Optical expanders with applications

in optical computing

John H. Reif and Akitoshi Yoshida

An optical system called the optical expander is described and investigated. The optical expander
electro-optically expands an optical Boolean pattern encoded in d bits into an optical pattern of size N
bits. It is assumed that d is equal to ¢ logz N for some constant ¢, and each expanded pattern is
orthogonal to the others. Two different architectures to implement the optical expander are described:
one uses an optical matrix-vector multiplier and an array of N threshold devices; the other uses logs N
novel reflection~transmission switching cells. These architectures are analyzed in terms of size, energy
requirement, and speed. The optical expander described utilizes high-speed and high-space—bandwidth-
product connections that are provided by optical beams in three dimensions. Potential applications,
holographic memory, and message routing systems are also discussed.
Key words: Optical computing, electro-optical interconnections, holographic memory.

1. Introduction

A. Potential of Optical Computing

Optical computing has recently become an active
research field.!* Optics has been used for image
processing and long-distance communications as well
as for local-area networks. Recently, much atten-
tion has been given to the incorporation of optics into
very-large-scale-integrated (VLSI) electrical circuits.
The possibilities of this approach are contrasted with
the limitations of current VLSI technology.? VLSI
technology is not suitable for interconnection-inten-
sive circuits owing to its two dimensionality, input—
output-port (I/0) constraints, and electrical proper-
ties such as resistance, capacitance, and inductance.
In contrast, optics can utilize free-space intercon-
nects as well as guided-wave technology, neither of
which has the above problems. Many researchers
have been investigating suitable optical logic devices,
interconnection schemes, and architectures. Fur-
thermore, optics may provide drastically new architec-
tures to overcome some architectural problems of
conventional electrical computers.$

Several theoretical studies have been made to
investigate the advantages of free-space optical inter-
connects.”® The studies indicate that optical inter-
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connects have an advantage over their electrical
counterparts in terms of area (volume), speed, and
power consumption for high-speed communications,
except for the shortest distances within chips.

From the theoretical computational point of view,
for a given problem there is a lower bound on the
circuit area and its computational time. One such
lower bound in the VLSI model, called AT? bounds,
states that AT2 = )(I2), where A is the circuit area, T
is the time used by the circuit, and I is the informa-
tion content of the problem.’ In athree-dimensional
electro-optical model called VLSIO,!? the similar lower
bound can be expressed as VT'3/2 = (I3/2), This
implies that as the information content becomes
larger, the VLSI circuit requires a larger and larger
area to solve the problem in a fixed amount of time.
Using optical interconnection as in the VLSIO model
overcomes this interconnection problem by utilizing
space in a volume,

In general, replacing electrical devices and intercon-
nects with their optical functional equivalents does
not produce good results. We must find a particular
area in which optics can be advantageous over elec-
tronics. One such area is in holographic memory.
Holographic memory may be advantageous over the
conventional random-access memory in terms of stor-
age capacity, nonvolatility, and parallel readout capa-
bility. Another area is in high-speed dynamic inter-
connection network systems. Optics is free from
various drawbacks found in the two-dimensional
(2-D) electrical wiring and thus can provide an inter-
connection network between a large number of source
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and destination units. However, in spite of this
potential, practical implementation has been limited
by the lack of an interface that can address or select
an element from among a large number of elements
by using a small number of control bits.

B. Description of Optical Expanders

The optical expander takes as an input a Boolean
pattern of size d = ¢ logy N bits, where ¢ is a constant
satisfying 1 < ¢ < 2, and expands it to a Boolean
pattern of size N bits. Each expanded Boolean pat-
tern must be orthogonal to the others. More pre-
cisely, the input to the optical expander is one of N
Boolean vectors py, py, ..., pn_1, each of length d.
We call these vectors the input patterns. Each input
pattern is optically encoded by using d pixels, each
pixel being ON (denoted by 1) or OFF (denoted by 0).
We require each input pattern to have exactly d /2
pixels ON, keeping the total power of each pattern
equal. From given input pattern p;, the optical
expander produces a spatial output pattern r; that has
exactly one ON pixel at the ith position.

If instead we use an input pattern with more than
d /2 pixels ON, the output pattern may have several
ON pixels. This output can be used for broadcasting
messages in an interconnection network or for read-
ing multiple images simultaneously from a holo-
graphic memory system.

C. Disadvantage of Conventional Implementation

A line decoder can select an element from among N
elements with an input control of log; N bits. A
typical VLSI implementation of a large line decoder
suffers from two problems. Oneis dueto the topolog-
ical properties of a VLSI chip. In VLSI, all wires
must run on a 2-D plane with a constant number of
layers. As N becomes large, even though the logic
gates occupy a small area, the interconnections and
the I/0 occupy a large area, which results in a serious
area-utilization problem. The other problem is due
to the small fan-in and fan-out of electrical devices.
A typical implementation requires a tree structure of
logic gates in log, N stages. Furthermore, the I /0
constraints may force the chip to transmit N bitsin a
bit-sequential manner.

Analog beam deflectors based on the acousto-optic
effect have several drawbacks. First, they are bulky
and require high drive power. Second, they are
limited by the capacity-speed product. Our optical
expander provides an advantage over these previous
approaches by utilizing free space; flexibility and
accuracy are provided by digital operations.

D. Outiine of Study

In Section 2 we describe applications of our optical
expanders. In Section 3 we describe and analyze two
different optical expanders: one uses a matrix-
vector multiplier and an array of threshold devices,
and the other uses log, N identical switches. Final-
ly, Section 4 concludes our study.
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2. Applications of Optical Expanders

A. Holographic Memory Storage

Systems that require N distinct entry beams to an
N-superimposed hologram may use the optical ex-
pander. Holograms can be used to implement ran-
dom-access memory systems.!-13 The basic idea of
holographic memory storage is to arrange data in
blocks and to store them in holograms. A large block
of memory can be retrieved at one time simply by
illuminating the holograms with the memory’s recon-
struction beam. This type of memory is particularly
suited for read-only applications, since the holograms
can be fixed. However, dynamically modifiable holo-
grams such as photorefractive materials may be
useful for active holographic memory systems. Re-
search in the 1970’s promised the advantages of
holographic memory over other types of memory in
terms of bit-to-volume ratio, size, and throughput.
However, the lack of appropriate recording materials
and fast addressing methods kept the progress of
holographic memory behind that of conventional
bipolar or metal-oxide-semiconductor-based memory,
Recently, advances in both recording materials and
microlasers have permitted holographic memory to
be efficiently implemented. 415

In a typical holographic memory system the data
are organized in blocks. N blocks are stored either
in a single multiple-exposure volume hologram orin
an array of JN x N holograms. For either case, N
distinct beams are necessary to retrieve N blocks.
Our optical expanders can produce these distinct
beams from a small number of inputs.

