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ADAPTIVE SUPPRESSION OF BIODYNAMIC INTERFERENCE IN HELMET

MOUNTED DISPLAYS AND HEAD TELEOPERATION

L J
S. Llfshitz# and S. J. Merhav

Department of Aerospace Engineering, Technion, Haifa - Israel

Abstract

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 LMS 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 biodynagic interference
can be essentlally removed. The results also indicate that errors in head
tracking teleoperated devices can essentially be suppressed. Extensive

man-in-the-loop laboratory simulations which validate the method are described.

1. Introduction

System teleoperation by pilot head motion and presentation of computer
generated symbols and flight information in helmet mounted displays is emerging
as a promising technology in modern avionic systems. Head teleoperation 1is
potentially an effective method for Iinstinctive and rapid aiming of radar
antennas, missile seeker heads or laser designators. In addition, it relieves the

hands of the pilot for other vital manual tasks in increasingly complex airborne

This paper is based on the M.Sc. thesis of the first author

# Graduate student
* Professor, Head Flight Control Laboratory




environments. 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 pllot. 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 HMD's is their
vulnerability to biodynamic interference resulting from vibration, atmospheric
turbulence or self-induced vehicle motion. These Interferences can cause
substantial random aiming errors and apparent display blurring which may
seriously impair pilot performance. Two kinds of biodynamic interference exist,
namely: 1. Additive interferences due to nonvoluntary limb motions caused by, and
correlated with, vibration, Levison et al.‘. Jex?. 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, Wells and Griffin™?.

Head vibration 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
apparent display shift, image blurring occurs, resulting in substantial
degradation of reading speed and probability of correct character recognition,
Lewis and Griffin® and Wells and Griffin®. This neuromotor stabilization, known
as the Vestibulo-Ocular Reflex (VOR) is effective in the frequency range of 2 to
10 Hz, Benson and Barnes 7. Wells and Griffin 6.8 conducted experiments to cancel
this blurring by shifting the display in the opposite direction with an amplitude
equal to the measured head motion which was determined by an approximate double
integration of head angular acceleration. They succeeded in demonstrating the

effectiveness of the concept, but, the imperfection of the integration caused

substantial transients in the display position in the presence of large angular
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head motion.

In this paper a method for display stabilization, based on a modified
Adaptive Noise Cancellation (ANC), Merhav’, is described. It is designed to
fulfill the following requirements:

1. Suppression of the additive nonvoluntary head motion due to vibration even
in the presence of large voluntary head motion.

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 additive biodynamic interference. Subsequently, extensive
man~-in-the-loop experiments were conducted on a six degrees-of-~freedom simulator
which was driven by vertical vibration commands 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.

2. 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 hexagcn S represents a reticle symbol element generated in the helmet
mounted CRT and is projected to optical infinity. Platform accelerations, a,
excite the biodynamic angular head motion, «, which is detected by the six
degrees-of -freedom head motion sensor, P, providing the voluntary head motion
signal, Uc. along with the signal Ub which represents the additive nonvoluntary
head motion. a 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 Uc. The
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total head motion signal, U(= Uc+ Ub , wWould normally drive the teleoperated
device inducing aiming errors due to Ub. The block Yb. shown in dotted lines,
represents the biodynamic model which can be representative of different limbs or
body elements. The relative angular deviation, «, between the stablilized 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 a’ which is linearly correlated with a and the angular head
motion «. The output ﬁb of AF is compared to Ut= Uc+ Ub. The error e drives the
adaptive algorithm in AF so that its internal parameters automatically adjust
to minimize e>. It is easily seen that this occurs when Ub- Gb Q Ub-->0. This
method, known as adaptive noise canceling (ANC), Widrow and McCoolg. considerably
reduces the biodynamic interference component Ub without essentially affecting
Uc. In order to stabilize computer generated symbols such as S, Gb is fed into
the display generator, so that S 1is shifted by a = -« which is thus stabilized
with respect to the line of‘ sight and consequently, display blurring 1is
essentially suppressed. The estimated voluntary head motion L&Q Ut- Qb 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 marginal as compared to elevation. For this reason,

and practical considerations, the adaptive filter was implemented in elevation

only in the experiments described in this paper.

3. The Adaptive Filter
The adaptive filter is based on the well known LMS algorithm widely used in
adaptive noise cancellation applications. It is an extension of the classical LMS

described in Widrow and McCoolio. Its main advantages are small computational




-8

”
]

load, global stability and robustness. The extended LMS presented in this paper
has the additional advantages of rapld adaptation to variations in model
parameters and the precise estimation of the relatively small disturbance Ub in
the presence of large voluntary head motion Uc. This issue is addressed in
Herhavg. Other algorithms such as RLS and Lattice filters, Haykinll. Honig and
Messerschmlttlz, were considered because of their superior convergence in terms
of the number of iterations. However, in view of their larger computational
complexity, longer iteration times and lower robustness 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

13,14

in suppressing biodynamic disturbances in manual control, Velger et al. the

extended IMS was used in the work described here.

The extended IMS filter
Figure 2 describes the basic IMS fllter in conjunction with the variables
and parameters described in Sec 2 above and in its role of noise suppression. The

error, eJ ,» which drives the algorithm is given by

e=U + U ~U =U -U (1)
Joey by by ey by

J is the index of the sampled process. The estimation error Ob is given by

U,=U, - U (2}

Uc adds to e and upsets the proper convergence of the algorithm. Therefore, in
order to assure ﬁbmoUb, it is necessary to fulfill the condition that L2<< UE
Assuming that the parameter variations of the human biodynamic model are
relatively slow and small, 65 converges to Ub with satisfactory precision. The

filtered signal Ur therefore is given by:

Ug=u_ +u =u +0 =u (3)
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Equation (3) indicates that the biodynamic interference due to a is essentially
canceled. In reality, the condition UC<<Ub is not fulfilled. Uc can be in the
order of 90 deg or more, while Ub is normally in the order of 1 deg. The
variations in the parameters of the human biodynamic model are not necessarily
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 the
requirements. The extended LMS filter, which can estimate both Ub and Uc. is
shown in Fig. 3. A high-pass filter, for example of the type s/(s+k), |is
inserted both in the Yb and the AF path in order to maintain proper phase
balance. The error e now is

S

ej YY" [Ut._ub.] - {Uc.-ub.] (4)
J J - J

0]
+|wn
~

Thus, with the high-pass filters, e 1is affected by changes in U and not by U
[ c
itself. Consequently, the estimated gradient is given by

- aeJ s

And the extended IMS algorithm takes the form

_ s
EJ+1 My + 2;1je‘j {s+k£j} (6)
Where g) represents the accelerations aJ. uj is the gain and w is the weight
vector. In the actual implementation, a 1is high-pass filtered in order to reduce
the effects of sensor bias and gravity.

