Multifocal planes head-mounted displays
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Stereoscopic head-mounted displays (HMD’s) provide an effective capability to create dynamie virtual
environments. For a user of such environments, virtual objects would be displayed ideally at the
appropriate distances, and natural concordant accommodation and convergence would be provided.
Under such image display conditions, the user perceives these ohjects as if they were objects in a real
environment. Current HMD technology requires convergent cyc movements, However, it is currently
limited by fixed visual accommodation, which is inconsistent with real-world vision. A prototype mul-
tiplanar volumetric projection display based on a stack of laminated planes was built for medical
visualization as discussed in a paper presented at a 1999 Advanced Research Projects Agency workshop
{Sullivan, Advanccd Research Projects Agency, Arlington, Va., 1999).  We show how such technology ean
he engincered to create a set of virtual planes appropriately configured in visual space to suppress
conflicts of convergence and accommoedation in HMD's.  Although some scanning mechanism could be
employed to create a set of desirable planes from a two-dimensional conventional display, multiplanar
technology accomplishes such function with no moving parts. Based on optical principles and human
vision, we present a comprehensive investigation of the engineering specification of multiplanar tech-
nology for integration in HMD's. Using selected human visual acuity and stereoacuity criteria, we show
that the display requires at most 27 equally spaced planes, which is within the capability of current
research and development display devices, located within a maximal 26-mm-wide stack. We further
show that the necessary in-plane resolution is of the order of 5 pm.  © 2000 Optical Society of America
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1. Introduction

Perhaps surprisingly, the vast majority of deployed
virtual reality systems present the same images to
both eyes. Such nonstereoscopic binocular systems
provide neither a change in accommodation nor con-
vergence. Elite systems that can afford two sepa-
rate graphics generator, and thus provide a distinct
image for each eye, are known as stereoscopic head-
mounted displays (HMD’s), or stereoscopic binocular
HMD’s. A comprehensive discussion of the trade-
offs in designing binocular HMI)'s is given in Kocian
(1988).1 The conventional approach is to employ
two-dimensional (2-I}) miniature displays or the
equivalent near or at the focal plane of an eyepiece to
provide stereoscopic vision. Examples of miniature
2-D displays are 0.5-1-in. (1.27-2.54-cm) CRT dis-
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plays or 1-in. (2.54-cm) transmissive or reflective flat-
panel displays. In some cases, one can construct an
equivalent miniature 2-D display using the end of a
fiber-optic bundle that transports the image from a
high-resolution light valve to the HMI).2 The min-
lature 2-D displays are typically imaged through
magnifying optics to create a virtual image for each
eve at some fixed distance in space. That distance
can vary trom system to system, but it is critical to
observe that it 18 fixed in space for any given system.
When focused at that distance, a HMD user perceives
the monocular images with optimal image sharpness;
and by vigually fusing the images in his brain, he can
perceive objects in three dimensions. Under such
image presentation, a conflict of accommodation and
convergence necessarily arises.

The conflict can be summarized as follows. Ste-
reoscopic HMIYs require convergent eye move-
ments to yvield single vision of an object of interest
located in depth. Similar to real-world vision,
three-dimensional (3-D) objects located at other
depths than the object of interest are seen double
and thus are referred to as diplopic objects.34  Con-
trary to real-world vision, however, these diplopic
objects are seen sharp. Indeed, visual accommo-
dation in such displays is intrinsically restricted to
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one plane for optimal image sharpness. So all ob-
jects, regardless of their location in depth, are seen
in focus if the user focuses on the virtual monocular
images. If the user’s accommodation varies with
eye convergence, then all objects, including those
gazed at, are seen blurred. Therefore, even the
highest-resolution displays would not yield 3-D vi-
sion as experienced in the real world. So, although
we shall continue the quest for sharper displays and
ergonomic designs, it is necessary to also ask
whether HMIY's can be engineered to shun the con-
flict of accommodation and convergence.56

Although conflicts exist, they can be minimized for
specific applications when the location of the monoc-
ular virtual images are set according to the tasks to
be performed.” In HMD's for air pilots, for example,
collimated images are typically preferred because of
the need to visualize information essentially in the
far field. In this case, the 2-D displays are best lo-
cated at the focal plane of the eyepieces. In contrast,
virtual reality systems for medical or engineering
applications are likely to require visualization at
arm’s length, thus in the near field to allow manipu-
lation of objects. In this case, the 2-D displays are
best located within the focal distance of the eyepieces
to create virtual images at a finite, roughly arm’s
length, distance from the user.

