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Real-time embedded hologram calculation for augmented reality

glasses

Antonin Gilles*
Advanced Media Content Laboratory
Research & Technology Institute b<>com
Rennes, France

Abstract

Thanks to its ability to provide accurate focus cues,
Holography is considered as a promising display tech-
nology for augmented reality glasses. However, since
it contains a large amount of data, the calculation of a
hologram is a time-consuming process which results
in prohibiting head-motion-to-photon latency, espe-
cially when using embedded calculation hardware. In
this paper, we present a real-time hologram calcula-
tion method implemented on a NVIDIA Jetson AGX
Xavier embedded platform. Our method is based
on two modules: an offline pre-computation module
and an on-the-fly hologram synthesis module. In the
offline calculation module, the omnidirectional light
field scattered by each scene object is individually
pre-computed and stored in a Look-Up Table (LUT).
Then, in the hologram synthesis module, the light
waves corresponding to the viewer’s position and ori-
entation are extracted from the LUT in real-time to
compute the hologram. Experimental results show
that the proposed method is able to compute 2K1K
color holograms at more than 50 frames per second,
enabling its use in augmented reality applications.

Keywords : Real-time Hologram Calculation,
Computer-Generated Holography, 3D Imaging

* Author can be reached antonin.gilles@b-com.com.

1 Introduction

Computer-Generated Holography (CGH) [1] is a
technique to synthesize and reproduce the light wave
scattered by a real or synthetic scene, giving the il-
lusion to the viewers that it is physically present in
front of them. By synthesizing the complete light
wave, CGH provides all the Human Visual System
depth cues, including focus, creating the most au-
thentic and natural three-dimensional (3D) illusion
to the naked eye. Thanks to its attractive fea-
tures in terms of 3D visualization, CGH is con-
sidered as a promising display technology for Aug-
mented Reality (AR) headsets, solving the focus is-
sues of conventional stereoscopic Head-Mounted Dis-
plays (HMD) [2].

CGH synthesis techniques usually sample scenes by
a set of 3D primitives, such as points [1], planar lay-
ers [3], or tilted polygons [4], and compute the holo-
gram as the sum of complex light waves scattered by
each of them. To enable its use in AR glasses, holo-
grams must be computed in real-time using compact
embedded calculation hardware and achieve a head-
motion-to-photon latency under 20 milliseconds [5].
This is still very challenging because of the large
amount of data to process.

Over the last decades, several authors have pro-
posed acceleration methods to reduce the hologram
calculation time, including look-up tables [6-8] and
wavefront recording planes [9,10] for the point-based
approach, color-space conversion [11,12] and hybrid
methods [13,14] for the layer-based approach, and



analytic formulas [15-17] for the polygon-based ap-
proach. However, only a few works proposed com-
pact embedded hardware implementations, required
for AR applications. In [18,19], the authors built
a special-purpose chip of size (28 ¢cm x 13 c¢m) based
on a Field Programmable Gate Unit (FPGA) to com-
pute monochrome holograms of resolution (800 x 600)
with a frame rate of 6 Hz for a scene containing
400 points. In [20], the authors developed a com-
pact holographic computer using a Xilinx Zynq Ul-
traScale+ MPSoC [21] with an ARM CPU and a
FPGA on a single chip. They were able to compute
full-HD monochrome holograms at 15 Hz for a scene
containing 6500 points. Finally, in [22], a layer-based
method was implemented on a FPGA to compute
full-HD color holograms at 15 Hz.

Despite their compact size, these embedded sys-
tems are not able to compute holograms in less than
60 ms, which is insufficient for AR applications. One
reason is that their computational complexity is al-
ways proportional to the number of points or lay-
ers. To overcome this issue, a real-time hologram
calculation approach, in which the light waves scat-
tered by each scene object are pre-computed offline
and stored in a Look-Up Table (LUT), has been pro-
posed [23]. In this method, during user navigation,
the light waves corresponding to the viewer’s posi-
tion and orientation are simply extracted from the
LUT in real-time to compute the hologram. Whereas
in [6-8] only the spherical light waves emitted by
reference points are stored in the LUT, in [23] the
full light fields scattered by scene objects are pre-
computed, with proper texture and shading. Thanks
to the pre-computation step, the hologram synthesis
time only depends on its resolution and not on the
sampling of the scene, enabling the fast calculation
of detailed scenes. However, the suitability of this
method for compact embedded hardware implemen-
tations has never been studied.

