Q"‘:n%:

Effects of Lags on Human Operator Transfer
Functions with Head-Coupled Systems

RicHArD H. Y. So, and MicHAEL J. GRIFFIN, Ph.D.

So RHY, GRIFFIN M]J. Effects of lags on human operator transfer
functions with head-coupled systems. Aviat Space Environ Med 1995;
66:550—-6.

The effects of operator learning and target velocity on head
tracking performance with and without lags has been studied.
Five lags (0, 40, 80, 120, 160 ms) between head movement and
target image movement, and three target velocities (2, 3.5,
5° - s7' r.m.s.) were investigated with eight male subjects and
band-limited random target motions. Head tracking transfer
functions, tracking error spectra, mean radial tracking error,
and subjective difficulty ratings were obtained. Head tracking
performance was significantly degraded by lags greater than,
or equal to, 40 ms (in addition to a system lag of 40 ms). Both the
input-correlated tracking error and the uncorrelated tracking
error increased with increasing lag. No significant improvement
in head tracking performance was found through practice with
an 80-ms lag. As the lag increased, operators increased their
gains at freq above about 0.5 Hz and reduced their phase
lags at low frequencies (about 0.1 Hz) but failed to fully com-
pensate for the increased display lag. The increased human op-
erator gain was associated with increased operator phase lag at
higher frequencies (above 0.5 Hz). To improve head tracking
performance in the presence of lags, a lag compensation tech-
nique is needed to prevent undesirable changes in tracking
strategy.

HELMET-MOUNTED display (HMD) enables an
image to be presented in the line-of-sight of an ob-
server regardless of head orientation. A helmet-pointing
system (HPS) is a device which measures the angular
orientation of the head. When the two devices are com-
bined to form a head-coupled system, an operator can
designate a target by making head movements to place
the target behind an aiming reticle that is presented on
the HMD. Target cuing and other information may also
be displayed (3).
Head-coupled systems can also be used to present
computer-generated visual simulations for research,
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training, or in-flight assistance. The objective is to be
able to present images appropriate to the instantaneous
line-of-sight of the head. However, problems arise due
to the inevitable lag between the moment at which the
head orientation is sampled and the moment at which
the correctly oriented image is presented on the HMD.
This is subjectively disturbing and may result in de-
graded performance. For example, Allen and Hebb (1)
reported that lags due to sampling the head pointing
direction and generating the graphics made a space sta-
tionary object appear to ‘‘swim’’ during the start and
finish of head motions. Woodruff et al. (10) reported
that during an investigation of helmet-mounted visual
displays for flight simulation, more than one-third of the
pilots who attempted the task were unable to obtain
satisfactory results. This was considered to indicate fail-
ure to adapt to the shortcomings of the simulation (the
simulator was sensitive in pitch and roll and there was a
lag in the visual display). Such lags represent the dy-
namic response of the entire visual field of the head-
coupled system to head movement and will hereafter be
referred to as ‘‘display lag.”” Within the context of this
paper, the aiming reticle is not part of the visual field
subject to display lag; it was permanently displayed at
the center of the HMD.

Previous work by the present authors (8,9) indicates
that a display lag greater than, or equal to, 40 ms can
be sufficient to cause a significant increase in head
tracking error (these lags were in addition to an inherent
40-ms system display lag). The lags caused images to
be presented at incorrect positions on the HMD. It
was shown that a simple predictive algorithm, based on
a constant velocity extrapolation, partially compen-
sated for the lags and that the remaining position error
could be corrected by deflecting the image on the
display in the opposite direction to the head movement.
To further optimize this lag compensation technique it
was necessary to understand the mechanism behind the
performance degradation caused by lags. Two experi-
ments have been conducted to investigate the effect of
operator learning and the effect of target velocity on
head tracking performance with and without display
lags.
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MATERIALS AND METHODS

Apparatus

The general arrangement of experimental apparatus is
summarized in Fig. 1. The helmet-pointing system
(HPS) was a Ferranti SPASYN system type 101, capa-
ble of detecting helmet movement in the pitch, yaw, and
roll axes. The system was manufactured by Ferranti
plc., Edinburgh, Scotland. Output in digital form was
updated every 20 ms. This position sensor was mounted
on a United States Air Force flying helmet carrying a
collimated helmet-mounted display model SD/HMD-
001, manufactured by Hughes Aircraft Company, Cul-
ver City, CA. The field-of-view of the display was 17° X
17° with a pixel resolution of 260 (horizontal) by 168
(vertical). The display projected collimated images to
the right eyes of the subjects. This head-coupled system
had an inherent pure lag of approximately 40 ms be-
tween head movements and the corresponding move-
ments on the display. This 40-ms lag included: a) a 20-
ms lag in the HPS; b) a 3.5-ms computation time; c) a
0-16.7 ms presentation delay for an image to appear on
the raster scan system of the HMD; and d) a 0-16.7 ms
lag introduced by the asynchronization between the
HPS, updating at 50 Hz, and the HMD system, refresh-
ing at 60 Hz.

