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Abstract—

Unconstrained measurement of human head mo-
tion is essential for HMD (Head Mounted Display)
to be really interactive. Polhemus sensors devel-
oped for that purpose have deficiencies of critical
latency and low sampling rate. This paper pro-
poses a method which compensates the latency
and raises the effective sampling rate through the
integration of Polhemus and gyro sensors. For this
purpose, we derived a physically consistent sys-
tem model of human rotational motion described
by quaternion and angular velocity. This integra-
tion consists of the optimal prediction based on
simultaneous measurement of both sensors, and
the extrapolation of the estimate based on mea-
surement of gyro sensor. This paper also reports
the implementation of the proposed method.

I. INTRODUCTION

Synchronization of user’s motion in actual space and vir-
tual space is significant in virtual reality (VR), because
under the situation, where time lag between these spaces
is greater than 100ms, users tend to feel motion sickness
and to feel such virtual environnent less interactive.

Motion sensors used in VR systems are classified into
two groups. One is the mechanical link-type sensors like
BOOM., and the other is the unconstrained sensors like
Polhemus Tracker. Latter has advantage of unconstrained-
ness and wider motion range, but has deficiencies of low
sampling rate(~ 60Hz) and critical latency (~ 100ms).
Although Polhemnus “Fastrak”™ is improved in the respect
of samnpling rate(~120Hz), conununication delay (~40ms
with RS232C), aud an ad-hoc linear prediction filter, it is
still insufficient for interactiveness in the virtual environ-
ment.

Most VR systems use raw output of their motion sensor
in spite of the decrease in interactiveness by this latency.
or try ad-hoc filtering in order to compensate the latency
such as linear extrapolation from botli smoothed measure-
ments and crude estimates of its instantaneons differential
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of user’s motion.

Friedmann et al. [0] pointed out that by such ad-hoc ap-
proach user’s quick motion causes poor prediction which
overshoots the actual motion and that users are forced to
make slow deliberate motions. They solved this problem
on translational wotion by means of the prediction based
on the optimal linear estimation theory. However they
ignored rotational motion, which is far more critical for
HMD. Liang et al.[0] proposed to adopt the equivalent
angle-axis representation for rotational motion and to ap-
ply four independent Kalman filters. These four system
models did not include angular velocity explicitly in state
vector.

This paper proposes a method which compensates the
latency and raises sampling rate through integration of
multi-sensor information. Our approacl is to compensate
the latency of measurement of absolute rotation (quater-
nion) by optimal prediction filter and to extrapolate the
interval based on the measurement of relative rotation
(angular velocity in body coordinate). We derived the
physically consistent systein model to integrate informa-
tion of both absolute and relative rotation.

II. MULTI-SENSOR INTEGRATION

The goal of our research is to acquire the sensing sys-
tem, whose measurement delay is negligible, and whose
accuracy and estimate rate is higher than ordinary un-
constrained motion sensors for VR.

Prediction is used for compensation of measurement de-
lay. Kalman filter is kuown well as tlie method of de-
signing optimal preciction filter with taking account of
complex motion of target system and measurement error.
This has been applied to the measurement delay of the
magnetic tracker [0][0]. Prediction of physical quantity
needs some kind of its derivative in state vector. But
only position or quaternion was measured and its deriva-
tive was not measured in these researches. We expected
the improvement of estimates by adding the sensor of the
derivative.

This demands the physically consistent system model
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which describes the relation among plysical quantities
and its derivatives. Liang et al. [0] adopted equivalent
angle-axis represeuntation, and constructed four indepen-
dent Kalman filters. They used four system model to de-
scribe rotational motion of a head. However this should
be dealt by one system model. We derived the approxi-
mated linear systemr model, which describes the relation
between quaternion and angular velocity explicitly. This
system model enabies the integration of magnetic sensor
and gyro sensors by Kalman filter.

Kalmaun filter has only one measurement model. If we
integrate seusors of various sampling rates by Kalman fil-
ter, the estimate rate of tlie filter is determined by the
slowest sensor at niost. If we want to improve the es-
timate rate, the information of quick sensor should be
reflected to the estimates rationally in sonie way.

