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Abstract — It is expected that See-Through Head-Mounted
Display(STHMD), which superimposes the virtual environ-
ment generated by computer graphics(CG) on the real world,
can vividly execute various simulations and designs by using
both of the real and virtual environment around us. In STH-
MDs, information given as a virtual environment has to ex-
actly match with the real environment, because both environ-
ments are visible. This is one of the problems to be solved
for practical use. Particularly for matching of locations and
size between real and virtual objects, disaccordance is likely to
occur between the world coordinate of the real environment
where the user of STHMD actually exists and that of the
virtual environment described as parameters of CG, which di-
rectly causes displacement of locations where virtual objects
are superimposed. This must be calibrated so that the virtual
environment is superimposed properly. Among causes of such
errors, we focused both on systematic errors of visual parame-
ters caused in manufacturing process and differences between
actual and supposed location of user’s eye on STHMD when
in use. The former is required to be calibrated only once af-
ter the fabrication of STHMDs, whereas the latter has to be
‘We have

proposed calibration methods which are suitable to proper-

calibrated every time users start using STHMDs.

ties of these causes of errors. In the method, the direct fitting
of the virtual cursor drawn in the virtual environment onto
targets in the real environment is performed. Then, based on
the result of fitting, he least square method identifies values
of the visual parameters which minimize differences between
locations of virtual cursor in the virutal environment and tar-
gets in the real environment. Application of the method to the
STHMD which we have made is also reported. The differences
between the virtal cursor and targets in the real environment
due to systematic errors caused in the manufacturing process
were reduced to about lmm per target, which was less than
one—thirtieth of that before the calibration. The differences
between the virtal cursor and targets in the real environment
due to the location of user’s eyes were also reduced to about
2mamn per target, which was a half of that before the calibra-
tion. This result was well enough to prove the effectiveness of

the calibratoin methods.
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1 Introduction

It is expected that Head-Mounted Dis-
play(STHMD), wlich superimposes the virtual environment gen-
crated by computer graphics(CG) on the real world, can vividly
execute various sinulations and designs Ly using the real envi-
It is also expected that it would achieve

See-Through

ronment around us.
simplification and improvement of efficiency of various works, be-
cause it graphically offers the information on the objects in 3
dimentions, whicl is necessary to go ahead with the work instead
of offering them in the form of documents.

However, information given as a virtual environment or vir-
tual objects hias to match with the real enviromment, because
both environments are visible. This is one of the problems to be
solved for practical use[l]. Particularly for matching of locations
and size between real and virtual objects, disaccordance is likely
to occur between the world coordinate of the real environment
where the user of STHMD actually exist and that of the vir-
tual environment described as parameters of CG, which directly
causes displacement of locatious wlere virtual objects are super--
imposed. Tlis st be calibrated so that the virtual euvironment
is superimposed properly.

What are first considerd as the origins of such displacement are
as follows:

e Systematic ervors of visual paramcters caused in manufac-

turing process

e Differences between actual and designed location of user’s

eye on STHMD
The former is eliniinated by calibrating just once after its fabrica-
tion, and the latter must be calibrated as a process of initialization
every time users start using STHMD.

Hirose, Kijima, Sato and Ishii liave used somatic sensations of
human being to calibrate them([1], but precise matching between
the poiuts in the real and virtual envirommnent has not been per-
forined. Frow the standpoint that the matching of location and
size between objects in both envirounent is crucial, virtual envi-
ronment must be directly fitted onto the real environment poing
by point. In this paper, we proposed a calibration method in
which the direct fitting of the virtual cursor projected by STHMD
onto targets in tlie real environment was performed, and reported
tlie result of application of this method to the STHMD which we
have made.
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Fig. 1. Optical system of HMD

2 System configuration

2.1 Designing and

STHMD

manufacturing a prototype of

I short, STHMD is a device which generates two virtual planes
from palaner images displayed on LCD etc., one for the right eye
and the other for the left, placed at the distance du;, which is
derived from the optical system in Fig.1 as follows[2]:
i (1)

It reproduces the binocular vergeuce aud parallax, which are im-

dyir = k4

portant for three-diieusional space percpetion, by projecting two
images with the parallax equal to the interocular distance which
is set at the design stage of STHMD, i.e., an image obtained
at a viewpoint equivaleut to the location of left eye in the real
enviroument on the left virtual plane and likewise on the right.

