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也旦旦旦

Images on head -coupled systems are delayed by 
latencies in measuring head positi。n and generating 
c。mputer graphics. The 。bjectives 。f this study 
were: (i) investigate the effects 。f time delays on 
head tracking perf。rmance, (ii) evaluate the use 。f

an image deflecti。n technique t。 reduce deleteri。us

effects of delayed images and (iii) investigate the 
applicati。n 。f a head p。siti。n predicti。n alg。rithm
to enhance the benefits 。f image deflection . There 
were significant decreases in head tracking 
performance when lags 。f 40ms 。r more were added to 
a system with an inherent 40ms lag. Lag 
c。mpensation by image deflecti。n significantly 
improved tracking pef。rmance with lags up to 380ms. 
However, by deflecting the delayed image back t。

its pre- lag angular p。siti。n, part of the picture 
was displaced bey。nd the edge 。f the screen. The 
amount of deflecti。n required was reduced by a 
simple means 。f predicting the positi。n of the head 
before applying deflection. Impr。ved means 。f

predicting head p。s ition would fur t her reduce the 
required image deflecti。τl .

Intr。ducti。n

Head-c。uoled svstems 

Head-c。upled systems were devel。ped t。 impr。ve

the visual interface between human 。perat。rs and 
aircraft flight c。ntrol, navigation and weap。n

systems ’. The helmet-m。unced display c。nsists 。f
an image s。urce which can be mounted 。n a flying 
helmet. The image is 。ptically superimp。sed on the 
。perat。r's view 。f the 。utside w。rld regardles s of 
the head orientati。n. The helmet-p。inting system 
is a device which measures angular orientation 。f

the head relative to a fixed reference {s ee 
Figure 1) . 

There are vari。us p。tential uses 。f
head-c。up led systems. When a helrnet-m。unted

display and a helrnet-p。inting system are used 
t。gether, the 。perat。r can designate a target by 
rn。ving the head s。 as to place the target behind an 
aiming reticle presented 。n the display. Target 
cueing and other information may also be presented 
。n the helmet-mounted display . 

Head -coupled systems can als。 be used to 
present views from a camera wh。se orientation is 
slaved to the helmet-pointing system . As the he.ad 
is turned the direction 。f the camera f。11。WS the 
head pointing angle . 
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Figure 1 Bl。ck diagram 。f the experimental 
head-c。upled system. 

Computer-generated images can be presented on 
helmet-mounted displays t。 simulate a view of the 
real w。rld f。r either research, training 。r
inflight assistance This appr。ach can be extended 
to present a ’virtual c。ckpit ’ to the pilot with 
virtual displays and even mul ti-functi。n v irtual 
switches2 . 

The or。blem

When a helmet-p。inting system is used to 
contr。1 the locati。n of images 。n a helmet -m。unted
display , any delay between the m。ment at which head 
p。si tion is sampled and the moment at which the 
c。rresp。nding image is presented will result in the 
image ’ fl。ating’。n the screen. This is 
subjectively disturbing and may result in degraded 
perf。rmance . F。r ex副nple, a space stati。nary
object may appear t。”swim" during the start and 
finish of head moti。n3 . W。odruff et al . rep。rted
that during an investigati。n 。f helmet-mounted 
displays f。r flight simulati。n (a head-coupled 
simulator), m。re than one- third 。f the pilots wh。
attempted the task were unable to 。btain

satisfactory results and t his was considered to 
indicate n。t inferior flying but failure to adapt 
t。 the inherent delay in the simulation systern4. 

In a head- c。upled simulat。r, the c。mputation
delays involved in providing an updated 
computer-generated scene are dependent 。n the 
c。mplexity 。f the image. When a 
forward-1。。king-infra-red (FLIR) camera is slaved 
t。 a helmet-p。inting system the delays depend 。n
the inertia 。f the sys tern, and the camera may lag 
behind the line ．。f-sighc by up t。 one second. 

豆豆扭且盟主

There are three possible soluti。ns to the 
problems caused by delays : reduc ti。n 。f the time 
delay at s。urce, deflection 。f the image t。 the
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c。rrect positi。n, or head p。siti。n predicti。n to 
c。mpensate the time delays. 

