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Abstract

Active illumination systems use a controllable light source and a light sensor to
measure properties of a scene. For such a system to work reliably across a wide
range of environments it must be able to handle the effects of global light transport,
bright ambient light, interference from other active illumination devices, defocus,
and scene motion.

The goal of this thesis is to develop computational techniques and hardware ar-
rangements to make active illumination devices based on commodity-grade compo-
nents that work under real world conditions. We aim to combine the robustness of a
scanning laser rangefinder with the speed, measurement density, compactness, and
economy of a consumer depth camera.

Towards this end, we have made four contributions. The first is a computational
technique for compensating for the effects of motion while separating the direct and
global components of illumination. The second is a method that combines triangu-
lation and depth from illumination defocus cues to increase the working range of
a projector-camera system. The third is a new active illumination device that can
efficiently image the epipolar component of light transport between a source and
sensor. The device can measure depth using active stereo or structured light and is
robust to many global light transport effects. Most importantly, it works outdoors in
bright sunlight despite using a low power source. Finally, we extend the proposed
epipolar-only imaging technique to time-of-flight sensing and build a low-power
sensor that is robust to sunlight, global illumination, multi-device interference, and
camera shake.

We believe that the algorithms and sensors proposed and developed in this thesis
could find applications in a diverse set of fields including mobile robotics, medical
imaging, gesture recognition, and agriculture.
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Chapter 1
Introduction

“You need to make something that works outside the lab.”

Light and the way it propagates through an environment plays a pivotal role in how humans,
animals and machines sense and perceive the world around them. One broad way of classifying
visual sensing systems is to characterize them as being either passive or active. Passive visual
systems have a light sensor but rely solely on external light sources present in the environment
(typically sunlight) to provide illumination. In contrast, active visual systems have both a light
sensor and a controllable light source that sends illumination into the environment.

Visual sensing in the biological world is almost exclusively passive. Most known instances
of bioluminescence in nature are mechanisms to either lure prey, provide camouflage or provide
means of communication. The deep-sea Black Dragonfish [99] is one of the few animals that
emits light to aid its own sensing.

In man-made systems, the split between passive and active visual sensing is much more even.
Passive vision systems can measure depth by stereo triangulation [63]. Additionally shading
information [44] and defocus blur [35, 68, 80] contains cues that can be used to recover shape.
Higher-level visual tasks such as tracking, segmentation and object recognition can be performed
using passively captured images as inputs.

With passive visual systems, the image data captured is typically not sufficient to fully con-
strain the problem and provide a direct solution for the quantity (or quantities) of interest and
so passive vision techniques generally rely on priors and inference to find a solution to these
ill-posed problems. For instance- in passive stereo imaging, the goal is to generate a dense, com-
plete depth map. Stereo correspondences are highly ambiguous in untextured parts of an image
and so some sort of inference procedure is required to estimate depths in untextured regions
based on the depths recovered at parts of the images with sufficient texture [87]. Similarly, for
intrinsic imaging and shape from shading, a single image captured under one lighting condition

is not enough to recover shape and reflectance so various priors need to be invoked to estimate a
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solution [6, 55].

In contrast, active visual systems are generally less reliant on inference procedures and priors.
In some cases, they can be designed to measure the quantity of interest directly. In many others,
it is possible to capture enough visual data under one or more active lighting conditions and then
find a unique solution by inverting a model of light propagation from the source to the sensor via
the environment. The most common way of incorporating priors into active visual systems is to
use methods from compressed sensing. These compressed sensing techniques are useful when
capturing enough visual data to solve the problem uniquely would take too long [85], when the
problem is still ill-posed despite being able to capture data with different lighting conditions [39].

1.1 Uses of Active Illumination

One large class of applications for active illumination is to capture images that are in some
way better than the images that could be captured using purely passive techniques. A trivial
but common instance is the use of a flash to capture photographs in low-light environments.
Flash/no-flash image pairs can be combined [81] to obtain aesthetically pleasing, high quality
images in low-light environments. In microscopy, many specimens are highly scattering (turbid)
at optical wavelengths and so images captured under regular illumination have poor contrast and
the parts of the specimen that are of interest can often not be seen clearly. There are a wide range
of techniques for imaging through turbid that depend on active illumination [19]. Two prominent
examples are scanning confocal microscopy [67] and light sheet microscopy [106] which both
provide a means to optically section samples- that is capture light from a thin range of depths
while blocking scattered and out-of-focus light from other depths.

Another very common use of active illumination is to build sensors for measuring depth.

Different properties of light are useful for making depth measurements at different scales:

* Light travels at a constant speed in a medium (roughly 3 x 10°ms~!). By measuring
the time light takes to travel from an active source, to an object and back one can infer
distance to the object. These time of flight (ToF) based active illumination methods can
further be divided into two categories - impulse ToF (sometimes called direct ToF) and
continuous-wave ToF (also known as indirect ToF). Time of flight is most useful for depth

measurements at large scales - a few meters on upwards to a few kilometers.

* Light travels in straight lines through a medium. By finding the direction to a scene point
from two known viewpoints, distance can be computed by triangulation. This is the basis
for passive stereo depth sensing. With active illumination, triangulation is the basis of
depth measurement using structured light and active stereo. The range and achievable

resolution for triangulation-based techniques depends on the baseline separating the two
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viewpoints.

* The wavelength of visible light ranges from 400nm to 700nm. For very small scale scenes
(a few micrometers or smaller), the ray optics assumptions that triangulation depends on
break down. However, at these scales, the wave nature of light can be exploited for shape
measurements using interference based techniques. Examples of such techniques include
optical coherence tomography (OCT) [45], phase shifting interferometry (PSI) [89] and
coherence scanning profilometry [58]. In this thesis, we limit our attention to scales where

geometric ray optics is valid and the effects of diffraction and interference can be ignored.

Closely related to depth measurement is the use of active illumination to measure shape.
Photometric stereo [43, 108] estimates surface normals from the changes in brightness that oc-
cur when a scene is illuminated by controllable sources placed in different directions. Photo-
metric stereo is the active illumination equivalent of shape from shading. Early photometric
stereo techniques assumed that surface reflectance properties (the bidirectional reflectance distri-
bution function or BRDF) were known, but current methods can jointly measure both shape and
BRDF [24, 105]. Active illumination from multiple lighting directions can also be used to find
depth discontinuities [82].

The most general way of describing light transport from a controllable light source (or set of
sources), through an environment to a sensor is in terms of the light transport matrix [92]. The
light transport matrix encodes all the information about geometry and reflectance that could be
recovered from a set of light sources and sensors. However, directly measuring the light transport
matrix for a projector-camera system is prohibitively expensive because of both the large size of
the matrix and the high dynamic range of its elements. One way around this problem is to
make assumptions about the form of the light transport matrix [85]. Another is to instead try
measure (or ‘probe’) various types of components of light transport, such as direct and global
illumination [69, 75], specular and diffuse reflections [54] or epipolar and non-epipolar light [76].

There are many other types of measurements that can be made with active illumination based
sensing. For instance, the Doppler effect can be exploited to measure vibrations [95] and ve-
locity [11, 41], active illumination sensing can be used to reason about parts of the environment
that are outside a sensor’s field of view [32] or measure the chemical composition of the atmo-
sphere [7].

In this thesis, we look at how to develop hardware arrangements and computational tech-
niques to make active illumination based sensing work robustly in a wide variety of difficult, real
world conditions. We limit our attention to macro-scale scenes and focus primarily on the tasks

of shape recovery and isolating elements of light transport.

15



1.2 Devices

Broadly speaking, active illumination depth sensors can be grouped into three classes - lidars,
continuous wave time-of-flight cameras and triangulation-based devices. Here, we briefly ex-

plain the working principles of each type of device.

1.2.1 Lidar

Lidar (LIght Detection And Ranging) systems are impulse time-of-flight ranging devices. They
measure distance by emitting a short pulse of light and measuring the time taken for the pulse’s
reflection off a scene point to return to the device. Because light travels at 3 x 108ms~!, the
emitted burst of light must be extremely short (a few nanoseconds or less), the photosensor used
to detect the reflected light must have large bandwidth and the clock used to measure the light
pulse’s round-trip time must have a very high resolution.

In contemporary lidar systems, avalanche photodiodes (APDs) [16] are usually the photosen-
sor of choice. APDs have very fast response times and high light sensitivity which is important
since the reflected pulse from a distant object can be weak. APDs can be operated in two modes
- linear mode where the photodiode operates at moderate gain outputting a current proportional
to the photon arrival rate and Geiger-mode where the gain is set very high causing the first
detected photon to essentially saturate the photodiode. Geiger-mode APDs are also known as
single-photon avalanche diodes (SPADs).

In a linear-mode lidar, the output of the photosensor can be processed to detect and times-
tamp the return using an analog timing discriminator or by using a high speed analog-to-digital
converter to digitize the waveform for further processing. The latter approach has the advantage
that it allows for handling multiple returns from the same direction. In a Geiger-mode lidar, the
photosensor output is triggered at the first detected photon. Once a photon is detected, the pho-
todiode needs to be reset before it can detect again. This means that at most one reflected photon
can be detected per emitted light pulse. Since the photodiode can also be triggered by ambient
light and dark counts (thermal noise), to obtain a reliable range measurement, multiple pulses
need to be emitted and the returns need to be combined statistically.

Another important classification of lidar systems is on the basis of how large an area they
sense at a time. Scanning lidar range finders have a emit light along one beam at a time and
have a single photosensor, so they make depth measurements at a single point at a time. To
create a depth image, the scan head needs to be actuated mechanically. Some scanning lidars
contain an array of emitter-photodiode pairs that are all actuated together [33], but these devices
are essentially just a set of point lidars packaged together. Flash lidars [57] emit light over an

extended area at a time and have an array of photosensors, so they can capture at entire depthmap
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at once instead of scanning point-by-point. The electronic circuitry each photodiode in a lidar
needs for peak detection and time measurement is fairly complex, this makes fabricating sensor
arrays for flash lidars difficult. A more detailed discussion of lidar principles and technology can
be found in [64].

1.2.2 Continuous Wave Time-of-Flight Depth Cameras

Continuous wave Time-of-Flight depth cameras [56] emit light that is modulated temporally
(typically in the 10 MHz to 200 MHz range). Depth can then be esimated (upto a modulo wrap
around ambiguity) from the phase difference between the emitted light signal and the reflected
signal that returns to the sensor from the scene.

To measure the phase of the reflected light signal, CW ToF cameras use sensor arrays use
lock-in pixels that can redirect photoelectrons into different charge accumulation sites on the ba-
sis of the modulation signal. Readings from these accumulation sites can be used to demodulate
the incoming light signal and recover its phase relative to the emitted signal (see section 5.2 for
details). CW ToF cameras use lower intensity light sources than lidars and need to expose the
sensor over multiple modulation cycles to be able to make accurate phase measurements. To
integrate enough light at the sensor to recover a reliably phase measurement, CW ToF sensors
typically use exposures that last for thousands of modulation cycles (ie. much longer exposure
times than impulse ToF systems), but are able to generate depthmaps at video frame rates.

Unlike impulse ToF systems, CW ToF depth camera sensors can be fabricated with processes
similar to those used to make regular CCD and CMOS image sensors (although SPAD-based
implementations are also possible [73]) and do not have the extremely demanding bandwidth and
timing requirements of impulse ToF systems like lidar. As a result, CW ToF sensors are cheap
and easy to manufacture. The second version of the Microsoft Kinect is a popular consumer
device that contains a CW ToF depth sensor [79].

1.2.3 Triangulation-Based Depth Sensors

Consider a camera and a controllable light source separated by a baseline. By emitting light in
one direction from the source and then detecting the direction along which light reflected from
the object reaches the sensor, the distance to the object can be triangulated. To speed up the
acquisition process, light can be emitted along many directions from the source simultaneously
to form a structured light pattern [94]. Images of one or more such patterns can be decoded to
establish correspondences between directions along which light was emitted and received. Struc-
tured light devices typically use diffractive optical elements (DOEs) or programmable projectors

to generate the projected patterns. The use of DOE light sources is common in consumer-grade
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structured light systems aimed at gesture recognition like the original version of the Microsoft
Kinect™ and the Intel RealSense™ F200. Projectors based on digital mirror devices (DMDs)
can be used generate dense depth maps at extremely high framerates [60]. Structured light scan-
ners are used in controlled industrial settings for quality control and similar tasks.

An alternative to structured light is active stereo where an active light source assists a stereo
camera pair by projecting a spatial pattern onto the scene [52]. While structured light works
only within the range of distances where reflected light from the active source can be detected
by the camera, active stereo degrades gracefully to passive stereo at long ranges. The Intel
RealSense™ R200 is an example of a active stereo device [50].