The focus of the crystalline lens of a human operator is gener-
ally fixed at the distance dy, to simplify the optical system like
Fig.1. Although it is not completely independent of the conver-
gence due to the mutual reactiowu, there is a research on what ex-
tent the disaccordance between theu is allowed to. For exanple,
it is knowu that the natural perception of 3-D space is possible
within the distances between 20cm and infinity wheu dyir = 1m
(2]. Heuce, this becowes a standard values of d,,. when designing
the optical system of STHMD.

Two 5.7-inch LCDs are used in our prototype. The wider the
field of view is, the better perception of 3-D space is obtained.
Tlere is, however, a trade-off because the resolution of the im-
ages decreases as tlic field of view increases. For example, the
specifications of our prototype is shown in Table 1.

Fig. 2 outlines a portion of STHMD which holds optical sys-
tems, illustrated eye mark roughly indicating the designed lo-
cation of users’ eyes. This portion is wounted on the full-face
lieliet so that the user can wear this optical systewn just in front
of lis/lher face. The mark “P” drawu iu Fig.2(h) indicats a plate
on which marks are put to be used for the calibration of eye’s dis-
placement, which will be described in section 3.2. We shall also
take this plate as the basis on which the dimeunsion of STHMD is
defined. When we use expressions such as “designed location of
the virtual plane” or “designed location of user’s cye”, we mean

Table 1. Specification of HMD

Fleld of view doir | Interocular
Horizontal | Vertical distauce
40° 30° 1m GSmamn,
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Fig. 3. Generation of virtual environment

that they arc measured from it and thier values are given by the
design.

2.2 Generation of the virtual environment

To generate a virtual enviroument, a “world coordinate system”
1s defined first in the CG program, then the virtual objects are
placed relative to it. The projection trausformation on this envi-
ronment gives planar images and these are projected on the LCDs.
The typical ones among the ways of projection transformaion are
perspective projection and window projection. While the former
has viewpoint, line of siglt, and vertical and horizontal angle of
fleld of view as thie visual parameters, the latter defines the shape
of projection plane by specifying (Top, Left) and (Bottom, Right)
at a moderate distauce (“I” in Figd) instead of defining angles of
field of view. Although the line of sight is perpendicular to the
projection plane in both projections, the window projection can
realize an asymmetric viewing frustuin, whercas the perspective
projection makes only a syuunetric oue. Therefore, the window
projection is desireble for our purpose. Accordingly, visual pa-
rameters we meai liere are viewpoint, liue of sight, and shape of
thie projection plane(Top, Left), (Bottom, Right). It is better to
give [ a small value because objects neaver than ! are ommitted
wlen the projection trausformation takes place and are invisible
on LCD. But setting ! = 0.1m is sufficient because natural fusion
of two planar images does not occur within this distance when
dyuir = 1m.

To superimposc the virtual euviroument precisely on the real
one, it is crucial that the visual parameters wmentioned above are
set correspondent to the realized location of virtual plane of the
prototype. The realized location of the virtual plane is , however,
likely to differ from designed location and the differnce between
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Fig. 4. Effect of systematic errors of visual parameters caused in
nranufacturing process

thew is unpredictable. Besides, acutual location of user’s eyes are
fixed only when he/she wears HMD. Tlherefore it is impossible to
reflect these factors on visual parameters beforehand and they
must be calibrated oue by one in the following procedures.