Methods of Generating the Lag

As shown in Fig. 1, the HPS was connected to the
host computer where the head position was stored in a
buffer before being used to update the video output. The
length of the buffer was proportional to the required lag.
This simulated the pure lags involved in graphics gen-
eration within simulators.

Model and Hypotheses

A pursuit tracking system is characterized by the dis-
play of an aiming reticle and a target (Fig. 2A). The task
is to move the reticle so as to follow the target. Subjects
have direct control over the reticle position. In a com-
pensatory tracking system, only the error (i.e., the rel-
ative displacement between the target and the reticle) is
displayed (Fig. 2B). The task is to reduce the error.
Unlike a pursuit task, a subject does not have sole con-
trol over a marker on the display.
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Fig. 2. Information presented in A) pursuit, B) compensatory,
and C) head tracking tasks [A,B are adapted from Krendel and
McRuer (5)]1.

Fig. 2C illustrates the reticle and target information
during a tracking task with a head-coupled system. The
reticle is permanently projected at the center of the
HMD which moves with the subject’s head. The sub-
ject, therefore, has direct control over the reticle posi-
tion. The task is to follow the target with the reticle,
which is similar to pursuit tracking. The quasi-linear
model of a head tracking system shown in Fig. 3 is a
pursuit model with the structure adapted from Lewis
and Griffin (6). Within the frequency range of interest
(0-2 Hz), the frequency response of the helmet-pointing
system had a unity gain and a 20-ms lag. The 20 ms has
been included as part of the 40-ms system lag. The pres-
ence of lags [i.e., Hsys(f) and Hig(f)] delayed head posi-
tion measurement and image generation. During a head
movement, this caused position errors in displaying
head-coupled images. These errors increased linearly
with increasing lag and increasing operator head veloc-
ity (4). It was hypothesized that: a) the presence of a
display lag degrades head tracking performance; b) the
human operator changes tracking strategy with an im-
posed display lag; and c) the effect of a display lag de-
pends upon the target velocity.

Two experiments were conducted to test the above
hypotheses. Head tracking transfer functions were de-
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Fig. 1. Diagrammatic illustration of the experimental head-

coupled system.
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termined to identify factors affecting head tracking per-
formance in the presence of display lags. The two ex-
periments reported in this paper were approved by the
Human Experimentation Safety and Ethics Committee
of the Institute of Sound and Vibration Research.

Dependent Variables

Tracking performance was measured by means of
transfer functions, error spectra, mean radial error, and
subjective difficulty rating. From Fig. 3, the transfer
function measured between points A and B2 is given by
Hhead(f) - Hsys(f): Hiag(f) and may be calculated from
Gi(f)/Gii(f), [where Gui(f) is the cross spectrum between
the target motion, I(f), and the head motion output at
B2, O(); Gii(f) is the power spectrum of the target mo-
tion I(f)]. A transfer function was also measured be-
tween points A and B1. This transfer function is given
by Hhead(f) . Hsys(f).

The tracking error spectral density Gee(f) has an input-
correlated component and a remnant component. The
remnant error spectrum was estimated as Goo(f) - [1 —
voi2(f)], where Goo(f) is the power spectrum of the out-
put, O(f), and voi*(f) is the squared coherency function
between the output, O(f), and the target motion, I(f).
Lags will introduce a bias change in yoi>(f) (2). In this
case the change is small; for example, a 100-ms lag will
cause less than 1.5% change in yoi>(f). However, this
doubled the remnant error spectrum at frequencies be-
low 0.1 Hz due to the output motion having most energy
around these frequencies.

All power spectral estimations were performed with
fast Fourier transform routines. A Hanning window (a
= 2) with 75% over-lapping ensemble averaging and a
spectral resolution of 0.078 Hz were used.

The mean radial tracking error was given by:

‘M=

Il\, ®? +y,)2

i

where p; is the 1h Value of the pitch axis error time

history; y; is the i value of the yaw axis error time
history and N is the number of values in the time his-
tory.

The subjective difficulty rating of each tracking run in
experiment 2 was measured with a six-point (0-5) abso-
lute difficulty rating scale: not difficult, a little difficult,
fairly difficult, difficult, very difficult, and extremely
difficult.