Continuous-wave ToF and structured light/active stereo based active illumination devices use
low cost, easy to fabricate sensor technologies and so they would be well placed for wide scale
adoption in a large number of application domains if they could be made to work robustly in real

world conditions. We now look at some of the difficulties that currently limit their applicability.

1.3 Challenges

Many materials and scene geometries interact with light in complex, difficult to model ways.
Participating media such as smoke or fog scatter and attenuate light. The presence of bright
ambient light sources (like the Sun) can make it difficult to reliably detect light from a low power
active source. A system that uses lenses for illumination or imaging would need to be able to
handle defocus in order to have a large working volume. To be useful in dynamic scenes or
situations where the sensor is moving, an active illumination system would need to be able to
correct for the effects of motion during the image acquisition process. We will now discuss each
of these challenges in more detail and outline various approaches (both computational and in

hardware design) that can be used to address them.

1.3.1 Global Light Transport

The radiance observed at a scene point illuminated by a light source is the sum of two compo-
nents - the direct illumination and the global illumination. The direct component is the light that
undergoes a single reflection in the scene along its path from the source to sensor. Light that
takes indirect, multi-bounce paths forms the global component of illumination. The global com-
ponent contains light that undergoes interreflections between surfaces, light that penetrates the
surfaces of translucent objects (subsurface scattered light) and light that scatters volumetrically
in a participating medium like fog or turbid water.

The direct component of illumination at a point is relatively easy to model. It depends on
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(a) Regular Image

-,

(c) Global Image (d) Fraction of Global Light

Figure 1.1: Direct and Global Illumination: A regular photograph of a set of objects made from
different materials is shown in (a). Apart from some subtle variations in texture and specularities,
there is little that can be used to differentiate between the different types of materials. Images
(b) and (c) show the direct and global components of illumination in the scene separately. The
waxy candle shows strong subsurface scattering so it appears very bright in the global image
and only specularities and some surface details appear in the direct image. The yellow paper
and cardboard show mostly surface reflection and so they appear dark in the global image. The
plastic objects fall somewhere in between with some light appearing in the direct image and some
in the global component. A simple statistic like the fraction contribution of global illumination

to the total irradiance of a scene point (d) can encode useful material information.

the relative geometry between the light source and sensor, the position and orientation of the
surface and the reflectance properties of the surface (which are described by the bidirectional
reflectance distribution function or BRDF). The direct component at a point is independent of the
configuration of the rest of the scene except for shadowing and occlusion effects. In contrast, the
indirect component of illumination is usually difficult to model because the indirect component

depends on the light a point receives from the rest of the scene.

Global illumination is pervasive in real-world scenes. Any scene with non-convex geome-
try or objects made of translucent materials will have global light transport - but because global
illumination is so difficult to handle, active illumination techniques for shape recovery (both
photometry-based and geometric) traditionally only account only the direct component of illu-
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mination. With these direct-only models of light transport, global illumination in the scene acts

as a noise source and can cause severe, systematic errors in depth estimates and recovered shape.

Prior work that looks at handling the global component in the context of active illumination
can be broken into three groups. The first group of methods tries to explicitly model global
light transport. An early example is Shape from Interreflections [71] which recovers the shape
of concave Lambertian surface under distant lighting. The method iterates between shape es-
timation and correcting for the effects of interreflection on the estimated shape. Inverse light
transport [91] generalizes this idea to arbitrary lighting conditions and develops interreflection
cancellation operators that allow each n-bounce image in a scene with interreflections to be com-
puted. With indirect ToF sensors, it is possible to combine measurements at different modulation
frequencies with various simplifying assumptions about global light transport to correct for the
effects of multi-path reflections [22, 31]

Another group of methods uses carefully designed active illumination patterns to avoid er-
rors due to global illumination. It was observed in [69] that in most scenes, when the spatial
frequency of the light pattern illuminating a scene is sufficiently high, the contribution of the
global component to the radiance at a scene point becomes almost independent of the light pat-
tern. In [14, 27] high frequency structured light patterns were designed to mitigate the effects of
global illumination on structured light decoding. In [25] high frequency patterns were used for

photometric stereo.

Thirdly, there are methods that block global illumination from reaching the sensor while
imaging the direct component of illumination. This type of transport aware imaging was demon-
strated in [75] where a camera was built that could probe just the global component of illumina-
tion. This probing technique was extended in [76] to capture images of arbitrary structured light
patterns where global light transport’s affects are constant. The key insight of [76] is that direct
illumination always obeys the epipolar geometry between the light source and sensor while the
majority of global light does not. In chapter 4 we describe a hardware arrangement that builds on
this insight and can efficiently capture epipolar-only images of scenes illuminated by arbitrary

structured light patterns.

While global light transport may appear to be a nuisance during shape recovery, being able
to separately recover both the direct and global components of illumination can be useful. In
addition to providing insights into how light interacts with a scene, having access to the two
components separately instead of their sum can provide useful information about the physical
properties of materials present in a scene. For instance, consider the scene in figure 1.1. All
the objects are of similar colors, but when the components of illumination are separated using
the technique proposed in [69] the difference between different types of materials becomes very

clear.
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1.3.2 Defocus

(a) Scene (b) Disparity Map

Figure 1.2: Illumination Defocus: In (a) a checkerboard pattern is projected onto a scene using
a DMD projector. The scene consists of three planar targets at distances of 60cm, 80cm and
120cm from the projector-camera system. The pattern is focused on the nearest plane. Due to the
shallow depth of field, the pattern is poorly focused at other distances. Running structured light
on this scene yields poor results (b) because of illumination defocus. The foreground of the scene
is reconstructed accurately because it is well focused, but the rest of the scene is reconstructed
poorly.

Light sources and imaging sensors that use lenses to focus light have limited depths of field -
a lens correctly focuses a single depth plane and only a narrow range of depths around this plane
will have an acceptably small level of defocus blur. Thus, defocus can limit the working depth
range of an active illumination system.

[llumination and imaging defocus blur can be reduced by using small apertures. This would
increase depth of field but would also reduce the light throughput between the source and sensor.
It is possible to use camera focus as a shape recovery cue (using depth from focus and depth
from defocus methods [80]). It has been shown that in principle depth from defocus is similar
to stereo triangulation based techniques but defocus cues have a baseline equal to the size of the
aperture [88].

One of the issues with modeling camera defocus (both for recovering depth and all-in-focus
images) is that the camera blur kernel at a pixel depends not only on the depth of the corre-
sponding world point but also on the local surface geometry around the point. To reduce the
complexity of the problem, most work in depth from camera focus/defocus makes a simplifying
assumption - that the immediate neighborhood of any scene point is fronto-parallel to the camera.
This assumption helps make the problem of inverting camera blur more tractable, but it comes at
the cost of smoothing over fine details and introducing errors at depth discontinuities.

Projectors based on technologies like Digital Light Processing (DLP) and Liquid Crystal on
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Silicon (LCoS) are frequently used as structured light sources for active illumination. These pro-
jectors typically use very large apertures to maximize light output. Illumination defocus differs
from camera defocus in one crucial respect - the illumination defocus blur kernel at a projector
pixel depends only on the scene depth of the corresponding world point and is independent of
the geometry of the local neighborhood surrounding the point. As Zhang et al. observed in [110]
this difference is because “projector defocus convolution happens on the projector’s image plane
while camera defocus convolution happens on the scene surface”. In [110] illumination defocus
was exploited for depth measurement and the technique was extended in [28] to handle both
defocus and global light transport simultaneously.

Although defocus (in both illumination and imaging) can be used for shape recovery, defocus
cues are typically less useful than stereo triangulation cues (the aperture of a lens is much smaller
than the typical projector-camera baseline). Since illumination defocus blurs structured light
patterns and camera blur mixes contributions from many scene points into a single image pixel,
defocus is generally considered to be a error source in structured light. In chapter 3 we describe
an illumination defocus-aware structured light technique that can extend the effective working
volume of a projector-camera system.

Another solution to illumination defocus is to use a lensless light source to generate light
patterns. Examples include diffractive optical element based systems and raster scanning laser
projectors. In chapter 4 we describe a system that uses a scanning laser projector. In chapter 5
we develop a system that modulates light temporally instead of spatially and as a result is not
affected by illumination defocus.

1.3.3 Ambient Light

Outdoors on a bright, sunny day the total irradiance due to the Sun observed on the surface
of the Earth can reach as high as 1120Wm 2. The controllable light sources used by active
illumination systems are typically many orders of magnitude less powerful. For instance, a large
tabletop projector would output roughly 10W of light, the active light source we use in chapter 4
has an effective output power of 20mW.

The arrival of photons at a sensor can be modeled as a Poisson process [104]. As the expected
rate of photon arrival increases, the variability in the number of photons reaching the sensor over
any time period also increases (if the expected number of photons is n, the standard deviation
of the distribution is /7). When a scene point is illuminated by two sources, one weak and one
strong, the signal due to the weaker source can get lost in the arrival noise (known as shot noise)
of the stronger signal.

Shot noise fundamentally limits the ability of any light sensor to detect a weak light signal
(like light due to a low power active source) in the presence of a far stronger light source (such

22



1

)
o
o

— — Extraterrestrial Radiation
Direct + Circumsolar Irradiance |

4

—_
(6]
T

o
(6]
T

Spectral Irradiance (in Wm™2nm

1000 1500 2000 2500 3000 3500 4000
Wavelength (in nm)

0 1
0 500

Figure 1.3: Spectral Distribution of Solar Irradiance: The black plot shows the spectral distribu-
tion of solar energy above the Earth’s atmosphere. The green plot shows the spectral distribution
at the Earth’s surface. There are a few bands of wavelengths in the short wave infrared range
which are almost completely absorbed by the atmosphere. Some high end laser range finders
operate at these wavelengths but controllable light sources and sensors that work at these wave-
lengths are not well developed.(Spectral data source: ASTM G-173)

as the Sun). This problem is exacerbated by the r? fall-off in effective brightness of a point
source with distance. Even when ambient light isn’t strong enough to cause active illumination
systems to fail completely, it adversely affects signal-to-noise ratio and degrades performance. In
structured light techniques it can cause decoding errors and in modulated time-of-flight imaging

it can increase noise in phase estimates.

Increasing the power of an active light source until it is bright enough to compete with sun-
light is clearly not practical. The only way active illumination systems can work in bright ambient
conditions is if they are designed so that a very large fraction of ambient illumination is blocked
from reaching the sensor while all (or almost all) the light from the active source is allowed
through.

The Sun is a wideband source that emits light over many wavelengths. A considerable frac-
tion of sunlight can be blocked by using a narrowband active source and placing a matching
optical filter in front of the sensor. The most effective optical filters are interference-based.
They are designed for light incident normal to the filter and the passband shifts towards shorter
wavelengths as the angle of incidence increases. This means that there is a trade-off between
field-of-view and the selectivity of an interference-based optical filter that can be used for an
imaging system. The wider the desired field-of-view, the broader the optical filter’s passband
needs to be.
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As shown in figure 1.3 the spectral distribution of sunlight is peaked in the visible range,
fairly strong in the near infrared (NIR) spectrum and tapers off at longer wavelengths. There are
a number of wavelengths in the short wave infrared (SWIR) range where sunlight is weakened
by the time it reaches the Earth’s surface due to absorption in the atmosphere. It is possible
to achieve some performance gains by operating at these wavelengths, but light sources and
sensors that work in SWIR tend to be very expensive and have much poorer spatial and temporal
resolution than their visible or NIR counterparts.

Almost all active illumination systems designed to be used outdoors use narrowband sources
and wavelength filters but on its own, optical filtering generally does not block enough ambient
illumination.

A complementary approach to handling ambient light is concentrating the active light source’s
output temporally and/or spatially. Scanning laser rangefinders and flash lidars emit extremely
short, high power light pulses, but devices capable of generating, detecting and accurately timing
light pulses at the short timescales needed tend to be very expensive.

There are some examples of spatial and temporal concentration being used in projector-
camera systems. For instance, [65] demonstrated how a raster scanning projector can be used
to build a low power line striping structured light system that works outdoors. In [30] a system
is described that given a fixed power budget can vary the spatial concentration of light to reach
a desired level of accuracy at the prevalent ambient light levels. In both these methods, acquisi-
tion time is sacrificed to gain robustness to ambient light. The Motion Contrast 3D scanner [13]
breaks this trade-off by combining a raster scanning source with an event camera. In chapter 4 we
describe a system that uses a raster scanning light source and which can image arbitrary spatial

light patterns (not just single stripes) using an ordinary CMOS imaging sensor.