B. Message Routing

Systems that require N distinct entry beams to an
array of N devices also may use the optical expander.
Message routing is a task in which messages are
moved among various processing units. We assume
that there are N processors and N messages; each
processor has a distinct message with a distinct
destination address. Simultaneously, each message
is routed from its source processor to its destination
processor.,

The full advantage of parallelism is realized only if
each processing unit has a direct communication path
to every other processing unit. In such a case each
processing unit can process its data without having
serious communication delays, thus resulting in high
overall throughput rates. Otherwise, the communi-
cation cycle may far exceed the processing cycle, and
this will cause a serious bottleneck in the overall
system speed.

The highest level of interconnection is a crossbar
network that uses N2 interconnects to connect N
source units and N destination units. The number
of electrical interconnection wires required by each
processing unit to communicate with the other pro-
cessing units on- and off-board limits the feasible size
of the network. To overcome the problem, research-
ers have proposed optical crossbar networks,!6-18
An N x N spatial light modulator (SLM) is typically



used to connect N source processors to N destination
processors. Fach source processor uses a column of
the SLM to address one of N destination processors.
The advantage of this optical crossbar is that once all
the entries of the SLM are set, the message can be
transmitted at a high rate. However, there are two
drawbacks. First, at most, 1/N of the power inci-
dent upon the SLM reaches the detector. Second, it
takes a long time to electrically set an N X N SLM.

For faster switching and higher efficiency a net-
work that uses fixed multiple-exposure holograms
has been proposed.!?® Unlike the matrix—vector-
multiplier-based optical crossbar networks, this holo-
graphic interconnection network uses fixed holo-
grams to steer spatially encoded light beams that are
transmitted from the source units toward the destina-
tionunits. Inthis scheme each address is encoded as
a nonorthogonal pattern of size V2N bits. The sys-
tem cross talk is distributed among different detec-
tors by increasing the dimensionality of the detector
plane. To further reduce the cross talk, one must
employ N orthogonal patterns to address the holo-
grams. Our optical expanders can create such N
orthogonal optical patterns.

3. Optical Expanders

Our first approach uses a matrix—vector multiplica-
tion followed by a threshold operation. We call this
- the matrix—vector mutiplier optical expander. First,
we describe two different encoding schemes that can
be used in this model. Our second approach is based
on a novel idea of using only log, N identical switches
to digitally deflect the laser beam. We call this the
digital beam deflector (DBD) optical expander.

A. Matrix-Vector Multiplier Optical Expander

1. Encoding of Input

The first scheme employs ¢ = 2. Each pattern p;
consists of two bit strings: one encodes i in binary
and the other is the complement of the first. If this
is considered too large, we can set d smaller than this
value. To do this, we can recursively enumerate a
set of bit strings with d /2 1’sand 0’'s. We show that
this gives ¢ = 1 for large d. We can analyze
this encoding by using Stirling’s formula x! =
V2mxx* exp(—x) to find the asymptotic value of c:

d

. d 11 2

+ 21982 g
Thus, for a large d, ¢ approaches 1. This encoding
produces alarger N as d increases. For example,d =
14 yields N = 3432 in this encoding, whereas in the
first encoding we have N = 27 = 128,

2. Matrix-Vector Multiplication

The N X d matrix consists of N rows, in which the ith
row represents p;. Let p; be an input to the matrix—
vector multiplier. Then, the result of the multiplica-

tion is an output vector of length N, in which the ith
element of the vector is the inner product of p, and p;:

_ . - _ -
Dy 0
e (pk)T = .
Dr d/2

-pN—l_ B . e » i

Here, (p;)T represents the transposed vector of pat-
tern p;.

The output vector has value d /2 (in relative units)
at the kth position and has a 0 value at the k'th
position, where p;. is the bit-wise complement of p;.
Other elements in the output vector have values
between 0 and d/2. We apply a threshold operation
at a certain intensity level to produce one of the N
orthogonal patterns.

3. Optical Matrix—Vector Multiplier

Optical matrix-vector multipliers have been pro-
posed and experimentally demonstrated. 4?2 Weneed
to multiply a fixed matrix of size N X d with an input
vector of length d. We can arrange this input vector
I, the matrix M, and the output vector O into nearly
square shapes. This means I, M, and O are format-
ted in yd X yd, ydN x JdN, and N x N arrays, re-
spectively. The examples are shown in Fig. 1 with
d=4and N = 6. The matrix plane is divided into d
blocks arranged in a yd X yd array. The ith column
of the matrix is represented by the ith block. Each
block has N elements that represent elements of the
column.

In operation, when the ith source is ON, it creates a
pattern of the ith block through a fixed mask or
grating, which is omitted in the figure. At the
matrix plane, the product of the ith column of M and

Detector array

0 = Lo Mi 1

Matrix M

Vector I
Fig. 1. Matrix-vector multiplication.
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the ith element of I is obtained at the ith block. The
light waves from all the blocks are superimposed at
the detector array, and thus the product is obtained.

4. Threshold Operation

A nonlinearity must be introduced to generate a set of
N orthogonal boolean patterns from a set of N
distinct d-linear independent Boolean patterns. As
we recall, the output vector from the matrix—vector
multiplier has a value d /2 at the kth position and has
value 0 at the 2'th position.

One possibility is to set the threshold value at d /2.
This method works as long as d is small. However,
when d becomes relatively large, it is difficult to
distinguish intensity d/2 from intensity d/2 — 1.
Our solution is to distinguish intensity 0 from inten-
sity 1, since the output vector also has exactly one
position that has intensity 0. Then, the complement
of the output becomes orthogonal. In this approach
we need be concerned not with the physical limit of
the threshold device but rather the sensitivity and the
dynamic range of the device.

5. Overall Architecture and Analysis of
Matrix—Vector Multiplier Optical Expander

The overall architecture is shown in Fig. 2. For
convenience we assumed d = logy N for this analysis.
An array of log, N light sources produces input to the
system. We call them the primary sources, since
they are active sources. Each primary source pro-
duces a block of N secondary sources through mask or
a grating. Each block of the secondary sources is
imaged upon the detector array by its associated lens.
There are log, N blocks, and each block has N second-
arysources. Therearelog, N lenses and N detectors.
Let S, S;, and S, be the transverse dimensions of the
secondary source, the lens, and the detector arrays,
respectively. The spacings between the secondary
sources, the lenses, and the detectors are represented
by s, 51, and sy, respectively. Let l¢, Iy, and L be the

S,
Detector array ¢
N elements .,

7

Lens array .
log, N elements S .
s

Vector

Secondary source array
Nlogy N elements

logy N' elements
Fig.2. Matrix—vector multiplier optical expander.
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distances between the secondary source and the lens
arrays, the lens and the detector arrays, and the
secondary source and the detector arrays.

We now analyze three issues concerning the matrix—
vector multiplier optical expander. The first issue is
due to the aberration of the system. The second
concerns the diffraction limit imposed by the system.
The third concerns the fan-out factor, which depends
on the minimum detectable power of the detectors at
a given operating condition. The theoretical limits
on the scalability of the system can be analyzed by
using several parameters,2!