Experiment 1: Learning with and without Lags
Methods and Design

The target motion in the yaw axis was a normalized
random time history integrated once and then low-pass
filtered at 0.7 Hz (24 dB/octave) and low-pass filtered at
1 Hz (120 dB/octave). The resulting time history was
then reversed in the time domain to form the pitch axis
target motion. By this means the pitch and yaw axis
target motions had the same frequency content. The
duration of each target motion was 120 s and the target
velocity was 3.2° s~ ! r.m.s. in both axes.

Two pure display lags between head movements and
corresponding target image movements were used (0
and 80 ms). In addition, there was an inherent system
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display lag of 40 ms. The experiment was conducted
with eight male subjects ranging in age from 19-30
years. They were University researchers and students.
All subjects were fully informed about the experiment
and their right to withdraw at any time without preju-
dice during the experiment. The same target motion was
used throughout the experiment, with 10 repetitions
(i.e., runs) of both lag conditions. In a single experimen-
tal session, each subject performed 20 runs, each lasting
120 s. The 0-ms display lag condition was presented
first.

Subjects sat inside a dark environment so that the
only visible stimuli came from the HMD. A circular
target (diameter 1°) was presented on the display at a
coordinate derived from the instantaneous target posi-
tion and the instantaneous orientation of the head. Sub-
jects moved their heads to track the target with an open-
cross reticle displayed at the center of the HMD. An
initial familiarization run ensured that subjects were
able to move their heads freely over the required range.

Results

The mean radial errors for the 10 learning runs with
0-ms and 80-ms display lags were calculated for each
subject. Median values of the mean radial tracking er-
rors across the eight subjects are shown in Fig. 4. Head
tracking transfer functions in the pitch and yaw axes
were measured between points A and B2 in Fig. 3. Head
tracking transfer functions in the yaw axis for alternate
runs are shown in Fig. 5 for both lag conditions. Data in
the pitch axis were similar.

Discussion

Effects of learning: There was no significant change
in mean radial tracking error through practice over the
10 runs with either lag condition (Friedman two-way
analysis of variance, p > 0.1 for both 0 ms and 80 ms).
There was also no significant change in the head track-
ing transfer functions collected for the 80-ms lag condi-
tion over the 10 runs. For the 0-ms lag condition, Fig. 5
shows a trend for the gains of the transfer functions to

§
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Fig. 4. Median radial head tracking error for 10 learning runs
with 0 ms and 80 ms lags (8 subjects).
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Fig. 5. Mean head tracking transfer functions in the yaw axis
for 10 learning runs and 2 lag conditions (only odd number trials
are shown: 1,3,5,7,9, data measured between A and B2 in the
system block diagram) (0.08 Hz resolution, 72° of freedom).

reduce towards unity in the earlier runs. Since all eight
subjects started with the 0-ms lag condition, the trend in
Fig. 5 may have been due to learning the general form of
the task and the target motion. It is not thought that
subjects were able to learn the target motion sufficiently
to predict its next move at any moment. For the 0 ms lag
condition, Friedman two-way analyses of variance
showed that the number of runs (1-10) had a significant
effect on the transfer function gains at 0.4 Hz in the yaw
axis (p < 0.001) and in the pitch axis (p < 0.05).

Effects of lag: Wilcoxon matched-pairs signed ranks
tests were conducted to compare the two lag conditions.
For each of the 10 runs there were significant increases
in mean radial tracking error with an imposed display
lag of 80 ms (p < 0.05). The degraded performance with
the 80 ms lag, and the absence of any improvement with
learning, suggests that in order to improve head tracking
performance in the presence of lags, a lag compensation
technique is necessary.

Experiment 2: Effect of Lag and Target Velocity
Methods and Design

The task was the same as in the first experiment ex-
cept for variations in the lags and the target velocity.
Five pure display lags (0, 40, 80, 120, 160 ms) between
head movement and target image movement were used
with each of three target velocities. There was an inher-
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ent system display lag of 40 ms in addition to the above
lags.

The target motion used in the first experiment was
scaled to give three target velocities: 2.0, 3.5, and
5.0° - s~ ' r.m.s. in both axes. These three target veloc-
ities are called V,, V4, and V,, respectively. The corre-
sponding maximum target displacements in both axes
were 9.7, =16.0, and =23.5°.

