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(a) High-Dynamic-Range Multi-Focal Stereo display

(b) view of the real-scene

Which one is real?

(c) virtual and real objects shown side-by-side

Fig. 1. We built a High-Dynamic-Range Multi-Focal Stereo display (a) which allows for a direct comparison with a physical scene located in front of the
observer (b). The display can reproduce real-world 3D objects with accurate color, contrast, disparity, and a range of focal depth, making it hard to distinguish

between real and virtual scenes (c).
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Fig. 2. The front view of the display.
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Fig. 3. Schematic of the high-dynamic-range multi-focal stereo display ap-
paratus. (Note that to simplify the schematic, not all the folding mirrors and
beam splitters are shown.) The apparatus creates two image planes (green
and blue dashed lines inside the real-scene box) per eye and the observer
sees respective images via beam splitters. The real-scene box is observed
through the same beam splitters. The real-scene box is on a manually rotat-
ing platform moving toward a fixed capturing position or a fixed display
position. The camera gantry is on another manually movable platform (not
shown in the figure) which can move towards or away from the real-scene
box allowing coarse adjustment of the field of view.

Fig. 4. Each HDR display comprises a projector acting as a backlight for an
LCD panel with factory backlighting removed. A Fresnel lens sandwiched
between two narrow-angle diffusers, with scattering angles of 10 and 5
degrees. An image from the projector is formed on the first diffuser acting as
the backlighting of the LCD. The Fresnel lens helps to steer the backlighting
toward the eye uniformly. The second diffuser prevents reflections between
LCD glass and Fresnel lens substrate.

3.2 HDR displays
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Fig. 5. The schematic showing the light paths from two display focal planes
(green and purple dashed lines) and from the real-scene box, for the right
eye. The red dashed line shows the viewing direction of the observer towards
the real-scene box. The line colors are consistent with Figure 3.

) s r m 2 rx

=

rsm ows( war
ffus xs (wwam )

—
2]
=1
=1

ne W g S S
» W) sp spr »
en ng MwUS g W gr P ® WS
s meg T » ®m spr woow P swa sur
X s W gr P RS B ppr m G wss » ww
n T XWX X ™ S ® Sux mg
XX wps sp r x m r(Sp s111) » fi wng
gwmm ffs g mm PR W wSwWg ns
up X P T »Ss up S® ssr S
X sp ws S AM B W xR we
x T ff » Sp S smxr s
P) » sp wp x rwg (
P m )T wwm rm sp s Wy WS
B S W XoOoWp RS W



Fig. 6. Frames of the glasses with an
IR LED. The participants were asked
to wear these frames to track their
head position.

3.3 Focal planes and optics
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Fig. 7. The front and side view of the real-scene box and schematic of
the calibration target inside. The calibration target has a grid of four-by-
six squares of the size 30 mm x 30 mm, which defines a world coordinate
system. The red, green, and blue arrows in the figure represent the origin and
orientations of the X, Y, and Z axes, respectively. We define the upper-left
corner of the grid as the origin for the X and Y axes and the target placed
at the front location as the Z = plane.

3.4 Real-scene box
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Fig. 8. The data camera and motorized slider for light field capture.
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HDR light field capture (Section 4.1)

€

Photogrammetry

Lumigraph reconstruction (Section 4.2)

Proxy mesh registration

Reproducing Reality with a High-Dynamic-Range Multi-Focal Stereo Display « 241:7

Focal plane calibration (Section 4.3)
and rendering (Section 4.4)

O/ O

UV map generation

Fig. 9. The process of capturing and rendering contents for our HDR-MF-S display. Refer to Section 4 for the explanation.

Input texture Ground truth silhouette Fitted silhouette

=>

=>

Fig. 10. Results of the fitted silhouettes of the proxy mesh after registration
optimized by differentiable rasterization.

sp WS

=
=
3
=
L]
w
=
2

Proxy mesh registration and UV map generation. T ma s x

nS T ™ oW gr wawa sS®m M wr
Pr opw W roawx wrooporwaw » s
P rmw S SWp r m Mg W r W
pr g W ms i s smas r wmsra W S®W mm
s S x x s 0w res r O
xx r ™ s s ru nswx »r
S o xgs r WS Sm r » &5 ww
e r s rm rwNg 1 »p r S r »
»r ms » g fi Mg s RS 1 wR gr
wp  SoftRas[ = 1. ] ffrm
xs xzx fim wm p W sp X RS KR W en
S s w sw®m pur mgsSp f »
P rowm xS sp rws . wT » w wgs wg
x CHS N g8 »oow ue
rgmm > |IR(T(M),Ci) - L, )
T i
r Rs ffrmw rTWoxx rs rzs g s
s meg Ms wer gs r wms Cis i mx
mor w Iis x er ww re s W X W i
®x »p GrabCut algorithm [ X 4]
by erwwm ra s w S mow S gur 1
s s T s s s w fi »ng x rgsr m
»r S g nr r ™ s pr ne