Aberration Limit. The spherical aberration and
the coma aberration can be eliminated by optimizing
the shape of the lenses. The astigmatic aberration
becomes dominant for off-axis imaging, since it can-
not be eliminated. Let Y} be the displacement of the
source from the optical axis. The displacement of
the image owing to the astigmatic aberration AY; can
be expressed as

AY; = o1 + a)lfgyoz,
f

where v = (3n + 1)/4 depends on the index of refrac-
tion 7 of the lens and « = I,/I, represents the lateral
magnification,22

The relationship between the source spacing and
the detector spacing can be written ass; = as,. The
detector spacing must be set to greater than the
displacement caused by the aberration to avoid cross
talk from neighbors. Thus2AY; <s;. We obtain

2Y02V(1 + a)ss,
T S8

The image of a single block has a transverse dimen-
sion yNas,. The spacing between this image and the
one produced by the same block by its adjacent lenses
is(1 + a)s;. To avoid overlapping, we must have

VNas, < 1+ a)s;.
Combining these two inequalities, we obtain

2Y,20/N(1 + a)?
L2

<1

The maximum displacement of a source from its
optical axis occurs between the source block and its
lens at a corner, and it is obtained by

1 S, S; [a + loga N
Y,,=—-(ss—s,+ ‘ )——’(“———53—)

V2 Viog; N/~ 2\ aylog, N

Thus we have the following condition:

B%Ho + ylogy N)?

o? log2 N

1+ a)2w/N < 1,

where B = S;/L represents the normalized lens size.



Figure 3 displays the maximum B for given c and N.
For a given N, possible values for a and g lie below its
curve.

Diffraction Limit. The finite size of a lens aper-
ture limits the minimum spot size formed by the lens.
This spot size must be smaller than the detector
spacing to avoid cross talk owing to diffraction. This
condition can be written as

2.440,\
L]

< 84y

where s;, [;, and A are the aperture size, the distance
from the lens to the image, and the wavelength,
respectively.

Using the same parameters as before, we obtain

2.4400\yN log N
<
(1+aPp?L ~

Figures 4 and 5 show the minimum B for given o and
N for L = 0.01 m and L = 0.1 m, respectively. In
these figures the region above each curve represents
possible values for « and B. As N increases, L must
increase so that possible values for « and B exist
within the aberration and diffraction limits.

Power Limit. Finally, we consider the power limit.
We ignore some constant factor losses in the system.
A strong practical limit on the maximum N is not
determined by the above analysis on aberration and
diffraction, but by a simple analysis on the power
distribution limit. Let Py be the radiation power
from a single primary source. We assume that this
power is distributed to N secondary sources with
efficiency m, and each secondary source has the
radiation angle 6. The power received at a detector
is

- nPos” .
2wNI(1 — cos 6)

. Using the same parameters as before, we obtain

_ nPB1 + o) )
*~ 2uN log; N(1 — cos 0)

P,

0.12 T
0.1 N =256 <~ -
N =1024 -+
0.08 | N = 4096 88— N
N = 16384 -%—
B 0.06
0.04
0.02
i} s
0.01

Fig. 3. Maximum N determined by aberration. The region
below each curve represents possible values of o« and p.

13—

01F N =256-%— -
N =1024 +

. N = 4096 -&—
0.08 N = 16384

Fig. 4. Maximum N determined by diffraction at L = 0.01
m. The region above each curve represents possible values of «
and B.

The minimum detectable power depends on the re-
quired bit error rate and the bit rate. We assume
that the bit error rate is 10-%7, the primary source
power P, = 2 mW, the efficiency = 0.5, and the
radiation angle 8 = 5°. Using data from Ref, 23, we
assume that the minimum detectable power is —57
dBm at 1 Mbit/s and —30 dBm at 1 Gbit/s. We
calculate the maximum N for a given bit rate in Fig. 6.
For a bit rate of 100 Mbits/s, N can be in the
hundreds. For larger N, more sensitive detectors or
slower bit rates must be used.

B. Digital Beam Deflector Optical Expander

In this architecture we use log; N switching cells to
deflect an input laser beam, Once the switches are
set, data can be transmitted by a pulse-modulated
optical beam at an extremely high rate. A multiple-
stage digital laser beam deflector was previously
developed,? but it had several disadvantages such as
a high drive voltage and a large switch size. Another
approach may be to use a tree structure of N switch-
ing cells in log, N stages. Each switch can be a
conventional electro-optic directional coupler.?®> The
construction of an optical expander with this ap-
proach requires a total of N switches configured in a
complete binary tree structure of depth log; N. The

switch size is kept small for each node. However, it
requires N switches.
0.12 —r—rrrr—rrr—r—rrrrm
0.1} N =256<0— -
N = 1024 4~
0.08 |- N = 4096 88— ]
N = 16384
B 0.06 | -
0.04 4
0.02
0 =, o3 iip
0.01 0.1 1 10 100

Fig.5. SameasFig. 4butwithZ =0.1m.

163



100,000 — T -
10,000
N 3
1000 |
100

10. Seeemdd b 2 222 ) ot a gzl FERETN

1 10 100 1000
Bit rate [megabits/s)

Fig.6. Maximum N determined by power distribution.

Our approach does not suffer the drawbacks of
these previously proposed systems. It uses only
logs N small switches.

We designed a reflection—transmission cell and a
deflector as shown in Figs. 7 and 8. The switches
have reflection and transmission states. Through-
out the stages, the range of the incident angles is kept
constant by keeping the ratio of the aperture size to
the focal length constant. The minimum switch size
associated with each stage increases as the focal
length increases. Assuming that the beamwidth is
significantly larger than the wavelength, we see that
the switch size can be kept much smaller than the
aperture size. At the final stage, the output beam
must exit at an appropriate location.

At each stage the laser beam hits the cell at a
certain angle within a fixed range. The beam is
reflected or transmitted at each switch, depending on
the control signal. Figure 8 shows all possible paths
of the beam. At the ith stage there are 2:-! distinct
incident angles within the range. Currently, our
choice in realizing a reflection—transmission cell is
limited; nevertheless, several approaches are consid-
ered below.

One possibility is to use an optical switch based on
electrochemically generated bubbles.2 The switch-
ing element is a slot filled with a fluid. If there is no
bubble in the slot, the incident light is transmitted.
When a bubble is electrochemically introduced to the
slot, the incident light experiences a total internal
reflection from the slot. This is a novel bistable
optical switch that is both polarization and wave-
length independent. However, the switching speed
is too slow for rapidly switching networks. On the
other hand, if the network is static for a time of the
order of minutes and does not require fast switching,
this may provide an efficient data transfer at a high

OFF (Reflection) ON (Transmission)
Fig. 7. Reflection—transmission cell.
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# Constant range

Fig. 8. DBD optical expander.

bitrate. For such applications, one may use mechan-
ically controlled mirrors.