In this paper, we present the first implementa-
tion of [23] on a NVIDIA Jetson AGX Xavier em-
bedded platform [24], and compare its performance
with a layer-based method implemented on the same
hardware. Thanks to implementation specifics, we
demonstrate that our method is suitable for embed-
ded hardware calculation, showing promising compu-
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Figure 1: Overall block-diagram of the proposed

method.

tation time and power consumption. This work paves
the way for augmented reality applications. The fol-
lowing of this paper is organized as follows: Section 2
presents the proposed method, Section 3 gives a de-
tailed description of the embedded implementation,
and experimental results are analyzed in Section 4.

2 Proposed method

This section gives an overview of the method, whose
detailed algorithm description can be found in [23].
Figure 1 shows the overall block-diagram of the
method, consisting of two steps: an offline pre-
computation step and an on-the-fly hologram syn-
thesis step, described in the following.

2.1 OfHine light waves computation

During the offline calculation step, each scene object
is sampled as a point-cloud. Then, its light wave
is pre-computed as an angular spectrum distribu-
tion [25]. The angular spectrum corresponds to the
plane wave decomposition of the light field scattered
in every direction. For a given object n composed
of M points, it is given by the sum of plane waves
emitted by individual points, such that

M
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n (1), Ay is the amplitude of point k, ¢y, € [0, 27|
is its phase, set to a random value to render a dif-
fuse scene, (k,yr,2x) is its location, A is the light
wavelength, and
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is the plane wave propagation vector.

Let R, = (On;X,¥,Z) be the local coordinates
system of object n, whose origin O,, = (Zn, Yn, 2n)
is located at the object’s center and whose axes are
parallel to the world coordinates axes. The angular
spectrum distribution of each object is computed on
the surface of a cube whose center matches Oy, with a
side length of and a sampling pitch of 5 E, where F
is the object’s spatlal extent. Finally, they are stored
in a LUT to be used during hologram synthesis.

(2)

2.2 On-the-fly hologram synthesis

During the hologram synthesis step, the hologram
H is computed in real-time according to the user’s
keyboard and mouse navigation. We call R, =
(O;L,xh,yh,zh) the local coordinates system of the
hologram, whose origin Oy, is located at the center
of the hologram and whose axes ()T;i,ﬁ,z_h)) corre-
spond to the horizontal, vertical and optical axes of
the hologram, respectively.

First, the hologram angular spectrum H is com-
puted by extracting from the LUT the light waves
scattered by scene objects towards the hologram,
such that
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(3)

where N is the number of scene objects, (fz, fy, f2)

are the hologram frequency coordinates expressed in

Ry, (8z,8y,5,) are the coordinates of object n ex-
pressed in Ry, and fiax and fr, are given by

{ fmax = max (fma fyvfz)

fhz = \/)‘727ff2m7f}%y

(4)

Finally, the hologram is obtained by computing the
inverse Fourier Transform of its angular spectrum,
such that

Hy(z,y)=F ! {ﬁ,\}(:my) (5)

3 Embedded hardware imple-
mentation

In this section, we present the embedded hardware
used for the hologram calculation and discuss imple-
mentation specifics.

3.1 NVIDIA Jetson AGX Xavier em-
bedded platform

The NVIDIA Jetson AGX Xavier embedded plat-
form [24] has been released in 2018 as a successor to
the Jetson TX2 and is aimed at developing Artificial
Intelligence robotics applications. It comprises an 8-
core ARM v8.2 64-bit CPU, a 512-core Volta GPU
and 16 GB of DDR4 memory on a single module of
size (10.5 cm x 10.5 cm x 6.5 cm).

While having 20 times less CUDA cores than most
recent desktop GPUs such as the NVIDIA 3080Ti, it
comprises a large memory to load neural networks. It
is therefore a perfect fit for this calculation approach,
which requires a potentially large LUT to be stored
and loaded into memory. Furthermore, its compact
size is perfectly suitable for embedded AR applica-
tions. For an easier application deployment, we used
the development kit operating Ubuntu 18.04 LTS 64-
bit.

3.2 Embedded
specifics

implementation

In our implementation, the light waves computation
and hologram synthesis are performed by the embed-
ded GPU using the CUDA application programming
interface (API). The ARM processor is only used to
sample and load the input 3D scene and manage the
keyboard and mouse inputs during user’s navigation.
Finally, the hologram is displayed through the HDMI
2.0 port using the OpenGL API.



During the offline light waves computation, the
CPU samples the input scene as a 3D point cloud
and loads it into the GPU memory. To accelerate the
computation and compensate for the reduced num-
ber of CUDA cores compared to a desktop GPU,
the angular spectrum calculation is performed us-
ing 16-bit precision operations, with one GPU thread
per sample. Furthermore, the complex exponential
in (1) is calculated using LUTs for the real and imag-
inary parts cosine and sine functions, respectively.
It must be noted that to avoid precision errors or
to reduce the calculation time for scenes containing
a large number of objects, the offline computation
could also be performed using 32-bit precision on a
desktop GPU and loaded onto the embedded plat-
form storage afterwards.

