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Adaptive Suppression of Biodynamic Interference in
Helmet-Mounted Displays and Head Teleoperation

S. Lifshitz* and S. J. Merhav{
Technion—Israel Institute of Technology, Haifa, 32000 Israel

This paper addresses errors caused by vibration or turbulence in airborne helmet displays and teleoperation.
It is shown by analysis and computer simulations that a modified version of the least-mean-squares adaptive
noise suppression algorithm facilitates the separation of the large voluntary head movements from the vibration-
induced small nonvoluntary head motion. Thus, the effects of the biodynamic interference can be essentially
removed. The results also indicate that errors in head-tracking teleoperated devices can essentially be suppressed.
Extensive man-in-the-loop laboratory simulations that validate the method are described.

I. Introduction

YSTEM teleoperation by pilot head motion and presenta-

tion of computer-generated symbols and flight informa-
tion in helmet-mounted displays is emerging as a promising
technology in modern avionic systems. Head teleoperation is
potentially an effective method for instinctive and rapid aim-
ing of radar antennas, missile seeker heads, or laser designa-
tors. In addition, it relieves the hands of the pilot for other
vital manual tasks in increasingly complex airborne environ-
ments. Helmet-mounted displays (HMD) can, in principle, be
the ultimate solution in merging computer-generated displays
with the outside scene, thus embracing the entire field of view
available to the pilot. Therefore, the HMD potentially relieves
the pilot from the troublesome need to share his attention
between the all-aspect outside scene and a restrictive cockpit-
mounted panel or head-up display.

However, a potential shortcoming of head teleoperation

and HMDs is their vulnerability to biodynamic interference
resulting from vibration, atmospheric turbulence, or self-in-
duced vehicle motion. These interferences can cause substan-
tial random aiming errors and apparent display blurring that
may seriously impair pilot performance. Two kinds of biody-
namic interference exist, namely, 1) additive interferences due
to nonvoluntary limb motions caused by, and correlated with,
vibration,!? and 2) nonadditive interferences resulting from
the disturbances in the central nervous system caused by the
body and head vibrations, uncorrelated with them, but
monotonically increasing with their intensity.3* Head vibra-
tion causes relative angular motion of the HMD with respect
to the line of sight of the eye, which is inertially stabilized by
the vestibular system. Consequently, as a result of the appar-
ent display shift, image blurring occurs, resulting in substan-
tial degradation of reading speed and probability of correct
character recognition.>¢ This neuromotor stabilization, known
as the vestibulo-ocular reflex (VOR), is effective in the fre-
quency range of 2-10 Hz.” Wells and Griffin®® conducted
experiments to cancel this blurring by shifting the display in
the opposite direction with an amplitude equal to the mea-
sured head motion which was determined by an approximate
double integration of head angular acceleration. They suc-
ceeded in demonstrating the effectiveness of the concept, but
the imperfection of the integration caused substantial tran-
sients in the display position in the presence of large angular
head motion.
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In this paper, a method for display stabilization, based on a

- modified adaptive noise cancellation (ANC), is described.® It

is designed to fulfill the following requirements: 1) suppres-
sion of the additive nonvoluntary head motion due to vibra-
tion even in the presence of large voluntary head motion, and
2) rapid adaptation to changing parameters in the biodynamic
model of the pilot due to changes in posture and muscle tone.
Extensive computer simulations with a linear biodynamic
model were performed. These demonstrated the effectiveness
of the adaptive filter (AF) in suppressing the effects of addi-
tive biodynamic interference. Subsequently, extensive man-
in-the-loop experiments were conducted on a six-degree-of-
freedom simulator that was driven by vertical vibration com-
mands representing typical helicopter vibration spectra. The
results of these tests proved to have excellent correspondence
with the computer simulations and they demonstrated their
effectiveness under essentially realistic flight conditions.