1.3.4 Interference

Since active illumination devices emit light into the environment, they can interfere with each
other. Although the power of nearby interfering sources is likely to be far lower than ambient
light levels, the effects can still be severe. This is because unlike ambient light, the light from
interfering devices is modulated. Lidars are generally fairly robust to interference because the
fraction of time over which the sensor is actually exposed awaiting the reflection of an emitted
light pulse is very small, reducing the chance that two devices will interfere. Scanning lidars in
particular are rarely affected by interference from other scanning lidars because they sense along
a single direction at a time and the probability of two scanning lidars simultaneously pointing
along the same ray or at the same point in the world is very low.

Interference from other devices is not a major concern in active stereo systems either because

the interfering devices simply act as external sources of projected texture. Continuous wave ToF
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cameras and structured light scanners however are strongly affected by interference from other
devices. They typically expose their sensors at fairly high duty cycles and the decoding mecha-
nisms they use can make gross errors (as opposed to just noisier measurements) if interference
occurs. For these types of devices to be used widely in the real world it is important that multiple

devices can operate simultaneously without severely degrading each other’s performance.

1.3.5 Motion

Active illumination techniques can be divided into two classes based on the number of images
they use. Multi-image techniques capture a sequence of images of a scene under different active
lighting patterns while single-shot techniques use a single pattern and capture only one image.
Multi-image techniques assume that an image pixel corresponds to the same world point across
the sequence of images. This means that the light-source, camera and scene need to remain sta-
tionary during the acquisition process which is a severe limitation. For some tasks such as shape
recovery using structured light or separating the direct and global components of illumination,
both single-shot and multi-image methods exist while other tasks like flash/no flash photogra-
phy [81] or capturing light-in-flight images with a ToF camera [38] inherently require multiple
images to be captured.

Even when a single-shot solution to a problem exists, it would typically generate much lower
quality results that a multi-image technique. For example multi-image structured light methods
(such as gray codes [46] or phase shifting [94]) preserve fine scene details and do not make errors
around depth discontinuities. In contrast, single-shot structured light methods ( [48, 78]) produce
lower quality depth estimates that are either sparse or have artifacts at depth discontinuities and in
highly textured regions. This is because multi-shot structured light can decode correspondences
temporally at each pixel while single-shot structured light requires a spatial window of support
around each pixel to establish correspondence.

One way to address this trade-off between multi-image and single-shot techniques is to use
spatio-temporal windows for matching correspondences as is done in spacetime stereo ( [15,
111]). Since scene motion causes the shape of corresponding spatio-temporal windows to shear [111]
searches for correspondences over both shifts (disparity) and shears (due to motion). Searching
over shears effectively registers the images so that they appear to be images of a static scene taken
from a fixed viewpoint. This generates high quality correspondences but is computationally ex-
pensive. Motion Aware Structured Light [101] uses structured light patterns that can be decoded
both spatially and temporally and adapts the size and shape of the spatio-temporal window used
for correspondence matching to handle scene motion.

Other approaches that attempt to compensate for the affects of motion in structured light

are [51, 107]. Structured Light Transport [76] describes a method for interleaving multiple struc-
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tured light patterns into a single image capture. Frames corresponding to each of the individual
patterns can then be extracted from the captured image in a process similar to demosaicing. These
extracted frames can then be passed through a regular multi-image structured light algorithm.

As discussed, when multiple images of a dynamic scene are captured, some sort of registra-
tion or motion compensation is required. During the capture of a single image, motion manifests
as motion blur. If scene motion is small during the exposure time of the sensor, the effects of
motion blur can be ignored. For indirect ToF sensors [59] describes a method for detecting pixel
measurements that have been corrupted by motion blur. Direct ToF systems (both imaging and
scanning lidars) use extremely short bursts of illumination and so they are unaffected by motion
blur.

In chapter 2 we introduce a method for compensating for the effects of scene and sensor
motion while performing direct-global separation using the multi-image high frequency illumi-
nation technique [69]. In chapter 5 we build a new hardware setup for epipolar-only imaging
that can be used to capture images under different lighting conditions at very high speed effec-
tively removing the need for motion compensation when using multi-image active illumination

techniques on dynamic scenes.

1.4 Goals and Contributions

The goal of this thesis is to develop computational techniques and hardware arrangements to
make active illumination devices that work under real world conditions. We want to combine
the robustness of a laser scanning rangefinder with the speed, point density, compactness and
economy of a consumer depth camera. Towards this end we make the following contributions in
this thesis:

* Motion Compensated Direct-Global Separation [2] (Chapter 2): We have developed
a method for registering images from a video stream where a dynamic scene is lit by a
time varying projector pattern. This allows us to apply the direct-global separation method

proposed in [69] to dynamic scenes captured from moving sensor platforms.

* Multi-Focus Structured Light [1] (Chapter 3): The working volume of active illumi-
nation systems that use lens-based projectors as a light source is severely constrained by
projector’s narrow depth of field. This limits the applicability of such systems to condi-
tions where the relative positioning of the scene with respect to the system can be carefully
controlled. We have developed a method that uses structured light patterns projected at
multiple focus settings and combines illumination defocus cues with structured light trian-

gulation to recover scene shape over large working volumes.

* The Episcan3D Sensor [77] (Chapter 4): We have developed a low power, portable active
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Motion Compensated Multi-Focus

) Episcan3D Epipolar ToF
Separation Structured Light
Global
diffuse v v v v
subsurface v v v 4
specular X X v v
volumetric - - - -
Ambient X X v v
Interference X X - v
Motion
dynamic scenes v X v -
motion blur X X v v
Defocus
illumination X e v v
imaging X X - -

Table 1.1: Comparison of techniques presented in this proposal on the basis of what types of
effects they are robust to. Tick marks represent a high deal of robustness, hyphens are for effects
that are partially handled and a cross indicates that the method is not robust to the corresponding
effect.

illumination device that can capture the epipolar-only or indirect-only components of light
transport at video frame rate with optimal light throughput. The epipolar-only imaging
mode is robust not only to global light transport but also ambient light sources. The sensor
can be used for structured light or active stereo depth sensing outdoors in bright sunlight.
Our sensor illuminates and images one epipolar line at a time and strikes a balance between

the need for light concentration and scanning speed.

* The Epipolar Time-of-Flight Sensor [3] (Chapter 5): The range of the Episcan3D sensor
is limited by the projector-camera baseline and the extremely low power of its active light
source. We extend the ideas behind the triangulation-based Episcan3D sensor to continu-
ous wave time-of-flight imaging. Our Epitof (Epipolar Time-of-Flight) prototype inherits
the robustness to ambient light and global light transport effects and has a range of 15 m
outdoors in bright sunlight. Also, epipolar time-of-flight allows us to make depth measure-

ments of fast moving scenes.
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Chapter 2

Motion-Compensated Separation of Direct
and Global Illumination

“When stereo gets out of line, they call it optical flow.”

2.1 Introduction

Separating the direct and global components of illumination provides valuable insights into how
light interacts with a scene. Being able to extract the direct component of illumination can
improve the performance of classical photometry based algorithms like shape from shading as
well as structured light reconstruction which typically do not account for global effects. Having
access to the two components separately instead of their sum can also provide useful information
about the physical properties of the materials present in a scene.

Efficient method for finding the global and direct components of illumination using source
occluders or a projector-camera system were first proposed in [69]. The key insight of the chapter
is that for most scene types, the global component of illumination varies fairly smoothly and
has low spatial frequency. If a high spatial frequency pattern is projected onto a scene, the
contribution of global illumination to the irradiance of each scene point will be independent of
the light pattern being projected.

The method involves capturing images while illuminating the scene with a sequence of high
frequency patterns. The separation can be performed using three sinusoid patterns, but the best
results with practical projector-camera systems require around 20 high spatial frequency pattern
images. A method that uses a single image was also presented, but it generates results at a
fraction of the projector’s resolution which is undesirable since most projector-camera systems
are projector resolution limited. To generate high quality results, multiple images need to be

captured under different illumination patterns and the light source, camera and scene need to
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(a) Regular Image (b) Global Image

Figure 2.1: Motivating Example: Image (a) was captured using a regular flash, while image (b)
is the global component of illumination computed using the separation technique of [69]. In the
regular flash image it is difficult to tell which which bunches of grapes are ready for harvest. The
global image (b), captures light that scatters below the surface of the grapes and the difference
between bunches is much more pronounced. Being able to separate direct and global illumination
from a moving platform would make it possible to visually scan a vineyard and determine what

fraction of the crop was ready for harvest. (Images courtesy Stephen T. Nuske)

remain stationary during the image acquisition process.

In this chapter, we develop a method that relaxes the requirement that the scene and camera
remain static during direct-global separation. This allows separation to be performed on video
sequences in which the projector-camera system and/or the scene are moving and known time
varying, high frequency patterns are being projected onto the scene. Figure 2.1 illustrates a mo-
tivating example for this problem. The method presented in this chapter makes no assumptions
about the light source’s ability to redistribute its output and can used with any type of projector
that can project high spatial-frequency patterns onto the scene.

We assume that the underlying global and direct components of a scene point vary only
slightly over small motions. This means that if the frames in a temporal window can be aligned,
the separation technique in [69] can be applied to the aligned frames. Optical flow techniques
can not be used directly because of the time varying patterns being projected onto the scene.
Instead, we use a simple image formation model to approximate scene appearance under uniform
lighting given an image of the scene under patterned illumination. We use these relit images to
aid alignment and then estimate the global and direct components from the aligned images.

Compared to single image separation, our method produces more detailed, higher resolution
results. We use all the frames in a temporal window for estimating the global and direct compo-

nents. No frames are used exclusively for tracking, so our method can handle faster motions than
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interleaving at a given frame rate. We use a colocated projector-camera system which allows us

to avoid the difficult projector-camera pixel correspondence and 3D reconstruction problem.

We show that our method compensates for motion effectively and generates separation results
close to ground truth. We show that not compensating for motion introduces significant artifacts
in the separation and compare our method to alternatives such as single shot separation and
interleaving. The scenes we demonstrate our method on contain materials such as wood, plastics,
fabric, wax, leaves and human skin that interact with light in complex ways. We show that our
method is able to compensate for both rigid motions and non-rigid deformations in the scene.

2.1.1 Related Work

By using a programmable mask in front of the camera and exploiting the high switching speed
of DLP projectors, [75] was able to build a transport aware camera that could optically capture

only the global component of illumination.

The need for motion compensation also arises in structured light for 3D estimation. In [107] a
motion compensation method for the phase shift structured light algorithm is presented. Motion
in the scene during image acquisition causes high frequency ripples in the phase estimates which
are corrected by modeling the true phase as a locally linear function.

Motion estimation and compensation in image sequences with projected patterns is often
done by interleaving the patterns with uniform lighting [112]. A similar approach is used in the
structured light motion compensation scheme in [51] where patterns for structure estimation are
interleaved with patterns optimized for estimating motion. Interleaving is a valid approach for
our problem, but it increases the number of images that are needed and can introduce registration

artifacts if the motion is not smooth.

Most techniques for optical flow are based on brightness and gradient constancy assumptions.
Because we illuminate the scene with time varying, high frequency patterns, these assumptions
are not valid. Illumination-robust optical flow methods have been designed based on photometric
invariants [66] and physical models [37]. Computationally, most optical flow methods are based
on local linearization of images. Since our images are dominated by the projected high frequency
patterns, this linearization causes problems. An alternative optical flow formulation was derived
in [96] that uses a direct search to compute optical flow and which can accommodate arbitrary

data loss terms. We use a variant of this direct search method to refine our alignments.

31



(a) Global Component I, (b) Projector Pattern s

Figure 2.2: Image Formation Model: The observed image / is modeled as a linear combination of
the global component (/,) and a projector pattern (s) modulated version of the direct component
Iy). I = %[ 4 + s14. The specularities on the candles appear in the direct image and most of the
color is due to subsurface scattering in the wax and appears in the global image.

2.2 Image Formation Model

The brightness I*(z) of a pixel z at time ¢ is a combination of the direct component [} and
global component of illumination I;. When patterned illumination lights up the scene, the direct
component is modulated by the pattern. If the pattern has an equal number of bright and dark
pixels and has high spatial frequency compared to I;, the contribution of the global illumination

to the brightness is approximately %[; [69]. Thus we have

I'Nx) = 51(x) + s'(x)[3(x) (2.1

where, s! is the value of the projected pattern at camera pixel z. We colocate our projector
and camera so the mapping between projector and camera pixels is fixed and independent of
scene geometry. Even though the projected patterns are binary, the value of s’ at a pixel can be
continuous because real projectors do not have ideal step responses and the projector and camera
pixels need not be aligned. An example of the model is illustrated in Figure 2.2.