Reducti。n at source With the advance in 
computer techn。1。gies, there is p。tential f。r

reducing the pr。cessing time inv。lved in graphics 
generati。n. H。wever, this solution requires m。ney
and c。uld be bulky. This s。luti。n cann。t be 
applied to a system with m。ving mechanical parts, 
such as a head-slaved camera. 

Ima2e Deflecti。n An alternative s。luti。n is 
c。 deflect the delayed image t。 the currently 
c。rrect angular p。siti。n s。 that the image 
m曲intains correct correspondence with the 。utside
world . Image deflection 。n helmet-m。unted displays 
was originally devel。ped in the Human Fact。rs
Research Unit at the Institute 。f s。und and 
Vibration Research f。r the stabilisati。n 。f images 
on helmet-m。unted displays exp。sed to vibrati。ns
Applied t。 a head-slaved camera, the instantane。us
angular separati。n between the camera and the 
line-of-sight is measured and translated into 
horiz。ntal and vertical offsets, which are then 
used t。 deflect the vide。 image 。n the 
helmet-m。unted display . Applied t。 a c。mputati。nal
delay, the 。ffset can be measured and used by the 
graphics generati。n s。ftware to displace the image. 

The principle 。f the image deflecti。n technique 
is explained in the Appendix. The p。sition error 
at any time is pr。p。rti。nal t。 both the time delay 
and the head vel。city. If these are large, the 
image may need t。 be deflected bey。nd the 
field－。f-view ﹔ perf。rmance would then deteri。rate
rapidly. This analysis is c。nsistent with results 
。f unpublished studies previ。usly c。nducted at the 
Institute of s。und and Vibrati。n Research. Image 
deflection is theref。re only applicable to the 
compensation of small p。siti。n errors. 

Head nositi。n nrediction This opti。n utilises 
a signal processing alg。rithm t。 predict the future 
head position based 。n the pas t head m。vement time 
hist。ry. For rand。m movements 。f the head, 
prediction is, by definition, imp。ssible . H。wever,
due t。 the limited tracking bandwidth of the human 
head (0 t。 1. 5 Hz), predicti。n 。f head position 
bec。mes p。ssible. The use of head p。siti。n
prediction t。 c。mpensate for time delays has been 
previously investigated. List rep。rted a 
simulation study 。f the use 。f a simple n。n-linear
prediction alg。rithm t。 c。mpensate f。r time delays 
occurring during high vel。city step movements of 
the heads. The alg。rithm used accelerati。n data 
and was rep。rted to have been successfully 
implemented in a fiber optic helmet-m。unted
display . Albrecht utilized an adaptive 
least-mean-square predictor t。 predict pil。t head 
lo。k directi。n7. Simulati。ns sh。wed that the 
predict。r was capable 。f g。od predicti。ns f。r input 
signals that change their characteristics linearly 
with tim陣﹛e.g. a swept sine with decreasing 
amplitude} but needed impr。vement t。 predict head 
m。vements wh。se characteristics change rand。mly
with time. 

Head p。siti。n predicti。n may bring the 
calculated head p。si ti。n close t。 the instantaneous 
positi。n . 日。wever, due to noise and the rand。mness
。f the measured head m。vements, err。rs remain. 

Head p。siti。n prediction may be useful t。 reduce
large position errors due t。 time delays but image 
deflecti。n may be needed t。 rem。ve remaining 
errors. 

也起且包且

The experiment rep。rted in this paper 
investigated a lag compensati。n technique c。mbining
both head positi。n predict！。n and image deflect！。n.
A bl。ck diagram illustrating the two meth。ds is 
shown in Figure 2. Head p。siti。n prediction was 
performed first t。 reduce the difference between 
the instantane。us head p。siti。n and the delayed 
head p。sition . Image deflecti。n was then used to 
eliminate any remaining difference . 

helmet 
pointing 
svstem 

p。siti。n
sens。r

predictor I vide。

predicted 
head movement 

head­
slaved 

Figure 2 Diagramatic illustrati。n 。f the lag 
compensati。n meth。d inv。lving

combined head positi。n predicti。n and 
image deflection. 