The estimate of the nonvoluntary head motion Ob is

U = W X . (7)

Uso=uU -u =u +0 (8)

In order to assure that the convergence rate of the algorithm is independent of

the input intensity x, M, is chosen such that
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H., = 1 (9)
j = ftr(R,)

J

where f is a constant coefficient f>! and R is the covariance matrix of the
input x. This choice of uJ yields the Normalized IMS (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 .ts sensitivity to eigenvalue
spread are substantially reduced, Honig and Messerschmittlg

Rapid adaptation requires a large . In accordance with Eq. (9) this
implies a small f. The smaller f, the larger the misadjustment noise in the
estimated weight vector w, Widrow and McCoollo. On the other hand, the smaller
u, the slower the adaptation rate. A remedy to this conflict is to implement an
error dependent u = u(e), where u(e) is a monotonic function in e independent of
sgn(e). Thus, if e, for example, increases as a result of a change in Yb , M is
large and the adaptation is rapid. Yet, once convergence proceeds, | becomes
small, and the misadjustment noise becomes small. The implementation of pu 1is as

follows: We choose H in accordance with the stability criterion of the

algorithm, Widrow and McCoolto, namely
1

bo TEFR ) (10
We define:
s v yqT
gy = lejie o onn ;e (N-1)] (11)
where N'> N
let
2 A )
2 T _ 2
ey e e = z ef (12)
i=j-(N'-1)
2 172
A e
CJ T |Er(R,) (13)

J

a4 possible method to implement ju(e) is: We define threshold and saturation

values ct and € and we prescribe,
s
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t
cj-ct
uj(c) = 5.c, “ojct s cj < g (14)
uOJ £ = cj

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

e=~e + e (15)

Whenever |e | > e
3 0

, uj(c) =0 and W 1is frozen. e, is so chosen that Prob{eJ
z eo) --> 1 whenever the variations in Uc are large. When the variations in Uc
are small, the threshold e, must fulfill the condition Prob(ebJ : eo} ~=>1. The
advantage of freezing the weights 1s, that after a large change in Uc. only a
short time is needed to re-establish a good estimate of Ub. 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 of Ub. This can be overcome by

additional high-pass filtering of the accelerometer readings.

Choice of Adaptive Fllter Parameters

Three principal parameters are involved:

1. The number of weights N.

2. The length of the delay sequence of the filter, Tr , in terms of real time as
defined in Eq. (16) below.

3. The length of the delay interval between samples AT.

These parameters are related by

Tf= (N-1) AT (16)
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Since normally N >> 1, we have:
x
AT

In order to ensure proper performance of the algorithm, Tr must be longer than

N (17)

the effective length of the infinite impulse response (IIR) of Yb. This value is
usually not known. However, a rough estimate can often be made and Tf can be
assigned with some excess margin. The average time constant of convergence of the
filter in terms of the number of 1iterations, Ty for the adaptation error to
decay to e of its original value, in accordance with Widrow et al.‘s. is shown

to be determined by:
r, =N
it 4

Ir order to ensure a convergence error not greater than 2% of its initlal value,

(18)

the number of 1iterations r‘t which 1is required, 1is 4Tit. Therefore, the
convergence time constant T is proportional to Tf in accordance with

T¢
T, = f[KT+1]AT = fo (19)
The sampling interval AT must comply with the sampling theorem i.e.,

AT = n/w - (20)
where w 1is the bandwidth of the input signal x(t).

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 describes with sufficient fidelity the actual IIR of Yb. For
example, if the IIR contains periodic modes, N must be able to provide at least
six samples per period T = 2n/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, Widrow et al.xs. 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
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of iterations in accordance with Eq. (18). f is therefore chosen as a compromise
between these conflicting factors by trial and error and so are the parameters ¢

and €, in pu(e) and the threshold value e,

4. Computer Simulations

In this section a number of computer simulations of the performance of the
adaptive filter with a 1linear model for Yb are described. This model was
developed with the aid of preliminary experiments. A human subject placed in the
moving base simulator was sinusoidally vibrated in the vertical axis at
frequencies up to 10 Hz. It was found that in the neighborhood of 5 Hz, Yb
exhibits 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, Griffin’®. It follows that Yb(s) has at least one zero at s=0
and that it sharply cuts off beyond 7 Hz. The transfer function which was
obtained by a fitting procedure, closely describes the experimental results, and

is given by:

2

s
(s+20)%(s%+195+990)

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

Yb(s) = 3160000

4

The Adaptive Filter used in the Simulations
Figure S demonstrates that the effective length of the IIR of Yb is about

0.6 sec. The sampling rate in the experimental set up is 37 msec. This rate was
also chosen for the computer simulations. N was set to 30 in order to provide
acceptable fidelity and to avoid FIR truncation due to insufficient length Tr
which was set to 0.81 sec. 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
guldelines in section 3 and by a cut and try approach. Thus, the following values

were chosen: f=2; e = 0.001; g = 0.0011; g = 0.5. The initial conditions were:

10
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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 motlion Uc. The simulated vertical
acceleration which excited the model, Yb(s). was obtained by passing Gaussian
white noise through a second order low-pass filter with a cut-off frequency of 30
Hz and a damping factor of 0.5. The nonvoluntary head motion Ub. which resulted
from this excitation is described in Fig. 5a. Figure 5b shows that the
estimation error Gb is less than 1% of Ub. This result demonstrates the high
estimation precision which can be obtained. In this example, since Uc = 0, Ur=
Ub. The square of the convergence error, ez.is shown in Fig. S5c. The convergence
history of three of the weights is shown in Fig. 5d. These two figures indicate
that the convergence time is about 7 sec which permits on-line operation. Figure
5d alsoc demonstrates the small misadjustment noise achieved by the algorithm.
Figure 4 which compares the estimated FIR of Yb, which cor._ists of the values to
which the 30 weights of the algorithm have converged, with the IIR describing
Yb(s). demonstrates their excelleht correspondence.

Suppression of Interference with Large Head Motion

In this example the acceleration a and Ub are the same as in the foregoing
example. Now, Uc adds to Ub and it is shown in Fig. 6a along with Ut. Figure 6b
shows Uc along with its estimate Uf. Figure 6c demonstrates that during large
variations in Uc, Ob is about 0.75 deg peak-to-peak. It constitutes about 3.75%
of estimation error of Uc' and about 37% of Ub. Figure 6d demonstrates the rapid
reconvergence of the weights after the transient of the large head motion Uc is
over, and their freezing during the transient provided by the freezing logic

described in Sec 3.

11
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Effects of Parameter Jumps, Accelerometer Offsets and Vibration Bandwidth.