For convenience and without loss of generality, we fix ¢ = 0 to be the current frame, at
the center of a temporal sliding window. As a scene point moves with respect to the projector
and camera, its global and direct components will change. We assume that the motion within a
sliding window is small enough for these changes to be negligible. This allows us to relate the

global and direct components at time instant ¢ in the sliding window to time 0

I(z) = Ig(W'(x)) Iq(x) = (W' (z))

where, W' is an (unknown) warping function that aligns the view at time 0 to the view at time
t. Att = 0, W is just an identity mapping. W' depends on the geometry of the scene and the
motion of the scene and projector-camera system. We use the notation W o [ to denote the image
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that results from applying warp W to image I. It should be noted that the warp W' is not an
affine or projective mapping, but an a flow field over the image I* with two degrees of freedom
per pixel. Using this type of warp allows us to correctly handle rigid and non rigid motion in the

scene.

Limitations The image formation model we use in this algorithm does not model changes in
the underlying direct and global components at a scene point within a small temporal window.
This is generally valid for global effects, diffuse reflections and smooth gloss reflections but
not for sharp specularities. Additionally, we assume that there is no blurring of the images due
to motion and that the scene lies completely within the depth-of-field of the projector-camera
system. Additionally, the algorithm estimates 1! by computing optical flow and solves a number
of total variation regularized optimization problems at each frame so it does not run in real
time. The ability to register images togehter depends on the ability of the optical flow algorithm
to generate correct flow fields. Thin structures, rapid motion and occlusions/disocclusions can

adversely effect the performance of optical flow and hence affect our algorithm as well.

2.3 Motion Estimation and Compensation

We compute the direct-global separation at a frame in the video sequence using a small temporal
sliding window centered at that frame. We seek to compensate for the motion that occurs inside
a temporal sliding window so that the frames can be aligned to each other. With the help of the
image formation model, we estimate how the scene would have appeared at each time instant
under uniform lighting instead of the patterned illumination being projected onto the scene. We
use these fully lit versions of the images as inputs to an optical flow technique that align the
images. We then refine the warps generated by optical flow. Once the images are aligned we can

compute the global and direct components robustly.

2.3.1 Estimating Scene Appearance Under Uniform Illumination

Finding the warps that align frames is difficult because of the time varying pattern being pro-
jected onto the scene. The time varying patterns violate the brightness and contrast constancy
assumptions most optical flow methods rely on. To aid alignment, we compute an approximation
of how the scene would have appeared (I }) under uniform illumination from the frame I* and
the pattern s’ used to illuminate the scene. These fully lit estimates are better suited for image
alignment than the original patterned frames.

Under uniform illumination, the brightness at a pixel is the sum of two unknowns, the direct

component and the global component }(x) = I!(x) + Ij(x). The two unknowns are related by
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equation 2.1. The problem is under constrained and can not be solved uniquely because there
is only one equation for every two unknowns. To find an approximate solution to the problem,
we introduce a regularizer that enforces piecewise spatial continuity of the estimated global and
direct components (I ; and ffl respectively). The loss function minimized is

L(IL, I = |I' = LI — S'T4|J5 + ATV (IL) + ATV (1) (2.2)
where, A\, and )\, are smoothing parameters for the global and direct components. 7'V (Z) is

the isotropic total variation of the function Z(z, y).

TV(Z)= > (g—f)z + (2—5)2 (2.3)

Domain(Z)

For color images, we sum together the total variations computed over each color channel.
This objective function is similar to those used in L1 regularized image deblurring and denois-
ing [10]. It is convex in the optimization variables I ¢ and I,; and can be solved efficiently to find
a globally optimal solution. An example of the type of results found by our illumination pattern

removal technique is shown in Figure 2.3.

(a) Input Frame %I g+ slq (b) Recovered Fully Lit Frame I ¢ = (c) Actual Fully Lit Frame Iy =
f g T f d I gt 1,

Figure 2.3: Recovering a Fully Lit Image: An image captured under a known high frequency
illumination pattern (a) is relit to form an estimate (b) of how the scene would have appeared
under uniform lighting. For reference, the actual appearance of the scene under uniform lighting
is shown in (c). The relit estimate (b) captures the structure of the scene fairly well but smooths
over some of the finer detail that is visible in (c) and the regularization introduces some artefacts
(notice the pegs placed inside the green bowl). Relit images are used to perform image alignment

on the original images

Any high frequency illumination pattern can be used to perform direct-global separation. We
use random bandpass patterns similar to those used for structure estimation in [14]. The relit
images sometimes contain minor artifacts along the edges in the patterns. These artifacts are

caused by projector blur and small errors in the colocation between the projector and camera.
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Using random patterns prevents correlation between these artifacts across time from affecting
the registration process.

This procedure for estimating scene appearance under uniform lighting is in some ways sim-
ilar to the image inpainting problem. In image inpainting, the goal is to ‘repair’ an image with
missing regions by filling in the gaps with pixel values that agree well with the structure of their
surroundings. Our goal is to ‘repair’ an image taken under patterned lighting to make it look like
it was taken under uniform illumination. Approaches to the inpainting problem typically assume
that images are self-similar [20] and/or exploit some type of sparsity structure [21]. The problem
we solve here is similar to inpainting and we also make use of sparsity to help find a solution
(the total variation regularizer enforces sparsity on the image gradients). There is one important
difference though, in inpainting, pixels are typically marked as either good or bad and the goal
is to fill in all the bad pixels. In contrast, in our problem each pixel has a continuous valued
projector pattern associated with it instead of a binary label and we have an image formation

model that relates projected pattern value to camera pixel brightness.

2.3.2 Registering Images

To align a frame to the center frame, we could simply compute optical flow between the relit
frames. But for scene points that are illuminated in both images, it is better for the warp to
match the original image pixel values 1°(z) and I*(x) than the smoothed, relit estimates [ 7 (x)
and [ Jtc (x). At scene points that are not illuminated or which are illuminated in one frame but not
the other, matching the relit estimates is preferable. We implement this idea in two stages. First,
we compute the warping that best aligns IN} to f? with variational optical flow [8]. This initial

warp estimate is then refined by minimizing the following cost functional:

CWH =) (1 —ale, WH)|[}(x) - [H(W'(x))]

x

+) oz, WHII(x) — I'(W' ()| + 4TV (W) (2.4)

where, a(z, W") is a weight that is high when a point is lit (s close to 1) in both the center
frame I° and the current frame I*. The total variation term is a regularizer to ensure that the

computed warp is piecewise continuous. The weighing function « at each pixel is set as

o, W) = (s(z)s' (Wh(x)))", ifs (x)z 0.8 and s* (W*(z)) > 0.8 2.5)
0, otherwise
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The data term in the cost functional is a combination of the pixel differences between the
relit images and the original images. The data term does not linearize well, so we minimize it
approximately using the direct search algorithm proposed in [96]. Because we are using this step
to correct small errors in an existing optical flow estimate we search for an refined warp at each
pixel using a small window centered around the original warp estimate.

If the motion that occurs in a sliding window is large, optical flow may fail to correctly align
some frames to the center frame. We detect poorly aligned frames by thresholding the correlation
between the warped frame Wto ] JZ and center frame [ . Poorly aligned frames are discarded from
the sliding window. This allows the method to adapt to varying levels of motion in the scene.
If motion is small and many frames can be aligned together reliably, they will all be used for
computing the separation. As the speed and complexity of motion in the scene increases, the
number of frames that can be successfully aligned to the center frame will reduce and the quality
of the separation result will degrade gracefully.

2.3.3 Computing Direct-Global Separation

Once the frames in a window have been warped to align with the center frame, we in effect have a
set of images of the scene captured from the same viewpoint with different illumination patterns.

If the set of patterns is designed such that it can be guaranteed that for each camera pixel
there will be at least one frame where the corresponding projector pixel is fully lit and another
frame where it is fully dark, the separation can be performed using simple pixel-wise min and
max operations over the frames in the sliding window [69]. Alternatively, since the projector
pattern values (s') at each pixel are known, the global and direct components can be determined
by fitting a line to the observed brightness values at a pixel using equation 2.1. For this line fit to
make sense, each pixel needs to be observed under a range of projector pattern values.

Since scene structure and motion are not known a priori, a pattern sequence cannot be de-
signed that is guaranteed to satisfy either of the above two criteria. As a result, there will be
pixels in the image where the global and direct components can not be estimated well because
the projector brightness did not change sufficiently at the corresponding scene point. We fill in
these pixels by extending the idea of equation 2.2 to multiple images. We search for piecewise
continuous global and direct components that are a good fit to the observed aligned image data

by minimizing

LI 1) =Y W'l =3I, — (W'os") 1|3
teT

+ ATV (L) + ATV (1) (2:6)
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Unregularized Separation TV Regularized Separation

(a) Direct Image (b) Global Image (c) Direct Image (d) Global Image

Figure 2.4: Regularizing the Direct-Global Separation: Since scene motion is not not a priori,
there will be pixels in the aligned frame stack that do not see a large range of projected light
values. Separation using min and max operations or a linear fit would perform poorly at these
pixels as can be seen in (a) and (b). By regularizing the total variation of the direct and global

components, we can obtain much better separations as shown in (c) and (d).

where, 7' is the sliding window of frames selected about the center frame. At scene points
where a variety of different s values were projected, /() and I9(x) are estimated confidently
as only a single line fits the data term. At pixels where the value of s was similar throughout the
temporal window, many separations are plausible fits to the data and the smoothness terms help

resolve the ambiguity.

2.4 Results

2.4.1 Experimental Setup

In our experiments, the scenes were illuminated using a 1024 x 768 DLP projector. For the
experimental results presented in 2.4.2, the scenes were imaged with a Point Grey Grasshopper
camera at 10 frames per second. For the results on deformable objects (2.4.3), the scenes were
acquired at 60 frames per second. For all experiments, the camera was radiometrically calibrated
to have a linear response curve and the camera and projector were colocated using a plate beam
splitter. The camera used had a Bayer array for capturing RGB images (as opposed to being a
3-CCD sensor). This Bayer array reduces the effective resolution of the camera, but the effective
resolution was still slightly higher than that of the projected patterns. Each raw camera image
was debayered and the 3 color channels were processed independently. The experimental setup
is shown in Figure 2.5.

An offline calibration step is used to find the image s corresponding to each illumination
pattern. Each pattern is projected onto a diffuse, planar white surface and imaged by the camera.

To correct for projector vignetting, all images were normalized with respect to a reference image
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Figure 2.5: Experimental Setup: Our experiments were performed using a camera and projector
colocated with a plate beam splitter. We also have a portable version of the setup.

of the same planar surface while fully lit by the projector. This calibration needs to be performed
only once.

The regularization parameters A\, and \; were tuned by hand. For the experimental results
presented below, both A\, and \; were set to 0.1 during the initial estimation step (equation 2.2).
During the refinement step (equation 2.6), A\, was set to 0.08 and \; was set to 0.04. The choice
of the regularization parameters depends on the scale of the projected patterns and the scene
albedo/texture as seen by the camera. Setting the regularization term values too high results in
over smoothed results and setting the values too low results in noisy results where the projected
pattern leaks into the separation results.

2.4.2 Comparisons on Rigidly Moving Scenes

The goal of these experiments is to compare the direct and global components generated by our
algorithm on moving scenes to ground truth and to analyze the effect of temporal window size
on separation accuracy.

Ground truth was acquired by first capturing 25 frames of a scene while projecting checker-
board patterns at different offsets. These frames were captured while the scene and camera were
stationary. The direct and global components calculated on these 25 frames are used as ground
truth (RMS Error 0). We then captured a video sequence with the scene in motion while patterns
were being projected. The pose of the first frame in the video matches the pose from which the
ground truth frames were acquired.

This experiment was performed from two different poses on two scenes (see Figs. 2.3 and
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Figure 2.6: Comparison of Separation Techniques: The RMS errors in the direct (a) and global
(b) components for different separation techniques as the number of frames used is varied. The
blue ‘static’ curves are from direct-global separation on stationary scenes and represent the best
possible performance a method could achieve for a given number of frames. The red ‘moving’
curves are from using our motion compensation algorithm on moving scenes. When the num-
ber of frames is small, the motion compensation method performs just as well on the moving
sequences as normal separation on an equal number of static frames. When the window size
increases, frames far away from the window center are discarded because alignment fails and so

performance of the motion compensated algorithm levels off.

2.7) yielding a total of four trials. RMS errors against ground truth for different separation
methods averaged over the four trials are shown in Figure 2.6.

In the static case, the results improve in quality as the number of frames used increases
(‘Static’ in Fig. 2.6). We also used the regularization method described in 2.3.3 on the static
sequence (‘Static regularized’ in Fig. 2.6). The regularization improves performance when the
number of frames is small and many pixels have not seen enough different projector pattern
values. However, it smooths over some of the fine details in the scene and so it does not perform

as well the unregularized technique when more frames are used.