An experiment was conducted t。 determine the 
effects of time delays on head tracking performance 
and assess the use 。f a simple head p。siti。n

predicti。n algorithm to enhance the benefits 
。btained by image deflection. Measurements 。f head 
tracking performance were made with vari。us time 
delays and combinations 。f image deflecti。n and 
head predicti。n. The hyp。theses were: i ) head 
tracking perfor『nance would be degraded by time 
delays between head m。vement and image m。vement ﹔
ii ) image deflecti。n would reduce the pe rformance 
degradati。n due t。 time delays but intr。duce a 
restricti。n 。n the field－。f-view ﹔ i ii) a simple 
predicti。n algorithm w。uld enhance the benefits 。f
image deflecti。n by reduc ing the restricti。n 。n the 
field-of-view. 

Materials and Meth。ds

金旦旦主主主主坐車

The head-c。upled system used in this study 
c。nsisted 。f magnetic c。ils m。unted 。n t。p 。f a 
helmet, to detect helmet moveme nt, and a miniature 
cath。de ray tube m。unted t。 the side 。f a helmet t。
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present a virtual image 17 by 17 degrees through a 
collimating optical arrangement. The c。nfigurati。n
。f the experimentai apparatus is summarised in 
Figure 3. The helmet-p。inting system wa 
Ferranti SPASYN type 101 and the helmet-mounted 
display was a Hughes mon。cular display m。del

SD／悶。－001. A host c。mputer was empl。yed t。
contr。l the target presentation and data 
acquisiti。n. Image deflection and h ead p。s ition 
predicti。n were also perf。rmed within this c。mputer
(see Table 1 f。r prediction alg。rithm). The 
minimum system time delay was 40ms. 

／＇ . 、、、

_// black '-....... 
//’ curtain 、 ＼、

「I magnetic 「干」 .，.......Head l 
! I radiator ] / position I I 
川 ／再三y、 sensor I I 

I I I ,m向＊~！I I mounted! 
I I display I I 

ii r 1[ Ii 
Figure 3 Arrangement of the subject with 

hel『『叫－mounted display and 
helmet-p。inting sens。r.

Table 1 The simple extrap。lati。h alg。rithm used t。
predict the head p。siti。n based 。n
c。nstant velocity assumpti。n

H(t+n) - H(t) + (head velocity) x (n) 

where 

head velocity (instantane。us)
H(t) - H(t-4t5) 

4t5 

Key: 

H(t) - measured head positi。n at time t ms 

n - prediction time (ms) 

H(t+n) - predicted head positi。n at (t + n) ms 

ts . 20 ms (sampling peri。d)

An open-cr。ss reticle was presented at the 
centre 。f the display while the target was 
represented by a circle e.τhe positi。n 。f the 
circle was derived from the abs。lute positi。n 。f
the target and the present （。r delayed) 
line ’。f-sight measured by helmet-p。inting system. 

Meth。d and Desism 

Subjects wearing the experimental head-c。upled
system were asked t。 m。ve their heads to track a 
circular target viewed at optical infinity 。n the 
helmet-m。unted display. The target motions were 
Gaussian rand。m functi。ns integrated twice and 
band-passed between O. 01 Hz and O. 63 Hz. The sam心
target moti。ns were used in both axes (vertical and 
h。riz。ntal), except 。ne was presented in reverse 
。rder. Each tracking task lasted for 60 sec。nds.
An x-y pl。t of the target f。rcing functi。ns, the 
pr。bability distributi。n 。f target radial vel。city,
and target m。vement p。wer spectral density are 
shown in Figures 4 t。 6.
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Twelve subjects repeated the task with eight 
time delays (0, 40, 100, 160, 220, 280, 340 , 380ms) 
and with three lag c。mpensating conditions (no 
compensation, image deflecti。n, head p。sition
prediction with image deflecti。n). The sequence of 
presentations was balanced using a random block 
design . Twelve similar target moti。ns were used t。
minimize learning 。f target m。ti。ns. At the end 。f
each tracking task subjects were asked t。 estimate
t he degree 。f task difficulty 。n a six point scale 
{Table 2). 
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Written instructions were given to the subjects 
pri。r to the experiment . F。ur practice tracking 
tas ks each lasting f。r 30 sec。nds were then 
presented t。 ensure that the subjects were 
familiarized with the experimental head-c。upled
system . (Previ。us studies have f。und that little 
learning is required during head tracking e.) 
叮叮。ugh。ut the experiment: , subj ects were screened 
within a darkened envir。nment to eliminate visual 
inf。rmati。n 。ther than that perceived by the right 
eye through the helmet-mounted display . 