The purpose of this simulation is to investigate the performance of the
adaptive filter in the presence of sudden model parameter jumps. In thls example,
the gain of the model Yb(s) was lncreased by 50%, at 15 sec after the beginning
of the simulation run which 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 sec. The comparison of FIR with the IIR of the model
after the SOX gain jump demonstrates an excellent fit.

Offsets in the accelerometer cause an increase in convergence ti: the
algorithm and they may even prevent proper operation of the filter. The increase
in convergence time is a result of the settling time of the high-pass filter
s/(s+k). An additional high-pass filter, located in both AF and Yb(s) paths with
a break frequency in the order of magnitude of 0.5 Hz, ensures proper convergence
of the algorithm, however with a slight increase of 154 in Ub.

To achieve proper convergence of the weights w in the LMS filter, it is
necessary to assure a sufficiently wi@e band excitation signal of Yb. In the real
environment of the aircraft this condition is normally not met. With narrow band
excitation, the adaptation error, ez. still converges to zero, but w will
normally not converge to the correct values. This, however, does not prevent
precise estimation of Ub and Ur which only requires the vanishing of ez.

The modeling, filter design and computer simulation, described in this
section indicate that the methodology of adaptive noise cancellation has the
potential to adapt to rapid parameter variations, and to identify Ub in the
presence of large values of Uc. This, however, must be vallidated by actual

man-in-the loop experiments which are described in the next section.

12




5. Experimental Validation.

The purpose of the experimental validation described in this section is to
examine the validity of the assumed model Yb(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 helicopter vibration
spectra, and which includes unknown nonlinearitlies, such as ln the seat, or
additional noise and imperfections 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:

i. The lack of a helmet mounted display with the necessary resolution which
permits the display of sufficiently small characters and symbols for which
blurring becomes significant.

ii. Limitations in the sampling rate of the head motion sensor and the display
system which amounted to 40 msec 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 Qutlined in section 2.

In spite of these present shortcomings, it was possible to put together a
simulation set-up for man-in-the loop experiments. This set-up incorporates the
following subsystems:

1. Six-degrees-freedom simulator.

2. Cabin mounted accelerometer.

3. System for measuring head motion in six-degrees-of-freedom.

4. A light air force type helmet equipped with the head motlon sensor.
S. A Digital VAX 750 computer.

6. A Motorola VME System 1131 computer.

7. A TV Barco display generation and projection system.

8. Interfaces for sampling and communication between subsystenms.

This set-up can also emulate the function of a helmet mounted display or
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sight in its roles in head target tracking and pointing which also underlie the
functions of nead teleoperation.
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.
2. Execute large head motion in elevation starting and returning to the fixed
point.
3. While viewing the fixed point, change posture and tighten and relax muscles
to cause variations in Yb.

The cabin was vibrated at accelerations up to 0.33g and up to frequencies of
10 Hz. The vibration consisted of sums of sines and/or of a Gaussian white
process fliltered by a second order low-pass flilter with various cut-off
frequencies. Each run lasted 90 seconds. The first 15 seconds were assigned for
the convergence of the adaptive fllter and for proper settling in the seat.
During the remaining 60 seconds the test was carried out. Data were recorded for
the last 75 seconds. 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 parameters and outputs were also recorded. Ten subjects
participated in these tests.
The Adaptive Filter

The parameters of the adaptive filter were chosen in accordance with the
computer simulations described in sec. 4. The length of the filter T,’ in
accordance with Yb described in sec. 4 was set to 0.81 sec. The sampling
frequency was 37 Hz so that AT = 27 msec, and the number of weights was set to
N = 30. The threshold value was set to e, = 1 and the break frequency of the

high-pass filter for U, was set to 2.4 Hz.

14
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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 one and two were sinusoidal vertical vibrations at S 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 the tests
the subjects viewed a fixed point on the panel.
Interference Suppression without Large Head Motion

Figure 8a demonstrates the rapid convergence of ez in the adaptive filter
which permits good estimates of Ub and Uc. Figure 8b describes ﬂb. which is about
0.5 deg peak-to-peak and, as anticlipated, is at 5 Hz. It is accompanied by low
frequency interferences which are due to small uncontrollable head motion. Figure
8c shows Ut = Uc+ Ub. The S5 Hz component Ub is clearly visible along with the
small variation of Uc. Figure 8d, demonstrating va shows that Ub has almost been
entirely removed without affecting Uc. The gradual drift downwards is due to a
slow unintentional head motion whichAcannot be prevented in the simple viewing
experiment described here and which does not incorporate a reticle which 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 Figs. 8. In all examples of vibration, the adaptive
filter is effective in identifying Ub even though the excitation of the human
body is not rich and Yb is not well represented by the corresponding FIR. The
decisive factor in identifying Ub is the good convergence of 2.
Interference Suppression with Large Head Motion

Figures 9 shows the performance of the extended LMS adaptive filter in the
Presence of large head motion. The vibration was at S Hz and 0.23 g rms. Figure
9a shows a 15 sec section of large head motion Uc accompanjed by the small 5 Hz

vibration. Figure 9b shows Utand that Ub has almost entirely been removed.
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H Interference Suppression with Parameter Variations in Y

Subjects were vibrated at S Hz and 0.069 g rms. At the instant t = 30 sec,
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
1imb muscles as hard as he could. After 10 sec, the subject returned to his
original posture. Again, the subject was instructed to view the fixed point on

the panel. The history of e2 demonstrates the sensitivity of the filter to the

parameter variations, 1lts rapid adaptation to this change and the rapid
re-adaptation at 40 sec as expected. Figure 10 shows the corresponding variations
of "s and "15' It also shows that after about two seconds, the weights
reconverge to almos* 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 thatrin reality, the weights vary all the time,

clearly, because of the persistent variations in posture and muscle tone.

6. Conclusions

The results shown in this paper demonstrate that the extended Least Mean
Square fllter estimates Uc and Ub rapidly and precisely. In view of the very
small value of Gb/Ub, 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 performance has been
demonstrated also 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
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not entail lengthy transients after a large head motion or parameter variation. A
general conclusion is that the methodology of Least Mean Square filtering is
sufficiently robust to withstand the discrepancies between the actual dynamics
involved and the linear model used in the computer simulations. Clearly, the
results demonstrate that the algorithm is directly applicable in the improvement
of precision in tracking and pointing in head teleoperated devices. Very good
agreement was found between the real system, involving human subjects and

numerous nonlinearities, and the linear model assumed in the concept development.
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MAN-IN-THE-LOOP STUDY OF FILTERING IN AIRBORNE HEAD TRACKING TASKS

S. Lifshitz® and S. J. Merhav

Department of Aerospace Engineering, Technion, Haifa Israel

Abstract
On Board head tracking of targets by means of Helmet Mounted Sights for
teleoperation of cameras, lasers, or antennas is often subjected to dynamical
interferences which affect the precision required in such tasks. These
interferences, which result from aircraft motion and vibration, consist of an
additive component correlated with the aircraft vibration and a nonadditive
component known as remnant. In this paper, a simulation study is described in
which improvements in pointing and tracking precision are investigated using
dynamic display shifting by means of adaptive and low-pass filtering. The results
indicate that substantial improvements of up to sixty percent can be achieved in
percentage on-target dwelling time and tracking precision relative to tracking

without filtering.