3 Calibration method to eliminate the errors

3.1 Calibration of errors caused in the manufacturing

process

Ervors produced in the manufacturing process mean errors of
the realized optical system of HMD and, as mentioned above,
this is observed as the shift of virtual planes from the designed
location. Fig. 4 illustrates such anu circumstance.

A point ¢ drawn in the virtual environment is projected onto
the virtual planes for right and left eyes according to the designed
locations of virtual planes as a¢; and «, indicate. When the re-
alized virtual plane for right eye, for exaple, is uot located as
desigied and it is not reflected on the visual parameters, a lu-
man operator feels that the point is drawn at o” instead of a, i.c.,
thie location of a) ou the realized virutal plane remains as exactly
same as that of a, on the supposed virtual plane. If the visual
paremeters are set according to the realized location of the virtual
plane, the image of point a is supposed to be a'.. So, we have to
measure the realized locations of virtual planes and modify the
visual parameters according to theni.

3.1.1 Process of calibration

The calibratiou is done in the following process. Fig. 5 sliows
its flowchart.
1. Set HMD at the orvigiu of the world coordinate of the real
environinent.
2. Read visual parameters and draw a cursor in the virtual cn-
viromment,.
3. Measure the distance to realized virtual plane (d/;

mr

) and put
marks of the real enviromueut at this distauce.
4. Place a virtual cursor on the marks and record its location

expressed in the virtual enviromment.
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Sct HIMD at the origin of the world
coordinate of the real environment
¥
Read the visual parameters and draw

a cursor in the virtual environment

Mecasure the value of dvir pul marks

of the real environment at this distance
¥

Place a virtual cursor on the marks and record its

location in the virtual environment(13 marks per an cyc)

s the record correct enough?

No
Derive an measurement equation from the record
and get modified visual parameters by solving it

Redraw a cursor in the virtual envirnment
by using modified visual parameters

[ End l

Fig. 5. Process of calibration

5. Conipare recorded locations with
original locatious calculated according to the designed visual
paramcters.Calibration will end if differences between them
are small enough, and the visual paranicters at this time are
used lhereafter as a result of calibration. Otherwise, derive
an 1weasurement equation from the result of measurement
and go ou into the next step. The weasurement equation de-
scribes the relation between the result of measurement and
ervors of the visual parameters. This equation is defined in
section 3.1.4, and solved iu section 3.1.5 to estimate the vi-
sual parameters.

6. Estimate the modified visual parameters from tle measure-
ment equation.

7. Redraw the virtual environment and return to step 4.

3.1.2 Mesuring the displacement of the virtual objects

Details of step 1 through 4 of the process above are described
here. The world coordinate systewr and marks for fitting are
required first in the real environment to measure the shift of
the virtual plane and to consecutively execute the calibration.
Fig.6 shows the outline of the experiment system for this pur-
pose. LEDs as the marks of the real cuviromment are put on the
pannel. The axis Z of the coordinate system runs through its
center and is perpendicular to it. The axis Y is a vertical line
directioned upward and the axis X is assigned to constitute a
right-handed system. HMD is set in the coordinate system so
that the midpoint of designed locations of both eyes comes to the

y e e ——
’ -
MD
" H LED - .
| »—Panne]
iu ; J
| 4m Ml
I 1

Fig. 6. Measurcment system for calibration




origin and lines of sight are directed to the iufinity poiut, i.c.,
the unit beiug mm, the designed location of left and right eye is
placed at (32.5, 0.0, 0.0) and (-32.5, 0.0, 0.0), respectively aund
the center of desigued location of the virtual plane for left and
right cye is (32.5, 0.0, 1000.0) and (-32.5, 0.0, 1000.0), respec-
tively. The pauncl, holded by two rails, can move iu the range
0.5m <z < 4m. For convenience, the measurement is performed
at 0.5m, 1m, 2m, and 4m.