II. Stabilization of Helmet Displays

The principle of operation of helmet display stabilization is
described with the aid of Fig. 1. The aircraft A /C is viewed
through the transparent helmet visor. The hexagon S repre-
sents a reticle symbol element generated in the helmet-
mounted cathode ray tube (CRT) and is projected to optical
infinity. Platform accelerations a excite the biodynamic angu-
lar head motion « which is detected by the six-degree-of-free-
dom head motion sensor P, providing the voluntary head
motion signal U, along with the signal U,, which represents
the additive nonvoluntary head motion. The biodynamic an-
gular head motion « causes S to move with respect to the line
of sight to A /C, which remains fixed on the retina because of
the vestibulo-ocular reflex. The search and track voluntary
head motion, also detected by P, is denoted by U,. The total
head motion signal, U; = U, + U,, would normally drive the
teleoperated device inducing aiming errors due to U,. The
block Y, shown by dotted lines, represents the biodynamic
model which can be representative of different limbs or body
elements. The relative angular deviation « between the stabi-
lized line of sight and the reticle S can cause apparent display
blurring indicated by S’. The display stabilization signals are
provided by the adaptive filter as follows. Platform-mounted
inertial sensors, consisting of accelerometers or gyroscopes,
sense the signal ¢’ that is linearly correlated with a and the
angular head motion «. The output U, of AF is compared to
U, = U, + U,. The error e drives the adaptive algorithm in AF
so that its internal parameters automatically adjust to mini-
mize e2. It is easily seen that this occurs when U, — U, £
U,—0. This method, known as adaptive noise canceling
(ANC),’ considerably reduces the biodynamic interference
component U, without essentially affecting U,. In order to
stabilize computer-generated symbols such as S, U, is fed into
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Fig.2 Basic LMS algorithm for suppression of biodynamic interfer-
ence in HMD and head teleoperation.

the display generator, so that S is shifted by a; = —a, which -

is thus stabilized with respect to the line of sight and conse-
quently display blurring is essentially suppressed. The esti-
mated voluntary head motion Uy 2 U, — U, is the signal used
to drive the teleoperated device. The algorithm, described here
in the elevation axis only, must, in principle, be implemented
in azimuth as well. However, since vibration is primarily along
the vertical, the biodynamic interference in azimuth is mar-
ginal compared to elevation. For this reason, and practical
considerations, the adaptive filter was implemented in eleva-
.tion only in the experiments described in this paper.

III. Adaptive Filter

The adaptive filter is based on the well-known LMS al-
gorithm widely used in adaptive noise-cancellation applica-
tions. It is an extension of the classical LMS described in
Widrow and McCool.!? Its main advantages are small compu-
tational load, global stability, and robustness. The exterided
LMS algorithm presented in this paper has the additional
advantages of rapid adaptation to variations in model parame-
ters and the precise estimation of the relatively small distur-

bance U, in the presence of large voluntary head motion U.,.
This issue is addressed in Merhav.® Other algorithms, such as
recursive-least-square (RLS) and lattice filters,!!!? were con-
sidered because of their superior convergence in terms of the
number of iterations. However, in view of their larger compu-
tational complexity, longer iteration times, and lower robust-
ness where rapid variations in model parameters are involved,
they were not adopted in the present study. In view of these
considerations and the successful implementation of the basic
LMS in suppressing biodynamic disturbances in manual con-
trol, 1314 the extended LMS was used in the work described
" here.

Extended LMS Filter

Figure 2 describes the basic LMS filter in conjunction with
the variables and parameters described in Sec. I and in its role
of noise suppression. The error e which drives the algorithm is
given by

e = ch + Ubj - Ubj = Uc/. + Ubj (1)

where j is the index of the sampled process. The estimation
error Uy, is given by

Ubj = Ubj - Obj (2)

where U, adds to e and upsets the proper convergence of the
algorithm. Therefore, in order to assure U, — U,, it is neces-
sary to fulfill the condition that U, <€ U, Assuming that the
parameter variations of the human biodynamic model are
relatively slow and small, U, converges to U, with satisfactory
precision. The filtered signal Uy therefore is given by

Uy = Uy + Uy, — Uy = U, + Uy, = U, ?3)

Equation (3) indicates that the biodynamic interference due to
a is essentially canceled. In reality, the condition U, < U, is
not fulfilled. U, can be in the order of 90 deg or more, while
U, is normally on the order of 1 deg. The variations in the
parameters of the human biodynamic model are not necessar-
ily slow. They may be rather rapid as a result of sudden
changes in posture or muscle tone. Therefore, the basic filter,
~ as shown in Fig. 2, does not meet all of the requirements. The
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extended LMS filter, which can estimate both U, and U, is
shown in Fig. 3. A high-pass filter, for example of the type
s/(s + k), is inserted both in the Y}, and the AF path in order
to maintain proper phase balance. The error e is now

s - s ~
& =57y~ Up) =77Ue + Up) @
Thus, with the high-pass filters, e is affected by changes in U,
and not by U, itself. Consequently, the estimated gradient is

given by

- de; s
Vj = ZejFM%j = —-2ej {mxj} (5)

and the extended LMS algorithm takes the form

S
Wiv1 =W +2p¢ {S—Jr—kxj} ©®

where x; represents the accelerations a;, y; is the gain, and w is
the weight vector. In the actual implementation, a is high-pass
filtered in order to reduce the effects of sensor bias and
gravity. .

