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Abstract

Artificial illumination is ubiquitous in real vision systems. By cod-
ing extra information from a controlled light source into the images
captured by a camera, so-called “active sensing” approaches robustly
capture depth, reflectance and other visual cues crucial to tasks in robotics,
manufacturing, consumer products and more. However, active sensors
struggle with well-known challenges that lessen their practicality in
modern systems. First, limited power in portable devices restricts range
and outdoor performance of active sensors. Second, the slow speed of
many active sensors precludes their usage for dynamic scenes. Finally,
the lack of depth programmability in today’s illumination sources re-
duces effective resolution in scenes with significant depth variation, and
shrinks the space of potential future applications.

To tackle these challenges, this thesis explores using holographic
illumination. Similar holographic systems have recently seen signifi-
cant attention as displays in the augmented and virtual reality (AR/VR)
literature. By combining a spatial-light modulator (SLM) with laser
light, such devices can replicate natural 3D visual cues in a compact
form factor, key aspects that are currently missing in modern AR/VR
architectures.

In our work, we analyze how they can potentially be adapted as
sources of active illumination. First, we show how holographic illumi-
nation can be used to build light-redistributive systems that allow for
smarter energy usage in active sensing, enabling time-of-flight sensors
with far-improved dynamic range. Next, we demonstrate how this light
redistribution, when combined with the underlying fast speed of mod-
ern SLMs, allows for far faster projector systems, allowing for new
types of triangulation light curtains. Finally, we test how the inherent
coherent propagation of holographic illumination can be used to pro-
gram meaningful, distinct content at multiple depths, enabling new user
interfaces and depth-sensing methodologies.
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Chapter 1

Introduction

A camera records light from a scene and converts it into a digital image, by using
a lens with a sensor composed of millions of light-sensitive pixels. Each point in
the output image measures the amount of incident light that arrives from a partic-
ular direction [127]. While cameras today are effective and ubiquitous, present in
nearly every mobile device and computer, they do not record all the information that
may be of interest for computer vision tasks. For example, many applications may
require estimates of how far away every point in the output image is (also known
as “depth”), rather than just the amount of light. Other applications may require
accurate estimates of object texture independent of lights and shadows in the cap-
tured scene (also known as “re ectance”), rather than how an object currently looks
from the point-of-view of the camera. A camera cannot directly capture any of this
desired information.

To Il this gap, “active sensing” aims to encode more information into the im-
ages captured by a camera by introducing a controlled light source. For instance,
perhaps the simplest instantiation of this idea is ash photography [42], where a
bulb is ashed on during the camera exposure to better capture poorly-lit objects.
Time-of- ight and laser ranging (LiDAR) systems measure how long emitted light
takes to return to the camera, from which depth can be computed from the speed
of light [72]. In photometric stereo, object normals are estimated by analyzing the
change in brightness as a light source is moved to different angles [2]. In structured
light, the distortion of a projected pattern is captured by a camera, from which
object shape can be estimated [45]. These are just a couple of the ways in which
arti cial illumination from a controlled source is now leveraged in computer vision.

Outside the lab, such active sensing systems have found signi cant real-world
use today. Nearly every mobile device provides ash photography functional-
ity [42], and many now integrate structured light and time-of- ight sensors for
biometric authentication and augmented reality [10, 39]. Autonomous vehicles and

1



robots use LIDAR and structured light for precise depth measurements to help them
navigate around their environment [137]. In manufacturing, photometric stereo and
structured light are widely used on assembly lines for inspection purposes [3, 121].
Despite its ongoing success, active sensing is associated with well-known chal-
lenges that limit performance and practicality in the real world, as delineated below:

Brightness. Nearly every active sensor struggles with brightness. One reason is
that all cameras will fundamentally record some amount of noise due to the photon
nature of light as well as sensor non-idealities [56]. Thus, the controlled source
must be suf ciently bright so that the sensor can resolve its contribution over this
noise. This requirement can cause a number of problems in practice. For one, an
object re ects different amounts of light depending on how far away it is from the
light source — this variation can be calculated to be giveribR?, whereR is

the distance from the source [122]. In practice, this “falloff” imposes an effective
maximum on the range of an active system, as an object that is too far away may
re ect too little light. This problem is exacerbated in darker-colored objects, as they
may re ect so little light that they can only be effectively measured when they are
very close to the camera.

Secondly, outside the lab, the camera will also necessarily record some “ambi-
ent” light from other sources in the scene, which will introduce its own noise into
the nal measurement. Thus, the controlled source must also be bright enough to
not become overwhelmed by this extra noise [55]. As a result, active sensors typ-
ically struggle outdoors, as bright sunlight can effectively wash out any arti cial
illumination in the captured images.

Unfortunately, simply using a brighter light source to mitigate these challenges
is typically a non-trivial upgrade. Brighter sources use more power, which is often
a luxury in modern standalone mobile systems with limited battery life. Simultane-
ously, thanks to the laws of thermodynamics, brighter sources produce more heat,
which needs to either be dissipated via bulky cooling systems, or engineered for via
heat resistant circuits [24, 100]. This results in added cost, complexity and form
factor. Furthermore, on the theoretical end, increasing the power has diminishing

turns,i.e., if power is increased b, range and SNR only increase by a factor

N. Finally, many camera sensors possess some capacity in terms of how much
light can be recorded per pixel beyond which information is lost. Thus, a more
powerful source can effectively saturate this capacity for any nearby, brighter ob-
jects that already re ect a signi cant amount of light, resulting in reduced overall
performance. Thus, a brighter light source is typically not a desirable solution.