For the video sequence corresponding to each trial, we tested our motion compensation
method with different sliding window sizes using the first frame as the window center. We eval-
uated the motion compensation with the warp refinement described in 2.3.2 (‘Moving Refined’
in Fig. 2.6) and with the unrefined warps ("Moving’ in Fig. 2.6). We also tested an interleaved
approach where the projector alternates between patterns and uniform illumination (’Interleaved’
in Fig. 2.6). Warps computed between the fully lit images are interpolated to align the patterned
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Interleaving Result on Center Frame Motion Compensated Result on Center Frame

Direct Component  Global Component Direct Component Global Component

3 Frames
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Groundtruth

Patterned Frame Fully Lit Frame Direct Component Global Component

Figure 2.7: Comparison to Interleaving: The separation from interleaving and our algorithm as
the number of frames in the sliding window is changed. The camera is panning across the scene.
The first three rows show the results generated by both methods for various sliding window sizes
(global images are shown at 2 times actual brightness). Our method makes more efficient use of
images than interleaving because no frames are needed exclusively for tracking. Separations that
resolve a given level of detail can be obtained with a smaller temporal sliding window than an
interleaving approach. For instance, our method resolves the text on the tennis ball much earlier

and more clearly than interleaving.
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images. These aligned images are then separated as described in 2.3.3.

When the number of frames used is small, the regularized static method and the proposed
motion compensated methods perform similarly. As the number of frames increases, the im-
provement in the motion compensated output reduces and then stops. When the window size is
large, the frames near the edges of the sliding window can not be aligned to the center frame
because the viewpoint changes are too large and the global and direct components of the scene
points change appreciably. The motion compensation algorithm automatically discards these
frames and they yield no improvement in the results.

Interleaving does not perform as well as our proposed method. The temporal window avail-
able for performing separation on dynamic scenes is small. With interleaving, only half the
frames in this window can be used for computing separation. Additionally, if the motion is not
smooth, the interpolated warps do not align images accurately. These problems could be solved
by using higher frame rates, but at a given capture rate our method can handle faster, more com-
plex motion than interleaving. Fig. 2.7 shows results from our motion compensation algorithm

and interleaving with different temporal window sizes in an example scene.

2.4.3 Deformable Motions

In addition to rigid motion, our algorithm can also compensate for deformations and articulated
motions. Figs. 2.8 and 2.9 show example separations obtained from videos of moving hands,
deforming faces and a plant blowning in the wind. For comparison, we have included the results
without motion compensation. When motion estimation is switched off, we select the window
size for each example that gives the best result to compare against our method. Without motion
compensation, the results are blurred and edges (around the fingers for example) are corrupted.

Subsurface scattering occurs in the skin so most of the color appears in the global component.

2.5 Discussion

Although we do not model the changes in global and direct components that occur within a small
temporal window, our method is still able to handle broad specular lobes like shiny surfaces on
wax and highlights on skin. Sharp specularities and specular inter reflections such as those from
polished metal surfaces would cause both the image alignment and component separation steps
to break down. The fast direct-global separation algorithm for static scenes can handle sharp
specularities but not specular inter reflections. One solution would be to use crossed polarization
filters to remove specular reflections. Methods for removing specular components from images
include [54] and [62].
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Figure 2.8: Direct-Global Separation on Skin: On the left are the global and direct compo-

nents estimated without any motion compensation for a face changing expression and articulat-
ing hands. Many details get blurred away like the hair, and the lines on the palm. Other motion
artifacts are clearly visible on the fingers. The two columns on the right show the component
estimates on the same frames using our motion compensation method. With motion compensa-
tion, many of the artifacts are corrected and a lot more of the original scene detail is recovered.
In the face example, some of the subsurface scattered light leaks into the direct images giving
them a slightly greenish tinge. This happens because the subject is somewhat further away and
the projected patterns at the subject are not high enough frequency to completely resolve the

subsurface scattered light. A similar effect was observed in [70].
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Figure 2.9: Direct-Global Separation on a Plant: On the left are the global and direct components

estimated without any motion compensation for a plant moving in the breeze. There are motion
artifacts and ghosting around the leaves. Using our motion compensation method, many of the
artifacts are corrected and a lot more of the high-frequency details- like veins on the leaves are
recovered.

The experiments presented were designed so that motion blur and defocus would not cause
additional errors. In less controlled settings, we would need to consider the trade-off between
acquisition time and accuracy. Using shorter exposure times and smaller apertures to avoid
motion blur and defocus means that less light reaches the camera and image noise becomes more
of a problem. We would need to consider how computational photography methods like coded
aperture for motion deblurring [83] and light efficient photography [36] could be applied.

In chapter 4 we build a projector-camera based on a different projector technology and
demonstrate a purely optical method for capturing different components of illumination. The
method involves no computation and it can be applied to moving scenes. It can handle not only

subsurface scattering and diffuse interreflections but also specular reflections and caustics.
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Chapter 3

Multi-Focus Structured Light

“Most of the time, you'll be calibrating.”

3.1 Introduction

Projector technologies like DLP and L.CoS use lenses with large apertures to focus their output.
The large aperture size is needed to maximize light throughput but as a result active illumination
systems that use these types of projectors are limited to a shallow working volume in which the
projector is in focus. This limits their applicability to scenarios where the scene relief is small
and laboratory or industrial settings where the relative geometry between the objects of interest
and the projector-camera system can be carefully controlled.

Pattern coding strategies like gray codes [46] degrade gracefully when illumination is defo-
cused. In [26] patterns are designed such that they are all attenuated to roughly the same extent
by projector blur and [42] uses a sliding projector as the light source. These methods have some
robustness to illumination blur but they do not explicitly model illumination blur and use a single
projector focus setting. When depth variation in a scene is very large, the structured light patterns
in some areas will be blurred too severely for shape recovery to be possible.

In this chapter, we present a structured light algorithm that extends the working volume
of the projector-camera system and is capable of producing high resolution depth maps over
large working volumes. Our algorithm models both illumination defocus and global illumination
effects like scattering and interreflection. In addition to a depth map of the scene, our algorithm
recovers the direct and global components of illumination. It can be used to scan optically
challenging materials like wax, marble and translucent plastic.

A naive approach to expanding the depth of field would be to project a complete set of
structured light patterns at each focus setting and then combine the resulting depth maps, but

such an approach would require an inordinately large number of images. Our algorithm uses

45



multiple focus settings but projects only a small number of patterns at each setting, keeping
the overall number of images required small. The key insight of our method is that even an
illumination pattern that is not in focus at a scene point can aid in pattern decoding, provided
the projector blur kernel has been carefully characterized. We perform this characterization by
calibrating the projector to find the blur kernel as a function of scene point depth for each focus
setting.

Previous work in structured light associates a fixed, depth independent code word with each
projector pixel. In contrast, in our approach a projector pixel’s code has a defocus induced
dependency on the depth of the point it is illuminating. To test a candidate projector-camera pixel
correspondence hypothesis, we first compute the scene point depth implied by the hypothesis.
This depth value can be used to predict the defocused illumination received by the scene point
from the projector. If the candidate correspondence is correct, this projector output prediction
should match well with the intensity values observed at the camera pixel. By using a range
of focus settings, we ensure that at least some segment of a projector code is always in sharp
focus at a point in the scene. Our algorithm seamlessly combines two complementary depth cues
- triangulation based cues which provide high depth resolution but require sharp illumination
focus (and thus suffer from narrow working ranges) and defocus based cues which work over a
large range of depths but provide coarse depth estimates. Our shape recovery algorithm is purely
temporal and does not use spatial windows for decoding projector patterns which allows it to
recover high quality depth maps with few artefacts at scene discontinuities. Once the shape has
been predicted, we automatically have an estimate of the illumination received by each point of
the scene in each image. We use this information to recover the direct and global components of

illumination.

3.1.1 Related Work

The idea of exploiting projector defocus as a cue to recover shape was proposed in [110]. The
approach involved estimating a measure of the projector pattern blur occurring at each illumi-
nated scene point and mapping this measure to a depth value using a calibration function. They
could recover accurate depth maps, but the fixed blur-to-depth mapping could not handle global
light transport effects like sub-surface scattering. Gupta et al. [29] proposed a method to simulta-
neously model both projector defocus and global illumination. Their technique allows for depth
recovery in the presence of global illumination and is based on the observation that unlike de-
focus blur, the blur induced by global light transport effects is almost independent of projector
focus. Both [110] and [29] use colocated projector-camera systems and recover depth solely
from focus/defocus cues.

In contrast, our approach does not use a colocated configuration but performs stereo triangu-
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lation between the camera and projector to measure depth. It has been shown that in principle,
depth from defocus is similar to stereo triangulation [88] but focus/defocus cues have a baseline
equal to the size of the aperture. Since triangulation cues are computed over the wider projector-
camera baseline, our method is capable of producing more fine grained depth estimates. Al-
though we do not use defocus cues explicitly (by using an illumination sharpness measure for
instance), they are used implicitly as our projector codes are modeled as being depth dependent
due to defocus. Previous work that combines camera defocus and stereo cues includes [109]
and [103].

In structured light literature, many methods proposed to prevent errors due to global light
transport rely on high spatial frequency illumination patterns. Examples include [12, 14] and [26].
In [27], global illumination effects are handled by designing a set of light pattern codes that work
well with long range effects like inter reflections and a second set of patterns that work well with
short range effects like sub-surface scattering. For scenes with both types of effects, ensembles
of codes are generated and a voting scheme is used to estimate depth. Unlike [27], we do not seek
to assign a binary code to each pixel and instead attempt to fit a model to the observed projector
and camera values at a pixel, so we can use a single set of patterns to handle both types of global
illumination effects.

Micro phase shifting [26] is a phase shifting variant that uses a narrow band set of high fre-
quency sinusoids as the projected patterns. Because the patterns all have similar frequency they
are attenuated similarly by projector defocus which lends some robustness to projector blurring.
However, it should be noted that while this has some robustness to blur, it does not model defocus
or use multiple focus settings so it can not handle large variations in scene depth.

In [60] illumination defocus is exploited towards a different end. Sinusoidal patterns are
generated by projecting binary patterns with a defocused projector. DLP projectors can project
binary patterns at very high frame rates which allows the phase shift algorithm to run in real time

and recover dynamic scenes.

3.2 Modeling Image Formation and Illumination

Let S*(x) be the value of the projected structured light pattern at time ¢ at a scene point imaged by
camera pixel z. The brightness I*(x) observed by a camera pixel is a weighted sum of the direct
illumination ,(z) and the global illumination [,(x) of the scene point. When the pattern S*(x)
has a high spatial frequency and a 50% duty cycle, it can be shown that the contribution of the
global illumination to the observed brightness is approximately pattern independent and equal
to %I 4(x) [69]. The pattern modulates the direct component so its contribution to the observed
brightness is S*(x) (). Thus we have
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IY(z) = 11,(z) + S*(x)La(2) (3.1

We had used the same image formation model earlier in chapter 2. We use 7 to denote the
correspondence between projector pixels and camera pixels that illuminate/image the same scene
point, p = m(x). The projector value seen at time ¢ at a scene point at depth z illuminated by
projector pixel p, is a defocused version of the projector pattern value at that pixel L'(p). It
has been shown that unlike camera defocus blur, the defocus blur kernel for a projector is scene
independent in the sense that the kernel at a scene point depends only on the depth of the point,
not on the geometry of the neighborhood surrounding the point [110]. Thus, without resorting to
assumptions like local fronto-planarity, the effects of projector defocus blur can be modeled by
convolving the projector pattern L*(p) with a spatially varying blur kernel G(p, z, f).

St(z) = Lt (7 (x)) = (L'« G (7 (z),z,[)) (7 (x)) (3.2)

The blur kernel G depends on the scene point depth z and the projector focus setting f.
Additionally, we allow the function G to vary spatially with projector pixel coordinate as this
helps better model the projector’s optical aberrations.

Although the original high frequency illumination pattern L'(p) is blurred due to defocus,
Equation 3.1 still holds. The defocus blur reduces the amplitude of the high frequency compo-
nents of the pattern but does introduce any low frequency content into the signal. We use a small
aperture on the camera (f /10 in our experiments) and model it as a pinhole camera that does not

introduce any additional blurring due to camera defocus.

Characterizing Projector Defocus

We model the projector blur using a spatially varying, isotropic Gaussian kernel. The scale of
the blur kernel o(p, z, f) is a function of projector pixel location p, the depth z of the scene point
being illuminated and the current focus setting of the projector f. A more general class of kernels
may allow for a more accurate characterization and allow more complex types of aberrations to
be modeled, but we found that isotropic Gaussians were sufficient for our purpose.