Another possibility is to use polarization-depen-
dent materials such as a nematic-liquid-crystal
switch.2” The switching speed is limited by that of
the nematic liquid crystal. To achieve a higher
switching speed, we could use an alternative ap-
proach of keeping the nematic-liquid-crystal switch
as a static polarizing beam splitter and using a much
faster ferroelectric liquid-crystal polarization rota-
tor'28,29

It is possible that an alternative material will be
discovered. Then, a significantly simpler and more
efficient beam deflector could be constructed.

C. Overall Architecture and Analysis of Digital Beam
Deflector Optical Expander

In this model the control signal encoded in log, N bits
controls the log; N stages of the cells. The total
length of the system is proportional to N, If the
switches are ideal, it is easy to construct a 2-D version
of the DBD optical expander, shown in Fig. 9. The
maximum N is determined by insertion loss and cross
talk.

A false reflection and transmission introduces loss
and cross talk. The insertion loss and the cross talk
depend on the switching devices. Thus we avoid a
particular analysis here,

We assume that each switch has a correct reflection-
and-transmission rate p. and a false rate 1 — p, and
we ignore other factors. The total loss becomes 1 —
ploz2N - The cross talk does not accumulate through
the stages and is bounded above by (1 ~ )/ .

Top view

Fig.9. 2-D version of DBD optical expander.



4. Conclusion

We have investigated a problem of electro-optically
creating one of the N mutually orthogonal Boolean
patterns from a given input pattern encoded in
¢ log, N bits, where ¢ is a constant no greater than 2.
Two approaches were considered and investigated:
one was based on optical matrix—vector multiplica-
tion followed by a threshold operation; the other was
based on a digital beam deflector. We also discussed
applications of optical expanders and showed the
importance of the design and the development of our
optical expanders.
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High-resolution inset head-mounted display

Jannick P. Rolland, Akitoshi Yoshida, Larry D. Davis, and John H. Reif

A novel approach to inset superimposition in a high-resolution head-mounted display (HMD) is pre-
sented. The approach is innovative in its use of optoelectronie, nonmechanical devices in place of

scanning mechanical devices commonly adopted previously.

A paraxial layout of the overall HMD

system is presented, and the benefit of employing hybrid refractive-diffractive optics for the optical
component that generates the inset is discussed. A potential overall HMD design is finally presented to
show the integrated system. The practical limitations of the designed system are discussed and an
alternative approach is presented to compare the advantages and the limitations of these systems.
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OCIS codes: 090.2820, 220.0220, 050.1380, 230.0250.

1. Introduction

The field of virtual environments (VE’s) and the use
of head-mounted displays (HMD’s) as three-
dimensional (3D) visualization devices have recently
received considerable attention due to the potential
to create unique capabilities for advanced human—
computer interaction.-3 Such advanced interaction
can include interactive control and diagnostic, edu-
cational and training, teleoperation, and entertain-
ment systems.4-2

Conventional HMD’s typically do not utilize the
full potential of VE technology. In particular, they
are often limited in field of view and resolution, which
is critical to the development of various VE applica-
tions. Using a small high-resolution inset and a
large low-resolution background image can minimize
the trade-off of field of view against an effective res-
olution.1® The gaze point of the user, which is de-
termined from eye tracking, controls the position of
the inset dynamically and thus high effective resolu-
tion over a large field is provided. The main advan-
tages of such a dual-display approach are the
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relatively low-cost displays as a substitution for ex-
pensive high-resolution displays, and the reduction
in computation and bandwidth needed to update the
scenes. Although the user can observe dynamie
scenery over a large field at apparent high resolution,
the image updates do not have to occur simulta-
neously at high resolution: the portion of the image
near the gaze point may be updated quickly at high
resolution; other portions of the image may be up-
dated less frequently or at lower resolution to reduce
both the computational load and the transmission
bandwidth.

To match human visual acuity within the inset, the
inset pixel size must subtend approximately 1 arc
min at the eye.!! From the knowledge that the hu-
man retina does not provide uniform visual acuity
across its field of view, the resolution of the HMD
needs to reach 1 arc min only inside the inset and can
be lower over the entire background.2.13 De facto,
human visual acuity degrades significantly as the
distance from the fovea increases; at an angular dis-
tance of 5° from the center of the fovea, it is approx-
imately a quarter of the highest acuity, and at an
angular distance of 15°, it becomes only one seventh
of the highest acuity.1?

Another common shortcoming of conventional
HMD’s is their lack of integrated effective interaction
capabilities combining head and eye tracking. In
fact, the interaction capability is ordinarily limited to
the use of head tracking to measure the position and
the orientation of the user’s head and to generate
scenery from the user’s perspective.l* This capabil-
ity allows the user to navigate through the virtual
world and interact with the virtual objects with es-
sentially 3D manual input devices. However, for sit-
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uations that require response times less than 300 ms
or difficult coordination skills, interaction capability
supported by such manual input devices becomes in-
adequate. For those cases, eye movement could be
used in conjunction with manual input devices to
provide effective interaction methods. Various in-
teraction methods can thus be realized through the
use of hand, body, and eye movements.15-17 Since
the eyes respond to stimulus 144 ms faster than the
hand,18-20 they can be used for fast and effective in-
put, selection, and control methods.

An additional advantage of using eye tracking is
that image rendering can take advantage of the phys-
iological limitation of the eyes. It has been well
known since Reymond Dodge?! in the 1900’s that
when the eyes move, information processing is sup-
pressed. This is known, in the modern literature, as
saccadic suppression.2223 Therefore, although the
gaze point is in rapid motion, the image update does
not have to occur at full resolution and the fine detail
of the scene can be rendered when the gaze point is
basically fixed. With eye tracking, image rendering
can be carried out according to both head and eye
movement. Thus the use of eye tracking is not lim-
ited to finding the gaze point for positioning the inset,
it can also play a fundamental role in providing an-
other unique means of interaction in the VE. Com-
bined with appropriate computer software, a HMD
with eye-tracking capability will become an active
vision HMD that gives the user the feeling of being
immerséd in the virtual environment and provides
effective gaze-point-oriented interaction methods.

A common approach to producing a high-resolution
inset is to employ large high-resolution displays, or
light valves, and transport the high-resolution im-
ages to the eyes by imaging optics coupled to a bundle
of optical fibers.2425 In such an approach, scanning
optics that employ, for example, mirrors as the scan-
ning mechanism are used to position the inset at the
user’s point of gaze. Another more recent approach
to a high-resolution inset uses only one light valve
and renders the image at the gaze point more accu-
rately than the surrounding image. Although sys-
tems employing either approach provide significant
improvements over ordinary displays in terms of im-
age quality, they are seldom put to use because they
are heavy, expensive, and most important, nonport-
able.

We propose a radically different approach to the
positioning of a high-resolution inset that is illus-
trated in Fig. 1.2627 The approach allows the posi-
tioning of the inset without any mechanically moving
parts. Instead, the inset is positioned optically with
a lenslet array subsystem referred to as the duplica-
tor and shown in Fig. 1. We predict that the use of
fixed optoelectronic components allows the whole sys-
tem to be fabricated with fewer alignment errors, to
be immune to mechanical failure, to be more tolerant
to vibrations, and to be portable, which is important.
Such an approach leads to an optoelectronic high-
resolution inset (OHRI) HMD.