Speed. A related challenge is the speed of active sensors, limiting practicality for
moving objects and dynamic scenes. One reason why active sensors are slow is

2



again thanks to challenges with brightness, where longer or multiple camera ex-
posures are needed per frame to adequately resolve coded illumination [55]. This
translates to slower overall framerates. Another reason is that many active sens-
ing techniques rely on captures of the scene under different illumination conditions
(e.g, structured light or photometric stereo), and thus programmable illumination
hardware is required. Unfortunately, such devices are often slow compared to mod-
ern sensors. For example, the liquid-crystal display projectors commonly used for
structured light typically operate 80 Hz[97], while modern quanta [126], coded-
exposure [138] and event devices [90] provide kilohertz sensing rates. Brightness
challenges aside, slow illumination hardware can therefore become the bottleneck
in real active sensing.

Depth programmability. Many active sensing techniques rely on projector sys-
tems to illuminate scenes with structured patterns. Unfortunately, most modern
projector architectures fundamentally produce a sharp image at a single plane and
defocused versions elsewhere [144]. Thus, such systems lack depth programmabil-
ity — the ability to simultaneously program meaningful content at multiple depths.

A projector with this capability could unlock many new applications that are cur-
rently impractical for existing systems. For instance, such a system could be applied
to scenes with signi cant depth variation, where traditional projector architectures
produce blurry output [53]. More broadly, it could enable new modes of projection
mapping or user interfaces where visible content changes as a function of depth,
creating a new dimension of human-computer interaction. It could also be used as
a depth cue, where the visible component of the depth-dependent pattern is used to
estimate distance .

In this thesis, we exploreolographic illuminatioras a potential panacea for the
aforementioned problems. Such holographic systems have primarily been explored
in the context of next-generation displays for AR/VR headsets or consumer pro-
jectors, but have seen little-to-no attention in the context of computer vision. Such
devices are based on using coherent laser illumination with a spatial-light modula-
tor (SLM) to fundamentally steer, rather than block, light to create desired patterns.
This modality makes them an excellent tool for building brighter, faster illumination
systems that are potentially depth programmable. To this end, in this thesis:

* In Chapter 2, we review the physics behind holographic illumination, how to

apply them in practice, and the recent applications of similar systems outside
computer vision.

* In Chapter 3, we analyze how the inherent light redistribution of these devices
allows for far more light-ef cient active sensing systems, which we demon-
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strate in the context of time-of- ight cameras.

* In Chapter 4, we show that when combined with modern fast SLMs, holo-
graphic illumination can enable high-speed structured light, which we use to
create new types of triangulation light curtains.

* In Chapter 5, we show that holographic illumination can produce depth-
varying content, which we use to remedy defocus, create novel interfaces,
and perform a new modality of depth sensing.

* Finally, in Chapter 6, we discuss various limitations with holographic illumi-
nation and potential future directions.



Chapter 2

A brief introduction to holographic
illumination for vision/graphics
researchers

In computer graphics and vision, we typically think of light in terms of photons that
y through space in straight lines [127]. We also assume these photons combine
additively [127],i.e., if a point is illuminated by two sources of light, it receives
the sum of the energy from both sources. Sgebmetrianodels of light currently
govern the design of modern systeragy, the ray tracers we use to simulate vir-
tual scenes, the reconstruction models we use to digitize the real world, or the light
sources we use for active sensing. However, as Thomas Young and Francois Arago
famously showed in the early 19th century, light can also behave like a wave. Thus,
light bends around corners, and can interfere constructively or destruciiesly,
two identical lights adding together can result in four times the brightness of a sin-
gle source or zero brightness! Typically, such phenomena are visually insigni cant
in most scenarios, as the broadband light that dominates the physical world com-
monly washes out such effects. However, when using monochromatic laser light,
suchdiffraction effects become prominent. For instance, in the famous double-
slit experiment, illuminating two slits in a sheet with a laser results in a prominent
“fringe” pattern on the other side, where light bends through the slits and then com-
bines constructively or destructively as a function of position (Figure 2.1).

More concretely, when using a laser, light can be shown to satisfy the so-called
Helmholtz equation [48] under certain assumptions on the medium of propagation:

(r 2+ kU =0; (2.1)

wherek = 2, with equal to the wavelength of light, and : (x;y;z) ! C
represents the so-called scalar eld. A sensor measures the squared magnitude of
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Figure 2.1:Double-slit experiment. llluminating two slits with a laser results in a
prominent fringe pattern on the other side, where light bends around the slits and
adds together constructively or destructively. Image from Wikipedia under CC BY-
SA 4.0.

this scalar eldjUj?.

Under certain simplifying assumptions, it can be shown that any point in
space can be computed in closed form giteon a 2D plane via a “diffraction in-
tegral” [47]. This is the underlying principle of “holography”, originally proposed
by Dennis Gabor in 1948 [43]. In short, by properly encodihgver a 2D plane
by using an optical element, 3D images of a desired scene can be produced when
this so-called hologram is illuminated by laser light. Traditionally, such holograms
were created by illuminating the target scene with a laser, and then interfering the
scattered re ecting light with a reference beam onto a recording medium [43]. To
lift the requirement of an initial recording step, Brown and Lohmann proposed the
concept of computer-generated holography in the 1960s [17, 18], where a computer
is used instead to compute holograms which are then manufactured by a plotter.
Rather than manufacturing static holograms, the calculated holograms can also be
displayed on programmable elements, which we will henceforth refer to as a holo-
graphic system for the purposes of this thesis.