The challenge comes with applications whose tasks
require vigualization of the near and far field simul-
taneously, or any set of depth planes in between.
Under such requirements, the conflicts cannot be
minimized. There are many applications that have
these requirements. For example, operating a car
requires navigating in the far field, locking for tar-
gets that may be located anywhere in space, and
simultaneously attending to instrumentation in the
near field. In this case, one could argue that the
instrumentation could be projected to the far field as
it is for a pilot. Implementation of these tasks in a
virtual environment can be perceptually challenging.
Similarly, as we walk around a scene we are con-
stantly moving our eyes around, looking out for ob-
stacles that may be at different distances.
Concordant accommodation and convergence is nec-
essary for such tasks. In other applications such as
athletics, out of focus may in fact be a common mode
of operation. Athletes may never have time to con-
verge and accommodate on particular objects. Thus
athletes operate under mainly blurred vision. A vir-
tual world where all objects would always be in focus
may affect training wunder realistic conditions.
There are other tasks such as the close examination
of 3-D objects that may involve, to the contrary, many
small focus adjustments. Those would not be possi-
ble with conventional HMD’s.

Conflicts of accommodation and convergence in
HMD’s thus result from the inability to provide real-
istic accommodation cues.6—* Although accommoda-
tion is a weak cue in itself for the perception of depth
compared with other cues (e.g., occlusion, head mo-
tion parallax, stereopsis), when we look around in the
real world, it is not all in focus at once.’-12 In an

3210 APPLIED OPTICS / Vol. 32, No. 19 / 1 July 2000

earlier paper we highlighted potential problems that
HMD'’s could place on the accommeodation and conver-
gence system.” Studies of binocular stress have fol-
lowed.® Thus the requirement for accommodation
as well as for convergence is a necessary ingredient
for the synthetic representation of realistic scenes.

In this paper we explain how multiplanar technol-
ogy may provide an attractive solution to the prob-
lem. Limitations are also addressed, and the
approach is situated in the context of previous re-
search. Finally, a comprehensive engineering study
of existing multiplanar technology for integration in
HMUD's is given.

2. Proposed Solution and Previous Research

A solution to matching convergence and accommoda-
tion is to make the HMD produce multiple image
planes. This can be accomplished with multiplanar
technology that consists of a stack of planar arrays,
the pixels of which would be presented according to
the distance of the simulated object. Although it
might seem that scanning multiple displays would
present a problem, this is not so. As part of the
calculation of a rendered computer-graphics image, a
Z buffer is created that has a distance value for each
pixel currently displayed. Instead of ignoring this
construct during the display process, we ean use it to
determine which of the display planes cach pixel is
written to as it is scanned. The fundamental of
graphics can be found in Foley ef al. (1990).13  In all
other planes, the visually aligned pixels would re-
main transparent. To ensure correct transparency,
eye tracking must be performed as well.*-%  In the
case of no eye-tracking capability, simpler environ-
ments can be considered or respective occlusion of
objects can be computed based on where in the scene
the observer will most likely gaze. The application
and tasks to be performed must guide the approach
and technology requirements.

The approach of multiplanar technology is attrac-
tive in that it does not require any moving elements.
The feasibility of the approach in itself comes from
the observation that, in HMD optics, a small move-
ment of the actual screens toward the viewer’s eye or
away from it leads to a large displacement in depth of
the optical images. This results from working at
magnifications greater than one, given that the lon-
gitudinal magnification in optical systems varies as
the square of the transverse magnification. There-
fore it is possible to envision a miniature thick-
display system that can adjust the depth of the
displayed objects on a plane-by-plane basis. The
principle of operation of multiplanar technology for
focusing in depth is shown in Fig. 1.