This paper is based on the M. Sc. thesis of the first author.
* Graduate student.

]
Professor, Head, Flight Control Laboratory
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1. Introduction

Alr combat and attack missions in modern warfare impose a heavy work load on
the pilot.. A major technological goal is to reduce this work load by a Helmet
Mounted Display (HMD) and by providing pointing and target tracking by means of
head teleoperation. Aircraft vibration and buffetting tend to impair the proper
performance of such systems. In this paper a method for reducing the effects of
vibrations on the precision of pilot head pointing and tracking is investigated.
Vibration causes biodynamic interferences, Levison1 and Jexz. which, in turn,
cause vision blurring in HMD’s, Wells and Griffin® and Lewis and Griffin‘. and

'6. A method for

degradation of tracking and pointing accuracy, Wells and Griffin®
reducing these effects by estimating in real time the nonvoluntary components of
head motion and to use these signals to stabllize the symbols inthe image plane
of the display and, thus, to reduce blurring in viewing tasks has been described
by Lifshitz and Merhav'. In this regard, a distinction must be made between
viewing tasks and tracking tasks. In the viewing task the interference |is
additive and can be handled by noise cancellation methods. In the tracking task,
however, the remnant noise increases with the intensity of the vibration and
often becomes dominant. The remnant noise is not additive, and cannot be directly
reduced by the noise cancellation method’ . Therefore, additional filtering
schemes are needed to reduce the effects of biodynamic interference. The Helmet
Mounted Sight (HMS), enables head teleoperation of devices for pointing or
tracking, Nicholson®. The helmet is equipped with a sensor which measures head
orientation and position with respect to cockpit reference axes. The sight image,
focused to near infinity, is projected onto a semi-transparent visor and it
enables the acquisition and tracking of targets. The precision with which this
can be accomplished is affected by the uncontrolled angular vibration of the
head. The resulting tracking error was found to increase with the pilot work
load, Grossmang. For sinusoidal vertical vibration at 4 Hz and the intensity of
0.14g rms, the angular tracking error was found to be 1.3 deg for a stationary

target, Simpson et al.lo. For a maneuvering target, and simulated Cobra flight,
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the angular tracking error was found to be 0.77 deg rms, Verona‘{ Wells and
Griffin5 divided the factors which influence tracking precision into three
categories, namely:

1. Minor effects: Apparent target size, the shape of the reticle, right or left
eye, seat type, helmet weight, elevation of line of sight, nature of secondary
task.

2. Significant effects: Size of the reticle, azimuth of line-of-sight.

3. Major effects: Head vibration, target motion.

Wells and Griffin6 investigated, under laboratory conditions, by means of a
helmet sight, the effects of head vibration and target motion on the tracking
error. The most pronounced increase in tracking error was in the region 3 - S5Hz,
which is where the biodynamic feedthrough from seat to head and the remnant
non-additive component of biodynamic interference: were the largest. The effects

2 ina

of atmospheric turbulence on tracking precision were investigated by Tatham1
series of flight tests and simulations. The tests were performed with a Canberra
aircraft at the speed of 350 knots and an altitude of 350 ft.. The vibrations
were recorded and replayed in simulation tests. The frequency range was between
0.5 to 25 Hz, and the acceleration intensity was 0.25 g and 0.1 g in the vertical
and horizontal axes respectively. Under these conditions the tracking error was
1.72 deg rms in elevation and 0.92 deg rms in azimuth. Tatham12 attempted three
methods to improve tracking precision:

1. Low-pass filtering of the head motion signals which control the teleoperated
device. This resulted in a 50% decrease in tracking error, but, at the expense of
a phase lag which, in the absence of actual visual feedback from the teleoperated
device, causes it to lag behind the head motion, thus, increasing the actual
tracking error.

2. The pilot was instructed to indicate the instance, when in his judgment, he
succeeded to align the reticle with the target. At this instant, the tracking

error was automaticaaly determined and recorded by the experimental system. lio

improvement was noticed.
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’ ) 1 3. In the simulation experiments, the gearing ratio between angular head motion
and angular target motion was varied from one to ten. Thus, a larger signal to
noise ratio (voluntary to non-voluntary) was achieved. The results indicated
better performance for the larger ratios. However, this approach is not realistic
for actual transparent helmet sights, and, it requires excessive angular head
motion.

The method presented in this paper for improving aiming accuracy in tracking
tasks is based on head motion measurement and on the shifting of the reticle in
the HMD, in such a way as to inhibit much of the nonvoluntary apparent motion of
the reticle relative to the target and the nonvoluntary motion of the
teleoperated device. The HMD also inherently provides the required visual
feedback.

Experiments by emulation of an actual HMD were carried out in the laboratory
by means of tne set-up described in section 3. The results show a substantial
improvement of up to 60% in the on target dwelling time and an improvement of up

to S5% rms in the aiming accuracy.

2. Principle of Operation
The method for stabilization of a true helmet mounted-display image is described
in Fig. 1. The target, T, is viewed through the semi-transparent visor from which
the display is reflected to the pilot’s eye. The hexagon , S represents a reticle
projected to infinity. The acceleration, a, excites the biodynamic interferences
in the human operator which is described by the biodynamic model YU The
biodynamic interference manifests itself as a vertical translatory head vibration
accompanied by an angular head vibration of amplitude «, which causes S to
shift with respect to T. The image of T on the retina remains fixed, and

therefore sharp, hecause of the stabli: zing mechanism of the Vestibulo-Ocular

Reflex, (VOR). However, the symbol S, being fixed to the display, moves across
the retina causing S to appear blurred. The head motion sensor, P, provides head

position and orientation signals with respect to the cockpit. These signals
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consist of the voluntary head motion, Uc. and the non-voluntary head motion, Ub.
which, in the case described here, is the pitch head motion. The total head

motion is defined as Ut = UC + Ub' The adaptive algorithm provides estimated

- -

values Ub of Uband Uf of Uc which is derived from Ur = U‘- Ub. In order to
stabilize display elements against the additive vibration component, Gb is fed
into the display generator in opposite phase to the apparent shift of S, so that
S appears to be stationary. This is shown in solid lines in Fig. 1.