In their simplest form, holographic systems consist of a laser source and a
spatial-light modulator (SLM) that can programmably modulate either the phase
or the amplitude of the scalar eld in a spatially-varying fashion. §¢t) repre-
sent the modulation imposed by the SLM given SLM patterie., Sphas{ ) = €
for a phase SLM, an®.mpiiad ) =  for an amplitude SLM. Then, given some
diffraction integral/forward modelP ( ) for wave propagation between the SLM
plane and the target, displaying some target paftemmvolves solving the follow-
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ing optimization problem:

=argmin T jP (S( )j? °: (2.2)

Displaying the resulting on the SLM then produces a close fascimildtoThe
requisite SLM can be implemented with various technologies, including liquid-
crystal displays (LCD), liquid crystal on silicon (LCoS), digital mirror devices
(DMD), and programmable metasurfaces [79].

Historically, such devices have been explored in the context of human-facing
displays (colloquiallyholographic displays[32, 50, 69, 70, 84, 104] and less fre-
guently, consumer projectors [21, 22, 30, 86, 87, 118]. In this thesis, we argue that
such holographic systems may also be useful in the context of computer vision,
as illumination sources for active sensing. This entails both their application as a
point illumination source, like those used for time-of- ight sensors as we explore
in Chapter 3, or as a projector like those used for structured light or user interfaces
as we discuss in Chapter 4 and Chapter 5. We term holographic systems when used
in this context asolographic illumination

Before we dive into the applications of this holographic illumination in the rest
of this thesis, in the rest of this chapter, we discuss technical preliminaries of holo-
graphic systems at large that may make them powerful tools in practice. We nish
by discussing the calibration process for these types of systems, and computational
approaches towards solving Equation (2.2).

2.1 Capabilities of holographic systems

With the above ideas in mind, why should one use a holographic approach over ex-
isting architectures in displays, projectors and illumination systems? In this section,
we discuss two potential key reasons.

2.1.1 Holographic systems and lens-free 3D content

Theoretically, holographic systems can produce content at any distance from the
SLM, all without a lens. In particular, the wavefront at a plahaway from the
SLM can be computed by the angular-spectrum method [48]:
zz , S
Pasm(U; d) = Fuved2d () @ Yoo (upv)d?2 O+ Wdudv (2.3)
1

whereF (u; V) is the Fourier transform of), andcirc (u;v) returnsi if u? +
v2 < 1 0otherwise. Thus, by settin§ to an image and®P() = Pagw( ;d),
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Figure 2.2:A near- eld holographic system. Most holographic displays leverage

a near- eld con guration, where the SLM and output plane are separated by a small
distance. When used in AR/VR con gurations, an eyepiece is used to appropriately
image the output for the human viewer.

Equation (2.2) can actually be used to display any desired 2D content atddbgne
simply inverting this propagation, without the use of a lens — such a con guration
is known as a “near- eld” system whethis not particularly large, as visualized in
Figure 2.2. By adjustingl in computation, the output content can be moved to a
different distance.

Such an approach can also be generalized to display 3D content placed over a
spectrum of depths. This is typically done by computing a loss between some target
focal stackTsack and the output of the holographic display at the corresponding
depths: X

min  Teakd) P asw(S( )id)i® 7 (2.4)
d2D
whereD is the set of depths of interest. If the behavior of out-of-focus points is
inconsequential, 2.5D regularization can be speci ed via [32]:
X
min - M(d) Teao(d) P asu(S( )2 °; (2.5)
d2D

whereM (d) masks out all regions of the output image except where the target
stack is in-focus. As another option, holographic displays can also be directly used
to reproduce a target light eldl_r via the Short Term Fourier Transform [102, 113,
145]: X
min - Tie | STFT(Pasu(S( );d)i® *; (2.6)
d2D

which can potentially improve visual realism [69].
Because of these capabilities, in recent years, such near- eld systems have seen
tremendous attention as holographic displays in the context of AR/VR [32, 50, 69,
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70, 84, 104]. This is primarily due to three reasons. First, standard display archi-
tectures are limited to producing content at a single xed depth. This limitation can
result in nausea and visual discomfort when used to display 3D content in a binoc-
ular AR/VR headset. In contrast, holographic displays can in theory program 3D
content at any distance, reproducing natural focal cues [84]. Second, these capa-
bilities can be easily extended to provide vision correction by incorporating visual
aberrations intd” ( ) [84], allowing vision-impaired users to use a headset without
needing to wear glasses. Finally, the form factor of AR/VR headsets could be po-
tentially signi cantly reduced with such an architecture. More speci cally, current
near-eye display architectures typically require that the display element is placed
about one focal length away from the eyepiece, imposing an effective minimum
size on a headset. In contrast, in a holographic display, the SLM can be placed
arbitrarily close to the eyepiece, as the desired content can be simply formed at the
focal plane via an appropriate near- eld propagation [70].

In the space of consumer projectors, past work has explored how such systems
can be used to implement smaller form-factor projectors [30, 86, 87, 118] as well
as correct for optical aberrations [21, 22]. However, no work has explored how the
3D capabilities of holographic systems can be used more broadly in a projector.
In this thesis, we argue that this property actually enables more powerful types
of illumination in the context of computer vision. We show that this allows for
new types of user interfaces and depth sensing, but may require specially-modi ed
holographic systems — we continue this discussion in Chapter 5.

2.1.2 Holographic systems and light redistribution

A second key characteristic is thight redistributing propertieof a holographic
system. In particular, consider the “far- eld” con guration as illustrated in Fig-
ure 2.3, rather than the near- eld setting typically used today in holographic dis-
plays. In this setting, collimated laser light illuminates an SLM that is placed one
focal length in front of a lens. The output image one focal length behind the lens
is then used as the output patteerg, to illuminate the scene via an objective lens
under our active sensing setting. Under this con guration, it can be shown that
the propagation from the SLM to the output plane is given by the Fourier trans-
form [48]:

PienU) = F (U): (2.7)
The squared magnitude of this expression yields the illumination pattern. Such a
lens system is called “far- eld” because the resulting diffraction pattern is identi-

cal to the case where the SLM and output planes are simply separated by a large
distanced >> Y2, whereW is the size of the SLM [48].
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Laser

Scene
SLM Objective lens

Figure 2.3:A far- eld holographic system. For the holographic illumination sys-
tems we use for vision applications, we primarily leverage a far- eld con guration.

