA, AIAA 87-2575, 155 ± 164 .

372 R . H . Y . So and M . J . Griffin

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
o
n
g
 
K
o
n
g
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
S
c
i
e
n
c
e
 
&
 
T
e
c
h
]
 
A
t
:
 
1
5
:
2
1
 
1
2
 
M
a
r
c
h
 
2
0
1
1



DREW ELL , N . H. 1972, The eŒects of preview on pilot describing functions in a simple tracking

task . Institute for Aerospace Studies technical report note 176 (Toronto: University of
Toronto ).

EARNSHAW, J. A . and V INCE, H. J. 1995, Virtual Reality Applications (London: Academic
Press ).

ELK IND, J. I . 1956, Characteristics of simple manual control systems. Technical report no . 111,
MIT Lincoln Laboratory .

ELLSON, D. G . and HILL, H . 1948, The interaction of response to step function stimuli: I.
Opposed steps of constant amplitude. ACM memorandum report no . MCREXD-694-

2P, 19 November.
FEAR NSIDE, P. J., SELCON , S. J., DAVY, E . C ., DREQ ERY, C . and CAM PBELL, J. 1997, A comparison

of alternative helmet-mounted ¯ ight control displays, in D. Harris (ed .), Engineering

Psychology and Cognitive Ergonomics, vol. 1: Transportation Systems (Aldershot:

Ashgate), 23 ± 29.
GAUTHER, G . M ., OBRECH T, G ., PEDRO NO, C ., VERCHER , J . L . and STARK , L . 1987, Adaptive

optimization of eye-head co-ordination with degraded peripheral vision, in J. K .
O’Regan and A . Levy-Schoen (eds), Eye Movements: From Physiology to Cognition
(Amsterdam: Elsevier Science).

GERH ART, G . R. 1991, Target acquisition criteria for human observers. Visions, in Proceedings

of the Human Factors Society 35th Annual Meeting, San Francisco, CA (Santa Monica:
Human Factors Society ), 1517 ± 1521 .

GELTM ACHER, H. E . 1988, Recent advances in computer image generation simulation, Aviation,

Space, and Environment Medicine, 59, A39 ± 45.

GOODYEAR, 1952, Human dynamic study. Final report no . GER-4750, 8 April (Goodyear
Aircraft Corp .).

GOODYEAR, 1953, Investigation of vestibular and body reactions to the dynamic response of a
human operator . Final report: BuAer Report AE-61-6 and Report GER 5452, 25

November (Goodyear Aircraft Corp.).
GOODYEAR, 1955, Investigation of control `feel’ eŒects of the dynamics of a piloted aircraft

system. Report GER 6726, 25 April (Goodyear Aircraft Corp.).
GROSSMAN , J. D . 1974, Flight evaluation of pilot sighting accuracy using a helmet mounted

sight . Report NWC TP 5638 (China Lake: Naval Weapons Center ).
GRUNWALD , A . J . and KOHN, S . 1994, Visual ® eld information in low-altitude visual ¯ ight by

line-of-sight slaved helmet-mounted displays, IEEE Transactions on Systems, Man, and

Cybernetics, 24, 120 ± 134.

GRUNWALD , A . J ., KOHN , S. and MERH AV, S . J. 1991, Visual ® eld information in Nap-of- the

earth ¯ ight by teleoperated helmet-mounted displays, in SPIE Conference on Large-

screen Projection, Avionics and Helmet-mounted Displays (Bellingham: Society of Photo-
optical Instruments Engineers), 132 ± 153.

HAWOR TH , L. A ., BUCHER , N . and RUNNINGS, D. 1989, Helmet-mounted display systems for

helicopter, in Proceedings of the 33rd Annual Meeting of the Human Factors and

Ergonomics Society, Denver, CO, 86 ± 90 .
HEN KE, A. H . 1970, An investigation of head-tracking performance using a helmet mounted

sight and display system, in Proceedings of the 6th Annual Conference of Manual

Control, Air Force Institute of Technology (Wright Patterson Air Force Base, Air Force
Institute of Technology), 7 ± 18 .