The virtual HMD is sct likewise in the virtual cuvironment,
i.e. the location of left and right eye is (32.5, 0.0, 0.0) and (-
32.5, 0.0, 0.0), respectively and the center of the projection plane
for left and right eye is (32.5, 0.0, 100.0) and (-32.5, 0.0, 100.0),
respectively. The mark in the virtual environment is a cross-
shaped cursor, which is movable by a joystick.

As shown in Fig.6, a human operator directly handles a virtual
curso{‘ in the situation equivalent to that hic/she is wearing the
HMD. The effects of two causes of crror itemized in section 1 can

coexist. The latter, llowever, can be elininated by putting the

pannel at d/;,, the distance to the center of realized virtual plane,
because it only result in a parallax between poiuts on the virtual

plane and on the panuel. Reversely, it is possible to place the

pannel at ;, by using this plienowuienon, i.e. when the operator
swings his/her face up and down or left and right and moves
the panuel back and fortl, observing the virtual cursor drawn
on the ceuter of virtual plane, a distance is obtained at which a

movewment parallax between thie virtual cursor and LED on the

4

center of the panncl disappears. Although the valuc of d;, is 1ot

directly the distauce to realized vitrual plane, it is derived from

!
et

Tlhen, putting the paunel at z = d;,, we measurc the shift of
thie virtual plaue ouly due to errors produced iu the manufac-
turing process. Tlic operator moves the virtual cursor so that it
overlaps cach LED, and records its location expressed in the co-
ordinate system of the virtual enviromment. Although the HMD
is originaly a device for a binocular perception of the space, mea-
surement for left and right eye can be done scparetely because
tlic optical system for an eye is independent of the other. It
is also favorable to avoid complex mutual intervention of visual
parameters of both eyes.

If the recorded locatious of the virtual cursor are correct
enough, we can exit from the calibration process according to
thie fowcliart. Otlierwise, we hiave to coutinue the calibration.

3.1.3 Consideration about the result of measurement

Before going ou into step 5 of the calibration process, the pro-
cess to derive the mcasurement equation, let’s take a look at a
relation amoug the locations of supposed virtual plane, realized
virtual plane and the pauuel. It is also necessary to cousider
tlic relation between the result of weasurenient and the shift of
realized virtual plane from the designed location. The world coor-
dinate systemn (O —2'y'z’) cognizable through HMD coexists with
a world coordinate system of the real enviromment (O — zyz) in
the oxperiment systemn, but the axis 2z’ is still toward the cen-
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Fig. 7. Information obtained by thie measurement

ter of tle realized virtual plane “B” (expressed as a thick dotted
line in fig.7) because, as shown in Fig.7, its location is different
from that of suppossed virtual plane “A” (expressed as a thick
solid line in Fig.7) and the difference is not reflected on the visual
parmeters at tlis stage of calibration. The value of d;,. in Fig.7,
the distauce to the center of plane “B” (the mark O on “B"), is
already known as the result of step 3, and the pannel is located
at this distance.

Instead of comparing between locations of realized and sup-
posed virtual plane, here we define a plane “A™ on the pannel
and try to calculate the location of “B” rclative to it. “A™ is
a substitute for “A” and the marks of the real environment are
put on it. There is uo difference betwecn locations of projecton
planes based on “A” and “A”™. Both are given by (Top, Left)
and (Bottow, Right) in Fig.7. Heuce, for the purpose to calculte
the location of “B”, whether to use “A” or “A’” does not make
cny differences.

Now, suppose that there is an LED a on “A”™ whose location
expressed in O — zyz is, for example, @real = (Ge) Gy, d\; )T, The
virtual cursor whosc location is cousidered to be equal to a is
drawn at the point b before tle calibration has been done. The
b expressed in the coordinate O — a'y’z’ is equal to a expressed
in O —2yz, i.c., byir = (4, 6y, dog,)7. Nawnely, the location of b
relative to “B” is exactly the sanie as that of a relative to “A™.
The measured location of the cursor, whicli is obtained by putting
the cursor on an LED, is expressed as a',. = (a;,a;,d;ir)T
0 —a'y'z.