In our problern, the slowest sensor is the magnetic tracker
and the quick sensor is gyro seusor. We propose: 1) ex-
trapolation by integrating the displacewent of quaternion
calculated from the measured angular velocity when only
the measurement of angular velocity is available, and 2)
the optimal prediction by Kalman filter when the mea-
surement of both quaternion and angular velocity is avail-

able.

A. Modelling

We adopt quaternioun [0] instead of Euler angle as the
representation of orientation. The reasons are : 1) when
a lluman body rotates over 2w radian, Euler angle exceeds
the measure range of the mmagnetic tracker, —m ~ 47 and
the management around the boundary is complex, and 2)
the system model of human rotational mnotion described
by Euler angle has singular poiuts.

It is known that rotation is also represented by complex
2 x 2 niatrix in general as 3 x 3 rotational matrix [0]. This
matrix consists of 4 real nunbers gg ~ ¢3.

qo+iqg3 @ +iq
= ! . 1
@ (—92-1-7(11 qo — g3 ) (v
Where

Gra+ata = 1 (2)

We call gy ~ g3 quaternion. Rotations around Z, Y, X
axis each are represented by these 2 x 2 matrices.

ir/2

Q-() = (; e_?.,./z) (3)
v cos3/2 —sin3/2

Qy(5) (siud/? cos3 /2 ) (4)
N cosa/2 isina/2 -

@ula) = ( isina/2 cosa/2 > (5)

If we rotate the coordinate by ZYX Euler angle v, /3, «,
corresponding 2 x 2 matrix is given by

Q = Qu(mQy(7)Q:(7) (6)

Therefore in terms of ZYX Euler augle 4. /3, o, the quater-
nion is given by

~ 3 o R B .
o = Ccosgycosocos T + sin o sin o sin o (7)
v g .« .y LB o
g1 = Cos 5 cos o sin o — sin o sin = cos (8)
v .8 L TN R
2 = oS sing oSy + sin g cos g sing (9)
g3 = sin % cos ; cos % — o8 5’ sin 5 sin % (10)

Let w = (w: wy w, )(rad/sec) be angular velocity in body
coordinate. Let ¢y ~ g3 be the quaternion at time £,
po ~ p3 be the quaternion at time t + dt, and d@) be the
2 x 2 matrix correspouding to the rotation between ¢ and
t 4 dt. d@Q is given in terms of w by

N 14 i5-dt “rdt 4 ipdt
Q= ( Cwvgr g imear 1-igdr ) ()
dQ Q is given in terms of pg ~ p3 by
Po +ips  p2t+ipy
d = . . 12
Qe ( —p2 Fip1r po — 3 ) (12)
Define F' as below.
—q3 —q2 —q
F/ = (1'2 _Q3 (10 (13)
—{1 do 43
qo0 q1 —{2

Combining (11) and (12), and using (13). we obtain the
process dynamics expressed by quaternion and angular
velocity in body coordinate.
T
(po »1 p2 p3)

T dt

= ((10 q1 42 qg)—i— W
Apparently there is no singularity.

Let dt be unit sampling interval and T' be latency

of mieasurenient of quaternion. State vector consists of

quaternion and angular velocity. We use tle notation of

T
¢ = (@ o @ @) (15)
T
w = (w: owy we) (16)
By this notation state vector @ is given by
ro= (T LT )7 (17)
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System model is given by (19). where w, is a zero mean
white noise of covariance Q. Let H be measurement ma-
trix corresponding to simultaneous measurement of both
quaternion aund angular velocity. The measurement niodel
correspouding to the simultaneous measurement is given
by (22), where v,, is an additive measurement error and
R is its covariaunce.