The multifocal approach to the problem is not new.
Wann ef a/. addressed the conflicts of accommodation
and convergence in HMD's and suggested varying the
focal depth either by using an oscillating lens or by
adjusting the image depth based on the user’s gaze
point.!'”  Marran and Schor have also outlined vari-
ous focal solutions for virtual reality systems.'® So-
lutions included designing pinhole optics to create an



Virtual
Visual "7 LM s T T
Space

Observator

Thick Display Optics

Fig. 1. Principle of multifocal planes HMD.

infinite depth of focus for the visual system, adding a
different monocular lens in front of each eye to focus
each eye at a different depth, or using bifocal lenses
or the like to focus at various depths in various parts
of the field of view. Although these proposed solu-
tions may find specific applications, none of them
intends to provide a general solution to suppressing
conflicts of convergence and accommodation in
HMD’s.

From a conceptual point of view, research that is
closely related to the multiplanar approach is the
real-depth imaging proposed by Dolgoff.l* It con-
sists in providing floating images for computer, tele-
vision, and projection applications without recourse
to either stereoscopy or autostereoscopy technology.
The technique consists in dividing a scene into a fore-
ground and a background image with each placed on
a different plane. The basis of Dolgoff’s technique
was to use accommodation cues in addition to 2-D
cues such as perspective and background-object oc-
clusion to provide a sense of three dimensions from
one single image presented to the eyes. For scien-
tific visualization, we must establish the rationale for
the number of planes, the interplane spacing, and the
planes’ regolution.

To expand on the concept of multiple planes, a
volumetric projection display based on multiplanar
technology was developed for surgical simulation and
training, telepresence surgery, and medical volume
visualization.??21 The approach provides an alter-
native to true 3-Dr displays.22-24  In a volumetric pro-
jection display, a series of 2-D images is projected at
30 Hz into a multiplanar optical element (MOE}.
The MOE acts as a variable depth projection screen
that is synchronized to the projector frame rate.
The first MOE covered a 6 in. X 6 in. X 3 in. (15.24
em X 15.24 em X 7.62 em) volume with a 480 X 480 X
12 plane resolution, totaling 2.76 million voxels, each
independently and simultaneously addressable.?t A
6.5-bit gray scale was achieved. Some multiplanar
antialiasing algorithms provide improved subjective
3-D continuity. The current generation display that
is being developed covers a 15.5in. X 13.51in. X 9in.
{39.8 cm % 34.3 ecm X 23 cm) volume with a 512 X
512 x 50 plane resolution, totaling 13.1 million vox-
els.?> A 24-bit gray scale is being implemented.
The system is designed to operate at 30-Hz update
rates. Sullivan2® recently proposed using a high
frame-rate image projector to illuminate the MOE.
Spatial light modulators, which spatially modulate
an incident collimated beam, can also be used to pro-

Fig. 2. Basic layout of the imaging optics in a HMD.

vide the display resolution and speed (=30 Hz) if not
the contrast ratio. The multiplanar technology
must be miniaturized and engineered for integration
in HMD’s.

3. Range of Multiplanes Focusing

We first establish the thickness dx of the multiplanes
display that is needed to cover a given range of ac-
commodation. We consider the imaging equation
given by

=" (1)

where n and n' are the indices of refraction in ohject
and image space of the imaging optics, respectively; x
and x' are the distances of the object (i.e., the minia-
ture display) and the image (i.e., the virtual image
plane) with respect to the principal planes P and F’,
respectively; and f is the focal length of the imaging
optics. We denote as x,,, the value of x that corre-
sponds to an image located at the closest point of
accommodation—i.e., punctum proximum—Lm. To
focus, x varies from fto x; ,,,, and x' varies accordingly
from infinity to Lm-ER where ER is the eye relief
measured from P’ for simplicity and generality as
shown in Fig. 2.