If we kuow the map F which maps @peq 0nt0 breq, we can
calcutate the location of “B” by operating F on “A™. As the
value of @req is already kiowi, we need the value of byeq. But

in

it is not measurcable. Heuce, we Liave to express F by known
values, @req and by, and measured value a’m-r.

3.1.4 Relation between displacement of the virtual
plane and visual parameters

As mentioned in the previous sectiou, the location of the pro-

jection plane is based ou the location of the virtual plane. A



rectangle defined by (Top, Left) aud (Botton, Right) in Fig.8 rep-
resents the location of the projection plane based on “A”™ which
we defined in Fig.7. These are obtained by reduceing “4’ in the
direction of p Ly I/d);,. The vector p indicates the linc of sight
amoug the visual parameters. Its starting point nmeans the view
point and termninal is the center of “A™, and its length |[|p|| is
d’;.. On the other hand, the realized virtual plane “B" is located
differntly from “A™. The projection plane based on “B” is given
by (Top, Left) and (Bottom, Right). The vector p' also indicates
the line of sight aud is perpendicular to “B”. Its startiug point is
also a view point, but its terminal is not necessarily the center of
“B”. The values of (Top, Left) and (Bottom, Right) are obtained
by reducing “B” in the direction of p’ by I/||p'|], but ||p']] is not
necessarily d. ..
The calibration method which we propose here uses following
eight paramcters to define a map from “A4”™ to “B™:
o change of the direction of the viewing vector p— p/
(described by ZY X euler angles, «, 3,7)
e shift of the ceuter of the projection plane from the viewing
vector (dg, dy) and chiange of length of the viewing vector(d.)
e change of the shape of the virtual planes
(horizontal magnification a, vertical imagnification b)
and calculate the location of “B”. Tlien, we calculate the values of
(Top, Left) and (Bottom, Right) by reducing “B” in the direcion
of p’ by I/[IP']]-
A matrix R:

cacf casfisy — sacy casfey + sasy 0
R= sasf  sasfsy+ cacy sasfey—casy 0
| —sf cfsy cfecy 0
0 0 1
(s = sinq, ca = cos ¢ ete.) (2)

describes the change of the viewing vector and the other param-

cters are collectively represented as a matrix A:

a 0 0 d;

0 b6 0 d

001 di |- @)
0 00 1

With tlese matrices, a relation between @,eq and breq and the

value of ||p'|| are described as

A=

breal RAacq (4)

'l = duy = do, (5)
respectively. Inverse transformation of (4):

reat = AT R brea (6)
is equivalent to

Qyir = AT R by (7)
This is because that the mapping of @ onto b is not affected

Jod ]

by whether it is expressed in O — zyz or O — 2'y’2’. Because

2 component of a;. is always d);,., we can express the relation

between a,;, and a,; as
d .
7 uts I O
Ayir = ( 10’"6' z 1 > Qyir, (8)

(I : 3-dimeunsion unit matrix)
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wlhere [ayi.], is z compouent of au;. With these results, the
relation between the known value byir and observed value al;, is
described as

d .

a:.u'r = < [a"B'llI (:3 >A—1R_1bvir- (9)

Considering that tlie left hand of (9) is a function of the pa-
rameter vector z= (a,b, o, 4,7, dz, dy), we have
a, = h(z,byi)

vir (10)

dyi a,cuc/3+aysasﬂ—d:“.r.9/3—d,}
a-{a,(cnsﬂc7+sas7)+ay(sasﬁc7~ca.97)+dc“-rcﬁc‘y—d, }

d;. {a, (casﬂs'y—sac7)+ay(.msﬂ.97+cac7)+dgl-rcﬂs'y—dv}

b~{a,(cas/3c7+sas7)+ay(.m.9/3c7—cas7)+d:”.rcﬂc‘y—d, }
'

vir

Then we can calculate = by solving (10).