s s m urows Ng X WX S
» rowp &r wmawa x

Local-to-world coordinate transformation. T

ne x nS »S S ® o®m W S ®m g W ¥
s w »oox r ™ s prss wmp s wm s(wm
xs) T s e M rmos roow
X OXS W sp (S 4 ) W r sp (S
o4 n P orthogonal Procrustes algorithm  fim m
»® ne ¥ m ST RS IR M IXW
rosp

4.3 View-dependent focal plane calibration

» xS s P W S WS an
®» s ®ms sx rs S xx F
P RS R OW S m s nw X s T wma»

»
n S X

=
L)
©»
-
=
=

s m PR W R »w r m s ffraw
S x xS ffrm » xpup v s m s(P s) » m
nR S

=
8

&
[72)
3
w
[}
=

MXS W Prss g WS rg by xs T X
xS pr s L ® WS M ®amWmS S
s » e gur 11
sp s T m
mspwm wgsp fi x sswgs r W™ rg

XX Sp W W € P ®msw®m 1 sp
T rows fim r WS R W r w r ™ S
» »® (mmgs oW sp )

x rm s ws direct linear transformation algorithm
( MD[Se = m 14 fim rwm rwgm r M S N
S »Sp X PR

» G R rmgm r

» ( rms )m xr V m pr m(mrms )wa x

e
=
I
.
<
E
2

e
=

ST rs ( )ps mwmswm rw CH ST qur



241:8 + Zhonget al.

Fig. 11. (a) Schematic of the focal plane calibration. We use yellow and cyan
to indicate the view of the left and right eye. (b, c) Left-eye view of the focal
plane calibration interface. Observers drag the red (near plane) and pink
dots (far plane) to align with the corresponding positions on the calibration
target. (d, e) Rendering of the calibration grids at different gantry positions
after calibration.
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Fig. 12. The radiance computation for the near and far focal planes for
the left eye. c1,. .., cq are the positions of data cameras. e is the viewing
position of the left eye.
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Fig. 13. (a) Photograph of a virtual object displayed on top of the real object.
We changed the hue of the texture to show a mixed-reality effect. (b) The
real object can be seen more clearly with the displayed object slightly shifted
away. (c) Photograph of the displayed object (right) next to the real object
(left). The small white strip visible on the bottom right corner of the right
object is not a display artifact but reflection from the background.

Object near Object mid-distance Object far

Focus mid-distance Focus near

Focus far

Fig. 14. Photographs of an object rendered on our display at different depths
(columns) while the camera focus was set to one of the three fixed focal
distances (rows). The photographs demonstrate the performance of defocus
blur due to the multi-focal plane rendering. Note that the subpixel structure,
seen in magnification, is not noticeable when the object is seen by the eye.
The position of the object changes in the field of view since the camera
optical axis was not aligned with the object depth axis.

“gur 14 s 3 I rmox »rw x
figar sp x s ®m s o ss
» s S ®m S s sp s S
sr s wr » ss » ffrm
®»  rowm ®Lr WS X sm X sm
sp i IR ) o s m w8 »
W XS Swprwps wm wS W g s rwm
» mSs X su s m s » X wr T U
s wro row X Ng Ne ®» ®ms sr

Reproducing Reality with a High-Dynamic-Range Multi-Focal Stereo Display + 241:9

Near Middle Far

Real

Displayed

Fig. 15. Photographs of a physical 2D resolution chart (top) in comparison
with its displayed counterpart (bottom) placed at different depths (columns).
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Fig. 16. The 3D CAD model of the object (left) and its photographs under the five illumination patterns used in the experiment. The base of the wooden

hemisphere had a diameter of 47 mm. The photographs have been tone-mapped with y =
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Fig. 17. The probability of detecting for each condition (compensated for
the guess rate). The results are shown for three selected participants and
averaged across all participants. The results of each individual participant
can be found in the supplementary materials.
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Table 1. The results of the post-experiment questionnaire in which the
participants were asked to tick one or more differences they could see
between the real and virtual objects.

I N s

different color
different sharpness
different brightness
different shape or size
different position or orientation
different illumination
one object or other objects appeared flatter
one object or other objects appeared less shiny
material appeared different
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