I|4F
F o= <o IF) (18)
Ty = Fua,+w, (19)
whpwl = Qbmn (20)
—t s
H = (é Tf) (21)
yn = Han+o, (22)
O T R bpmn (23)

B.  Algorithm

The algorithm ! is divided into 2 procedures. Procedure
1 is for the extrapolation of the state vector based on
the measurement of angular velocity only. Procedure 2
is for the optimal prediction based on the simultaneous
measureient of both quaternion and angular velocity.
Procedure 1

Substitute angular velocity in state vector z, of mean
angular velocity within previous 30ms

wo= (w &y &) (24)
and update as below.
Pon + 8- F'5
In+l/n+1 = ( / = ) (25)
Pn+]/n+l = FPn/nFT+GQGT (26)

Procedure 2

Cngim = Fapm (27)
Poyin = FP FT +GQGT (28)
Tnfn = Xpipet + Balyn — Haypno] (29)
Pufn = Pajmot — K,HP, (30)
K, = P,,_1H'[HP,,, HT + R]"! (31)

Our method can also be easily applied to rotational motion. As
for translational motion, we can deal with each axis X.Y,Z respec-
tively. In case we adopt state vector (& vy}, we use

1| dt L] -7

System and measurement dynamics are linear equations with con-
stant coefficients. If we assume the driving noise statistically sta-
tionary, the filtering process reach a “steady state™. where P/
and I'n converge at constant matrices. This matrices can be calcu-
lated beforehand, and the filtering calculation is much simpler than
Procedure 2 above.

Procedure 2 is the samme as the algorithni of tliscrete Kalman
filter [0].

Fig.1 is the timing chart of available sensors and pro-
cedures. We measured the orientation at 25Hz and the
angular velocity at 100Hz. The output was obtained at
100Hz.

Gyro

Polhemus

Update

20 40 (ms)

N Procedure 2

- E Read Sensor l:] Procedure 1

Fig. 1.
proposed method

Timing chart of available sensors and procedures in the

III. OFF-LINE EXPERIMENT

A, Apparatus

We used Polhemus Tracker as the sensor of orientation,
and 3 compact gyro seusors of Murata Co. (GYROSTAR
ENC-055) as the sensor of angular velocity in the body
coordinate fixed to the human head.

In order to evaluate perforinance, we compared the out-
put of the proposed method with measurement of the link-
type motion sensor [0]. The precision of the link-type
sensor (accuracy 0.0125 deg. resolution 0.025 deg.) was
much better than that of Tracker (accuracy 0.1 deg. reso-
lution 0.5 deg.) because rotational angle of each joint was
measured by high-precision optical encoder and up-down
counter.

The output of the up-down counter was directly con-
nected to DATA Bus of the computer, and lead-time of
this up-dowu counter was only 2 pus. CPU performance
determined the delay of this system. This system with
80286 (10MHz) measured operator’s motion and controlled
the robot at least 300Hz. Therefore the response delay
and communication delay of this liuk-type sensor was neg-
ligible compared with Polhemus Tracker (~ 80 ms). We
used measurenent of this liuk-type sensor as the standard
signal.

B. Noise parameter
We assume process noise and measurement noise to be
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I3, Iy be 3 x 3 4 x 4 unit matrices, and we suppose

_ an
Q - < 0 lb2I3 >

'l"%Iq 0
0 U:zfg

wy, we are determined as the standard deviation of rem-
nant error when data of the high-precision link-type sen-
sor [0] was applied to system model. We used w; =
0.0212, wy = 0.10(rad/s). Measurement noise of angu-
lar velocity va was determined by specification of gyro
sensor. We used v = 0.12(rad/s).

q*
w*

We must determine v with Polhemus delay T = 80ms
taken into account. Let describe observed value by adding
= and the value after T by adding /. For example, ¢’*
means the observed value of ¢ after T'. Suppose the human
Lead rotate from ¢ to ¢’ within the interval dt. Suppose
q* —q,w™ —w, dgq be independent eacli other, and calculate
the standard deviation of ¢’* — ¢/. Let describe covariance
matrix of ¢ — ¢’ by (¢"* — ¢)(¢* — ¢)T.

(32)

R (33)

) — (' =¢+TFw+dg
!
) (1/*=q*+TF/LU*

— €

(¢ = a)g™— )"
= (¢ =g — 97 +dgdg”
+ dt* F'(w* — w)(w* —w)TFT (34)
From
GraratE = 1
we approxiniate
F'FT =T (35)
We also approximate dgdg? by random wallk.
(=l =T = 0.0276L, (36)
—— T .
dqdg? = yr wil (37)
i * *® T T T 2 2
Frw* —w)(w* —w)TF ~ (d71t:2+tv2)f4 (38)

Finally we obtain vy ~ 0.0508.