The same eight subjects from Experiment 1 partici-
pated in Experiment 2. Similar to Experiment 1, all sub-
jects were fully informed about the experiment and their
right to withdraw at any time without prejudice during
the experiment. One familiarization run and three prac-
tice runs (with no imposed display lag, an 80-ms im-
posed display lag, and a 160-ms imposed display lag)
were presented first to ensure that the subjects under-
stood the tracking task. Three target motions of
3.5° - s~ ! r.m.s. velocity in both axes were used in the
practice and these motions were not repeated in the
main experiment. These runs were followed by the pre-
sentation of 15 runs (i.e., 3 velocities with each of the 5
lags). A randomized block design was employed in
which each subject was exposed to all 15 conditions in
a random order. At the end of each run, the subjects
were asked to assess the task difficulty with a six-point
rating scale. Eight target motions with the same fre-
quency content were used so as to minimize any learn-
ing and so that, for each condition, the eight subjects
were given different target motions. Individual subjects
never experienced any target motion more than twice.
Subjects performed 19 runs of 120 s in one session.

Results

Mean radial tracking error as a function of display lag
and target velocity is shown in Fig. 6. As described
above, the maximum target displacements in both axes
were proportional to target velocity. With the assump-
tion that an increase in target displacement caused a
linear increase in tracking error, the mean radial track-
ing error data for the conditions V, and V, were scaled
by factors 9.7/16 and 9.7/23.5, respectively. This had the
effect of normalizing the tracking error to that with con-
dition V. These normalized data are shown in Fig. 6 as
broken lines.

For the condition V,, mean head tracking transfer
functions in the yaw axis for the five lag conditions are
shown in Fig. 7. Unlike Experiment 1, these transfer
functions were measured between points A and B1 in-
stead of between points A and B2. This removed the im-
posed pure lags and helped to show changes in operator
tracking response due to the lags. The mean head track-
ing error power spectral densities are shown in Fig. 8.

Discussion

Effects of lag: Friedman two-way analyses of vari-
ance by ranks were performed separately on the mean
radial tracking errors for all three target velocity condi-
tions. Results showed that display lag had a significant
effect on tracking performance (p < 0.001). Further sta-
tistical analysis showed that display lags greater than, or
equal to, 40 ms had a significant degrading effect on
tracking performance for all three target velocities (p <
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Fig. 6. Mean radial tracking error as a function of lag for
three different target velocities (normalized data in broken
lines) (8 subjects).

0.05, Wilcoxon matched-pairs signed ranks test). The
presence of a significant effect with 40 ms display lag (in
addition to the 40 ms system display lag) is consistent
with the results of previous studies (8,9).

The head tracking transfer functions in Fig. 7 describe
the head tracking characteristics in the presence of dis-
play lags, while excluding the direct influence of the
imposed lags. There were statistically significant in-
creases in head tracking phase lags and significant in-
creases in gains around 0.8 Hz with increasing display
lag (Friedman two-way analysis of variance by ranks, p
< 0.01). This suggests that the subjects increased their
gains in an effort to compensate the lag they observed.

Modulus

40ms

0 I I ! I
0.0 1.0

Frequency (Hz)

Fig. 7. Mean head tracking transfer functions in the yaw axis (measured between A and B1 in the system block diagram) (3.5° - s

r.m.s. target velocity, 0.08 Hz resolution, 72° of freedom).
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This confirms the hypothesis that a human operator will
change tracking strategy in the presence of a display lag.
The phase lag around 0.1 Hz decreased significantly
with increasing display lag (Friedman two-way analysis
of variance by ranks, p < 0.001). However, the reduc-
tion was not enough to compensate for the imposed
display lags (Table I). Phase response at 0.1 Hz is im-
portant because the target motion had most energy
around this frequency. The power spectral density of
the target displacement for condition Vi dropped from
143 degrees?”/Hz at 0.1 Hz to 2 degrees?’/Hz at 0.5 Hz.
Because the resolution of the spectral analysis was 0.08
Hz, data around 0.1 Hz have to be interpreted with
caution. Future studies with longer tracking time histo-
ries are desirable to enable spectral analysis to be un-
dertaken with a finer resolution.

The differences in response at frequencies above and
below 0.5 Hz as shown in Fig. 7 suggest that the in-
creased gain may have been associated with a reduction
of phase lag at low frequencies and an increase of phase
lag at high frequencies: the typical response of a system
consisting of a predictive lead-lag filter and a lag (So
RHY, Griffin MJ. Unpublished data.) The additional
phase lag degraded the subjects’ ability to track target
motion at frequencies above 0.5 Hz. This reduced the
tracking bandwidth. A similar finding has been reported
in studies of manual tracking strategies. A model of
manual tracking with lead-lag filters has implied that,
with the present system, lead generation at low frequen-
cies will be accompanied by increases in response lag at
high frequencies and consequent reductions in tracking
bandwidth (7).