3.1.5 Estimation using modified Marquardt method

It is desirable to modify the visual parameters so that al;,s are
mapped onto by;rs with a minimum RMS error. Among such
methods, the least square method, a numerical solution which
minimizes an error sum of squares with weiglt

§= (a’m‘r - h(!E, bvir))TE—l(a/vir - h(msbvir))
L 01'21 i=7
(={% 7))

is generally well known. A nonlinear least square method is re-
quired to calculate = in our calibration method because h(x, byir)

(11)

is obviously a noulinear model as (10) indicates. The modified
Marquardt’s method is selected here.

Gauss-Newton metliod, the fundammental nonlinear least square
method, modifies = repeatedly by

h ) = 2% 4 Ag, (12)
where Az is a modifier vector which is calculated as
(HTs 'H)paz = H o . (13)

The equation (13) is called a normal equation and is derived from
derived from the measurcment equation

v = a’vir - h((l)‘ bvir) (14)
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Fig. 9. Effect of differcnces between actual and designed location
of user’s cye

and Jacobian matrix
0]1,1’

=

0.’1,‘_,'

On the other hand, adding a diagonal wmatrix A to (13), the
modified Marquardt’s inethod employs

(HTS™'H + alaz = HTS v (16)

(15)

to calculate Az. The estimation starts with A = 0, and the de-
gree of nonlinearity is cliecked at every repetition. The A increases
when it is large and decreases wlien it is siall, whicli nakes con-
vergence of Az wore stable and rapid, and the wlole calculation
cnds with the final value of A being 0.

Tlhus, z is estimated and visual parameters are recalculated
based on it. Then we can eliminate tlie systematic crrors caused
in the manifacturing process.

3.2 Calibration of differences between actual and de-
signed location of user’s eye on STHMD

3.2.1 Measurement of the effect of differences between
actual and designed location of user’s eye

As the result of the calibration above, points drawn in the
virtual environmeut overlap real points tlirouglh the whole space
wlien user’s eyes arc correctly located as desiged. It is, owever,
not always the case, because the interocular distance of user and
the shape of his/her face vary from one to another.

Errors due to a parallax appear between points in the real
and virtual environment when actual location of user’s cye differs
from the designed value, because HMD projects all points on the
virtual plane located at distance d,i» regardless of thicr actual
distauces. Fig. 9 illustrates the effect of differences Letween ac-
tual and desigued location of user’s eye. A poiut ¢ drawi in the
virtual environment is projected onto the virtual planes for right
and left eyes according to the designed locatious of botl eyes as
a; and a, indicate. When the right eye, for exanple, is not lo-
cated as designed and it is ot reflected on the visual parameters,
a human operator feels that the point is drawn at o” instead of a.
If the visual paremeters are sct according to tlie actual location

Point where the cursor is to be
drawn when the eye is locatede EMD
as designed d Actual
leg il view point
(one eye)
d x.d y
N
Virtual ol Designed view poir?\
1rtual plane {one eye) Values to be
measured

Fig. 10. HMD setup for calibration of cyc's displacement

Switch into the calibration program
from the application

Place a virtual cursor on marks on the plate P and record
its location in the virtual environment (5 marks per an cye)
Y

Derive strait lines 11 7 15 from the records

Get the actual view point as the point where a sum of
distances Lo these lines becomes smallest

Modily the viewpoint in visual parameters
and return (o the application

Fig. 11. Process of calibration eye’s displacement

of the right eye, the image of point @ is supposed to be a}.. So,
we have to measure the actual locations of user’s eyes and modify
tlie visual parameters according to the result.