A collimated laser illuminates an SLM one focal length away from a lens. An
objective lens images the output pattern one focal length behind the lens into the
scene.

This Fourier relationship yields important conclusions on the behavior of far-
eld holographic systems. For one, thanks to Parseval's theorem, such displays can
be shown to “steer” or “redistribute” light to form patterns:

zZ zZ

jUstm(x; y)j%dxdy = jPiendUstm)(X; y)jdxdy (2.8)

Intuitively, this expression shows that all input energy is used to form the desired
output pattern. For instance, forming a pattern consisting of a single point results
in all the input energy being concentrated into that point — in effect, the SLM has
steered all of its incident light to create this point, without wasting any energy. This
inherent “light ef ciency” makes these systems a powerful tool for vision applica-
tions, which we revisit in Chapter 3 and Chapter 4.

In our work, we primarily leverage this far- eld con guration to design our
vision-speci ¢ holographic illumination systems. Why is this functionally different
than the near- eld con guration typically used for holographic displays? In the far-

eld setting, every point on the SLM affects every output point, thanks to the Fourier
transform relationship. In contrast, this is not necessarily a given for near- eld
con gurations, where each SLM pixel can only steer light to a limited “diffraction
cone” thanks to nite SLM resolution [31, 63]. In practice, this results in reduced
contrast and light redistribution for near- eld setups [31, 63], making them less
desirable for the vision tasks we tackle.

We note that we are not the rst to recognize the light redistribution of such
systems. Past research has acknowledged the resultant increase in contrast of con-
sumer projectors implemented via holography [21, 22]. Recent work has explored
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(a) Without phase correction (b) With phase correction

Figure 2.4:Effect of calibrating for the phase distortion of a SLM. (a) A sinu-

soid pattern generated without taking into account the ph@®eA sinusoid that
corrects for the phase when solving Equation (2.2). Calibrating for the distortion
caused by phase aberrations at the SLM plane creates a sharper curve.

the use of incoherent versions of these systems to build high-dynamic range con-
sumer projectors [36, 59]. In our work, we leverage this light ef ciency to tackle
key challenges in computer vision, which we discuss in further detail in Chapter 3
and Chapter 4.

2.2 Calibrating holographic systems

While the aforementioned physical models hold in theory, in practice real systems
are far more complicated, where various non-idealities add extra complexity. Ac-
curately modeling these aspects can be crucial to good image/pattern quality in
holographic systems. Perhaps the most signi cant of these effects is any type of
distortion resulting from imperfectly-collimated incident light or non- at SLM sur-
face, as visualized in Figure 2.4. For instance, in the far eld setting, these effects
can be modeled as:

Puistortionl(U) = F (A U) (2.9)

whereA is an extra complex modulation capturing the aforementioned distortions.
If A isignored or incorrectly estimated when solving Equation (2.2), it would result
in an extra blur in the output pattern thanks to the Fourier convolution theorem,
dramatically reducing resolution. Other effects include undiffracted light, lens non-
idealities, and misalignment that can be incorporated into some propagation model
PnonidearVia additional terms or even a neural network [27, 31, 32, 33, 104].

To calibrate these extra factors, two classes of approaches exist. First, one could
simply capture a large dataset of input patterrasnd output real captured patterns
I ( ). Then,A and other such factors can be simply optimized through rst order
optimization methods.g, gradient descent [27, 31, 32, 33, 104]. For instance, for
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the distortion-only model given by Equation (2.8),could be optimized for via:

X
A =argmin  1( ) P dsomon(S( )i (2.10)
A

This is the style of approach that we take in Chapter 5. While a simple approach
that can capture nearly any effect of interest, it can be a data hungry one, and often
results in poor convergence thanks to many local minima.

A second class of approaches relies on more principled methodologies. For
instance, to calibrate fok, one can measure changes in the diffraction pattern for
different regions on the SLM. More formally, led, n be the dimensions of the
SLM,andg mandr n. LetP(x;y) be some function with non-zero values
onlyinrange( 3;3) ( 5;5). Then, we can write a shifted versionR(x; y) as
follows:

Pan(Xy)= P(x ayy b (2.11)

wherea andbrepresent a shift of the pattern such thatdhe r patch is centered
over point(a; b). The 2D Fourier transform d? .., will be given by:

Ff Papg(s;t) = Ff Pg(s;t)e 2 (as*bY (2.12)

Consider the case where there are no distortions at the SLM. Then, if we display
Pap at the SLM, by Equation (2.9), the pattern formed at the image plane will
simply be a 2D Fourier Transform &f:

liseal(S:1) | Ff Pg(s:t) g2 @stb) 2 (2.13)
1iFf Pg(s;t)j? (2.14)

Note that the created pattern is invariant to the exact valuasatlb; shifts in the
Fourier plane translate to phase modulation in the image plane, which is dropped in
the intensity calculation.