For a given focus setting f and target depth z we estimate the defocus blur by projecting a
sequence of patterns onto a planar target at depth 2. The patterns are horizontal square waves
with a period of 24 pixels (fig. 3.1a). We capture 24 images as the pattern translates one pixel
at a time. The temporal profile of intensity values observed at a pixel is modeled as a square
wave convolved by the blur kernel (fig. 3.1b). A similar scheme was used in [110] to estimate
a mapping between illumination defocus and scene point depth. We find the blur kernel scale

o(p, z, f) that best fits the observed temporal profile for each projector pixel. This characterizes
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Figure 3.1: Characterizing Projector Defocus: (a) - image of one of the square wave patterns
for estimating projector blur. (b) is the temporal intensity profile at point B and the Gaussian
smoothed square wave fit. (c) and (d) - the blur kernel scale o for the projector pixels A,B and
C for two different focus settings as the scene depth is varied. (e) to (h) - maps of blur scale o
across the projector image for different combinations of focus setting and scene point depth. The

value of o clearly varies across the image, especially when the projector is out of focus.

the defocus blur at one depth and focus setting (example o maps are figs. 3.1e-1h). We repeat
the process at a set of depths for each focus setting (f = 1,2, ...|F|). We sample G(p, z, f) at
every projector pixel p and focus setting f, but only sparsely in depth z. When queried for the
blur kernel at a given focus setting and depth, we return the kernel at that focus for the nearest
calibrated depth. Projector characterization is a one time, off line process.

3.3 Illumination Control and Image Acquisition

We recover shape and perform direct-global separation with a set of structured light patterns
captured at different projector focus settings. The focus settings are chosen so that the projector’s
plane of focus spans the entire working volume of the scene and that every part of the scene has
at least one setting where the illumination is in reasonably good focus. For each of the ' focus
settings we capture a small number (V) of structured light patterns. Although we have chosen to

capture an equal number of patterns at each setting, this is not a requirement for the algorithm,
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Focus Setting 1 Focus Setting 2 Focus Setting F'

Figure 3.2: Input to our Algorithm: We use binary stripe patterns of varying width. Unlike most
other structured light algorithms that use a fixed focus setting on the projector, we change the
focus setting to move the plane of focus backwards during the image capture process (the camera
focus however remains fixed). We capture a total of 7' = F' x N images. In our experiments,
T' typically ranged between 20 and 30. As the figure illustrates, near by objects receive focused

illumination in the earlier parts of the sequence and distant objects come into focus later on.

the number of patterns used could be varied adaptively depending on the scene.

The structured light patterns we use are vertical binary stripes with randomly varying widths.
Higher frequencies are less susceptible to global illumination errors, but very high frequency
patterns are not displayed well by projectors. We let the period of the stripes in a pattern fluctuate
between 10 and 14 pixels. This frequency range is high enough to prevent global illumination
errors in most situations while still being in the band where contemporary projectors works
effectively. We select patterns that do not correlate with each other to ensure that there is little

redundancy between patterns.

3.4 Recovering Shape With Defocused Light Patterns

Temporal structured light algorithms project a series of patterns onto the scene, the time sequence
of values emitted by a projector pixel form a code for that pixel. Camera-projector correspon-
dence is established by finding the projector code that best matches the time sequence of intensity
values observed at each camera pixel. The code can be binary (eg. gray codes) or continuous
(eg. phase shifting), but it assumed that the code for each projector pixel is independent of the

scene geometry.

In contrast, our multi-focal structured light algorithm explicitly models illumination defocus
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Figure 3.3: Effect of Defocus on Codes: When illumination defocus is not modeled, the temporal
code associated with a projector pixel (a horizontal cross section of (a)) is independent of depth.
However, as (b) shows, outside a narrow working range, the actual appearance of the code is
depth dependent. In (c), we use 6 focus settings and 3 patterns per focus. Using multiple focus
settings allows us to expand the systems working volume. Also, we model illumination defocus
so blurred codes do not cause errors. When regular codes are in focus, they work well (upper
blue graph in (d) ), however for scene points that are out of focus, contrast is very poor (lower
blue graph in (d) ). On the other hand, our multiple focus codes always have parts that are well
focused and thus have high contrast (red graphs in (d)).

effects, so a projector pixel’s code becomes a function of the depth of the scene point it is il-
luminating. This idea is illustrated in figure 3.3. It is clear, that when the depth variation in a
scene is large, defocus can strongly affect how a projector code manifests in a scene. As seen
in figure 3.3b, when a pattern is out of focus, different values become difficult to distinguish.
Decoding such a blurred pattern reliably with a defocus-blind algorithm would necessitate very
high illumination power and high dynamic range on the imaging sensor. As figure 3.3c shows,
even in large working volumes, some part of our code is always in sharp focus. This allows our
method to work at lower illumination power levels over extended depths.

If we hypothesize that projector pixel p corresponds to camera pixel x, we can perform tri-
angulation to find the scene point depth 7, (x, p) implied by the hypothesis. Using our defocus
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model (equation 3.2), we can then simulate the projector value St(x, p) that would be observed
at this scene point by convolving the projector illumination pattern L with the defocus kernel,

Si(z,p) = (L' + G (p, 7. (z,p) . f)) (D) (3.3)

Stacking together these values for all the patterns ¢ = 1, ...,T" gives us the projector code for

the pixel.

S(z,p) = [S4(z,p), S2(2,p), ... ST (2, p)] (3.4)

This projector code needs to be matched against the sequence of observed intensity at camera

pixel I(x)

I(z) = [I(2), I*(2), ..., I* ()] (3.5)

If the hypothesis that pixel = and pixel p correspond to each other is correct, then by our
illumination model (equation 3.1), there should be a linear relationship between the observed
intensity values at the camera and the simulated projector values. We quantify the quality of a
camera-projector correspondence hypothesis by computing the correlation coefficient between
I(z) and S(z,p). We can then find the projector pixel p = m(z) corresponding to camera pixel

2 by maximizing this correlation.

7(x) = argmax p (I (z),S (a:,p)) (3.6)

p
We use a calibrated projector-camera system so with the epipolar constraint we limit the

search in equation 3.6 to a 1D search along the epipolar line. We compute p(I(z),S(z,p))
for every p along the epipolar line corresponding to a positive depth (Figure 3.4). To compute
disparity to sub-pixel accuracy, we interpolate p scores between projector pixels when searching

for maximae.

3.5 Recovering Direct and Global Illumination Components

Once the camera-projector correspondence map 7 has been estimated, we can compute S*(x), the
projector pattern value at each camera pixel taking defocus blur into account using equation 3.2.
Under the image formation model (equation 3.1), there is a linear relationship between the pro-
jected pattern value at a point S?(x) and the brightness observed by the camera I*(z). Fitting a
line to this model at each pixel yields estimates of the global and direct illumination. However,
it is possible that even over the entire sequence of projected light patterns, some camera pixels

would have seen seen only a small range of projector intensity values. There will be significant
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Figure 3.4: Establishing Correspondences: Part of a scene (left) and the computed disparity
map (right). Graph (a) shows the correlation score for point x; as a function of disparity to
the projector. The disparity that leads to the best match is 115. There are many peaks in the
correlation score graph, but modeling of illumination blur causes the peaks to decay as we move
away from the correct disparity value. Graph (c) shows the intensity observed by the camera
against the simulated projector illumination value for the best disparity. Graph (b) and (d) are the
same trends for point x,. Because of strong sub-surface scattering at x, the global illumination

component is large and the direct component is relatively small. This can be seen in (d).

ambiguity while fitting a line to data at these pixels and hence there will be numerous plausible
solutions to the direct-global separation. We resolve these ambiguities using a smoothness prior
as was done in chapter 2 by finding the direct image I, and global image /, that solve

argmin O = 3L, — S o L3 + ATV (Ia) + ATV (I,) (3.7)
i9 teT

Aq and )\, are scalar parameters that weight the smoothness terms for the direct and global
components respectively. A o B is the Hadamard (element-wise) product between A and B.
TV (F) is the isotropic total variation of the function F'(x, y)

OF\> [OF\’
TV(F)= (%> +(a—) (3.8)
(F) Y

Domain

Parts of the scene far away from the projector receive less light that regions close to the
projector. As aresult, there is a pronounced falloff in the recovered direct and global illumination
images. Because we have recovered scene geometry, we can roughly correct for this falloff by
assuming it follows an inverse square relationship with depth. We can compute depth dependent
correction factor K (x) at each pixel
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Figure 3.5: Direct Global Separation: The direct (a) and global (c) components of illumination
estimated by our algorithm. Due to camera saturation on the specular highlights, part of the
specular reflection from the candle surface leaks into the recovered global image. Since we
have recovered a depth map of the scene, we can also correct for projector fall off. This is
particularly useful in scenes with large depth variations where objects in the background appear
much darker than those in the foreground because they are further away from the light source.
After accounting for the fall off, we get corrected estimates for the direct and global component
illumination ( images (b) and (d) respectively).

«

72 (x, m(x))

where « 1s an (arbitrary) positive scale factor. We can then solve for the corrected direct and

K(z) = (3.9)

global illumination components (I, and ;) by modifying equation 3.7:

argmin Y *[[I' = K o I, — K 0 S o' Ij|[3 + ATV (1) + ATV (I,) (3.10)

IoIg e

3.6 Results

Experimental Setup

Our experimental setup consists of a projector and a camera mounted in a stereo configuration.
We use a 500 lumen DLP projector with a resolution of 1280 x 800 (InFocus IN1144). The cam-
era is a 2448 x 2048 color CCD (Point Gray Research GRAS-50S5-C). The camera is calibrated
geometrically and radiometrically. The projector is calibrated geometrically at each focus setting
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Figure 3.6: Experimental Setup: With a small, 500 lumen DLP projector that has limited depth-
of-field and a small number of images, we are able to scan scenes over a large working volume

to recover accurate depth maps and perform illumination separation.

and its blur kernel has been characterized (as described in Section 3.2). Our method uses only
binary stripe patterns but we calibrated the projector radiometrically so that we could compare
our method to micro phase shifting [26]. The projector-camera baseline is fixed and known.
Since the projector intrinsics change with focus setting, we correct for this by warping images
before projecting them so that geometrically they all appear to be projected by a projector with
fixed intrinsic parameters.

In our experiments the focus ring position was changed by hand and we used 4 positions
(F' = 4). Between the shortest and longest focus settings, the working range of the system
covers depths from 350mm to 1600mm. For all experiments the camera lens aperture was set to

f/10, the exposure time was 133ms and the camera was configured to capture 8 bit images.

3.6.1 Depth Recovery

We present results from our depth map recovery algorithm on two challenging scenes (top row
in fig 3.7). Depth maps from our algorithm (second row in fig 3.7) were generated using 7
structured light patterns at each of 4 focal lengths, a total of 28 images. Our algorithm is able to
recover accurate depth maps of both scenes with very few errors. We compare against a simple
depth from illumination focus algorithm (bottom row) and micro phase shifting (third row).

The illumination defocus algorithm we compared against projects a shifted sequence of

square waves (14 images) at each of 8 projector focus settings and then finds the focus setting
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Figure 3.7: Our algorithm recovers depth maps for scenes containing challenging objects over
an extended working volume with relatively few images. Insets show (rescaled) depth maps for
small parts of the scene. Fine details like the scales on the soap fish are successfully resolved.
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at which each camera pixel’s illumination contrast was maximized. Each focus setting can be
mapped to the depth of its corresponding plane of focus to find the depth map. Since the baseline
for this method is limited to the aperture of the projector, the resulting depth estimates are coarse
along z and tend to be inaccurate at large distances.

For the micro phase shifting experiments, we chose the high frequency (16 pixels per cycle)
pattern set with 15 frequencies [26]. Micro phase shifting uses a fixed projector focus so we set
the projector to be in focus in the middle of the scenes. The total number of patterns used is
17. Using more patterns at this frequency is difficult because micro phase shifting requires all
projected pattern frequencies to be in a narrow band.

Micro phase shift has some robustness to illumination blur but since it does not actually
model defocus, it breaks down when the depth variation in a scene is too large. This is evident in
scene 1 where the shape of green plastic robot in the foreground is not recovered by micro phase
shifting. In comparison, our method is able to recover the robot. Our algorithm also works better
on low albedo or poorly lit regions like the red funnel in scene 2 because there are guaranteed to
be some images in which these objects are well focused. Since we change focus settings, there
are always some images where the contrast of our projected illumination is high, so low signal
to noise ratios are less of a problem for our algorithm.

The candle in scene 1 is very difficult to reconstruct as from some directions, it reflects
almost no light directly back to the camera, almost all the observed radiance is due to sub-surface
scattering. As a result, all the methods are unable to recover depth at some points on the candle

surface.