The pre-computed angular spectra are then stored
into 16-bit layered cubemap textures, with one layer
per color channel. CUDA cubemap textures are ad-
dressed using a layer index and three texture coordi-
nates that are interpreted as a direction vector origi-
nating from the cube center and pointing to one face
of the cube. They are optimized for 2D spatial lo-
cality and texel interpolation, so threads that read
texture addresses that are close together achieve best
performance.

During user’s navigation, the CPU updates the
hologram position and orientation according to the
keyboard and mouse inputs. Then, the hologram
angular spectrum is computed on the GPU by ex-
tracting the light waves from the cubemap textures
in parallel, using one thread per pixel. Similarly to
the offline step, the calculation of the complex ex-
ponential in (3) is accelerated with 16-bit precision
operations and LUTs.

Lastly, the inverse Fourier Transform in (5) is com-
puted using the CUDA cuFFT library by NVIDIA,
which uses the Cooley-Tukey algorithm [26] to opti-
mize the performance of any transform size that can
be factored as 2¢3°5¢7¢, where a, b, ¢ and d are non-
negative integers. Since sizes are restricted to power
of two only when using 16-bit precision transforms,
the hologram angular spectrum samples are first con-
verted to 32-bit precision values when using arbitrary
resolutions. Finally, to optimize performance, the
three color channels are computed simultaneously us-
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Figure 2: Input 3D scenes used for the experiments.

ing batched transforms.

4 Experimental results

4.1 Input 3D scenes and hologram pa-
rameters

For the experiments, we used two 3D scenes shown in
Figure 2, both containing five objects: Woods, com-
posed by a mushroom house model surrounded by
four trees, and Piano, comprising a grand piano and
its bench as well as a table with two chairs. The angu-
lar spectrum memory occupation per channel ranges
from 319 MB up to 583 MB for Woods, and from
253 MB to 463 MB for Piano. In total, the en-
tire Woods and Piano scenes occupy 1362 MB and
1082 MB, respectively, which is less than 9% of the
Jetson AGX Xavier available memory. It must be
noted that the memory occupation is divided by two
compared to [23] thanks to the use of 16-bit precision
data.

To assess the proposed method in terms of holo-
gram calculation times and visual quality of the nu-
merical reconstructions, we compared it with a layer-
based method [27] implemented on the same embed-
ded platform using four sliced layers and 16-bit preci-
sion operations. In our experiments, we used a holo-
gram resolution of 2048 x 1024 with a pixel pitch of
1.0 pm for Woods and 2.0 pm for Piano. The wave-
lengths were set to 640 nm, 532 nm and 473 nm for
the Red, Green and Blue channels, respectively.



Table 1: Hologram synthesis time using the layer-based and proposed methods, depending on the number

of objects N.

N Layer-based Proposed Proposed
(16-bit) (32-bit) (16-bit)

1 | 123.3 ms (8.1 Hz) | 8.6 ms (116.4 Hz) | 7.2 ms (138.7 Hz)

2 | 123.4 ms (8.1 Hz) | 11.6 ms (86.1 Hz) | 10.5 ms (95.2 Hz)

3 | 123.4 ms (8.1 Hz) | 14.7 ms (68.2 Hz) | 13.7 ms (73.2 Hz)

4 | 123.3 ms (8.1 Hz) | 17.6 ms (56.7 Hz) | 16.7 ms (60.0 Hz)

5 | 123.3 ms (8.1 Hz) | 20.6 ms (48.5 Hz) | 19.9 ms (50.3 Hz)

4.2 Calculation time and power con-
sumption

Table 1 shows the average calculation times and
frame rates of the layer-based and proposed meth-
ods, depending on the number of scene objects N.
We differentiate the calculation time of our proposed
method using 32-bit and 16-bit precision operations.
First, we notice that the calculation time of the layer-
based method does not depend on the number of
scene objects. Indeed, the computational complex-
ity of this approach is only proportional to the num-
ber of sliced layers. Using this method, the compu-
tation takes about 123.3 ms. This is incompatible
with AR applications, where head-motion-to-photon
latency under 20 ms is required [5].