The estimate of the nonvoluntary head motion U, is

Uy, = w/'x; )
and the estimate of the voluntary head motion Uy is
U, =U, - Uy, =U, + U, ®

In order to assure that the convergence rate of the algorithm is
independent of the input intensity x, p; is chosen such that

1
B = Fu®) ©

where f is a constant coefficient f> 1 and R is the covariance
matrix of the input x. This choice of y; yields the normalized
LMS (NLMS). The spread of the eigenvalues of R is reduced
by the square root of the spread as compared to the basic LMS
algorithm. The rate of convergence and its sensitivity to eigen-
value spread are substantially reduced.?

Rapid adaptation requires a large u. In accordance with Eq.
(9) this implies a small f. The smaller f is, the larger the
misadjustment noise in the estimated weight vector w.!® On
the other hand, the smaller u is, the slower the adaptation rate.
A remedy to this conflict is to implement an error dependent
© = ule), where u(e) is a monotonic function in e independent
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of sgn(e). Thus, if e, for example, increases as a result of a
change in Y}, u is large and the adaptation is rapid. Yet, once
convergence proceeds, p becomes small, and the misadjust-
ment noise becomes small. The implementation of u is as
follows. We choose pu, in accordance with the stability crite-
rion of the algorithm,'® namely,

1
= 10
Ho ftr(Rj) (10)
We define
eihle, ¢_1,..., 6N — nyrr (11)
where N’ >N.
Let
. J
efLeef = ) e (12
i=j—-@N' -1
et |”
CA J 13
e! = [tr(Rj) . ( )

A possible method to implement u(e) is as follows. We define
threshold and saturation values ¢, and ¢, and we prescribe

0 O=s¢<e
€ — €&
ie) = < L—p,, € <¢<e 14
€ — €
Ko, €s =€

However, large angular head motion, in spite of the high-pass
filter s /(s + k), will still cause large transients in e and pertur-
bations in w. In order to overcome this problem, we set
#;(e) = 0 whenever the error e exceeds a given threshold e,. We
divide e into two components, namely, e, resulting from large
head motion, and e, resulting from' the nonvoluntary head
motion. Thus, ’ '

e =e.+e 15)

Whenever |e;| >e,, p;(e) = 0, and w is frozen; e, is so chosen
that prob{e; = e, } —1 whenever the variations in U, are large.
When the variations in U, are small, the threshold e, must
fulfill the condition probf{e, <e,}—1. The advantage of
freezing the weights is that, after a large change in U,, only a
short time is needed to re-establish a good estimate of Uj,. The
disadvantage is that during the freezing intervals, parameter
tracking is inhibited. '

Bias and g components in the accelerometers degrade the
convergence of the algorithm and cause errors in the estimate
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Fig. 4 FIR and IIR for the linear biodynamic model Y3; (s).
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of U,. This can be overcome by additional high-pass filtering
of the accelerometer readings.

Choice of Adaptive Filter Parameters

Three principal parameters are involved: 1) the number of
weights N; 2) the length of the delay sequence of the filter 7
in terms of real time as defined in Eq. (16); and 3) the length
of the delay interval between samples AT. These parameters
are related by i

T; = (N - DAT (16)
Since normally N > 1, we have

T
AT an

N

i

In order to ensure proper performance of the algorithm, T}
must be longer than the effective length of the infinite impulse
response (IIR) of Y;. This value is usually not known. How-
ever, a rough estimate can often be made and 7y can be
assigned with some excess margin. The average time constant
of convergence of the filter in terms of the number of itera-
tions 7;; for the adaptation error to decay to e ~ ! of its original
value, in accordance with Widrow et al.,1’ is shown to be
determined by :

=LY 18)

In order to ensure a convergence error not greater than 2% of
its initial value, the number of iterations 7;;, which is required,
is 47;;.. Therefore, the convergence time constant 7, is propor-
tional to Ty in accordance with

T = f<—A—T—fT-)AT = [Ty (19
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The sampling interval AT must comply with the sampling
theorem, i.e.,

AT < 7/ (20)

where w is the bandwidth of the input signal x(z).