Now, consider the case where there is distorfigqy, that can be approximated
inaqg r region around pointa; b as a linear phase ramp:

Diap(xiy) €2 (emle avan () (2.15)

whereup andvi,p are the slopes of the phase ramp. Then, if patiggm, is
displayed, the corresponding wavefront at the DMD will be giverPay, D (a) -

By the Fourier shift theorem, the resultant intensity captured by a camera at the
image plane will be shifted by the slope of the phase ramp:

I (asb) (s;t) lideal S Uca;b) s t V(a;b) (2.16)
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This equation suggests a simple method to calibraté fdf |45 can be found,
then to estimate the phase distortion around p¢anb), the resulting projected
imagel 5, can be simply cross-correlated withe, to determine the shift. The
peak of this cross correlation will give an estimate of the gradient of the phase
distortion U; Viay - These gradients can then be recombined using a Poisson
solve to recover a map of the phase distortion [120]. We leverage this approach to
calibrate our SLM in Chapter 4. Another set of approaches divides the SLM into
blocks of pixels and interferes pairs of blocks together [123, 131]. By measuring
these interference patterns, one can compute the relative phase between the two
blocks of pixels, which can again be integrated to recover a phase distortion map.

In general, this class of principled phenomenon-speci ¢ calibration is often ef-
fective for simpler systems, but does not trivially generalize to more complicated
optical con gurations, where multiple non-idealities occur in tandem. In such
cases, the aforementioned gradient descent-based approach may be more suitable.

2.3 Solving for the right SLM pattern

Most modern systems minimize Equation (2.2) via gradient-descent type algo-
rithms [26, 104],e.g, Adam [71], implemented via automatic differentiation in
modern machine learning frameworks. Such formulations allow for easy integra-
tion with more complex forward models as discussed in Section 2.2 — we use
this approach in Chapter 5. While such approaches typically produce extremely
high-quality results, they require a signi cant number of iterations to converge.
Alternatively, other methods rely on ping-pong algorithms that can be seen to be
equivalent to projected gradient descent [41, 46]. For example, for a phase SLM, a
Gerchberg-Saxton approach [46] would iterate the following steps:

Teur = P(€ @); (2.17)
Tor=T &' Teur: (2.18)
Ueur = P (Teur); (2.19)

cur = \ Ugurr! (2.20)

whereP" indicates the Hermitian transpose operatoiPof Intuitively, such an
approach repeatedly propagates between the SLM and output planes, and applies
the desired “constraints” at each of these plaees, the wavefront is phase-only

at the SLM, and the wavefront is constrained to the desired target at the output
plane. These approaches typically require a fewer number of iterations to pro-
duce a reasonable SLM pattern, but overall output quality is decreased compared
to a gradient-descent approach. We use this class of techniques in Chapter 3 and
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Chapter 4. In Chapter 6, we discuss future directions in which computation can be
potentially reduced for holographic illumination while preserving output quality.
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Chapter 3

Light-ef cient holographic
illumination

As described in Chapter 1, the active sensors used in computer vision struggle with
brightness. In general, active sensors require objects to re ect suf cient light back
to the sensor, in order to resolve the desired signal over any background noise or
ambient light. This requirement can severely limit practical performance of active
sensors. For one, objects that are too far away can re ect too little light to the
camera, thanks to distance-squared falloff. Simultaneously, objects that have lower
albedo can underexpose the camera, reducing performance. Furthermore, sunlight
in outdoor scenarios can effectively wash out any coded signal [55].

One naive solution to this problem is to simply use a brighter active source, that
emits more light into the scene. With more emitted light, more light re ects back to
the camera, mitigating the above issues. Although theoretically effective, such an
approach raises a number of practical challenges. For one, brighter sources draw
more power, which can be a luxury in modern applications. For instance, subsys-
tems in mobile devices and AR/VR headsets are currently designed under extreme
power constraints, thanks to the limited battery life of these devices. Allocating
more power to sensing is not an easy choice for the AR/VR architect, given the
power requirements of other headset components. Secondly, thanks to thermody-
namics, drawing more power inherently results in more heat, which needs to be
appropriately dissipated. The requisite thermal engineering can dramatically in-
crease form factor and add complexity [24, 100]. Thirdly, using brighter sources
has diminishing returns. For one, thanks to distance-squared falloff, an increase in
power byf results in an increase in range byf . Simultaneously, thanks to the
statistics of Poisson noi%e, a power increasd kajlso only results in an increase
in signal-to-noise ratio by f for an object at a xed distance. Finally, active sen-
sors can also be sensitive to saturation, where objects that re ect too much light
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Figure 3.1:Concept of light redistribution. Typical active sensors uniformly il-
luminate the world. In contrast, we propose distributing this energy as necessary,
e.g, redirecting energy from bright objects to dark objects.

can overwhelm the camera pixels. Thus, increasing the power naively can saturate
parts of the scene that were previously well-exposed, resulting in reduced overall
performance.

How then, can we mitigate these brightness challenges without using a brighter
source that draws more power? In our work, we rely on the key insighgluif
redistribution as visualized in Figure 3.1. In particular, current systems typically
evenly distribute their energy over the scene. However, if we intelligently concen-
trate our energy into particular regions of the scene, we can potentially improve
overall performance. For example, given some target signal-to-noise ratio (SNR),
we can potentially redistribute energy from bright, nearby objects that re ect far
suf cient light, to darker, farther objects that re ect too little. In outdoor settings,
such a system could move energy from shaded to sunlit regions dominated by am-
bient light. Alternatively, we can concentrate light according to some region-of-
interest de ned by another algorithm or system — for example, if an active sensor
was used in conjunction with a stereo camera, the active sensor could concentrate
energy in textureless regions [128]. Such scene-adaptive light concentration clearly
could yield signi cant bene ts.

We are not the rst to note the bene ts of light concentration for computer
vision. Gupta et al. demonstrated that concentrated structured light patterns allow
for much better 3D reconstructions in outdoor scenarios [55]. Sun et al. showed

16



1213 pixels illum. 4601 pixels illum. 10270 pixels illum.