3.6.2 Recovering Direct and Global Illumination

To obtain ground truth direct and global illumination images for our scenes, we projected 14
shifted stripe patterns at 8 projector focus settings and used the multiple focus separation tech-
nique proposed in [29]. The results presented for our method are computed using the same 28
images that were used to estimate the depth maps. Although our technique uses fewer images and
involves a smoothing term, it generates output that is similar to the ground truth. Additionally,

we can correct for the effects of projector fall off as demonstrated in Figure 3.9.

3.7 Discussion

We presented an algorithm that can use a projector-camera system to reconstruct shape and re-
cover direct and global illumination in a large working volume with a small number of images,

despite the fact that projector’s have small depths-of-field. The naive approach of collecting a full
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Our Method

Figure 3.8: Direct-Global Separation. Groundtruth was computed using 112 images and our
method used 28. The white hands on the robot toy appear much brighter in the global image
computed by our method than the ground truth. This is because our algorithm tried to fit a linear

trend to saturated (completely white) camera pixels.
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Figure 3.9: Direct-Global Separation. Groundtruth was computed using 112 images and our
method used 28. In this scene, the shading on the soap fish and the white statue becomes is very
clear in the direct illumination image. As our method also simultaneously recovers depth, we
can correct the direct and global images for the the projector fall-off with depth.
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set of structured light images at each of many focal settings and then combining the results would
require a very long acquisition time. The key insight of our method is that even an out-of-focus
image contains useful information if the blur characteristics of the projector are known.

Our algorithm’s robustness to global illumination effects relies on the assumption used in [69]-
the global illumination must vary slowly compared to the spatial frequency of the projected pat-
terns. If this assumption does not hold, for example when specular interreflections occur, our
method fails.

We currently use randomly chosen stripe patterns. Optimal pattern sets for structured light
are usually derived by trying to maximize the distance between codes to minimize the chance of
a decoding error. In our setting, we would have to consider the fact that defocus causes our codes
to vary with depth. Also, for the direct-global component separation to work well, each pixel’s
code word must contain a large range of projector intensity values. Carefully designed patterns
may allow our algorithm to work well with fewer images.

We currently do not model the effects of camera defocus blur. In our experiments, we min-
imize camera defocus by using a small aperture f/10 while the projector lens has a very large
aperture and hence a narrow depth-of-field. Projector defocus is much easier to model than
camera defocus because the blurring occurs in the projector’s image plane as opposed to in the
world [110]. However, for a given total amount of blur across the projector-camera system light
throughput is maximized when the projector and camera apertures are matched. Extending our
model to handle camera blur could potentially help increase light throughput and decrease net
acquisition time.
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Chapter 4
Episcan3D

“The best way to solve a problem is to not have one.”

4.1 Introduction

In this chapter, we describe the Episcan3D sensor - an energy-efficient, portable active illumi-
nation device that can measure the shape in scenes with strong global transport and can handle
very high levels of ambient illumination despite using a low power projector as the light source
and regular CMOS cameras for imaging. Unlike chapters 2 and 3 which used regular DMD or
LCoS-based projectors, in this chapter we use a redisitributive projector as the light source. The
robustness to global illumination and ambient light that the proposed device achieves stems from
the fact that that it can selectively image light paths and uses a hardware configuration that il-
luminates and images a single line in the scene at a time. This line-by-line scanning approach
strikes a balance between point-by-point scanning (which is robust, but slow) and strategies that
illuminate and image the scene in its entirety at once (which are fast, but sensitive to ambient
light and global light transport). The sensor can recover shape using structured light or active

stereo and can also probe components of light transport optically at video frame rates.

4.1.1 Epipolar and Non Epipolar Probing

In chapters 2 and 3 we relied on high spatial frequency illumination patterns to handle the effects
of global illumination. In this chapter, we use an alternate approach - we design the imaging
system that so it captures only the components of light transport that we are interested in.
Selective imaging of light paths (probing light transport) can be performed using a projector
light source and a camera with a programmable mask [75]. The direct component of illumination

always obeys the epipolar geometry constraint between the light source and sensor. In contrast,
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for most scenes, only a very small fraction of global light transport falls along the epipolar lines.
This observation was the key insight of [76] where it was used to design probing operators that
made structured light scanning robust to the effects of global light transport.

The Episcan3D sensor relies on this same concept of probing and the geometric intuition
concerning projector-camera light transport. It can efficiently capture images containing only
the epipolar component of illumination (which is the direct illumination plus the small fraction
of global illumination that obeys epipolar geometry) or it can capture images containing only the
non-epipolar component of illumination (which contains only global illumination). Both these
probing operations are implemented purely optically, without the need for image subtraction or

any other operation in software to be performed on the raw output from the camera.

4.2 Energy Efficient Probing

By epipolar geometry, the camera pixel corresponding to a projector pixel is constrained to lie
along a line in the camera image. When the projector and camera are physically arranged so that
they are in a rectified stereo configuration, each row of projector pixels (we will henceforth refer
to projector rows as scanlines) corresponds to a row of pixels in the camera image.

Conceptually, implementing epipolar-only (or non epipolar-only) probing should be simple.
[lluminate a single projector scanline at a time and expose only the corresponding row of camera
pixels (for non epipolar-only imaging, mask only the corresponding row). Repeat this process
for each scanline and then read out the image from the camera sensor. However, probing us-
ing this pattern-mask sequence with a regular projector that can not redistribute its light output
(such as those based on DLP or LCoS technology), only block or unblock individual pixels is
extremely inefficient in terms of light throughput. Using a regular projector with m scanlines,
if only one scanline is turned on while the others are off, only /»" of the light output of the
projector is emitted into the scene. This means that the light throughput of the probing operation
will only be 1/m™ (or 0.14% for a projector with 720 scanlines). For the task of non epipolar-
only probing, there exist pattern and mask sequences based on Hadamard codes have a light
throughput of 25% [76], but for epipolar-only imaging there is no light efficient solution with a
non-redistributive projector.

This efficiency problem can be solved by using a raster scanning laser projector. A scanning
projector uses a laser light source and a 2D MEMS mirror. The mirror deflects the laser beam
along a raster scanning path while the laser turns on and off to project the desired pattern onto
the scene. A scanning projector can be thought of as an impulse projector that redistributes all of
its output energy into one point at a time or at a coarser timescale, into a single scanline at a time.

Now, implementing epipolar-only probing by illuminating one scanline at a time and exposing
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Figure 4.1: Energy-Efficient Epipolar Probing. A raster-scanning projector is combined with a
camera sensor with maskable pixels. The projector and camera are placed in a rectified stereo
configuration so that by epipolar geometry, each projector scanline corresponds to a row of pixels
in the camera. To perform epipolar-only probing the camera mask is configured so that at any
point of time, only the row of pixels corresponding to the active projector scanline is exposed.
To implement non-epipolar probing, the camera masks are inverted - only the row corresponding
to the active scanline is masked, all other pixels are exposed.

only the corresponding rows of camera pixels is a very efficient operation (see figure 4.1). In

fact, this scheme is optimal in terms of light throughput and probing accuracy because
* no light is blocked coming out of the projector
* no light traveling along epipolar paths is blocked at the camera sensor
* no light traveling along non-epipolar paths reaches the camera sensor.

Optimal non epipolar-only probing can be performed by inverting the camera side masks.
For a more thorough analysis of light throughput and methods for deriving optimal pattern/mask
sequences to implement probing operations using different types of redistributive light sources
refer [77].

An important property of epipolar-only imaging with a scanning laser source is that each
pixel is exposed only for a very short time. For a projector with m scanlines, each pixel is
exposed only 1/m™ of the time. During this short pixel exposure, all the light traveling along
epipolar paths between the projector and camera pixel will be captured but very little ambient
light will be integrated by the sensor. The apparent intensity of ambient light sources in the scene
is reduced by a factor of m. This allows our sensor to work effectively outdoors despite using a
very low power projector as its light source.
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Another interesting property of epipolar-only imaging is that it partially masks out the effects
of defocus blur on the camera side. Only the parts of the blur point spread function that lie along
the epipolar line will contribute to the captured image.

Epipolar imaging also mitigates the effects of intereference between multiple active-illumination
devices operating simultaneously in the same environment. Consider the two device case: each
device would illuminate and image a single line in the scene at a time, so at any instant the sec-
ond device can only interfere with the first at the points where its illuminated line intersects with
the first system’s exposed row of pixels. Over the course of an image capture, this point of inter-
ference would trace out a curve through the image. Instead of interefering everywhere the fields
of view overlap, the two devices would interfere with each other only along these curves. If two
devices were to align perfectly and just happened to be synchronized with each other, they would
potentially interefere strongly everywhere, but this would be an extremely unlikely occurence.

4.3 Prototype Hardware

Figure 4.2: Episcan3D Hardware Implementation: The Episcan3D sensor consists of a low
power raster scanning laser projector, a pair of CMOS rolling shutter cameras and a micro-
controller for synchronization. There is no dedicated hardware for masking on the camera side

as the camera rolling shutters are used to perform masking.

The current hardware implementation of the Episcan3D sensor is shown in figure 4.2. The
sensor consists of a projector light source, two cameras and a microcontroller to synchronize the
cameras to the projector. Only one camera is needed to implement probing operations, having

two cameras running simultaneously in epipolar-only imaging mode allows us to implement
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energy efficient active stereo as we shall discuss later.

The light source is a raster scanning laser projector (PicoPro from Celluon Inc.) with a
resolution of 1280 x 720. The projector has three laser light sources - red (639 nm), green
(522nm) and blue (445 nm). The total power output of the projector across all three channels
is 30 Lumens. The projector has a refresh rate of 60 Hz and takes approximately 20 ps to draw
a single scanline. Drawing all 720 scanlines takes 14.4 ms, during the remaining time in the
16.67 ms projector cycle, the projector mirror returns to the home position to start the next raster
scan. The projector’s horizontal field of view is approximately 45°.

The cameras used are monochrome CMOS rolling shutter cameras (UI-3250CP-M-GL Rev.2
from IDS Imaging Development Systems GmbH). The cameras have 1/1.8” sensors and a reso-
lution of 1600 x 1200. The cameras run at up to 60fps. The cameras use low distortion varifocal
lenses (Lensagon CVMO0411ND from Lensation GmbH). Also, each camera is fitted with a wave-
length filter having a 25 nm passband and 645 nm center frequency to match the red laser output
of the projector (645HBP25 from Omega Optical Inc.).

The cameras and projector are on custom machined mounts that allow for their positions to
be adjusted so that they are correctly rectified. The projector has been modified to generate a
VSYNC signal at the start of each frame. There is no dedicated hardware to implement masking

on the camera side.

4.3.1 Camera-side Masking With Rolling Shutters

For epipolar-only and non epipolar-only imaging with a laser projector and a rectified camera,
the camera masks take the form of lines. For epipolar-only imaging, the entire sensor is masked
except for one row of pixels at a time and for non epipolar-only imaging these masks are inverted.
It is possible to implement these types of masks very effectively in a rolling shutter camera
without the need for additional hardware.

Figure 4.3 shows our prototype’s timing diagram. We use ,, to denote the duration for which
the projector dwells on a single scanline. The speed at which the rolling shutter progresses down
the rows of the image (¢.) is determined by the pixel clock, we can choose the pixel clock and
focal length on camera lens so that the rate at which the exposed camera row moves down the
image matches the rate at which the projector scanline changes. Increasing the camera exposure
(t.) increases the thickness of the band of camera pixels exposed for each projector row. Chang-
ing the delay (¢,) between the VSYNC signal from the projector and the trigger signal passed
to the camera changes the offset between the illuminated row on the projector and the imaged
row(s) on the camera.

To capture the epipolar component, the exposure ¢, for each camera row is matched to the

time the projector stays on a scanline (¢,,) and the other timing parameters are chosen so that the
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Figure 4.3: Electronic masking with a rolling shutter: At each timestep (of duration ¢,), the
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projector illuminates a single scanline (top left). The camera uses its rolling shutter to selectively
mask pixels (top right). The masks are defined by three controllable parameters, the exposure
time ., the time it takes the rolling shutter to read a row of pixels ¢. and the offset between
the projector sync output and the camera trigger input ¢,. Ideally, a single projector scanline
corresponds to a single camera row. In practice, because of distortion and jitter, each scanline

corresponds to a band of camera pixels.

line scanned by the projector is synchronized to the row being exposed in the camera. Conversely,
to capture non-epipolar light, the camera exposure time is set to be ¢, less than the projector cycle
time and the trigger is offset by ¢, so that every row is exposed for the entire projector cycle

except during the time it is illuminated directly by the projector.