In addition to the requirement imposed by the sampling
theorem, the number of weights N must be sufficiently large
so that the finite impulse response (FIR) approximation de-
scribes with sufficient fidelity the actual IIR of Y. For exam-
ple, if the IIR contains periodic modes, N must be able to
provide at least six samples per period T = 27/ w.

Another factor to be considered is the misadjustment factor
M, which is defined as the excess parameter noise in w over
the noise in the asymptotic Wiener solution of the LMS.!% The
misadjustment M is given by

M=1/f (21)

It is therefore clear that a large value of f reduces M, but
increases the number of iterations in accordance with Eq. (18);
fis therefore chosen as a compromise between these conflict-
ing factors by trial and error and so are the parameters ¢, and
€ in p(e) and the threshold value ¢,,.

IV. Computer Simulations

In this section, a number of computer simulations of the
performance of the adaptive filter with a linear model for Y
are described. This model was developed with the aid of
preliminary experiments. A human subject placed in the mov-
ing base simulator was sinusoidally vibrated in the vertical axis
at frequencies up to 10 Hz. It was found that in the neighbor-
hood of 5 Hz, Y, éxhibits a resonance with a peak of 12 dB.
At frequencies below 1 Hz and above 7 Hz, no significant
head motion was observed. These findings are substantiated
by previous studies.!6 It follows that Y,(s) has at least one
zero at § = 0 and that it sharply cuts off beyond 7 Hz. The
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Fig.5 A section of the time history: a) nonveluntary head motion; b) estimation error I/;; ¢) square of convergence error e%; and d) three of the

weights, for the example without large head movements.
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transfer function that was obtained by a fitting procedure
closely describes the experimental results, and is given by

s2
(s + 20)*s? + 19s + 990)

Y,(s) = 3,160,000

Figure 4 illustrates the impulse response corresponding to
Yb(S).

Adaptive Filter Used in the Simulations

Figure 5 demonstrates that the effective length of the IIR of
Y, is about 0.6 s. The sampling rate in the experimental setup
is 37 ms. This rate was also chosen for the computer simula-
tions. N was set to 30 in order to provide acceptable fidelity
and to avoid FIR truncation due to insufficient length Tj
which was set to 0.81 s. The high-pass filter s/(s + k) was set
to have a break point at 1 Hz: The other filter parameters were
chosen in accordance with the guidelines in Sec. III and by a
cut-and-try approach. Thus, the following values were chosen:
f=2;¢ =0.001; ¢ =0. 0011 and e, = 0.5. The initial condi-
tions were w =0 and x =

Suppression of Interference with Small Head Motion

The purpose of this simulation is to test the performance of
the algorithm in the simple case of small voluntary head
motion U,. The simulated vertical acceleration that excited the
model, Y,(s), was obtained by passing Gaussian white noise
through a second-order low-pass filter with a cutoff frequency
of 30 Hz and a damping factor of 0.5. The nonvoluntary head
motion U, which resulted from this excitation, is described in
Fig. 5a. Figure 5b shows that the estimation error U, is less
than 1% of U,. This result demonstrates the hlgh estimation
precision that can be obtained. In this example, since U, =0,
Us= U,. The square of the convergence error e? is shown in
Flg Sc. The convergence history of three of the weights is
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shown in Fig. 5d. These two figures indicate that the conver-
gence time is about 7 s, which permits on-line operation.
Figure 5d also demonstrates the small misadjustment noise
achieved by the algorithm. Figure 4, which compares the
estimated FIR of Y,, which consists of the values to which the
30 weights of the algorithm have converged, with the TIR
describing Y,(s), demonstrates their .excellent correspon-
dence.

Suppression of Interference with Large Heaﬁ Motion
In this example, the acceleration a and Uy, are the same as in

" the foregoing example. Now, U, adds to U, and it is shown in

Fig. 6a along with U,. Figure 6b shows U, along with its
estimate Uy. Flgure 6¢c demonstrates that during large varia-
tions in U,, U, is about 0.75 deg peak-to-peak. It constitutes
about 3.75% of estimation error of U,, and about 37% of U,.
Figure 6d demonstrates the rapid reconvergence of the weights
after the transient of the large head motion U, is over, and
their freezing during the transient provided by the freezing
logic described in Sec. III.