In this paper, the optical insertion and superimpo-
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Fig. 1. Schematic diagram of the OHRI HMD.

sition schemes are first presented. The paraxial lay-
out of the OHRI HMD is then given followed by a
discussion of the potential use of binary optics for the
duplicator. Next, a design configuration for the
overall HMD is shown, its performance is demon-
strated, and the integration of a low-cost eye-tracker
system is presented. Finally, practical limitations
of the system are discussed and alternative ap-
proaches to the design are presented to access the
advantages and the limitations of the proposed sys-
tem better.

2. Optical Insertion of the High-Resolution Inset

The basic concept of the OHRI HMD, which is illus-
trated in Figs. 1 and 2(a), is optical duplication of the
inset image into a fixed array of nonoverlapping cop-
ies and selection of one copy by blocking the others.
The selected copy of the inset image is then superim-
posed optically on the background image. When the
original inset image is partitioned and permuted, as
explained in Section 3, it can be positioned at arbi-
trary locations within the background image. The
inset image traces the gaze point, thus the foveated
part of the image is seen at high resolution.

The gaze point is determined with eye-tracking

Background

IDI,j §| InsetDisplay | 5| Inset Display
Partitioned and permuted

{(a) Simple insertion {b) Complex insertion

Fig. 2. Superimposition of the inset display: (a) simple insertion
and (b) complex insertion with subinset resolution.



technology. Several methods that may differ in ac-
curacy can be used to track eye movements and con-
sequently the gaze points. High-quality head-
mounted eye trackers typically produce an accuracy
of 1° visual angle.282® For determining the gaze
point for the sole purpose of superimposing the high-
resolution inset on the background image, the re-
quired accuracy can be somewhat lower. For an
inset subtending 10°, an accuracy of a few degrees
will be sufficient to keep the fovea within the inset.
To implement some of the complex human—computer
interaction methods with the gaze point, the required
accuracy of the eye tracker should essentially match
that of the highest-quality commercial eye trackers.
Once the gaze point is determined, the superposition
of the high-resolution inset over the low-resolution
background is carried out with fixed optical compo-
nents as the imaging devices and liquid-crystal tech-
nology as the selection devices. The eye-tracker
system proposed for the OHRI HMD is described in
Section 8.

Figure 1 shows that two displays are required:
one for the background and the other for the inset.
The image of the inset display is duplicated optically
to fill the entire background display, and a liquid-
crystal device array located close to the duplicated
images is used to select one element of the array.
Only one copy of the inset display image passes
through the liquid-crystal array, and all the other
copies are blocked. The images of the inset display
and the background display are then combined with
a beam splitter. The inset may be simply superim-
posed on the background without blocking its low-
resolution counterpart image behind the inset. In
this case, the inset portion of the image becomes
brighter than the peripheral image. The back-
ground image behind the inset may be dimmed elec-
tronically to control the effective brightness of the
inset. To minimize the boundary effect at the pe-
riphery of the inset, one can soften the boundary of
the inset either electronically at the inset display or
optically with an optical filter inserted in the inset
path. An alternative is to use another liquid-crystal
device in front of the background display to block the
low-resolution counterpart of the inset location. In
this case, boundary effects can then be handled in a
similar way.

The imaging sequence of the inset path can be
described more precisely as follows: emitted light
from the inset display is collimated by an objective
lens. A first lenslet array then divides and focuses
the collimated light to a set of identical images or
duplicates of the inset display. This lenslet array
constitutes the first layer of the duplicator. The
chief rays from the duplicate image points are then
set parallel (i.e., telecentric configuration) to the op-
tical axis by another lenslet array that constitutes the
second layer of the duplicator. This telecentric ar-
rangement constrains the chief rays in eye space to
converge to the location of the entrance pupil of the
eye as described in Section 4 and illustrated in Fig. 3.
An array of liquid-crystal shutters placed at the du-

F:yepiecfl B _ Duplicator Objective
b LB ]
P j 2 e P

Fig. 3. Paraxial layout of the inset optical path, unfolded with
respect to the beam splitter.

plicator passes one of the duplicated images and
blocks the other images. Shutters with switching
speeds of as much as 250 Hz are technically possi-
ble.3¢ The duplicated images are located with re-
spect to the optics so that they are the optical
conjugates of the background display (i.e., they are
located symmetrically to the background display with
respect to the beam splitter). The eye can then see
the combined inset-background image through the
eyepiece. Although Fig. 1 is a schematic of the ob-
jective with a single lens, the duplicator with two
lenslet arrays, and the eyepiece with another single
lens, each subsystem (i.e., the objective, the duplica-
tor, and the eyepiece) is implemented with multiple
optical elements. A possible design configuration
for the overall system is given thereafter.

3. Simple and Complex Insertion Schemes

The superimposition of the inset and the background
is depicted in Figs. 2(a) and 2(b) by a simple and a
more complex insertion scheme, respectively. In
both figures the shaded areas correspond to the back-
ground and the bright areas correspond to the inset.
The character symbols represent contents of the im-
age, and the dashed lines represent the cell boundary
of the duplicated images.

For a simple insertion scheme, the insertion may
be made at discrete nonoverlapping cell locations.
In this case, the liquid-crystal array, which may be
placed anywhere inside the duplicator, blocks all the
duplicated images except for one copy. When the
inset image of I J M N is desired at a particular cell
location, as shown in Figure 2(b), this image can be
directly displayed from the inset display. The du-
plicated images of I J M N fill every cell, and the copy
of this image at that cell location exits the duplicator
to be superimposed on the background.

Interestingly, the system is not limited to discrete
nonoverlapping inset locations. A complex insertion
scheme can be used instead so that the insertion may
be made at continuous locations, up to the pixel res-
olution of the liquid-crystal array. In this case, the
size of the inset must be smaller or equal to the size
of a single duplicated image. The liquid-crystal ar-
ray, which must be now placed near the duplicated
image plane, blocks all the duplicated images except
for some portions of as many as four copies. When
the inset image of F G J K is desired at a particular
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location, as shown in Fig. 2(b), this image may be
partitioned and permuted to K J G F, and the trans-
formed image can be displayed from the inset display.
The duplicated images of K J G F fill every cell, and
the portions of the four adjacent copies at that loca-
tion, which form the image of F G J K, exit the du-
plicator to be superimposed on the background.

Depending on the required resolution of the inset
imposed by the VE application, either of the two
schemes described here can be adopted. In the case
of the complex insertion, the required permutation
can be implemented in hardware. A special purpose
chip would be required, and the speed of superimpo-
sition update could be optimized. Such a chip can be
designed by Evans and Sutherland.3!