In order to facilitate smooth head teleoperation, additional filtering must
be provided to compensate for the non-additive non-voluntary head motion
components Nna. Not being correlated with the cockpit motion, they cannot be
suppressed by the adaptive algorithm. They give rise to additiona2! relative
shifts between the eye and the display and impair target acquisition and
tracking. Uc is by nature of a much lower frequency than Ub' Therefore, Uf which
is an estimate of Uc, is low-pass filtered to provide U'r in order to attenuate
Nn‘. With the low-pass filtered signal U.,' two functions are performed as
described in Fig. 1.

1. Subtraction of Uf. from Ur' This is equivalent to itshigh-pass filtering..
The signal obtained is an estimate of Nna. It is added to Gb and both are fed
into the display generator in opposite phase with the head motion. The result is
a less blurred sight, stabilized against the effects of Ub and Nna.

2. The low-pass filtered U, is fed to the head slaved teleoperated device. The
result is an improved correspondence between the motion of the slaved device and
the voluntary head motion. In addition, the slaved device is not required to cope
with high frequencies which may be outside its servo bandwidth.

The stabilization scheme is described in Fig. 1 for the elevation axis only.

In reality, this scheme will be be implemented both for the azimuth and elevation

axes.

3. Experimental Investigation.

The experimental program had four goals of investigation:
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{. Effects of vibration on head pointing accuracy.

2. The contribution of the adaptive filter to the pointing precision.

3. Effect of the low-pass filtering of Uf.

4. Relation between precision of tracking and pointing and the level of
tralning.

The Experimental Set-up.

The experimental set-up consists of the following elements:
1) A six-degrees-of-freedom motion simulator.
2) A six~degree-of-freedom head motion {Polhemus) sensor.
3) Cabin mounted accelerometer.
4) Light weight helmet equipped with the head motion sensor and intercom.
5) Data acquisition and communication system.
6) Vax 750.
7) Motorola VME System 1131.
8) Image Technology Inc. Series 100™ Image Processor (FG-100)
9) Overhead TV Barco projector.

An overall view of the experimental set-up is shown in Fig. 2. The
description of its principal subsystems is as follows:
1) The six-degrees-of-freedom~motion simulator:

The simulator was designed and developed at the Technion's Aerospace Flight
Control laboratory. It has an electromechnical hexapod drive system using
high-torque samarium~cobalt D.C. motors. It 1is digitally controlled, and it
accepts commands both from inside the cabin and from external commands generated
in the computer. Its bandwidth is about 15 Hz and its motion space is about 0.5
meters in translation and 30 deg in rotation. Its maximum acceleration is 1 g.
The cabin construction is wood and plastic to avoid interference with the
electromagnetic head motion sensor. For access, the the cabin hood is raised.

2) The Head motion Sensor:

The h=2ad motion sensor is a Polhemus "3space Tracker". It consists of three

parts: The SEU (system electronics unit) to which two units are connected: The
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source, or transmitter, which is mounted in the hood above the head, and the
sensor, which is mounted on the helmet. The maximum sampling rate of the
Polhemuis 60 Hz, but because of the limitations of the communication system the
actual sampling rate was 37 Hz only. The static precision in translation is 2.5
millimeters rms and the angular precision is 0.5 deg rms. The resolution in
translation is 0.75 millimeter and 0.! deg in rotation. This level of precision
can be obtained if the distance between the source and the sensor is between 10
and 70 centimeter. The measurements are transmitted to the computer serially via
RS232 communication board.

In Fig. 3 the system block diagram is presented. The simulator motion is
computed off-line by the Motorola computer. The motion time profile is read from
a file and fed to the communication board into which the communication software
has been loaded from the VAX 750. The simulator drive commands are fed to the
motor amplifiers at a rate of 148 Hz. The vertical cabin acceleration, a,
provided by the accelerometer is sﬁoothed by a 15 Hz low-pass filter and 1is
sampled by an A/D converter to provide a’ which is fed into the Motorola
computer. The effective sampling rate of the accelerometer and the Polhemus is 37
Hz. Depending on the filter configuration, the inputs into the reticle position
shifting algorithm are:

1) Ut. or low-pass filtering of Ut in azimuth.

2) Uz' or Uf, or low-pass filtering of Uf in elevation.

The output signals of the reticle position shifting algorithm , and the target
dynamics are fed into the display generator which drives the TV overhead

, U, a’', and the

projector. For each run the following data is recorded: Uc’ G ;

b

adaptive algorithm convergence error, ez. Target position, xt. Y. and reticle

position, xr, Yy, are processed after each run in order to enable immediate
r

assessment of the performance of the subject.

Description of the Experiments:

In the experiments described here, an actual helmet sight was not yet
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available. Therefore, the simulations were performed by emulating the tracking by
means of a helmet sight as described in Fig. 5.

The reticle, represented by the rectangle subtending 0.58 deg high and 0.95
deg wide, and the target, represented by a cross, subtending 0.33 deg high and
0.54 deg wide, were projected on a screen placed 5 meters in front of the
subject, with a display area of 14 deg high and 22 deg wide. The projected
square emulated the collimated reticle of an actual helmet sight. The shifting of
the square on the screen, in response to the angular head motion Uc’ was
therefore the emulation of a non-stabilized HMD sight, and it was implemented by
means of the Polhemus signals. In order to implement the stabilization in an
actual HMD, the square must be shifted in accordance with 0b ( Fig. 1 ). Thus,
the emulation command for image stabilization is Ut- ﬂb= Uf ( Fig. S ). In order
to attenuate the effect of Nna, Ur is high-pass filtered and added to the
stabilizing signal Gb when using an actual HMS. This is equivalent to the
low-pass filtering of Uf in the emulation. The task of the subjects was to align
the reticle with the target so that it appeared to be at its center.

In the experiments the adaptive fllter was presently implemented in the elevation
axis only because of the current computational limitations.

Four experiments were performed:

1) Stationary Target,Cabin motion: Vertical, sinusoidal:

Frequency: 5 Hz.

Acceleration: 0.069 g rms.

Number of Subjects: 4.

2} Moving target, cabin motion: Vertical, sinusoidal,

Frequency: S Hz.

Acceleration: 0.069 g rms.

Target motion: Gaussian zero-mean white noise filtered by a second order
low-pass filter (LPF) with 0.03Hz frequency and damping ratio of 0.5. Altogether
there were three different target motions with amplitudes ranging 2.8 -2.9 deg

rms.
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Number of Subjects: 4.

3) Stationary target, cabin motion sinusoidal and random:

Vertical, sinusoidal at 4 Hz and a random component derived from zero- mean
Gaussian white noise filtered by a second order LPF with damping ratio of 0.5 a
and a cut-off frequency of 3 Hz which represents high frequency turbulence.

Acceleration: 0.035 g rms.

Number of subjects: 3.