C. Result -

In order to make performance comparison easier to under-
stand, we couverted the estimated quaternion iunto ZYX
Euler angle v, 3, v and compared various outputs with
the standard signal(output of the link-type sensor). Fig.1
shows the standard signal. the raw output of Polhemus
and the output of the proposed method. Average delay
of Tracker was nearly 80ms. It is apparent that the pro-
posed method compensated this delay well.

TABLE I
PERFORMANCE COMPARISON BY RMS ERROR. “POLHEMUS” DE-
NOTES RAW DATA OF POLHEMUS TRACKER, “KALMAN"™ DENOTES
I{ALMAN FILTERED RAW POLHEMUS DATA, AND “PROPOSED” DE-
NOTES THE QUPTU OF PROPOSED METHOD.

RMS (1072 rad)
v 3 o
Polhemus | 7.12 9.22 9.00
Kalman 8.26 10.9 12.7
Proposed | 7.10 4.52 4.32

1)  Ewaluation by RMS error: Table 1 shows the
RMS(Root Mean Square) error of various outputs from
the standard signal. RMS error of Kaliman filtered raw
Polhemus Tracker was greater than that of raw Tracker
because of overshoots of its prediction. RMS error of the
proposed method was reduced nearly half of raw Tracker
output except roll angle. It was guessed that the arrange-
ment of the metallic parts of the link-type sensor effected
~ intensively.

2)  Evaluation by correlation technigue:  Let x(t) be
the original signal. and let y(t) be the measurement of z(t)
by a target sensor. Cross correlation function ®,,(7) [0]
is defined as

D, (1) = 2(t)y( z‘+ T) (39)
= hniC ﬁ y(t 4+ 7)dt (40)
The normalized cross correlation function py,(7) [0] is de-
fined by using ®,,(7) as
D, (T
p:uy(T) = y( ) (41)
2.:(0)y/ 2y, (0)

This normalized cross correlation function has proper-
ties as below.
e If signal y(t) follows x(t) with lag of T'(s) late,
y(t+T)

o(t) o~ (42)
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pxy(T) has a peak at 7 ~ T.
e The range of p,y(7) is |

-1 < pay(r) < 1 (43)

Therefore we can evaluate the delay and fidelity of the
target sensor quantatively by checking the peak of its nor-
malized cross correlation function [0].

Fig. 2 shows the p(7) of Polhemus Tracker, Fastrak,
and the proposed method. We used the output of me-
chanical link type sensor as the standard signal. The de-

e Suppose independent random noise be added on siganl lay of Fastrak was half of Polhemus Tracker, but there

y(t). Let S be the signal power, N be the noise
power. Then )
®.0(0) = S (44)
c:Dyy(o) = S+N (45)

The peak of p,,(7) can be described

S
0= momveam
S
- Vsiw (48)

pay(T) is the function of SN ratio and can be the
index of the fidelity of y(t) to =(t).

remained still 30ms delay. There remained no delay for
the proposed method, and its fidelity index was slightly
improved.

IV. REAL TIME IMPLEMENTATION

The multi-sensor system consisted of a receiver of Pol-
hemus Tracker and 3 compact gyro sensors (Piezo elec-
tric vibrating gyroscope GYROSTAR ENC-05S of Mu-
rata MFG Co.). This sensing system was attached to
See-Through HMD. PC( Intel 80486 Overdrive 40MHz
) read the measurement of Polhemus through RS232C (
19.2Kbps ), and that of gyro sensors via AD board.

In order to use the computational ability of PC effi-
ciently as possible, we designed the interruption based
program which can assign I/O waiting time to other tasks.
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Fig. 3. p(r) of Polhemus, Fastrak, the proposed method

The program cousisted of 3 tasks below.