17 — optimal
e measured
)
2]
(]
£
f,, 0:5
@
0 T T
1000 5000 10000

llluminated area (pixels)

Figure 3.2: Light redistribution ef ciency. We plot the average brightness of
our holographic illumination for different sizes of illuminated area, normalized by
the largest brightness. Our system follows an inverse relationship between output
brightness and illuminated area, as predicted theoretically.

that using a patterned ash system with light concentrated into a sparse dot pattern
increased effective range [124]. O'Toole et al. temporally concentrated light in
conjunction with fast sensor modulation in the context of light transport probing,
for applications in 3D reconstruction under ambient light, direct/indirect separation
and imaging through scattering media [99]. Achar et al. later applied these probing
ideas to time-of- ight cameras [1]. However, all of this work has focused primarily
on generic concentration patterns that are globally applied, rather than the spatially-
adaptive per-scene concentration we propose.

On the side of per-scene adaptation, one related line of work adaptively controls
the sensitivity of individual camera pixels according to scene content [44, 88, 94,
96]. Another line of work adjusts projector illumination such that a camera or user
sees the desired image [6, 7, 15, 16, 52, 95], which can be applied to high dynamic
range capture [139]. While these approaches can successfully ensure that no pixels
are saturated in a single measurement, such methodologies based on reducing the
signal at individual pixels cannot fundamentally mitigate brightness challenges as
we have suggested.

With these ideas in mind, how do we build an illumination system that can
implement our scene-adaptive light concentration? As mentioned before, most
of the past research in light concentration has relied on static concentration pat-
terns [1, 99, 124], precluding the systems they built from any adaptive concentra-
tion. Gupta et al. relied on a scanning mirror to move a laser point across the scene,
where light was concentrated by adjusting scanning speed [55]. We could poten-
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Figure 3.3:Implementing illumination schemes on a holographic illumination
prototype. Our holographic approach can potentially be used to implement any
illumination scheme. We use schemes on a white poster board placed at different
distances. The sparser the pattern, the farther we can project it while receiving
similar amounts of light.

tially use a similar idea for our scene-adaptive light concentration, by scanning a
laser more slowly in areas where we need more concentration. Unfortunately, most
scanning mirror systems are designed for certain spatiotemporal scanning patterns,
and operating them for other patterns can dramatically reduce speed [34]. Thus,
such a methodology can only concentrate light in very simple patterns when op-
erated in real timee.g, 1D patterns in the case of the laser line scanner used by
Gupta et al. [54].

Most related to our to-be-proposed methodology, outside of computer vision,
Hoskinson et al. [59] proposed the concept of a coarse light-reallocating analog mir-
ror array combined with a ne-resolution DMD for the purposes of a high-dynamic
range consumer projector. Damberg et al. [36] replaced the analog mirror array with
a phase SLM for increased resolution. While effective for producing high quality
output, these con gurations still fundamentally mask light to produce desired pat-
terns, and the use of multiple programmable modulators can result in prohibitive
cost and form factor.

To Il this gap, in our work, we propose the use of holographic illumination,
where a far- eld holographic system with a phase SLM is used as the illumination
source. As discussed in Chapter 2, such a system inherently redistributes light to
create a desired pattern, and by using a phase SLM no light is lost in the image
formation process. Thus, all we need to build a light-concentrating illumination
source is plug in our desired concentration pattern into Equation (2.2) and display
the resulting SLM pattern. It can be shown that the output of this light-ef cient
holographic illumination will be governed by the following constraint:

X
Px = A (3.1)
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whereA is the total input energy angl is the output brightness for pixel The

above equation demonstrates the potential of how a holographic approach can dra-
matically increase the apparent brightness of an illumination system. If all other
pixels are turned off, we can theoretically increase the brightness of a single point
by a factor ofN over at illumination that evenly distributes energy, assuming that
the output concentration pattern contaisotal pixels. To achieve the same effect,

a traditional system would need to increase light poWeiold.

We empirically study the light redistribution of our system in Figure 3.2. More
broadly speaking, thanks to its redistribution capabilities, this holographic system
can be effectively viewed as a generic light-concentrating system that can be used
to implement any desired illumination scheme, as illustrated in Figure 3.3. This
makes holographic illumination a powerful, recon gurable tool for active sensing.

3.1 HoloTOF: light-ef cient holographic time-of- ight
imaging

To demonstrate this holographic approach, we applied it to the context of time-
of- ight (TOF) sensors. The emergence of these cameras as the leading imaging
technology for 3D sensing has had a signi cant impact on various scienti ¢ and
consumer sectors. TOF cameras excel in capturing 3D shapes in diverse situations,
making them extremely valuable for a wide range of commercial uses. Notable in-
stances of these commercial applications include the use of Microsoft Azure Kinect
in manufacturing, retail, and healthcare industries; the integration of 3D sensors in
iPhones and iPads for user authentication and augmented reality experiences; and
the implementation of LIDAR systems in robotics and autonomous driving.

Despite their success, like other active sensors, TOF cameras suffer from the
aforementioned brightness challenges. They often struggle to provide reliable depth
information for objects that are too close or too brightly-colored, as they saturate the
sensor. Simultaneously, darker-colored objects at a distance may not re ect enough
light, producing noisy range measurements. Another drawback is their sensitivity
to ambient lighting; for example, the illumination emitted by these systems can be
completely overpowered by direct sunlight, leading to inaccurate depth measure-
ments. Moreover, the need to emit light results in more power consumption com-
pared to passive systems, making them less suitable for applications where energy
ef ciency is a crucial factor.