Effects of Parameter Jumps, Accelerometer Offsets,
and Vibration Bandwidth

The purpose of this simulation is to investigate the perfor-
mance of the adaptive filter in the presence of sudden model
parameter jumps. In this example, the gain of the model Y} (s)
was increased by 50%, at 15 s after the beginning of the
simulation run that was started as described in the foregoing
example. Figure 7 demonstrates the jumps in the weights and
their reconvergence to their new values within about 4 s. The
comparison of FIR with the IIR of the model after the 50%
gain jump demonstrates an excellent fit.

Offsets in the accelerometer cause an increase in conver-
gence time of the algorithm, and they may even prevent proper

_ operation of the filter, The increase in convergence time is a
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result of thé settling time of the high-pass filter s/(s + k). An
additional high-pass filter, located in both AF and Y, (s) paths
with a break frequency in the order of magnitude of 0.5 Hz,
ensures proper convergence of the algorithm but with a slight
increase of 15% in U,.

- To achieve proper convergence of the weighits w in the LMS
filter, it is necessary to assure a sufficiently wide band excita-
tion signal of Y;. In the real environment of the aircraft, this
condition is normally not met. With narrow-band excitation,
the adaptation error e? still converges to zero, but w will
normally not converge to the correct values. This, however,
does not prevent precise estimation of U, and Uy which only
‘requires the vanishing of e2.

The modeling, filter design, and computer simulation de-
scribed in this section indicate that the methodology of adap-
tive noise cancellation has the potential to adapt to rapid
parameter variations, and to identify U, in the presence of
large values of U,.. This, however, must be validated by actual
man-in-the-loop experiments that are described in the next
section.
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Fig. 7 A section of the time history of three of the weights for the
example with parameter jumps.
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V. Experimental Validation

The purpose of the experimental validation described in this
section is to examine the validity of the assumed imodel Y, (s)
and to study the performance of the adaptive filter with real
human subjects and in the real physical environment of a
vibrating platform driven by signals similar to actual heli-
copter vibration spectra, and which includes unknown nonlin-
earities, such as in the seat, or additional noise and imperfec-
tions in the accelerometers, head motion sensor and display
systems. In the experiments, it was not yet possible to directly
validate the suppression of display blurring for the following
reasons:

1) The lack of a helmet-mounted display with the necessary
resolution that permits the display of sufficiently small charac-
ters and symbols for which blurring becomes significant.

2) Limitations in the sampling rate of the head motion
sensor and the display system which amounted to 40 ms and
caused phase shifts in the order of 70 deg at typical vibration
frequencies in the region of 5 Hz. Such phase shifts prevent
effective image stabilization as outlined in Sec. II.

In spite of these present shortcomings, it was possible to put
together a simulation setup for man-in-the-loop experiments.
This setup incorporates the following subsystems: 1) six-de-
gree-of-freedom simulator; 2) cabin-mounted accelerometer;
3) system for measuring head motion in six degrees of free-
dom; 4) light Air-Force-type helmet equipped with the head
motion sensor; 5) Digital VAX 750 computer; 6) Motorola
VME system 1131 computer; 7) TV Barco display generation
and projection system; and 8) interfaces for sampling and
communication between subsystems.

This setup can also emulate the function of a helmet-
mounted display or sight in its roles in head target tracking
and pointing which also underlie the functions of head teleop-
eration.

Viewing Experiments

Subjects, seated in the simulator cabin one at a time, were
instructed to carry out the following tests:

1) View freely a fixed point on the cabin panel to ensure
small head motion.
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Fig. 8 A section of the time history: a) square of the convergence error ¢2; b) estimated nonvoluntary head movement Us; ¢) total head movement
Uy; and d) estimated voluntary head movement Uy, for the example with single sine excitation and without large head movement.
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Fig. 10 A section of the time history of two of the weights, for the
example with single sine excitation and with changes in biodynamic
parameters.

2) Execute large head motion in elevation starting and re-
turning to the fixed point.

3) While viewing the fixed point, change posture and tighten
and relax muscles to cause variations in Y.

The cabin was vibrated at accelerations up to 0.33 g and up
to frequencies of 10 Hz. The vibration consisted of sums of
sines and/or of a Gaussian white process filtered by a second-
order low-pass filter with various cutoff frequencies. Each run
lasted 90 s. The first 15 s were assigned for the convergence of
the adaptive filter and for proper settling in the seat. During
the remaining 60 s the test was carried out. Data were recorded
for the last 75 s. The recorded data were cabin accelerations
and head motion. The signals served as the inputs to the
adaptive filter that was operating in real time, and its parame-
ters and outputs were also recorded. Ten subjects participated
in these tests.