The transfer function measured between points A and
Blin Fig. 3 is influenced by the human operator transfer
function Hy(f). However, due to the head position feed-
back within Hheada(f), this transfer function is not linearly
influenced by the response of the human operator. Fur-
ther investigation of how the human operator is affected
by lags in such a system is desirable.
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Fig. 8. Mean input-correlated and uncorrelated yaw axis tracking error spectra (measured between A and B2 in the system block
diagram) (3.5° - 57! r.m.s. target velocity, 0.08 Hz resolution, 72° of freedom).

TABLE I. TRACKING PHASE RESPONSES AT 0.08 HZ
MEASURED BETWEEN POINTS A AND B1 AND BETWEEN
POINTS A AND B2 OF FIGURE 3 (MEDIANS OF
8 SUBJECTS).

Phase (degrees)

Lag
(ms) A to Bl A to B2
0 —4.9° (ranked 1.3%) —4.9° (ranked 4.5%)
40 —4.6° (ranked 1.9%) —5.8° (ranked 3.3%)
80 —3.2° (ranked 3.8%) —5.5° (ranked 3.1%)
120 —3.2° (ranked 3.8%) —6.6° (ranked 2.0%)
160 —2.0° (ranked 4.4%) —6.5° (ranked 2.1%)

* Average rank from Friedman two-way analysis of variance by
ranks.

Fig. 8 shows that both the input-correlated error and
the uncorrelated error (i.e., remnant) increased with in-
creasing lag. This suggests that to improve tracking per-
formance in the presence of a display lag, a lag com-
pensation technique is necessary.

Effects of target radial velocity: As the target velocity
increased from 2-5° - s~ ! r.m.s., the mean radial track-
ing error also increased (p < 0.001, Friedman two-way
analysis of variance by ranks). Tracking errors were
approximately proportional to the target displacement,
since the difference was nearly removed when the mean
radial errors were normalized to the same target dis-
placement (Fig. 6). However, for display lags less than
160 ms, statistically significant differences remained be-
tween the normalized mean radial errors of the three
target velocities (Friedman, p < 0.05).

The normalization procedure was used to remove the
linear changes of the error due to the target displace-
ment. The ordering of the normalized error magnitudes
indicated that as the target velocity increased, tracking
performance improved. This suggests that the human
operator was not behaving linearly over these ranges of
target displacements and display lags. This behavior
might be explained by the hypothesis that as target ve-
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Fig. 9. Percentage increase in mean radial tracking error as a
function of lag for three target velocity conditions (medians of
eight subjects).

locity increased, the task became more difficult and
subjects tried harder. Not surprisingly, the difficulty
rating increased significantly with increasing target ve-
locity for all display lags (Friedman, p < 0.0001).

Further investigation is required to isolate the influ-
ence of target velocity separately from the influence of
target displacement.

Effects of target velocity on tracking degradations
caused by lags: To determine the effect of target veloc-
ity on the degradation of tracking performance caused
by lags, the percentage increases in mean radial errors
across the five lags were calculated for the three target
velocities (Fig. 9). The percentage increases are shown
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relative to the zero lag condition. Inspection of Fig. 9
reveals a trend towards a greater increase in error due to
lag with greater target velocities and displacements.
Friedman two-way analysis of variance indicated that
target velocities and displacements had a significant ef-
fect on the percentage increase in error across the five
lags (p < 0.001).

CONCLUSIONS

Head tracking performance was significantly de-
graded by an imposed display lag of 40 ms or more (in
addition to a system display lag of 40 ms). This agrees
with previous findings by the present authors.

No significant improvement in head tracking perfor-
mance was found through practice with 80-ms display lag.

At frequencies above approximately 0.5 Hz, human
operator gain and human operator phase lag increased
with increasing display lag. At about 0.1 Hz, human
operator phase lag decreased with increasing display
lag. However, at these frequencies the decrease in
phase lag was not sufficient to fully compensate for the
increased display lag. Both input-correlated tracking er-
rors and uncorrelated tracking errors (i.e., remnant) in-
creased with increasing display lag. To reduce these
undesirable changes in head tracking strategy caused by
display lags, a lag compensation technique is required.

For a random target forcing function having a velocity
of 2° - s~ ! r.m.s. in both axes, scaling the target dis-
placement so that the velocity was increased to 3.5 and
5° - s~ ! r.m.s. increased mean radial head tracking er-
ror. The increases in tracking error were found to be
approximately proportional to the increases in target
displacement. Further investigation is required to iso-
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late the influence of target velocity separately from the
influence of target displacement.
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