In our work, we propose an approach that adaptively redistributes light accord-
ing to sensing needs as previously discussed, in the context of continuous-wave
time-of- ight (CWTOF). Via holographic illumination, this “HoloTOF” system has
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Reference Recovered intensi{g Recovered depth
Naive ( at illumination)

IIIumination pattern Recov rzed intensity Rec?vered depth
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Figure 3.4: Light-ef cient CWTOF via holographic illumination.  Traditional
continuous-wave time-of- ight (CWTOF) devices struggle with brightness in real
scenes. llluminating the scene uniformly (at illumination) results in nearby,
brighter objects saturating the pixels on the sensor (shown as black pixels in the
recovered depth image), while underexposing farther, darker objects. Our approach
redirects light from brighter to darker regions of a target scene using holographic
illumination. In short, we can use prior information, like a previous capture, to
compute a new relighting pattern that balances light across the scene. This method-
ology improves the depth measurements of the previously underexposed crow and
saturated plush dog. For this result, we used the equalized illumination scheme dis-
cussed in Section 3.1.2.

the advantage of reducing the amount of light in areas that are overexmoged (

due to retrore ective objects), and increasing the amount of light in underexposed
regions €.g, due to their distance or low re ectivity). Here, we start by providing
background on these CWTOF devices, and how past research has tried to address
these brightness challenges. We then discuss our adaptive approach, and show re-
sults demonstrating its bene ts.

3.1.1 CWTOF image formation model

CWTOF imaging devices capture depth information by temporally modulating both
the outgoing light from a light source and the incident light on the sensor. If the
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Figure 3.5:Low-intensity artifacts on off-the-shelf CWTOF measurementsWe

used an off-the-shelf Texas Instruments OPT8241 CWTOF sensor to capture an in-
verted circleboard pattern mounted on a dark stand. The reported distances are
lower within the bright circles than the darker regions on the order of many cen-
timeters, demonstrating how intensity information can bleed into CWTOF depth
measurements. Simultaneously, the dark stand produces extremely noisy depth as
it re ects very little light.

21



outgoing light is modulated periodically evefyby g(t) and the incident light by
f (t), the signal seen by a camera pixgimaging a point with time-of-travel is
given by [98]:

Z MT z T
q= Pl Hdt=Mp f(gt )dt (3.2)
= Mph();

whereh( ) is the correlation of andg, is the light throughput between the source
and camerg is the light projected towards the scene point, Bhds the number of
periods during a single exposure. Equation (3.2) ignores indirect light transport for
simplicity. By appropriately designinfy andg, a desirech can be created. Many
available devices rely on sinusoidal functions, such(&s= %sin(z It )+ % and
f(t)=sin(2 't + )with aprogrammable phase offset an& 2, resulting in
h ()= zcos(2! + ).

By capturing multiple measuremergs with differenth , the time-of-travel
can be found. For example,df, ., q , andgz_ are imaged (colloquially known
asquadg, as well asthe intensitg= M p can be recovered as follows:

= larctan u ; (3.3)
r2 ®© q
2
a= g 9, *(u 9)% (34)

Note that the differences between quads remoygs the contribution of ambient light.
We denote this set of four measurements as ;g ;9 s In the rest of

this work, we let the boldface versions of the aforementioned variables represent
entire images of the same valuesg, g; ; ;a 2 RY andi 2 R* N, whereN
is the number of pixels in the camera, gn® RN denotes the projected pattern,
assuming the projector has the same number of pixels as the camera.

In practice, a given (t) andg(t) cannot be perfectly replicated in hardware due
to physical limitations, antl ( ) often needs to be exhaustively calibrated for each
individual device in order to translate a measurement (Equation (3.3)) to accurate
depth [103]. Furthermore, the recovered depth can depend heavily on intensity, as
shown in Figure 3.5. For instance, like other camera measuremeastaffected
by shot and dark current noise, resulting in noisy depth estimates for parts of the
scene that re ect insuf cient light. Furthermore, reconstructed depth is often biased
under low light as a function of distance [38]. This can cause intensity information
to bleed into the recovered depths, causing systematic errors which cannot be tem-
porally averaged over multiple measurements. To calibrate for this phenomenon,
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a number of approaches propose building models that map measured intensity and
range to ground-truth depth [40, 78, 110, 111]. But, these techniques require cap-
turing large datasets for each individual device, limiting their practicality.

Simultaneously, like other cameras, such CWTOF devices are sensitive to sat-
uration. As a result, regions that re ect a signi cant amount of light back towards
the camera will not be accurately ranged. As a result, balancing scenes that contain
a mix of objects that re ect a large amount of light back to the camera and objects
that re ect very little light are fundamentally challenging for CWTOF devices, as
can be seen in Figure 3.4. To address such issues, past work have translated high-
dynamic range imaging approaches to the CWTOF context [35, 119]. However,
such approaches either require multiple exposures of different durations, limiting
the overall capture rate, or theoretical computational sensors, limiting practicality.

In this work, we propose a parallel approach for optically side-stepping these
challenges by changing the illumination—an approach that, to our knowledge, has
not yet been attempted in the context of CWTOF. In short, if we can redirect light
from overexposed regions to underexposed regions, we can ensure that the entire
camera is well-exposed, without needing to capture extra images or use experimen-
tal not-yet-realized sensors.

3.1.2 Relighting the scene

In our work, we leverage a light-redistributive system, via holographic illumination
(Equation (3.1)), to more intelligently relight a scene given prior information. For
instance, if a particular region of the scene is known to re ect little light back to the
sensor, we can use our HoloTOF illumination systeradncentratesnergy in that
region to ensure that a good measurement is captured. With this idea in mind, we
propose a simple three-step methodology for CWTOF relighting:

1. Estimate scene throughput Get an estimate of the scene throughputhis
can be from a prior capture or from another device like an RGB camera.