The focal plane in object space is the reference
plane from which the range of focusing dx is mea-
sured. By manipulation of Eq. (1), dx is given by

fz
f+L,—-ER’

If P' is located close to the last optical surface of the
optics, |ER| equal to 25 mm will allow the wearing of
a wide variety of eyeglasses. The shorter the focal
length and the larger the value of Lm, the less rang-
ing is required, The range of focusing dx ranges
from approximately 3.5 to 26 mm for focal lengths
between 30 and 90 mm. Three-dimensional focal
plane arrays of such sizes can currently be imple-
mented in various materials.

d’x =Xrm f: (2)

4. Number of Planes for Complete Range Focusing

The minimum number of planes required to focus
from a nearest plane to infinity is determined by the
available range of accommodation and the depth of
focus of the human visual system on each side of a
plane of fixation. Specifically, by expressing the dis-
tal depth of focus dI. , and the proximal depth of focus
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ACCOMMODATIRN DISTANCLE iM)

Fig.3. Location of the planes of fixation for accommeodation based
on the computed depth of focus planes for the human visual sys-
tem. A visual acuity of 1 arc min is assumed. Both schemes
starting from LZm equal 0.5 m to infinity (i.e., solid curve decreasing
from left to right} and from infinity to 0.5 m (i.e., solid curve
increasing from left to right) were considered. In both cases, we
find that 27 planes are required for a range of accommodation from
infinity to 0.5 m. A few of these planes are represented as hori-
zontal lines in the figure.

dL _ with respect to the fixation plane as a function of
the size d of the pupil of the user’s eye, and the
distance L of accommodation, such that a defocused
point on either side of the fixation plane would sub-
tend an angle equivalent to the human visual acuity
7, we obtain

ok
dL.| = |d tnL\ . (3)

Note that L is negative in Eq. (2}, yielding |dL,| >
|dL _{ ag also observed in Fig. 3. Based on a value of
visual acuity of 1 arc min, Eqgs. (3) and (2) combined
yield 27 planes from infinity to 0.5 m. A few planes
are represented in Fig. 3. Based on this theoretical
prediction, only 14 planes would be needed because
every other plane can be selected as a plane of ac-
commuodation.

5. Interplane Spacing

Using Eqg. (1}, we mapped the values of L back in
object space to dx values. The interplane spacing is
given by the consecutive differences of the computed
dx values. The interplane spacing as a function of
the plane number is shown in Fig. 4 for the focal
length values of 15, 50, and 90 mm. The interspac-
ing is quasi-constant, and a constant spacing that
was chosen to be that computed for plane number one
can serve as a practical solution.

Although the smallest interplane spacing is ap-
proximately 10 pm for an extremely short focal
length, typical values are an order of magnitude
larger. Interplane spacing of the order of 100 pm is
more readily feasible.

3212 APPLIED OPTICS / Vol. 39, No. 19 / 1 July 2000

wio? T — —

—
— -
E |
e !
145] |
L
=
=
£
}3; ‘
= 0t ! /
=
1x10° S T )
0 5 10 15 20 25 30
Focus Plane Number
—— EFL 15 mm
---=  EFL 50 mm
—- EFL 90 mm
Fig. 4. Interplane spacing as a function of the focus plane number

for three different values of the cffective focal length (EFL).

6. Resciution Requirement

We now ask how many depth units can be resolved
within the range of accommodation imposed by the
depth of focus of the human visual system around a
fixation plane. The number of resolvable units sets
the requirements for the in-plane resolution of the
displays. A HMD user has stereoscopic information
available from the disparate images provided to the
two eyes. Binocular disparity can be defined as the
angular disparity 5 between any two object points in
the field of view.?® Simple geometry yields an ex-
pression for &, behind the fixation plane (i.e., distal)

and & in front of the fixation plane (i.e., proximal)
given by
Al 10D
d.= * , (4)
(L +ADL

where 10D is the interocular distance and Al is the
resolvable depth at a given fixation distance L taken
to be negative following our sign convention shown in
Fig. 2. Given a value of 8, L, and 10D, the solution
for Al yields Al, and Al_ on the distal and proximal
gide, respectively, whose expressions are given by

BIL?