HORNSETH J. P., STAN LEY, G . and CARSON, P. 1976, Head tracking: a fatigue study, in
Proceedings of the 12th Annual Conference of Manual Control, Ames Research Center,
MoŒett Field, CA, NASA TMX-73 170 .

HUM PHREYS, G . W . and BOUCART, M . 1997, Selection by color and form in vision, Journal of

Experimental Psychology: Human Perception and Performance, 23, 136 ± 153.
JENSEN , R. J. 1981, Prediction and quickening in prospective ¯ ight displays for curved landing

and approaches, Human Factors, 23, 333 ± 364 .
JEX, H . R . and ALLEN , R . W . 1970, Research on a new human dynamics response test battery,

Part 2: Test development and validation, in Proceedings of the 6th Annual Conference on

Manual Control (Wright Patterson Air Force Base, Institute of Technology).

373Head tracking with target direction cue

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
o
n
g
 
K
o
n
g
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
S
c
i
e
n
c
e
 
&
 
T
e
c
h
]
 
A
t
:
 
1
5
:
2
1
 
1
2
 
M
a
r
c
h
 
2
0
1
1



JEX, H . R . and CORNW ELL, C . H. 1961, Theoretical and Experimental Investigation of New

Longitudinal Handling Quality Parameters . DTIC no. AD 282878, ASD-TDR-61-26
(Wright Patterson Air Force Base: Aeronautical System Division ).

KAW ARA, T., OHM I, M. and YOSHIZAW A, T . 1996, EŒects on visual functions during tasks of
object handling in virtual environment with a head mounted display, Ergonomics, 39,

1370 ± 1380 .
K INCHLA, R. A., CHEN, Z . and EVERT , D . 1995, Precue eŒects in visual search: data or resource

limited?, Perception and Psychophysics, 57, 444 ± 450 .
KREND EL, E . S . 1951, A Preliminary Study of the Power Spectrum Approach to the Analysis of

Perceptual Motor Performance . Air Force technical report no. 6723 (Dayton: Wright
Air Development Center ).

KREND EL E. S. 1952a, The Spectral Density Study of Tracking Performance, Part 1: The EŒect

of Instructions . Technical report no . 52-11 (Dayton: Wright Air Development Center).

KREND EL, E . S . 1952b, The Spectral Density Study of Tracking Performance, Part 2: The EŒects

of Input Amplitude and Practice . Technical report no . 52-11 (Dayton: Wright Air

Development Center).
KREND EL, E . S. and BARNES, G . H. 1954, Interim Report on Human Frequency Response Studies .

Technical report no . 54-370 (Dayton: Wright Air Development Center).
KREND EL, E . S . and MCRUER, D . T . 1960, A servo-mechanisms approach to skill development,

Journal of the Franklin Institute, 269, 24 ± 42.
LEVISON, W . H., LANCRA FT, R. E . and JUNKER, A . M . 1979, EŒects of simulator delays on

performance and learning in a roll-axis tracking task, in Proceedings of the 15th Annual

Conference On Manual Control . AFFDL-TR-793134 DTIC no. ADA080563 (Dayton:

Wright Air Development Center, Air Force Flight Dynamics Laboratory).
LEVISON, 1982, The optimal control model for the human operator: theory, validation, and

applications, in Proceedings of the Workshop on Flight Testing to Identify Pilot

Workload . AFFTC-OTR-82-5 (Edwards Air Force Base, Air Force Flight Test Center).

LEVISON, W . H . and ZACH ARIAS, G. L. 1981, A comparison of head and manual control for a
position-control pursuit tracking task . Report 4572 (Boston: Bolt, Beranek &

Newman).
LEWIS, C. H. and GRIFFIN, M . J. 1979, Mechanisms of the eŒects of vibration frequency level

and duration on continuous manual control performance, Ergonomics, 22, 895 ± 889 .
LIFSHITZ, S. and MERH AV, S . J. 1992, Man-in-the loop study of ® ltering in airborne head-

tracking tasks, Journal of Guidance Control and Dynamics, 15, 1043 ± 1045.
LOVESEY , E . J . 1989, The pilot cockpit weapons interface for close air combat, in E . D. Megaw

(ed.), Contemporary Ergonomics (London: Taylor & Francis).