4) Stationary target, cabin motion random, vertical and pitch:

The random signal was obtained from zero-mean Gaussian white noise filtered
by a second order LPF with a damping ratio of 0.5 and a cut-off frequency of
0.5 Hz which represents typical atmospheric turbulence.

Acceleration: 0.032g rms.

Number of subjects: 2.

Experiments 1 and 2 represent‘ helicopter flight without turbulence. The
periodic component is caused by the rotor. Experiment 3 represents helicopter
flight at low altitude where high frequency turbulence can be encountered.
Experiment 4 represents ordinary low frequency turbulence in the absence of rotor
induced vibration.

The choice of the simulator motion and target motion was done in consultation
with fighter and helicopter pilots who also actively participated in the motion
tuning.

In each of the four experiments the following helmet sight operation modes
were tested:

1) Stationary cabin, (No Vibration).

2) Vibrating cabin, unstabilized sight (No Filtering).

3) Vibrating cabin, stabllized sight by an adaptive filter only (AF)

4) Vibrating cabin, stabilized sight by low-pass filtering only (LPF).

S) Vibrating cabin, stabilized sight by adaptive and low-pass filtering
(AF +LPF).

Each run lasted 90 seconds. The first 15 seconds were assigned to allow the
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subject to settle in his posture, leaning on the back support of the seat. The
next 15 seconds were assigned for the final settling of the adaptive filter.
Following this 15 second time period the reticle would appear, injtially centered
over the target which was, in turn, centered in the display field. During the
remaining 60 seconds, the actual tracking tasks were performed. The results were
recorded 5 seconds after the beginning of the tracking phase.

Because of computational limitations in real time, Gb and Ur were estimated foe

the elevation axis only. the LPF was implemented in both axes.

The Subjects and Their Training:

Four subjects participated in the pointing and tracking experiments, (GS,OC,
MI, OL). All of them students in the Technion Department of Aerospace
Engineering. They were all paid a basic fee and additional premiums for good
performance to increase motivation. OL is female and wearing soft contact lenses.
GS wore spectacles. MI has pilot experience in light aircraft. Table 1 describes

their physiques.

Table No. 1: Data on Subjects' Physiques.
Sub ject Age Weight Height W/H Ratio.
[years] [Kgl {Cm] W/H = Weight [Kg]
Height [Cm] - 100
GS 22 60 177 0.77
MI 25 70 170 1.00
oc 26 90 185 1.05
oL 24 50 168 0.73

Before starting the actual tests, the subjects underwent an initial training
period in the simulator of about six hours each, in the course of which, about 15
runs for each configuration were executed. On the average, 12 runs were executed
per hour. After each subject reached a stable level of performance, 10 additional

runs were performed for each configuration. These were used in the actual data
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recording and processing.

The Adaptive and Low-Pass Fllters:

A description of the adaptive filter can be found in the appendix. The filter
length was determined in accordance with the model given in and 7 and was set to
=0.81 sec. Since the sampling rate, determined by the Polhemus and the
communication system is 37 Hz, the sampling rate was chosen at AT = 2msec so that
the number of weights in the filter 1is N = 30. The gain parameter was set to f =
9 and the parameters of the variable gain were chosen at €= 0.001 and e‘ =
0.0011; The threshold for freezing the weights was set to e = 1. The break point
of the high-pass filter for Ut was set to 15 rad/sec since the dominant
frequency of the non-voluntary head motion was in the region of 4 - 5 Hz. On the
average the adaptive filter, as implemented in these experiments, converges in
2.5-3 seccnds. The adaptive filter algorithm also incorporates cut-off mechanism
as explained in the appendix. The cut-off frequency of the LPF for Nn‘ was set to
2 rad/sec. This choice was a good compromise between the need to attenuate these
noise components and avoiding excessive phase lag in the motion of the reticle.
The low-pass filter was disconnected when the head angular rate exceeded 30

deg/sec and was reconnected when it decreased to less than 30 degssec.

Data Processing:

-

Since Ub and Ur were estimated in the elevation axis only, data were
processed accordingly and they are divided into two parts:

1) Evaluation of the performance of the AF: Analysis of the estimated signals Ob
and Uf, the vector of weights w, and the convergence of the squared adaptation
error e-.

2) Evaluation of the performance of the human operator in head pointing and
tracking tasks. In particular, two parameters were observed:

a. The dwelling time of the reticle on the target: The percent iteration of the
total in a run, within which the distance between the respective centers of the

target and the reticle was smaller than half the height of the reticle.

b. The rms tracking error: The rms values of the above distance between reticle
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and target centers was determined.

The performance of each subject was evaluated for all the configurations, and
for each of the three experiments, thiis by averaging the results of 10 runs, each
consisting of over 2000 data points. Also, the results of all the sub jects for

all the configurations were averaged for each of the three experiments.

Results of the Experiments

Table 2 describes the results obtained in experiments 1 - 3.
Table 3 describes the results of experiment 4.
Experiment No.1: Stationary Target:

From Table 2 one can see that without vibration the reticle was ’on-target’
on the average, for more than 994 of the total time and that the rms pointing
error was 0.08 deg. Vibration without filtering caused a decrease of percent
dwelling time to 69.2% and an increase in pointing error of 0.18 deg rms. With

the AF, the percentage dwelling time increased by 11.8%4 and a decrease in

tracking error of 10.1% rms was recorded. With the AF + LPF configuration, the
percent dwelling time increased by 36% and the pointing error decreased by 49%.
No significant differences were found between the respective performance with the
LPF alone and the AF + LPF configurations. The reason for this is that the AF was
originally designed to suppress the additive biodynamic interference only, which,
as stated in section 2, is accompanied by non-additive remnant noise Nn‘ with
which the AF cannot cope but the LPF can. The performance of the subjects with
the LPF were only slightly worse than their performance without vibration.
Subject OC performed best of all the subjects with the AF only probably becaus of
his heavy physique (W/H = 1.05), which probably gave rise only to small values of
the non-additive component Nna. The relative improvement in his performance due
to the LPF was smaller than for the other subjects. Subject MI did not do well
with the AF alone. All the other subjects stated that the task was considerably
easier with the AF as compared to no filtering at all. All thsubjects stated that
the inclusion of the LPF alleviated the pointing task substantially. Figures 6(a)

to 6(c) which describe angular head motion along with their respective filtered
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outputs, demonstrate the effectiveness of the algorithm in suppressing Ub and
the effectiveness of the LPF in filtering Nn‘.
Experiment No.2: Moving Target:

From Table 2 one can see, that on the average the percent dwelling time
without vibration was 87.2% and the tracking error was 0.166 deg rms. Vibration
caused a decrease of 25% in percent dwelling time and an average increase of
75%rms in tracking error. The inclusion of the adaptive filter caused an
increase of 13.6% in percent dwelling time and a decrease of 16.7%4 in rms
tracking error.The use of the LPF, with or without the AF, caused an increase of
31% in percent dwelling time and a decrease of 354 1in rms tracking error, in
comparison with no filtering . The influence of the individual physiques of the
subjects was again noticed. Subject OL and GS who have 1light physiques
experienced substantial difficulties under vibration without filtering. The AF ,
in their case, had only a limited effect apparently, because with a moving
target, the non-additive component Nna increased substantially. For subject OC,
on the other hand, the LPF had only a slight effect on his level of performance.
The LPF, enabled all the subjects to reach almost the same level of performance.