豆豆且垃主

Head tracking performance measured in terms of 
radial e主r。r, percentage time ．。n-target (calculated 
Wi th a reticle size 。f 1 . 5 degree diameter} and 
subjective difficulty rating are shown in Figures 7 
t。 9 .
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- 
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Friedman two-way analyses 。f variance were 
perf。rmed t。 determine effects 。f time delays 
within the three lag c。mpensation c。nditi。ns .

Results sh。wed that time delays had a significant 
effect 。n tracking performance f。r the c。nditi。n
where n。 lag compensati。n was applied (p<0.001). 
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Effects 。f la1rn 

For all objective measures 。f head tracking 
perf。rmance there was a significant degradation 
with lags greater than ，。r equal t。， lOOms (p<0 .01 , 
excluding the system lag 。f 40ms). With the 
percentage time ．。n-target measurements, the 
threshold delay f。r significant degradati。n in 
tracking perf。rmance was 40ms (p<0.05, e xcluding 
the system lag 。f 40ms) . Sinc e complex c。mputer

generated graphics s cenes presented 。n

helmet-m。unted displays c an s uffer lags 。f the 
。rder 。f 80 to lOOms 3, 9, the finding 。f such a 
sh。rt threshold lag has imp。rtant implicati。ns 。n
t he future devel。pment of head-c。upled sys t ems . 

2扭扭鎧i2!!To assess the benefits of head position 
prediction, the am。unt of image deflecti。n used in 
both axes was rec。rded during the conditions where 
image deflecti。n was applied with and without head 
p。siti。n prediction. Results in both axes are 
sh。wn in Figures 10 and 11 . Friedman tw。－way
analyses 。f variance sh。wed that for lags less than 
280ms the deflecti。n r equired was reduced 
significantly by head p。si ti。n predicti。n ﹛p<0 . 01) .

Effec ts of la重 c。moensati。n bv imal!:e deflecti。n

Inspecti。n of Figures 7 to 9 reveals that the 
image deflection technique (both with and without 
head p。siti。n prediction) significantly reduced 
radial err。r, increased percentage time-on - target 
and impr。ved the subjective difficulty rating . 
This is c。nfirmed by the results of the Friedman 
tw。－way analysis of varianc e by ranks ; there was no 
s i且nificant degradation in perf。rmance f。r any lag 
conditi。n when using image deflection. This 
confirms that the image deflection technique 
totally restored the image t。 the c。rrect p。siti。n.
Tracking perf。rmance was the same as with。ut any 
lag despite the restricted field-of-view. The lack 
o·f an effect 。f the restricti。n 。n the 
field -of-view may be because 。nce the target was 
captured within sight it c。uld be kept ar。und the 
centre part 。f the t。tal field-of-view. The 
absence of any rapid search m。vements als。 meant
that the reducti。n in the field －。f-view was not 
large. 

’，又
／

…

心
J
Y

九

U

FJ

/

… 

U

戶

／
J
J

J

’
, .. 
＼

．

白
自

戶
．
．

．

．

．
．
．
．
．
．f
f

．

－... 
EIJf
. 

u

/

-

J

… 

.

/
…

/ 

…

y

dT 

o
-

- ..
..... 

一
／

－

f

一

（

／

一

／

……

/

…

J 

V司（
／
「

a
甸

甸3

司ζ

（
由ω℃
）
C
O

－－M
υ
ω
F
h
牛ω
℃

唔
，
．

n
u

的
－
E
－

L

的
一

V
A
C
1
X 。 100

Additional 

128 

400 
(ms) 

Ro。t-mean-square values 。f image 
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The perfect lag c。mpensati。n b y image 
deflection used here relied on tw。 assumptions: ( i) 
a kn。wledge 。f the t。tal system time delay (ii) n。
distortion in the image from deflection in the 
vertical and horiz。ntal axes. The former 
assumption will often be valid f。r c。mputer
generated displays . The latter assumpti。n will n。t
be valid if the graphics presents three dimensi。nal
views. In such cases, the distortion will depend 
。n the am。unt 。f deflecti。n used, with smaller 
deflections giving less dist。rtion.