Task A Haundling of Polhemus Tracker via RS232C

Task B Extrapolation based on the measurement of
gyro sensors (Procedure 1)
Transmission of estimates via parallel printer
port

Task C  Optimal prediction based on the measurement

of Polhemus and gyro sensors (Procedure 2)

We divided update calculation into two tasks. The rea-
sons were: 1) the load of the calculation of Kalman filter
was expected to be heavy, and 2) the unit sampling inter-
val was critical for PC to finish that calculation within.

Task A was activated by RS232C interruption. Task B
was activated every 10ms by interruption of DMA chan-
nel provided by AD board. The measurement of gyro
was transferred by DMA channel. Task C. ruuning in
the background, requested present state vector to task B
when the data from Polhemus was available, received it,
calculated the algorithm of Kalman filter and sent the re-
sult to task B. Task B copied the result of task C if it
was available. otherwise kept extrapolation based on the
nieasurentent of gyro.

3D rendering of virtual space was done on IBM PC by
World Tool Kit(Sense8 Co.). IBM PC sent request to PC
every image frame (10~12 frames/s). If requested, task
B sent the latest estimate of human head motion to IBM
PC via parallel port for printer.

We made a virtual copy of an actual room consisted
of 49 polygons. 3D images of this room were updated 11
franies/s on average and conununication between PC9801
and IBM PC via parallel port took only 1.4 ms. We
checked synchronization between the virtual and the ac-
tual room by See-Through HMD and confined that not

Fig. 4. See-Through HMD equipped with Polliemus and 3 compact
gyros(in the box mounted at the rear of HMD)

only the delay of Polhemus Tracker(~80ms) but also the
delay of 3D rendering(~90ms) were well compensated and
that we were able to obtain predicted orientation at 100Hz
from Tracker nicasurement at 25Hz.

V. DISCUSSION

There are a lot of factors in VR systems which would
cause time lag such as

e Dynamic response of the motion sensor and com-
munication between the sensor and computer

e Communication hetween computers
e Cowmputation for updating virtual space
e Computation of 3D rendering

Even if we could develop a sensor without any measure-
ment delay. this would not solve all these problems. In
this section we discuss the relation between our method
and problems above. We also discuss the application of
our method to tele-operation.

A, Usage of multiple magnetic sensors

In order to make user's commitient to virtual space more
interactive. we should measure other parts of hody such
as hands and legs. The use of multiple magnetic motion
sensors like Polliemus uiust he time sliced to avoid inter-
ference amoug themselves. The sampling rate for each
motion sensor must be equally reduced. Our method is
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useful to realize measurement of high sanipling rate under
this situation.

B. Networked virtual environment

In order to join people over distance through VR environ-
ment, the sites should he networked computers. It takes
some time for changes in virtual space to propagate and
to synchromze on the network. Iu each computer syn-
chronization is realized by interruption process such as
network arbitration. network coutrol and low level sys-
tem activity. It is expected that effects of such events
will appear as time lags in non stationary manner. How-
ever fixed time lag compensation proposed in this paper
could be the first order approximation of the final perfect
solution to that probleni.

C. Delay by rendering

The real-time generation of 3D images is one of the biggest
problews in VR. It is obvious that 3D images, built up
by complicated objects or processed by computationally
heavy techniques like texture-mapping, give us better re-
ality. The more complicated the virtual space is, the more
it takes to render 3D images and the fewer the frame
rate is. Framie rate by which we feel interactive is at
least 10(frame/s) and maximum rendering delay can be
estimated at 100ms. This must be taken into account.
Therefore not only improvement of sensor but also fine
prediction of human motion is essential for diminishment
of total systew delay.

D. Application for teleoperation system

In the situation where we counect an operator not to vir-
tual space 1 computer but to a robot in other actual
space(it is so called “advanced teleoperation™ or “tele-
existence”). we need to measure an operator’s motion
with much higher sampling rate (~ 1kHz) than that of
Polhewmus to control the robot smoothly. Our approach
of multi-sensor integration is useful and essential to this
problem.
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VI. CONCLUSIONS

We proposed a multi-sensor integrated system which com-
pensates time lag and raises sampling rate beyond the up-
per limit of Polhemus sensor. We confirmed the validity
of the proposed method by off-line computation. We re-
ported the real time implementation and discussed several
reasons wliy our approach will be important for future VR
systems.
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