LUBOW , R . E . and KAPLAN , O . 1997, Visual search as a function of type of prior experience with
target and distracter, Journal of Experimental Psychology: Human Perception and

Performance, 23, 14 ± 24.

MCRUER, D . T . 1973, Development of pilot-in-the-loop analysis, Journal of Aircraft, 10, 514 ±

518 .
MCRUER, D. T . and JEX, H . R . 1967, A review of quasi-linear pilot models, IEEE Transaction

on Human Factors in Electronics, HFE-8, 231 ± 249.

MCRUER, D . T . and KREN DEL, E . S . 1957, Dynamic Response of Human Operators . Technical

report no . 56-524 (Dayton: Wright Air Development Center ).
MONDOR, T . A . and ZATO RRE, R . J. 1995, Shifting and focusing auditory spatial attention,

Journal of Experimental Psychology: Human Perception and Performance, 21, 387 ± 409 .
MONK, D . L ., PORTERF IELD, J. L ., HOR NSETH, J. P. and MCMURRY, R . L . 1978, Head tracking at

large angles from the straight ahead position, in Proceedings of the 14th Annual

Conference Manual Control, University of Southern California, Los Angeles, CA .

NASA conference publication 2060, 425 ± 436 .
NATHAN , R . L . and MEEHAN , J. W. 1996, Helmet-mounted sight evaluation in simulation, in

Proceedings of the SimTect 96, Melbourne, 227 ± 232 .
NELSON , W . T ., HETTING ER, L . J., CUNNINGHAM , J. A., BRICKM AN, B . J., HASS, M . W . and

MCK INLEY, R . L . 1998, EŒects of localized auditory information on visual target
detection performance using a helmet-mounted display, Human Factors, 40, 452 ± 460 .

N ICHOLSON, R . M . 1966, The feasibility of a helmet-mounted sight as a control device. Human

Factors, 8, 417 ± 425.

374 R . H . Y . So and M . J . Griffin

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
o
n
g
 
K
o
n
g
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
S
c
i
e
n
c
e
 
&
 
T
e
c
h
]
 
A
t
:
 
1
5
:
2
1
 
1
2
 
M
a
r
c
h
 
2
0
1
1



PEW , R . W . 1966, Performance of human operators in a three-state relay control system with

velocity-augmented displays, IEEE Transactions on Human Factors in Electronics, HFE-

7, 77 ± 83.

POULTON , E. C . 1967, Tracking a variable rate of movement, Journal of Experimental

Psychology, 73, 135 ± 144 .

POULTON , E . C . 1974, Tracking Skill and Manual Control (London: Academic Press).
ROCKW AY, M . R . 1954, The EŒects of Variations in Control-Display Ratio and Exponential

Time Delay on Tracking Performance . ASD-TR-54-618 DTIC no . AD 062763 (Dayton:
Wright Air Development Center ).

RUSSELL, L . 1951, Characteristics of the human as a linear servo-element . MS thesis, MIT.
SANDOR, P . B . and LEG ER , A . 1991, Tracking with a restricted ® eld of view: performance and

eyehead co-ordination aspects, Aviation, Space, and Environmental Medicine, 62, 1026 ±
1031.

SCIALFA, C . T . and THOMAS, D . M . 1994, Age diŒerence in same ± diŒerent judgements as a
function of multi-dimensional similarity, Journal of Gerontology: Psychological

Sciences, 49, 173 ± 178.
SHEPHERD, C. K. 1988, The helmet-mounted display as a tool to increase productivity during

space station extravehicular activity, in Proceedings of the 32nd Annual Meeting of the

Human Factors and Ergonomics Society, Anaheim, CA (Santa Monica: Human Factors

and Ergonomics Society ), 40 ± 43 .
SHER IDAN, T .B . and FERELL, W .R . 1974, Man ± Machine Systems (Cambridge, MA: MIT

Press ).
SHIRACHI, D . K ., MONK, D. L . and BLA CK, J . H . 1978, Head rotational spectral characteristics

during two dimensional smooth pursuit tasks, IEEE Transactions on Systems, Man, and

Cybernetics, SMC-8, 715 ± 724 .