On the other hand, the frame rate of our proposed
method is inversely proportional to the number of
scene objects. However, this method is much faster
than the layer-based approach: using 32-bit precision
operations, the calculation time ranges from 80.6 ms
to 20.6 ms, corresponding to frame rates between
116.4 Hz and 48.5 Hz. Moreover, using 16-bit pre-
cision operations, the frame rate is further increased,
ranging from 138.7 Hz to 50.3 Hz. The acceleration is
therefore more significant when using fewer scene ob-
jects: the calculation time is reduced by more than
16% for one object, whereas it is only reduced by
4% when using five objects. This is due to the fact
that the Fourier Transform in (5) benefits more from
using 16-bit precision operations than complex multi-
plications in (3). Since the Fourier Transform is only
computed once, the benefit is proportionally higher
for scenes containing less objects.

To measure the power consumption of our method,
we used the jtop command of the jetson-stats mon-
itoring package for NVIDIA Jetson embedded plat-
forms [24]. This tool reported a total CPU and GPU
power consumption of 27.5 W when computing holo-
grams at the maximum achievable frame rate, which
is substantially higher than commercially available
stereoscopic AR headsets such as Hololens 2 [28].
Nevertheless, limiting the maximum frame rate to
50 Hz reduces the power consumption of the 16-bit
version of our method to 6.3 W, 11.4 W, 18.3 W and
22.5 W for 1, 2, 3 and 4 objects in the scene, respec-
tively.

Overall, these experimental results demonstrate
that the proposed embedded system and method can
be used in holographic AR applications. Neverthe-
less, to further reduce the calculation time and power
consumption for binocular AR glasses, in a future
work we plan to take into account temporal and inter-
pupil hologram redundancies.

4.3 Numerical reconstructions

Figures 3 and 4 show the numerical reconstructions of
holograms computed from Woods and Piano for two
different viewpoints using the layer-based and pro-
posed methods with 16-bit precision operations. The
numerical reconstructions are focused on the mush-
room house door in Figure 3 and on the piano bench
in Figure 4.

As shown in Figure 3, while the mushroom house
is partially blurred in the numerical reconstructions
of the proposed method, it appears sharp using the
layer-based method. We observe the same behaviour



(a) Layer-based method (b) Proposed method

Figure 3: Numerical reconstructions of holograms
computed from Woods using 16-bit precision oper-
ations.

with the piano bench in the bottom line of Figure 4.
This is due to the fact that using only four layers,
these objects are entirely located within one slice
of the scene, appearing as flat 2D shapes. Conse-
quently, their geometry is completely discarded using
the layer-based method. On the other hand, since the
poplar, oak and palm trees span across two different
slices in the upper line of Figure 3a, the separation
between consecutive layers is clearly visible, creating
strong visual artifacts. A similar effect is also visi-
ble in the piano, table and chairs in the upper line
of Figure 4a. These issues can be avoided using a
larger number of scene layers (above 50), at the cost
of a prohibiting calculation time of several seconds
per frame.

By contrast, as shown in Figures 3b and 4b, the 3D
scenes geometry and colors are accurately reproduced
with a continuous depth of focus using the proposed
method. Moreover, even using 16-bit precision oper-
ations, it does not produce any visible artifact in the
reconstructions. Nevertheless, the proposed method
does not handle occlusions between individual ob-
jects. As a consequence, while the oak tree is located
behind the palm tree in the bottom line of Figure 3b,
it is not properly occluded, and both objects appear
as being semi-transparent. To overcome this issue, we
will investigate light shielding techniques in a future
work.

(a) Layer-based method

(b) Proposed method

Figure 4: Numerical reconstructions of holograms
computed from Piano using 16-bit precision opera-
tions.

5 Conclusion

In this paper we implemented a real-time hologram
calculation method on a NVIDIA Jetson AGX Xavier
embedded module. In our system, the light field
scattered by each scene object is individually pre-
computed offline and stored in a LUT. Then, during
user’s navigation, the light waves corresponding to
the viewer’s position and orientation are extracted
from the LUT in real-time to compute the holo-
gram. Contrarily to previously proposed point-based
or layer-based embedded hardware implementations,
the computation time of our method does not depend
on the sampling of the scene, enabling the real-time
calculation of detailed scenes.

Thanks to several implementation optimizations
specifically designed for this embedded hardware, ex-
perimental results demonstrate that our proposed
system is able to compute 2K1K color holograms
at more than 50 frames per second. This calcula-
tion frame rate, together with the compact size of
the module, demonstrate the suitability of our sys-
tem for AR applications. In future work, we plan
to further optimize the proposed method for binocu-
lar AR glasses by taking into account temporal and
inter-pupil hologram redundancies. We will also in-
vestigate light shielding techniques between individ-
ual objects.
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