4. Paraxial Layout of the Overall Optical System

The overall optical system is folded into two optical
paths: one path is dedicated to the generation of the
inset and the other allows the generation of the low-
resolution background. The two optical paths are
combined through a beam splitter before reaching the
eyes of the user. Figure 3 shows the basic configu-
ration of the optoelectronic system employed for du-
plicating the inset image, unfolded with respect to the
beam splitter. In this figure the rightmost element
is the inset display and the leftmost element is the
eye. A thin-lens paraxial model of this system is
first derived. In this paraxial model, p;, with i =
1...5, represents planes along the optical system
(Fig. 3). More specifically, the eye pupil resides at p,
and the display object resides at p;. Going from
right to left on the figure, the first component is the
objective lens, located at p,, which collimates the
light from the display. The lens of the objective has
a focal length £,.

The second component is a two-layer array of tele-
centric lenses located at p; and p,. We call this
double-layer array of lenses the duplicator. The two
lenslet arrays have focal lengths f; and f,. The first
layer at p; duplicates the display image from the
collimated light and forms an intermediary dupli-
cated image of the object at p,, as also shown in Fig.
4(a). The second lenslet array, which aligns the
principal rays parallel to the optical axis, as shown in
both Figs. 3 and 4(a), is a catalyst for the chief rays to
all pass through the center of the eye pupil. This
array, however, introduces not only an additional
alignment challenge but also a possible visual quality
problem because it must be placed at or very close to
the intermediate image plane and any scratches or
dust on its surfaces significantly degrade the image
quality. Furthermore, the lens boundaries may in-
troduce an annoying blocking effect. An alternative
to positioning the lens at the location of the interme-
diary image plane (i.e., plane p,) is to defocus that
lens slightly. Another alternative is to remove the
lens, as shown in Figure 4(b). In this case, however,
the bundle of rays suffers 50% vignetting at the
edges.

The third component, which is located at p,, is the
eyepiece. In the configuration shown in Fig. 3, the
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Fig. 4. (a) Ideal two-lens duplicator and (b) single-lens duplicator
with vignetting.

intermediary images are located in the focal plane of
the eyepiece lens, therefore, they are collimated in
eye space. Collimation is not required, as long as
the final images are within the range of accommoda-
tion of the user, which is typically from 250 mm to
infinity. The eyepiece uses a lens with focal length
f1, and the eye is placed at p,,.

Let us denote the distance between planes p; and
P;+1 and the diameter of the aperture at p;, /; and q;,
respectively; the number of duplicated images along
the vertical or the horizontal axes, %; the largest
chiefray angle at the eye pupil, ¢,; and the largest
angle of the inset object subtended at the apex of the
objective lens, £,. These parameters play essential
roles in the paraxial model layout. The basic imag-
ing condition just described and modeled in Fig. 8
yields the following paraxial relationships among the
design parameters:

h=l=1, oy
lytan t, = kay/2, @
fe=f=1s (3)
lytant, = ay/2, 4
fi=1ly (5)

I tant, = as/2, (6
ao/as = 1,/1,, )
as; = as, (8)

An implementation of this paraxial layout is pre-
sented.

5. Paraxial Design Implementation

This specific implementation assumes two active-
matrix liquid-crystal displays from Kopin32: a 0.75-
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in. (1 in. = 2.54 cm) inset display and a 1.7-in.
background display. Both displays have 640 x 480
gray-scale pixels. The contrast ratio of the display is
80:1 and each pixel can be addressed in 49 ns, yield-
ing a frame rate of 72 frames/s. We discuss in Sec-
tion 8 how this frame rate relates to requirements on
eye-tracking technology. The system was optimized
for 547 nm (=5 nm). A color filter is used to produce
monochromatic images from the displays. The typ-
ical spectral width is 10 nm for such a filter (e.g.,
standard bandpass filters form Coherent Ealing).
The inset image is magnified (magnification is natu-
rally <1) into one sixteenth of the background image,
as shown in Fig. 5. The size of the inset display is
15.24 X 11.43 mm? and the size of the background
display is 84.54 X 25.91 mm?. The area of the back-
ground display is partitioned into 25 nonoverlapping
cells. The inset display is mapped optically into one
of these cells for superimposition. There are 3 X 3
full-inset cells, 12 half-inset cells at both the horizon-
tal and the vertical edges, and 4 quarter-inset cells at
the corners. The cells at the upper right quadrant
are numbered from 0 to 8. The other quadrants are
symmetrical to this quadrant, and the performance
at one quadrant is fully representative of the entire
system. We investigated the upper right quadrant.

The following parameter values were selected ac-
cording to available display devices and design trade-
offs, and they are summarized in Table 1. We
selected a,, the diameter of the eye pupil, to be 10
mm, as, the diameter of the high-resolution display,
to be 15.24 mm; ka,, the diameter of the array of
duplicated images, to be 34.54 mm; ¢,, the maximum

Table 2. Design Value Parameters (mm)

i a; fi L

0 10.000 — 37.036
1 — 37.036 37.036
2 8.635 31.980 31.980
3 8.635 31.980 —

4 — 56.442 56.442
5 15.240 — —

%Given in millimeters.

chief ray angle at the eyepoint, to be 25°; and %, the
number of duplicated images along the duplicated
array diameter, tobe 4. From these values and Egs.
1-8, the maximum half-field angle of the objective
lens, £, is 7.69°. All parameter values g;, f;, and ;
are determined and are listed in Table 2. These
parameters are used to design each component of the
high-resolution inset system (i.e., the objective lens,
the duplicator, and the eyepiece). As smaller dis-
plays become available on the market, smaller and
more compact systems may be built. In fact, Kopin
has recently manufactured a 0.24-in. display with
320 X 240 pixels that may be used with their 0.75-in.
display to build such a compact system.

6. Design of the Duplicator with Binary Optics

The duplicator arrays can employ either conventional
or binary optics technology. The disadvantage of us-
ing conventional optics for the duplicator lenslet ar-
rays is the high sensitivity to misalignment. An
alternative is to use binary optics where the lenslet
array is fabricated on one substrate. This approach
solves the problem of aligning the individual lenses in
the arrays. A fill factor of 100% is assumed for the
binary optics array because spacing of less than 10
pm can be achieved in binary optics arrays fabrica-
tion. The minimum feature size determined by the
fabrication facility limits the smallest f-number of the
lens to be fabricated. For analytic binarization, the
minimum feature size occurs at the edges of the
lens.3% Starting with the grating equation, the def-
inition of the f-number, and the assumption that the
feature size is small compared with the lens diameter
and the focal length, gives as the minimum feature
size of p

A
p=— V1 + 4(fp?, 9)

where \ is the wavelength, m the number of phase
levels, and f, the f-number of the lens.

Table 1. Basic Design Parameters

Parameters Background Inset
Display size 34.54 mm X 25.91 mm 15.24 mm X 11.43 mm
Pixels resolution 640 X 480 640 X 480
Field of view 50° X 38.55° 13.30° X 10.05° (at center)
Angular resolution 4.69 arc min ~12.5 pixels/deg 1.25 arc min ~48 pixels/deg
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Fig. 6. Duplicator layout with binary optics.