SO, R . H . Y . 1995, Optimising the responses of head-coupled systems to dynamic head
movements. PhD thesis, Institute of Sound and Vibration Research, University of

Southampton .
SO, R. H . Y . and GRIFFIN, M . J. 1992, Compensating lags in head-coupled displays using head

position prediction and image de¯ ection, Journal of Aircraft, 29, 1064 ± 1068 .
SO, R . H . Y . and GRIFFIN, M . J. 1995, EŒects of lags on human operator transfer functions

with head-coupled systems, Aviation, Space and Environmental Medicine, 66, 550 ± 556 .
SO, R . H. Y . and GRIFFIN, M . J. 1996, Experimental studies of the use of phase lead ® lters to

compensate lags in head-coupled visual displays, IEEE Transaction on Systems, Man,

and CyberneticsÐ Part A: Systems and Humans, 26, 445 ± 454.

STRYBEL , T . Z., BOUCH ER , J. M ., FUJAW A, G . E . and VOLP, C . S. 1995, Auditory spatial cueing in

visual search tasks: eŒects of amplitude, contrast, and duration, in Proceedings of the

39th Annual Meeting of the Human Factors and Ergonomics Society (Santa Monica:
Human Factors and Ergonomics Society ), 109 ± 113 .

TAYLOR, F . V . 1949, Certain characteristics of the human servo, Electrical Engineering, 68,

March.
VEN TU RINO, M . and KUNZE, R. J . 1989, Spatial awareness with a helmet-mounted display, in

Proceedings of the 33rd Annual Meeting of the Human Factors and Ergonomics Society,

Denver, Colorado (Santa Monica: Human Factors and Ergonomics Society ), 1388 ±

1391.
VEN TU RINO, M . and WELLS , M . J . 1990, Head movements as a function of ® eld-of-view, in

Proceedings of the 34th Annual Meeting of the Human Factors and Ergonomics Society,
Orlando, FL (Santa Monica: Human Factors and Ergonomics Society), 1572 ± 1576 .

VERO NA, R. W . 1978, Head aiming/tracking accuracy in a helicopter environment. Paper

presented at the Aerospace Medical Association Conference, US Army Aeromedical

Research Laboratory, Fort Rucker, AL, 113 ± 114.
WARRICK, M . J. 1949, EŒects of Transmission Type Control Lag on Tracking Accuracy . AF-

TR-5916, DTIC no . AD630292 (Dayton: Air Material Command, Wright Air
Development Center).

WATSON , B ., SPAULDING, V ., WALKER, N. and RIBARSKY, W . 1997, Evaluation of the eŒects of
frame time variation on VR task performance, in Proceedings of the IEEE Virtual

Reality Annual International Symposium , Los Alamitos, CA (Albuquerque: IEEE), 38 ±
44 .

375Head tracking with target direction cue

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
o
n
g
 
K
o
n
g
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
S
c
i
e
n
c
e
 
&
 
T
e
c
h
]
 
A
t
:
 
1
5
:
2
1
 
1
2
 
M
a
r
c
h
 
2
0
1
1



WELLS , M . J. and GRIFFIN, M . J . 1987, A review and investigation of aiming and tracking

performance with head-mounted sights, IEEE Transactions on Systems, Man, and

Cybernetics, 17, 210 ± 221 .

W ILLIAMS, J. N . 1987, A piloted simulation investigating handling qualities and performance
requirements of a single-pilot helicopter in air combat employing a helmet-driven

turreted gun . MS thesis, Naval Postgraduate School, Monterey, CA .
WOO DRUFF, R . R ., HUBBARD , D . C . and SHAW , A . 1986, Comparison of helmet-mounted visual

displays, Displays, 7, 179 ± 185 .

376 R . H . Y . So and M . J . Griffin

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
o
n
g
 
K
o
n
g
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
S
c
i
e
n
c
e
 
&
 
T
e
c
h
]
 
A
t
:
 
1
5
:
2
1
 
1
2
 
M
a
r
c
h
 
2
0
1
1