Effects of la宣 comnensation with head nositi。n
nredicti。n and ima2e deflecti。n

The image deflection alone 。vercame the 
perf。rmance degradation due t。 time delays , but the 
simple head p。siti。n predicti。n alg。rithm
significantly reduced the 副nount 。f deflecti。n
required (Figures 10 and 11). This reduction in 
required image deflecti。n reduces the restricti。n
on the field－。f-view and the image distorti。n
imposed by deflection. Because the target was 
always captured near the centre 。f the 
field-of-view, as explained above, the benefits 。f
this reduction were invisible to the subject and 
are not apparent in the tracking performance 
measures obtained fr。m the experiment. 

c。nclusions

Head tracking perf。rmance was significantly 
degraded by l ags greater than, or equal t。， 40ms
(excluding 40ms system lag). The finding that such 
sh。rt lags degrade head tracking performance has 
important implicati。ns for the future devel。pment
of head-c。upled systems. 

Image deflecti。n significantly improved 
tracking perf。rmance in the presence 。f time delays 
up c。 380ms and performance was rest。red to that 
without a time delay. 

The amount 。f image deflection required to 
c。mpensate for the lags increased with increasing 
lag and there was a c。rresp。nding reducti。n in the 
field － 。f-view . F。r lags less than 280ms, the use 
of a simple head p。siti。n predicti。n algorithm 
significantly reduced the am。unt of image 
deflecti。n required and would therefore reduce any 
image dist。rti。n and restricti。n 。n the 
field－。f-view.

Alth。ugh the use of head p。sition prediction t。
enhance the benefits 。f lag c。mpensati。n by image 
deflecti。n has been dem。nstrated, further studies 
t。。ptimize the predicti。n algorithm are required. 
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拉起盟主革

Ima2e deflecti。n: benefits 

T。 illustrate the principle 。f the image 
deflection technique, c。nsider an applicati。n in 
which a head-coupled system is used to present 
images captured fr。叩 a head-slaved camera which 
f。llows the line-of-sight 。f the 。bserver with a 
time delay. Figure Al shows the effect 。n the 
displayed image when the head 。f the 。bserver m。ves
t。 acquire a stati。nary target at a c。nstant

angular velocity, eh assuming the head-slaved 
camera f。11。ws with a c。nstant time delay, T. 



After a t ime t, the head has traversed an angle of : 

。h - I/ht (1) 

but the camera and hence images captured has 。nly,
moved by Oc, where: 
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.. au 

戶
，
』
﹒

<hh 
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(2) 

Theref。re by deflecting the screen with an 
offset 。f 8hr, the image is rest。red t。 its c。rrect
position . 

Ima"e deflection: restricti。n in field’。f-view

Supp。se the target is separated from the 
initial head p。sition by an angle, Ota• and that 
the field-of- view (FOV）。f the camera subtends an 
angle of ψ﹒ The image 。f the target will 。nly be 
captured if it falls within the FOV of the c amera: 

i.e . 。ta - 8c 至 ψ／2 (3) 

substituting Oc from (2): 

o ta - oh + oh r ＂ ψ／2 

If we rearrange equati。n (4), we get : 

(4) 

。ta - oh 卓﹛ψ － 20hr)/2 (5) 

. where （ψ ﹒ 28hr) is defined as the effec tive FOV, 
which is two times the maximum angular separation 
all。wable between the target and the 。bserver's

line －。f-sight so that the ·target will fall within 
display . 

From equation (5），。ne can see that this 
effective FOV is reduced by any time delay present 
( 1) . 

ima~es seen 。n the display : 
－里

~ It l且」＆

lag+deflection n。 lag

Figure Al Diagramatic illustrati。n 。f effects 
of time delays between head m。vement
and image m。vement 。n images captured 
by a head-slaved camera. The effect 
of image deflection is als。 sh。wn .
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