The number of phase levels must be sufficiently
large for the fabricated lens to yield high efficiency.
The f~-number of the duplicator is calculated to be 3.6.
When four levels (m = 4) are assumed, the minimum
feature size p is 1 um for a wavelength of 550 nm.
An element with this feature size can be easily fab-
ricated. In this case, an element with one binary
optics surface can be designed. However, the theo-
retical efficiency of the lens at its edges is limited to
81%.32 Note that potential edge effects for either
binary optical arrays or elements are automatically
accounted for in the computation of the modulation
transfer function (MTF) by the optical design soft-
ware, given that apertures are set correctly.

To have higher efficiency at the expense of an in-
crease in the cost of fabrication, one can adopt more
phase levels. For eight levels, p becomes half a mi-
crometer. The efficiency then increases to 95%.
Note that a feature size of half a micrometer may be
difficult to achieve in some facility, but it is commonly
achieved with state-of-the-art technology. Ifitis the
case, however, the power of this element can be dis-
tributed in more than one surface. When two sur-
faces with 95% efficiency are used, the efficiency of
the element is kept at 90%. The design given in Fig.
6 shows two silica binary optic surfaces located in the
plane p3, and the minimum feature size is set to 1 wm
in this case. Figures 7 and 8 show the rayfan and
the MTF plots of the binary optics duplicator, re-
spectively. The required spatial frequency at the
duplicator is 37 line pairs/mm. (320/8.635 = 37.1
line pairs/mm, where 320 is the largest number of

OBT: ©B.0800 DEG UBT: &.B@B8 DEG
i/\ T/\ :S‘ffTIZX xffsiél'
OBT: 8.002@ DEG
T SI
Maximum scale: 20 um
Fig. 7. Duplicator rayfan.
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Fig. 8. Duplicator MTF.

line pairs in the display (640 X 380), and a, equals
8.635 mm as shown in Table 2.)

An efficiency of less than 100% results in scattered
light in the optical system that causes reduction in the
MTF from its designed nominal value. Frequently, a
90% efficiency yields 10% of scattered light. The ef-
fect on the MTF is an overall decrease of the MTF
curve by a constant amount. In our example, the
value of the decrease in MTF can be estimated when
the value of the MTF at a low frequency of 1 or 2
cycles/mm is multiplied by 10%. Let us consider the
MTF at position 0 on the axis shown in Fig. 11. This
is the lowest plain curve for position zero. At 2 cycles/
mm, the MTF value is 0.975. A 10% decrease corre-
sponds to a reduction of approximately 0.1 in the MTF
that must be subtracted from the values of the MTF
across the spectrum. A plot of the estimated effective
value of the MTF to account for 10% scatter is shown
in Fig. 11 as the lowest dash curve. The effect of
scatter for a HMD is minimal, and our experience with
designing and building such systems has revealed that
it is negligible. This would not be the case of night-
vision HMD’s in which light is scarce and scatter can
significantly degrade the performance of such systems.

When considering Fig. 6, note that the duplicator
solution presented in Fig. 4(b) was selected over that
presented in Fig. 4(a). The vignetting occurring at
the duplicator was discussed in Section 4. We
adopted this configuration, as it is the simplest con-
figuration of the two. Moreover, it contributes to
minimizing potential alignment problems that might
occur when a lenslet array in the plane p, and a
binary lenslet array (or a pair of them as discussed
above) in the plane p; are simultaneously used. In
the implementation presented here, a single binary
optics element was adopted for the duplicator to dem-
onstrate the entire design in its simplest form at the
expense of vignetting. With increase in cost, an ad-
ditional lenslet array may be added in the plane p,, to
reduce vignetting if maximizing light output is an
important design criterion.

One of the potential downfalls of using binary op-
tics in any optical system is the degradation of image
quality, which is a result of incorrectly handling sub-
stantial chromatic aberrations. Because binary op-
tics has the opposite chromatic aberrations as
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Fig. 9. Possible design and geometric configuration of the OHRI HMD.

refractive optics, it is most commonly used in combi-
nation with conventional optics for imaging systems.
Moreover, imaging power may be distributed among
diffractive and refractive elements to balance aber-
rations; although this is possible, it is not usually
done. In a first effort to demonstrate the conceptual
design of this new approach to inset displays, we
assume monochromatic light and employ only diffrac-
tive elements at the duplicator for simplicity. For
multispectrum light, some refractive elements might
be required in the duplicator design, and variations
in diffraction efficiencies over the spectrum will need
to be accounted for in the design and the performance
assessment. A complete assessment of the use of
diffractive elements for a color display is beyond the
scope of this paper.

7. Design and Overall Performance of the
Optoelectronic High-Resolution Inset Head-Mounted
Display

A design configuration of the entire system is shown
in Fig. 9. The system is folded at several places to
keep the center of gravity low and close to the head.
Figures 10 and 11 show the performance of the entire
system at several duplicator positions, indexed from
0 to 8 according to Fig. 5. These figures show that
the system is capable of resolving spatial frequencies
above the required level of 21 line pair/mm (320/
15.240 = 21.0 line pair/mm, where 320 is the largest
number of line pairs in the display (640 X 380), and
a5 equals 15.240 mm as shown in Table 2) (MTF >
20%) except at the largest field angle (MTF > 10%).
Although the system demonstrated here was ob-
tained after optimization of each optical component
(i.e., objective, duplicator, and eyepiece) indepen-
dently, the performance of the system may be im-
proved by optimizing all components simultaneously.

8. Proposed Eye-Tracker System for the
Optoelectronic High-Resolution Inset Head-Mounted
Display

The OHRI HMD system requires that the relative
orientation of the eyes be known. Therefore an un-
derstanding of eye movement might appear critical.

Although the primary eye movements are saccadic,
smooth-pursuit, and vergence and the fastest mo-
tions are that of saccades (initiated approximately
200 ms after the target object leaves the fovea34 at
speeds of as much as 900 deg/s), the parameter of
interest for an inset HMD is the duration of a fixation
for which the inset will be positioned. The speed of
smooth-pursuit moverments is typically slower, reach-
ing 100 deg/s.3¢ Other types of eye movements, in-
cluding the vestibular-ocular reflex, optokinetic
response, and nystagmus combine aspects of the sac-
cadic and the smooth-pursuit movements.