Al = .
AL 10D + [3|L

(5)

Also note that according to sign conventions, & is
positive and negative on the distal and the proximal
sides, respectively. Thresholds for stereoacuity &
vary widely between users in the extreme between
approximately 2 and 130 arc sec.?® Both extreme
values are considered in addition to a more typical
value of 30 arc sec. It has been shown that § is
constant over distance.2” We next consider the dis-
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tal value of A/, in computing the resolvable depth
units. L is recursively given by

8 2
| lLk 1 . (6)

Ly=L,1+Al, =L, +- .
3 k-1 ko1 h—1 IOD+18|L}£ ,

For computational purpose, the I0OD is set to an av-
erage value of 65 mm. Using Eqgs. (5) and (6), we
show the number of distances N resolved in depth as
a function of 3 for three values of observer IOD in Fig.
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Fig. 6. Display resolution requirements.
three values of the effective focal length (EFL):

5. N is constant for all planes of accommodation
previously computed, and these resolvable distances
in depth are found to be equally spaced in the object
space of the display device.

The number of resolvable depth units between the
discrete set of planes of accommodation shown in Fig.
3 imposes some requirement on the resolution of the
display device. Based on the smallest resolvable
depth around any fixation plane, we can derive the
required display resolution p by mapping a pixel on
the display in image space using the lens magnifica-
tion and the imaging equation given by Eq. (1) and by
expressing the fact that the pixel size in image space
is equal to its angular subtend multiplied by the dis-
tance of accommodation L, where the angular sub-
tend is set by stereoacuity. After laying out such
conditions, we can define p by

10D
— ( (7

8| L )
b= — (=
2(L+Al)(1 +?) 10D — gl

The values of p as a function of the accommodation
distance for three focal lengths at a sterecacuity of 30
arc sec, as well as a function of sterecacuity for a focal
length of 50 mm, are shown in Fig. 6(a) and 6(b),
respectively. Except at the highest resolution of 2
arc sec or for a short focal length {e.g., 15 mm) where
the resolution requirement is quite stringent (i.e., 1
pum), a display resolution of approximately 5 pm is
required. Such resclutions are achievable with cur-
rent technology.

10"

DISPLAY PIXEL SIZE (m)

| e
5 10
Accommodation Distance (m)
—— 2 arcsec

---- 30 arc sec
- 130 arc sec

(b)

(a) Plot of the display resolution required as a function of the distance of accommodation L for
15, 50, and 90 mm. The stereoacuity threshold 8 is 30 arc sec in this computation. (b)

Plot of the display resolution required as a function of the distance of accommodation L for three values of the stereoacuity threshold &:

2, 30, and 130 arc scc.

In this ease the focal length is set to 50 mm.

1 July 2000 / Vol. 39, No. 19 / APPLIED OPTICS 3213



7. Conclusions

In conceiving and developing technology, we must
ask both whether and to what extent perturbations
in a fundamental mode of operation affect task per-
formance and how a failure to provide a natural
visual experience may cause difficulties for the vi-
sual system over an extended period of exposure.
In this paper we addressed how the current con-
flicts of convergence and accommodation in HMD's
can be suppressed. Given that current virtual re-
ality exposure is measured in minutes rather than
hours, there is no reason to be alarmed in the short
run. However, if we contemplate a future in which
virtual reality is a ubiquitous feature of video
games, viewing conflicting visual cues may cause
changes to the visual system over years of use.
Therefore it behooves us to design displays that
incorporate all visual cues as realistically as possi-
ble to ensure safety as well as to make the viewing
experience most believable.

To resolve conflicts of convergence and accom-
modation in FIMD’s, we have proposed to make the
miniature displays multifocal. We presented a com-
prehensive investigation of engineering require-
ments for adding multiplanes focusing capability to
HMI’s. Forthe parameters considered, the range of
focusing to accommeodate from infinity to 0.5 m goes
from approximately 3.5 to 26 mm. The number of
planes within this range is 27, which can be reduced
to 14 for a standard visual acuity of 1 arc min and a
4-mm pupil diameter. Although 14 is the minimum
theoretical value, it remains to be experimentally
determined how many planes should actually be
adopted for various applications. The framework
we laid out will allow one to compute the number of
planes required. Under the most stringent condi-
tions imposed by this theoretical study, the inter-
plane spacing is found to be constant and may be as
small as 10 pm, but more typically approximately
100 pm. Finally, sterecacuity imposes that the
transverse resolution of the display be of the order of
5 um. Based on this investigation, we conclude that
the addition of multiplanes focusing to HMI)’s may be
challenging but nevertheless realizable with today’s
technology.
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