We can not use as saine method as mentioned in section 3.1,
in which thie HMD is fixed at the origin of O — zyz, because the
calibration of this error should be doue as a initializing process
every time wlien a uscr starts using HMD. Besides, it is conve-
nient that marks for the calibration are fiexed at HMD because a
difference between the actual and desigued location of eye means
a locational relation between user’s eye and HMD. This is why
we put a removable plate 2 on HMD as shown in Fig.2 and made
it a basis on which the desigued location of user’s eyes etc. is
defined

The oviginal cause for errors duc to a parallax is user’s indi-
vidual paramecters mentioned above, but considering that it even-
tually appears as a shift of each eyc from tlie designed location
gives us a clearcr idea. Heuce, similar to the situation in section
3.1, we can discuss the calibration for an eye independently to
thiat of the other. It is doue through a following simple process.
Fig.11 shows its flowchart.

1. Switch into the calibration process from the application.

2. Place a virtual cursor ou marks on the plate P and record its
location expressed in the virtual environment (Fig.10). Five
marks arc prepared for eacl eye.

3. Derive staraight lines {; ~ Is from the recorded values and
tlie marks on P (Fig.10).

4. Calculate user’s actual view point (d,, dy, d.) as a point from
which the suin of distances to staright lines {; ~ 5 becomes
smallest.

5. Modify the view point among the visual parameters and re-
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Fig. 12. Measured location of cursor at dvir before calibration

turn to the application.

3.2.2 Calculate the actual locations of user’s eyes

Measured locatiou of the virtual cursor being a; = (a9, o}, dyi)
and the correspouding mark on the plate P beiug p; = (%, p!,9?),
a straight line [; is expressed as

z
Ll y ) = (ai—pit+p;
z
= (L? —p? i+ pﬁ« . (17
i )

Altliougli a; is a vector expressed in O —a'y'2" and p; is expressed
in O — ayz, they can be directly used to calculate [; as if they
arc expressed In tlie same coordinate system because O — 2'y'2
has precisely overlapped O — 2yz as the result of the calibration
described in section 3.1. The swn of distances from the point

d= (d.,dy, d:) to each straight line is

_ > |d - pil*lai — pif* — {(d=p;) (a;i - pi)}Q
b= ; fai — p;|?

and the actual location of user’s eye is calculated as d which
Y

(18)

winimize L. We can calculate the value of d by a linear least
square mcthod, becuse (18) a linear model.

Tlus, the visual parameters are modified based on d aud, as
tlie result, the STHMD can superimposes the virtual environment,
precisely on thie real enviromuent, wherever the realized virtual
planes are located and wherever user’s eyes are.

4 Experiment

In this section, we apply the proposed calibration method to
tlie STHMD whicli we have made and shiow its effectiveness.

4.1 Elimination of systematic error caused in the manu-
facturing process

The STHMD being set at the origin of the world coordinate

systewr of the real enviromment, we weasured the value of d;,
!

according to step 3 of Fig.5. It turued out that dl,. was cqual

to 870mm. Then we put the pannel at z = 870 to eliminate

thic effect of locations of observer’s eyes at tlis stage of calibra-
Y g

l

tion aud, the values of ai,,. locations of the virtual cursor which
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Fig. 13. Mcasured location of cursor at d,; after calibration
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Fig. 14. Distribution of error at each point

overlaps LEDs on the panuel, were measured.

Fig. 12 show tle result of measurenient. The horizontal and
the vertical axis of Fig.12 represent the valuc of 2 and y on the
pannel, respectively. Altliough the measurement was done with
the pannel beiug at z = 870mm, these values were converted as
if it was located at z = 1m.

Because the HMD was sct at the same location both in the real
and the virtual enviromment, the virtual cursor was supossed to

correctly overlaps marks “4” which indicates locations of by,

!

nanely, it should have been that a',. =b,ir =aea, if there was

no difference between realized and designed location of the virtual

planes. Its actually measured locatious of al,;, for both eyes were,
however, sucli as shown in Fig.12, exposiug the shift of the vir-
tual planes due to errors produced in the manufacturing process.