It is widely accepted in the vision literature that it
takes typically 100 ms to process new visual infor-
mation (numbers from 80 to 150 ms are argued
among visual scientists). As a result, a fixation is
typically defined as a 100-ms pause in eye move-
ment.35 It is known that microsaccades of average
amplitude 30 arc min do occur during fixation, but
unless the deviation is greater than 2.5°, we shall
consider that it is one single fixation for our applica-
tion. For high-resolution inset HMD’s, the time re-
quired for a fixation to occur (i.e., 100 ms) or, more
conservatively, the time required for the average
number of fixations per second (i.e., 4 fixations/s)
determines the required bandwidth of the eye
tracker. Therefore a 10-Hz bandwidth is required
based on the time of a fixation, or a 4-Hz bandwidth
is required based on the average number of fixations
per second. With a display device updating infor-
mation at 72 frames/s, we shall be limited in most
tracking schemes by the tracking device and not by
the display frame rate. Note, however, that current
frame rates of tracking devices are largely sufficient
to monitor changes in fixations. Furthermore, the
range of saccadic and smooth-pursuit eye movements
without head motion is 1-30° relative to the current
eye position,?® requiring our eye tracker to measure
as high as 30° displacements accurately.

As a result of these observations, an eye tracker
based on the principle of electro-oculography (EOG)
satisfies our requirements. EOG is a method of re-
cording voltage changes due to eye rotation.’® Inthe
eye, a potential difference of as much as 1.0 mV exists
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between the cornea and the retina, with the cornea
being positive with respect to the retina.?® When
the eye moves, this corneo-retinal potential (CRP)
causes a change in potential in the area immediately
surrounding the eye. By measuring this change in
potential at certain locations around the eye, one can
determine eye position indirectly. With proper elec-
trode placement, which is detailed hereafter, a track-
ing accuracy of *1 degrees is achievable,!® with a
range of =70°2° In addition, a frequency response
of as much as 15 Hz is achievable with EOG. (Note
that infrared eye trackers, with rates from 60 to 240
Hz, can also be implemented.?s) Finally, the record-
ing electronics used for EOG can be miniaturized to
decrease overall weight and system size.

The design of the eye tracker involves minimizing
electrical interference while providing adequate out-
put response. Electromuscular signals, galvanic
skin response (GSR), and electroencephalography
(EEQG) signals can cause interference when measur-
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Fig. 10. (a) Entire system rayfan at several inset positions.

ing the CRP.3¢ To lessen the effects of electromus-
cular signals (caused by facial movements), Ag—AgCl
electrodes are placed as close to the orbital bone
boundary as possible. Placing the electrodes close to
the eye also increases the amplitude of the CRP sig-
nal. However, the CRP is still small and amplifica-
tion of the signal is necessary. Additionally, the
presence of EEG signals at the electrodes prevents
linear amplification. To minimize EEG interfer-
ence, a differential amplifier configuration with a
high common-mode rejection ratio is used.2¢ Re-
moving oils from the perspective electrode location
can minimize GSR. Still, measuring the CRP from
the same locations each time better reduces the ef-
fects of GSR by providing a repeatable resistance.
Because the CRP may change as a factor of lighting
and metabolic rate, a quick calibration must be per-
formed for each use of the system.

EOG eye-tracking technology is attractive for the
OHRI HMD because it is positioned around the eyes
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and therefore is nonobtrusive. In addition, it re-
quires no exhaustive user preparation and can be
integrated easily with our prototype. Finally, the
wide availability of the electronics required, the ca-
pability of miniaturization, and the low cost of such
devices suggest that the use of EOG in HMD’s will
become commonplace.

9. Practical Limitations

Although the proposed approach may achieve our
goal as a prototype, it has several practical limita-
tions. These issues are first discussed and alterna-
tive approaches as well as their respective
advantages and limitations are described.

One of the difficulties is to keep the duplicated im-
ages free of both distortion and field curvature. When
there is distortion, the gaps between the duplicated
images become highly visible and it becomes impossi-

MODULUS OF THE OTF

-

e S A

o]
S

MODULUS OF THE OTF

" Position 2

—_

) 20,00
SPATIAL FREQUENCY IN CYCLES PER MILLIMETER

TS 6,58, 19.58 DG
15 -6.58. 19.50 DEG
i

~

§8 = N L 0> N D O ®

: Position 4

2

. "
-] 20,20 -
SPATIAL FREQUENCY IN CYCLES PER MILLIMETER

Fig. 11. Typical MTF performance of the entire system.

ble to form an inset image with four neighboring du-
plicate images as described earlier. The visual
quality is unevenly degraded by field curvature as
well. Furthermore, the alignment issue also becomes
critical for the objective and the duplicator systems
that must generate duplicated images from a single
insetimage. Finally, once constructed, the entire sys-
tem must be packaged in a light and rigid helmet
system to guarantee the portability and the durability
of thesystem. Diffraction efficiency at the duplicator,
as discussed in Section 6, and reflection at multiple
surfaces decrease the MTF ratios. We estimate that
decreases of less than 15% overall can be achieved with
current technologies. Antireflection coatings can be
effectively used to reduce reflection at lens surfaces, for
example, and more levels in diffractive optical ele-
ments can be utilized to yield higher efficiencies at the
expense of increase in fabrication cost.
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Recent advances in producing miniature active ma-
trix displays and their prospected wide use in various
fields seems to indicate that using multiple displays,
instead of optically duplicated ones, may be advan-
tageous. This approach eliminates the alignment
problem and decreases the volume and the weight of
the system. This approach differs from other mul-
tiple displays system because the entire view is ren-
dered by a single background display and only the
inset is rendered by one of the inset displays at a
time. The benefit of separating two sources,
namely, the background and the inset, is maintained.
Furthermore, the inset size can be enlarged by soft-
ware within the bandwidth limit. However, the
problem of completely eliminating the gaps between
the inset displays remains a challenge. For the min-
iature displays in consideration, the gaps are rela-
tively large (stretching approximately 20% of the
displayable area in each direction), leading to a non-
viable or at least a highly suboptimal approach.
However, since the eye position and the visual angle
are limited, if a display with a very small peripheral
area was made available, one can minimize these
peripheral gaps by using an array of lenses with each
lens directly attached to each display.

Another problem with the proposed design is the
merging of two sources. The current eyepiece that
must allocate a large space between the eyepiece lens
and its focal plane introduces a scalability problem
for field of view. This space was necessary for merg-
ing the two optical paths. This construction is not
necessary if a transparent display is used for the
background as well as the insets. In this case, both
the background and the multiple inset displays can
be illuminated from behind. However, the problem
of positioning two surfaces, the background and the
insets, on a single plane is not possible and a lack in
exact superimposition yields parallax errors with
various eye locations behind the HMD. Given the
physical dimensions of such displays, an analysis of
the magnitude of such errors needs to be conducted if
such a scheme is to be considered.

10. Conclusion

The approach to the design of a novel high-resolution
inset HMD referred to as the OHRI HMD was pre-
sented. The principle of insertion for the high-
resolution inset, which involved no mechanical
components but rather solely optoelectronic devices,
was shown. The apparent benefit of the OHRI HMD
is its potential for providing a relatively large field of
view (i.e., 630) as well as a high-resolution image (i.e.,
1.25 arc min for inset and 4.7 arc min for background)
in addition to being portable. Moreover, such a sys-
tem also supports various gaze-point-oriented inter-
action methods unlike systems with no eye-tracking
capability.
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