2. Compute new illumination pattern. Using , compute a new illumination
patternp iign: that redistributes light as needed. Compute the equivalent SLM
pattern for holographic illumination, and then capture an imiagg, with
this pattern.

3. (Optional) Fuse measurementsCombinei ejign: With past captures to create
an improved range measurement.

We describe each step in more detail in the rest of this section.
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Estimating the scene throughput

Consider a pixek, that images a poirtin the world. Ignoring indirect transport,
the light throughput between the CWTOF light source andan be written as

x = al_zfr(l;! i:le )i n), whered; is the distance between the source and
I,!,is the direction of the source from! . is the direction of the camera from
is the wavelength, ang is the geometric normal &tf, ( ) denotes the bidirectional
re ectance distribution function (BRDF). For simplicity, we treat all parameters in
this section as dimensionless.

These parameters could potentially be estimated in a number of ways. For in-
stance, a previous CWTOF captugeould be utilized. After computing the recov-
ered intensity image, the throughput can be approximated by the element-wise
division of this intensity image with the previous illuminatipg:

ac
/ = —: 3.5
iy (3.5)

Computing the new illumination pattern

With an estimate of the scene throughpuytwe can now determine how to re-
light the scene. Ignoring global illumination, projecting a pattern proportional to
Pequaiizea! X Will equalize the brightness of the entire scene, such that the quality
of the depth measurement is uniform over the entire sensor. Under the constraint
given in Equation (3.1), regions with low throughput will now receive more light,
while regions with higher throughput will receive less. We term thisemualized
illumination scheme.

Alternatively, if another CWTOF measurement was previously captured to es-
timate , good estimates of the depths may already be known at most pixels, and
thus do not need to be remeasured. The light from these pixels can then be used for
darker regions of the scene. We propose an altecigeedillumination scheme:

P aC<

= 3.6
Pelipped f  otherwise (3.6)

where is a predetermined intensity level for which good depth measurements are
captured, andl is an appropriately computed Il value in order to disperse the extra
light from Equation (3.1):

Z

E = —N d;

& (3.7)

Na>
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where max is the maximum throughputN denotes the number of pixels with
throughput and previously underexposed < , andN,. denotes the number
of pixels that were previously well exposed. In sh&trepresents the amount of
energy required to relight the underexposed pixels, while the exprelsspreads
the remaining energy over the already well-captured pixels.

Once we have computed our desired illumination pattern, we apply Equation (2.2)
to identify an SLM pattern that produces the desired output. We then capture a mea-
surement of the scene with this SLM pattern in our holographic illumination.

Fusing measurements

If the scene is static, after relighting, we now have two corresponding measure-
mentsj. andieign.. INSpired by the simple observation in Section 3.1.1 that brighter
pixels, as long as they are unsaturated, have better SNR than dimmer pixels, we pro-
pose a simple fusion:

relight ((ac < arelight) _ (ic 2 sat)) A (irelight z sat) (3_8)
c otherwise

where ¢4 denotes saturated pixels. This rule simply selects the depth from the
captured measurement with larger intensity, ignoring saturated values, and can be
applied recursively.

This simple approach does not require careful calibration of the noise character-
istics of the time-of- ight camera, making it easily applicable to any off-the-shelf
device. If a more accurate camera model is known, such as the probabilities of
a particular measurement given a ground truth depth, a maximum-likelihood esti-
mation could be used to instead fuse the measurements. While this would require
signi cantly more calibration data which could be prohibitively expensive to cap-
ture, it would produce a better nal depth measurement. We leave this to future
work.

fused =

3.1.3 Hardware and implementation

We show our real HoloTOF prototype in Figure 3.6. We used a Texas Instruments
DLP6750Q1EVM for our phase SLM [13], which provides 4 bit phase control at
a 1280 800 pixel resolution and supports framerates upl#0Hz For our
CWTOF sensor, we used a DME 660 sensor witt+4:6 4.4-11 mm lens along

with a650 nmoptical bandpass Iter to reject ambient light. For a reference camera,
we used a Ul-3070CP-C-HQ R2 camera tted witHh=al:6 4-12 mmlens, tted

with a 605nm SWP Iter to block out the projector light. For our light source,
we used a Thorlabs L638P200 laser diode, operatir@B@nmat 200 mW. It is
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Figure 3.6: Prototype hardware. The green arrows indicate the propagation of
light in the system.

modulated a0 MHz, and the exposure time for each quad is set bet2dansto
48 msfor our experiments, resulting in a FPS of abbuiz

Because our SLM is re ective rather than transmissive, more complex optics
are required than in Figure 2.3. For Lens Banmachromatic doublet (Thorlabs
AC254-030-A-ML) collimates light from a laser diode. This polarized light then
enters a polarizing beamsplitter (Thorlabs PBS252), which redirects it towards our
SLM, passing through @33 mmquarter-wave plate (QWP) (Thorlabs WPQ10ME-
633). After re ecting off the SLM, it passes through the quarter-wave plate again,
resulting in an overall rotation of the polarization statedly, such that all of the
light passes through the beamsplitter without any light losg5Anmachromatic
doublet (Thorlabs AC254-075-A-ML) forms the projected image (Lens 2). Finally,
we used d=1:6 4.4-11 mmlens for our projection lens.

On the software end, we used Fienup's hybrid input-output algorithm [41] to
recover the appropriate phase to display for a given illumination pattern. In our Py-
Torch implementation, each projected pattern requiréson a NVIDIA Titan V
for 10 iterations 0ri280 800pixel images. For computing the actual illumination
patterns, our implementation of the relighting schemes in Section 3.1.22akes
on an Intel i7-9700k.
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