Adaptive Filter

The parameters of the adaptive filter were chosen in accor-
dance with the computer simulations described in Sec. IV. The
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length of the filter T, in accordance with Y}, described in Sec.
IV, was set to 0.81 s. The sampling frequency was 37 Hz so
that AT =27 ms, and the number of weights was set to
N = 30. The threshold value was set to ¢, = 1, and the break
frequency of the high-pass filter for U, was set to 2.4 Hz.

Results of Viewing Experiments

Three examples, demonstrating the performance of the
adaptive filter, are given for the three different tests. The
vibration conditions for the examples shown for tests 1 and 2
were sinusoidal vertical vibrations at 5 Hz with an amplitude
of 0.156 g rms, and in the example given for the third test the
subjects were vibrated sinusoidally at 5 Hz and 0.069 g rms.
During all of the tests the subjects viewed a fixed point on the
panel.

Interference Suppression Without Large Head Motion

Figure 8a demonstrates the rapid convergence of e? in the
adaptive filter, which permits good estimates of U, and U..
Figure 8b describes U,, which is about 0.5 dég peak-to-peak
and, as anticipated, is at 5 Hz. It is accompanied by low-fre-
quency interferences that are due to small uncontrollable head
motion. Figure 8¢ shows U, = U, + U,. The 5-Hz component
U, is clearly visible along with the small variation of U,.
Figure 8d, demonstrating Uy, shows that U, has almost been
entirely removed without affecting U.. The gradual drift
downward is due to a slow unintentional head motion which
cannot be prevented in the simple viewing experiment de-
scribed here and which does not incorporate a reticle that
could have prevented this drift. For vibration tests with two or
more sines and/or a random component, not shown here, the
performance of the filter was comparable with the results
shown in Fig. 8. In all examples of vibration, the adaptive
filter is effective in identifying U, even though the excitation
of the human body is not rich and Y} is not well represented
by the corresponding FIR. The decisive factor in identifying
U, is the good convergence of e?.

Interference Suppression with Large Head Motion

Figure 9 shows the performance of the extended LMS adap-
tive filter in the presence of large head motion. The vibration
was at 5 Hz and 0.23 g rms. Figure 9a shows a 15-s section of
large head motion U, accompanied by the small 5-Hz vibra-
tion. Figure 9b shows U,, demonstrating that U, has almost
entirely been removed.

Interference Suppression with Parameter Variations in Y3

Subjects were vibrated at 5 Hz and 0.069 g rms. At the
instant ¢ = 30 s, the subject suddenly changed his posture
from erect leaning to forward crouching without contact of his
back with the chair support while tightening his torso and limb
muscles as hard as he could. After 10 s, the subject returned to
his original posture. Again, the subject was instructed to view
the fixed point on the panel. The history of e> demonstrates
the sensitivity of the filter to the parameter variations, its
rapid adaptation to this change, and the rapid re-adaptation at
40 s as expected. Figure 10 shows the corresponding variations
of ws and wys. It also shows that after about 2 s, the weights
reconverge to almost their original values. The results also
demonstrate that during the crouching posture the parameter
noise is larger than during the erect posture, probably because
it is more difficult to maintain constant levels in muscle tone
in the crouching position with tightened muscles.

Comparison of the weights’ time histories in Fig. 10 with
those of the analytical model in Fig. 7 shows that, in reality,
the weights vary all of the time, clearly, because of the persis-
tent variations in posture and muscle tone.

V1. Conclusions

The results shown in this paper demonstrate that the ex-
tended least-mean-square filter estimates U, and U, rapidly
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and accurately. In view of the very small value of U,/U,, the
application of the algorithm to actual helmet-display systems
strongly indicates that display blurring due to vibration can be
eliminated with the proposed filter algorithm. Very good per-
formance has also been demonstrated in the presence of very
large and sudden head motion and changes of posture and
muscle tone. The analytical model proved very useful in the
choice of the design parameters of the adaptive filter. The
results also demonstrate that the image stabilization method
based on adaptive filtering does not entail lengthy transients
after a large head motion or parameter variation. A general
conclusion is that the methodology of least-mean-square fil-
tering is sufficiently robust to withstand the discrepancies
between the actual dynamics involved and the linear model
used in the computer simulations. Clearly, the results demon-
strate that the algorithm is directly applicable to the improve-
ment of precision in tracking and pointing in head teleoper-
ated devices. Very good agreement was found between the real
system, involving human subjects and numerous nonlineari-
ties, and the linear model assumed in the concept develop-
ment.
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