Figures 7(a) to 7(c) demonstrate the effectiveness of the AF to suppress Ub,

and the effectiveness of the LPF to filter Nn‘ from Ur’ Observation of ez. the
squared adaptation error, discloses that the presence of Nna persistently causes
small estimation errors, which do not exist in viewing task where Nna is much
smaller .

Experiment No. 3: Stationary Target, High Frequency Turbulence:

This test demonstrates that an with random vibration is larger than witn
sinusoidal vibration. From Table 2 one can see that the performance, without any
filtering, was significantly worse in experiment No. 3 than in the other tests.
It is also noticeable that the AF in this case is less effective in improving
tracking precision because of the relatively large Nna. On the other hand, an
average increase of 60% in percent dwelling time and a decrease of 35% in rms

tracking error is achieved by the inclusion of the LPF. This is the largest
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relatlve improvement of all the tests performed which underlines the
effectiveness of the LPF in filtering Nn.. Figures 8(a) to 8(c) which describe
uf ,Ut and Uf after the LPF, again demonstrate the effectiveness of the AF to
separate Ub from Uc, and the effectiveness of the LPF in filtering Nn‘.

Experiment No. 4: Stationary Target, Low Frequency Turbulence:

Table No. 3 shows the results of the subjects’ performance after having
gained tracking experience of tens of hours in previous tasks. It can be seen
that after two runs the difference of performance between LPF and LPF + AF was
5%. After an interval of 3 days, there was still a difference of 6% between these
two configurations. However, after some additional training, the difference
decreased to insignificant values. Throughout the extent of the learning process
it was found that the LPF yields performance levels which are very close to the
performance without vibration. A possible explanation is, that initially, the
subject requires the filtering of both the additive and non-additive components
of interference. In the process of learning, the subject learns to compensate the
additive component by adjusting his posture and his muscle tone, and eventually
he does not need the assistance of the adaptive filter. The improvement in
percent dwelling time from the initial value of 92% to the final value of 96%
with the AF+LPF configuration may be explained by the pilot’'s ability to overcome
the time lag introduced by the LPF. At vibration frequencies below 0.5 Hz no
deterioration in tracking performance was noted, apparently, because this

frequency is within the bandwidth of the neuromuscular reflex.
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Iable No. 2: Average Results of Teleoperatijon Experiments 1-3

Exp. | Config. Dwelling | Dwelling Time Tracking | Tracking
No. Time (%) Improvement (%] Error Error
Compared With RMS Improvement
No Filtering (DEG] (%)
Stationary 99.2 0.082
No Filters 69.2 0..258
1 |AF 77.4 11.8 0.232 10.1
LPF 93.2 34.7 0.135 47.7
AF+LPF 94.1 36.0 0.132 48.8
Stationary 87.2 0.166
No Filters 63.1 0.288
2 |AF 1.7 13.6 0.240 16.7
LPF 84.1 33.3 0.179 37.8
AF+LPF 82.4 30.6 0.187 35.1
Stationary 99.2 0.082
No Filters 55.8 0.357
3 |AF 60.4 8.2 0.303 15.1
LPF 87.0 55.9 0.165 53.8
AF+LPF 89.0 59.5 0.161 54.9
Table No3: 55591&5 of Learning Experiments:
Configuration Dwelling Time (%] | Tracking Error RMS [DEG]

Average after two runs:

No Flltering 65.9 0.280
AF 73.9 0.230
LPF 87.4 0.174
AF+LPF 92.1 0.138
After three days of a different task:

LPF 91.4 0.142
AF 97.3 0.120
The next day:

No Filtering 69.5 0.260
AF 74.0 0.226
LPF 96.4 0.128
AF+LPF 96.8 0.115
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4. Summary of Experimental Results

Table 4 compares the performance improvement using the AF only.

Table No. 4: Dwelling Iime Improvement [%] With Adaptive Fllter

Experiment No. Motion Description | Dwelling Time Improvement (%]
AF Relative to No Flltering
1 Deterministic 11.8
(Heave)
Deterministic
2 + Random 8.2
(Heave)
3 Random 6.5
(Heave)
4 Random 3.0
{(Heave + Pitch)

From Table No. 4 one learns that the larger the random component in the
vibration, the smaller is the contribution of the AF. The non-additive component
is the dominant interference which the AF cannot handle.

As a rule, the finding is that in pointing and tracking tasks, the dominant
interference is non-additive which is more readily filtered by the LPF. The
experiments indicate that, at least with the time constants of 0.5 seconds, the
sub jects learned to compensate for the additional phase lag introduced by the
LPF. As a rule all the subjects reached similar levels of performance, and
eventually, after sufficient training, and with the adaptive and low-pass

filtering configuration, it closely approached the tracking error level without

vibration.
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Appendix
The Adaptive Fillter.
The adaptive filter is based on the well known Least Mean Square (LMS) algorithm
widely used in adaptive noise cancellation applications. It is an extension of
the classical LMS described in Widrow and McCool'3. Its main advantages are small
computational load, global stability and robustness. The extended LMS used in
this paper has the additional advantages of rapid adaptation to variations in
model parameters and the precise estimation of the relatively small disturbance
Ub in the presence of large voluntary head motion Uc. This issue is addressed in
Merhav“. Other algorithms such as Root Least Square (RLS) and Lattice fllters,
Haykinls. were considered because of their superior convergence in terms of the
number of iterations. However, in view of their larger computational complexity,
longer iteration times and lower robustness 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 IMS in
suppressing blodynamic disturbances in manual control, Velger and Merhav“'",

the extended ILMS was used in the work described here.