Heuce, we had to go ou to derive the measurcinent equation
al;. = h(x,by) (19)

vir
to estimate the shift of realized virtual plaue.

Table 2 sunmarizes how the visual paramcters were calibrated
tlirough the process wentioned above. As the result of using the
modified parancters, errors expressed in Fig.12 were rduced as
shown in Fig.13. Fig.14 shows the distribution of error at cach
RMS errors
for left and right eye were 1.5mm and 0.7mm, respectively.

point “+” in Fig.13, a differcuce of by, from al;.

There is an error of around 1 ~ 2mmn i the location of drawn
virtual cursor due to a low resolution of LCD. Besides, it must be
cousidered that the experiment systemn also contain about several
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Table 2. Visual parameters obtained by calibration

Designed value Actual value
Lelt eye Right eye .
i () 1000 854 869 '
Line of sight{mm) (0,0,1000) (13.4,4.29,870) | (-10.7,5.72,370)
Location of projection
plane at z = 0.1m (-36.0,-27.2) (-38.6,-26.3) (-32.9,-27.0)
(Right,Bottom)(mm)
Location of projection
plane at z = 0.1m (36.0,27.0) (28.4,20.7) (34.3,20.2)
(Left,Top) (mm)
millimeters of error because this large system is handmade, which 0.006 !
directly becomes an error of the location of LED. The result of 0006 Oom’ o
oo ] . s 004 boverrenereers e i -
calibration is satisfactory under such a condition. ° oo e
4.2 Elimination of errors due to the location of user’s g 0.002 o Bt +
eye '<:v: B - o]
’ i e o
As the result of the calibration above, points drawn in the vir- Z oo * N
tual environment should have overlapped real points through the
whole space when user’s eyes were correctly located as desiged. -0.004
But we could not get such a good result because locations of ob- 0,006 ; ;
server’'s eyes were different from those designed. Fig. 15 clearly T0006 0004 0002 0 0.002  -0004  -0.006

shows the effect of a parallax. A group of the result of measure-
ment at 2 = 0.9mm has a tendency to shift to the left, whereas
the other groups which consist of the results of measurement at
z = 1m,2m, and 4m have the opposite tendencies, which corre-
sponds whether z is less than dl;. or not. Moreover, it is clearly
observed that the tendency to shift to the right grows greater as
the difference between the values of z and d;. becomes greater.
So, we also calibreted the effect according to Fig.11. The result
of estimation of d which produces errors expressed in Fig.15 was
(dz, dy,d;) = (=0.4mm, —0.7mm, —23.5mm), and errors were re-
duced as shown in Fig.16 by recalculating the view point among
the visual parameters based on the estimated value of d. Table
3 shows the result of comparison of RM S errors between before
and after the calibration. It was also satisfactory under the ex-

perimental condition.

5 Conclusion

Matching of location and size between objects in the real en-
viroment and in the virtual enviroment is a crucial matter when
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“05m" o
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Fig. 15. Error caused by displacement of the eye(Right eye)

Horizontal (M) ’
Fig. 16. Result of calibration of eye’s displacement

Table 3. Comparison of RM S error

0.5m [ Im 7] 2m [ 4m
Before calibration(mm) | 42 | 1.5 [ 2.4 | 3.6
After calibration(mm) | 2.1 | 0.9 | 1.3 | 1.7

tring to put STHMD into a practical use. In this paper, we have
proposed a calibration method in which a precise correspondence
between points in the real environment and superimposed virtual
cursor are taken care. Namely, we devided the causes of errors
between them into
e Systematic errors of visual parameters caused in manufac-
turing process
o Differences between actual and designed location of user’s
eye on STHMD .
and proposed methods to calibrate them independently, and
demonstrated thier effectiveness by executing them with our pro-
totype.
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