The extended IMS filter

Figure A.1 describes the basic IMS filter in conjunction with the variables
and parameters described in Sec 2 above and in its role of noise suppression. The
error eJ which drives the algorithm is given by

e=U +U ~U =u -0 (A-1)

J c b b c b
J y ) J J
J is the index of the sampled process. The estimation error 5b is given by

U =u -U (A-2)

Uc adds to e and upsets the proper convergence of the algorithm. Therefore, in
order to assure Gbuoub, it is necessary to fulfill the condition that Uc<< Ub.
Assuming that the parameter variations of the human biodynamic model are

relatively slow and small, Ob converges to Ub with satisfactory precision. The

filtered signal Ur therefore is given by:
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Ue=U +0U, =U +0 =u (A-3)
J J | 3 ) )
Equation (A-3) indicates that the blodynamic interference due to a is
essentlally canceled. In reality, the condition Uc«Ub is not fulfilled. U can
[
be in the order of 90 deg or more, while Ub is normally in the order of 1 deg.
The variations in the parameters of the human biodynamic model are not
necessarily slow. They may be rather rapid as a result of sudden changes in
posture or muscle tone. Therefore, the basic fllter, as shown in Fig. A.1, does
not meet all the requirements. The extended IMS filter, which can estimate both
Ub and Uc. is shown in Fig. A.2. A high-pass filter, for example of the type
s/{(s+k), 1s inserted both in the Yb and the AF path in order to maintain proper
phase balance. The error e now is
= 3 U | = 5 -3 -
¢" 9k [Ut Yy ] s+k (Uc Y, ] (A-4)
J ] J 3
Thus, with the high-pass fllters, e is affected by changes in Uc and not by

Ucitself. Consequently, the estimated gradient is given by

- 6eJ s
VJ= ZeJ BT-- - ZEJ{ETE )_(_J} (A-5)

And the extended LMS algorithm takes the form

LI Zu)e,{s—fl-(- g(_J} (A-6)
Where 5) represents the accelerations aJ, “j is the gain and w is the weight
vector. In the actual implementation, a 1is high-pass filtered in order to reduce
the effects of sensor bias and gravity.

The estimate of the nonvoluntary head motion ﬁb is

U = !T X (A~7)
bJ J 74

and the estimate of the voluntary head motion Uf is

U=U -U =U +0 (A-8)
f t b c b
J J J J J

In order to assure that the convergence rate of the algorithm is independent of

the input intensity x, "J is chosen such that

1 L2
“j ftriRj) (A=9)

where f is a constant coefficient f>1 and R is the covariance matrix of the
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input x. This choice of K, vields the Normalized LMS (NLMS). The spread of the
eigenvalues of R 1s reduced by the square root of the spread as compared to the
basic IMS algorithm. The rate of convergence and its sensitivity to eigenvalue
spread are substantially reduced, Honig and Messerschnlttw.

Rapid adaptation requires a large u. In accordance with Eq. (A-9) this
implies a small f. The smaller f, the larger the misadjustment noise in the
estimated weight vector w, Widrow and McCool'®. On the other hand, the smaller u,
the slower the adaptation rate. A remedy to this conflict is to implement an
error-dependent u = pu(e), where p(e) is a monotonic function in e independent of
sgn(e). Thus, if e, for example, lncreases as a result ot a change in Yb, s, B 1s
large and the adaptation is rapid. Yet, once convergence proceeds, g becomes
small, and the misadjustment noise becomes small. The implementation of u is

afollows: We choose po in accordance with the stability criterion of the

algorithm, Widrow and McCoolﬂ, namely

= 1 -
= Ttr R, (A-10)
We define:
A T -
= R s vee e . P - A~-11
g, (eJ € eJ(N 1)] ( )

let
leel = 2‘ e’ (A-12)
) ) {=§-(n’-1)
2 172
A 9’]
CJ = {-E:(R_j).} (A"'13)

a possible method to implement jp(e) 1s: We define threshold and saturation

values £, and £, and we prescribe p = u(e) in accordance with Eq. (A-14):

0 0s t':J < €,
€ -¢
uj(c) ={s = H €, S c, <€ (A-14)
s J
M(l el = cj
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However, large angular head motion, in spite of the high-pass filter s/(s+k),
will still cause large transients in e and perturbations in . In order to
overcome thls problem, we set pj(c)-o whenever the error e exceeds agiven
threshold eo. We divide e into two components, namely e resulting from large
head motion, and eb , resulting from the nonvoluntary head motion. Thus,

ej = e + e, (A-15)

Whenever ]e)] > e uj(e) = 0 and W is frozen. e, is so chosen that
Prob(eJ 4 eo} --> 1 whenever the variations in Uc are large. When the variations
in Uc are small, the threshold e, must fulfill the condition Prob{eb’ 4 eo}
-=>1. The advantage of freezing the weights is, that after a large change in Ue
only a short time 1is needed to re-establish a good estimate of Uu' 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 of Ub. This can be overcome by

additional high-pass flltering of the accelerometer readings.
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Figure Captions

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1. HMD stabilization - principle of operation.

2. The experimental set-up.

3. The experimental set-up block diagram.

4. Head teleoperation task.

5. (a,b,c). A section of the time history of a) total head motion
Uz; b) estimated voluntary head motion U‘; ¢c) LPF of Uﬂ
for the example with a stationary target (experiment no. 1).

6. (a,b,c). A section of the time history of a) total head motion
Ut; b) estimated voluntary head motion Uf; and c¢) LPF of Ur’
for the example with a moving target (experiment no. 2)

7. (a,b,c). A section of the time history of a) total head
motion l&; b) estimated voluntary head motion Ur; ¢) LPF of
Uf.for the example with a moving target (experiment no. 3)

A.1 Basic IMS algorithm for suppression of biodynamic interference in

HMD and head teleoperation.
A.2 Extended IMS algorithm for suppression of blodynamic

interference in HMD and head teleoperation.
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Fig. 5. (a.b,c). A section of the time history of a) total head

motion UU b} estimated voluntary head motion U_:
and ¢} LPF of U,-- for the example witrh =

stationary target (experiment no. 1).
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Fig. 6. (a.b.c]. A section of the time history of a) total head
motion U‘; b) estimated voluntary head motion U
and ¢) LPF of Ur' for the exampie wilh a moving

target (experiment no. 2).
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Fig. 7. (a,b,c]). A section of the time history of a) total head

motion U;; b} estimated voluntary head motion UH
and c) LPF of Ur' for the example with a moving

target (experiment no. 3}.

62




“uonesdoapd) pray pus (JAIH U1 99US0I1U
nweukporg jo uoissasddns 10j wpriod SIAL dsugl TV 2By

JOLY NGO ‘
L Y1dSIC OL \M._,SE
«—

-+ a /uZ,_.,ZQ/\
9

g0IA9d q
— n U .
71,V 4940 1L OL K+ n-+-n=9°

~




‘uonedod[d) peay pus AIH Ut dUdI3JIu
snuneukporq Jo uorssaxddns xoj wprxodie ST PIPUNXI 7'V xndiy

HJOIAAA ddLVIHJO0ATHL OL

¢ <4
%ﬂ o

q JOLVIANTD AVIdSIA OL |q
[l <« @
| AL 1A
ddH JALLIVAY [*
+ S
i _Q - :.:-Wﬂlw_ —
) -{- m_ ‘
Hdll [45 ( I A
N <0

6