Ideally, we would be able to configure the rolling shutter so that only the rows of camera
pixels illuminated by the projector at any timestep would be exposed (Figure 4.3). In practice,
the projector we use generates distorted scanlines that are not absolutely straight. Additionally,
we observe synchronization jitter and small perturbations in the trajectory of the projector’s
laser during each exposure. This means that the region in the camera image corresponding to
a projector scanline is constrained to lie inside a narrow band in the image, not along a line. To
accommodate these bands we thicken the region of unblocked pixels in each mask by increasing
the pixel exposure time ¢, and adjusting the trigger offset ¢,. With our current system we had
to set the ¢, to 100us during epipolar-only imaging to counter the effects of jitter and scanline
distortion. In the ideal case, we would have been able to set ¢, equal to ?, (around 20us). As a
result, some ambient light leaks into the epipolar only image. Also, some short-range indirect
light, like parts of the sub-surface scattered component leak into the epipolar-only image instead
of being part of the indirect-only image.

In computational photography, camera sensor masking is often implemented by coupling
a DMD or LCoS spatial light modulator to the sensor with a relay lens. This approach was
adopted in [84, 102] for compressive image sensing and in [76] for probing light transport. These
arrangements are more flexible than rolling shutter masking, but they require many extra optical

66



components. These components increase system complexity, introduce aberrations, severely

reduce optical efficiency and reduce working volume.

4.4 Results

We first demonstrate the ability of the Episcan3D sensor to capture the epipolar-only and non
epipolar-only components of light transport efficiently at video frame rates. We then show how
epipolar-only imaging can be used to make structured light scanning robust to the effects of
global light transport and ambient light. By operating two cameras instead of one in epipolar-
only imaging mode we can implement energy-efficient active stereo, suitable for shape recovery
in dynamic scenes. We then make a small modification to the configuration of the projector and
camera that allows us to optically section scenes and selectively capture light paths based on the

disparity.

Epipolar-Only

Non Epipolar-Only

Figure 4.4: Live Transport Probing: Epipolar-only imaging captures direct light transport and the
small fraction of global light transport that obeys epipolar geometry. Non Epipolar-only probing
captures only global light. These are example frames taken from a video where the sensor al-
ternated between epipolar-only imaging and non epipolar-only imaging. Diffuse interreflections
between the walls appear in the non-epipolar image. The wax bowl appears dark in the epipolar-
only image because most of its apparent brightness is due to subsurface scattering. Most specular
interreflections from the mirror (except those that happen to obey epipolar geometry) appear in

the non epipolar-only image.

Some of the results presented below were obtained using an older version of the Episcan3D
sensor. The working principle of the older version is identical, but it used a lower resolution
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(800 x 480) laser projector (ShowWx+ from MicroVision Inc.) with a lower output power (15
Lumens). The camera used was also different, a 1280 x 1024 color CMOS camera (UI-3240-C-
HQ from IDS Imaging Development Systems GmbH).

4.4.1 Live Transport Probing

Figure 4.4 shows images captured during epipolar-only and non epipolar-only probing with our
sensor. Subsurface scattering, diffuse interreflections and specular interreflections all appear
predominantly in the non-epipolar only image because light paths corresponding to these phe-
nomena do not obey epipolar geometry. Due to radial distortion of the projector scanlines and
synchronization jitter, the sensor has to expose a small band of camera pixel rows at a time in-
stead of a single row. Hence some non-epipolar light that is close to following epipolar geometry

will appear in the epipolar-only image.

4.4.2 Structured Light Scanning of Difficult Objects

Epipolar-only imaging can be used in conjunction with any structured lighting technique to pro-
vide robustness to global light transport. The left side of figure 4.5 shows the result of structured
light shape recovery with normal imaging on a set of challenging objects. The structured light
patterns used are a high frequency variant of gray codes and are designed to be robust to global
light transport effects (see “Pattern Design” below for details). Despite the fact that high fre-
quency patterns provide some robustness to global light transport, all the reconstructions contain
errors due to scattering and/or interreflections.

With the same patterns and decoding algorithm, epipolar-only imaging yields much more
accurate results as seen on the right side of figure 4.5. Diffuse and specular interreflections are

suppressed and contrast loss do to subsurface scattering is avoided.

Pattern Design In structured light, some robustness to global light transport effects can be ob-
tained by using structured light patterns that do not contain low spatial frequencies. The binary-
reflected gray code sequences are the most commonly used binary patterns for structured light
scanning. Gray codes use low spatial frequencies for the more significant bits of the codes,
similarly phase shift profilometry typically uses low frequency patterns for phase unwrapping
/ disambiguation. As a result, neither of these techniques are robust to global light transport.
Micro Phase Shifting [26] uses only sinusoidal patterns selected from a narrow band of high
frequencies. XOR codes [27] are a gray code variant that avoid the use of low frequency pat-
terns. The raster scanning projector used by Episcan3D was unable to accurately generate the

sinusoidal patterns used by Micro Phase Shifting and XOR codes are sensitive to camera defocus
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Regular Imaging Epipolar-Only Imaging

Pattern Disparity Pattern Disparity

Figure 4.5: Imaging and reconstructing challenging objects with strong global illumination ef-
fects. Structured light with regular imaging is prone to errors due to global light transport effects
(notice the effects of interreflections on the plastic bins, metal gripper and baking tray. Also
observe the subsurface scattering in the green wax bowl). Epipolar-only imaging blocks almost
all these effects. Notice how the cross hatching due to interreflections on the gripper has been
eliminated and the pattern contrast on the bottle and wax bowl has increased. With the milk
bottle, subsurface scattering causes contrast loss and blurring of the projected patterns with reg-
ular imaging, with epipolar imaging the patterns appear much sharper and as a result the depth
estimates are more accurate. The baking tray is a particularly challenging example. Most of the
errors due to specular interreflections have been suppressed, but some regions where interreflec-

tions fall along epipolar lines are still reconstructed incorrectly.
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blur and prone to binarization errors. Instead, we designed a set of patterns based on gray codes

that avoids the use of low frequency patterns (and is thus robust to global light transport) by
solving the following constraints:

* Gray code property: Adjacent projector pixels should have binary codes that differ only

by 1 bit (this leads to robust decoding at camera pixels that correspond to a mixture of two

neighboring projector pixels).

* Minimum stripe width: The width in pixels of every high or low stripe in each projected
pattern must be equal to or greater than the minimum stripe width (projectors typically
perform poorly when projecting extremely high frequency patterns, such patterns are also

very susceptible to defocus blur).

* Maximum stripe width: The width in pixels of every high or low stripe in each projected
pattern must be equal to or less than the maximum stripe width (decoding errors due to
global light transport effects are more likely with low spatial frequency patterns).

* Code Balance: The binary representation of each projector pixel’s code shouldn’t contain
too many low bits or too many high bits (this ensures that the projected pattern at every
camera pixel changes during the structured light pattern sequence, which allows the bi-
narization threshold for each pixel can be determined automatically. The alternative is
to binarize by projecting each pattern and its complement which doubles the number of
images that need to be captured).

Schemes for finding gray codes with desired stripe width properties (also known as run
lengths) are well established [23]. These would satisfy the first 3 criteria enumerated above,
but not the last one (code balance). Such codings are robust to defocus and various global light
transport effects and have been used for structured light depth recovery [34]. To find a suitable
code that satisfies all four properties listed, we used a depth first search strategy. A set of 11
patterns are used (each projector row contains 1280 pixels so 11 binary patterns is the minimum
number needed for decoding). We set the minimum stripe width to 6 pixels, the maximum stripe
width to 15 pixels and the code balance parameter to 3 (i.e. each code word must have at least 3

high bits and 3 low bits in its binary representation).

4.4.3 Structured Light Scanning Under Bright Ambient Light

The epipolar-only imaging mode used by the Episcan3D sensor is robust to ambient light. Each
row of pixels is exposed for a very short duration of time so little ambient light reaches the sensor.
This is important because cameras have limited dynamic range and a bright ambient light source
can easily overwhelm low power active light sources. We demonstrate this by projecting patterns
onto a light bulb when it is turned on (figure 4.6), performing structured light scanning outdoors

70



Regular (f/1.6) Our Method (f/1.6) Epipolar (f/1.6) Regular (f/16) Epipolar(f/1.6)

(a) Lamp Off (b) Lamp On

Figure 4.6: Imaging and scanning a 1600 lumen lamp with a 15 lumen projector: When the
lamp is off (a), the pattern projected by the projector is visible with both regular imaging and
with epipolar-only imaging. By projecting a series of structured light patterns the lamp can
be reconstructed. When the bulb is turned on (b), regular imaging breaks down. With a large
aperture (f/1.6), the image is saturated, with a small aperture (f/16) the projected pattern is not
visible to the camera on the bulb or the shade. In epipolar-only imaging mode, the Episcan3D
sensor exposes camera pixels only while they can receive light from the projector and as a result,
most of the light from the bulb is blocked, the pattern is clearly visible even on the bulb and the
fixture can be reconstructed even though it is on.

on a bright, sunny day (figure 4.7) and scanning the objects used in section 4.4.2 under indoor
spot lighting (figure 4.8).

4.4.4 Energy-Efficient Active Stereo

Passive stereo is widely used method for depth sensing. Establishing correspondence between
images in a stereo pair is only possible in regions with strong image texture so simple stereo
techniques often yield sparse depth maps. Non-local stereo algorithms can generate better re-
sults by integrating weak depth cues over large spatial regions and regularizing depth maps with

various smoothness priors. These methods tend to be very computationally expensive.

A solution to this problem is to project a texture onto the scene. The projected texture makes
it simple to compute depth in all parts of the scene within the projector working range, textured
or untextured. Epipolar-only imaging makes it possible to project a pattern from a low power
source that is visible to the camera even under bright ambient lighting. This is demonstrated in
figure 4.9.
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(a) Regular Imaging (b) Epipolar-only Imaging

. (c) Disparity (d) 3D Model
(High f-number) (Low f-number)

Figure 4.7: Active illumination in bright sunlight (80 klx): With regular imaging (a), the active
illumination patterns are overwhelmed by sunlight and are not visible despite using a wavelength
filter. Energy efficient epipolar-only imaging blocks a large fraction of the ambient light. This
allows the projected pattern to be seen by the camera (b) and makes 3D structured light recon-

struction possible (c,d).

Regular Imaging Epipolar-Only Imaging
Pattern Disparity Disparity 3D Mesh

Figure 4.8: Scanning Objects Under Bright Ambient Lighting: These objects are being scanned
using structured light while simultaneously illuminated by a bright indoor spotlight (ambient
light level is approximately 10 klx). In these examples, there is no wavelength filter attached to
the camera. With regular imaging the patterns can not be detected by the camera and the recon-
structions are poor. With epipolar-only imaging, the plastic bins and gripper are reconstructed
well. The wax bowl is reflects very little light directly, most light scatters below the surface so it
is particularly difficult to scan under bright ambient light.
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Figure 4.9: Energy Efficient Active Stereo: By operating a stereo pair in epipolar-only imaging
mode we can image a projected texture from a low power projector outdoors on a bright sunny
day (85 klx ambient light level). This allows us to use a simple block matching stereo algorithm
to generate dense stereo depth maps even on textureless regions of the scene as long as they are

within the projector’s working range (around 1.5 m)

4.4.5 Disparity Gating

When the camera and projector are rotated by 90° so that projector scanlines and camera rows
are perpendicular to the baseline, the correspondence between scanlines and rows becomes de-
pendent on scene depth (see figure 4.10). By changing the trigger offset ¢, we can optically mask
light on the basis of scene point depth. By capturing a sequence of images where each image
unmasks scene points at a narrow range of disparity values, we can recover the shape of a scene.
In Figure 4.11 we demonstrate how disparity gating could be used to recover depth through a

participating media.

4.5 Discussion

Epipolar-only imaging allows our sensor to work under bright ambient light conditions. We
analyze how the sensor’s effective working range is affected by ambient light levels and estimate

the working range that could be achieved with a carefully engineered system based on our current
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Depth Plane

|

Laser Camera
Projector & Mask

Figure 4.10: Geometric Arrangement for Disparity Gating. By rotating both the projector and
camera in figure 4.1 by 90° around their optical axes, the projector scanlines and camera rows
become perpendicular to the projector-camera baseline. If the projector and camera are synchro-
nized so that there is a fixed offset between the active projector scanline and the exposed camera
row, the image captured contains only light paths corresponding to a single disparity value - a

single depth plane in the scene.

Structured Light Disparity Gating
Scene Pattern Disparity Depth Slices Disparity

Thin Smoke

Thick Smoke

o

Figure 4.11: Disparity gating in participating media. We compare structured light with regular

imaging to disparity gating. Disparity Gating is able to reconstruct objects at a further distance
through the smoke than regular structured light. For structured light, we use 20 patterns and aver-
age 3 16.67ms exposures for each pattern. For disparity gating we divide the range of disparities

in the scene into 60 slices and capture each slice with a 16.67ms exposure.
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sensor’s working principle. The performance of our sensor depends on the projector and cameras
remaining aligned in a rectified configuration. We briefly study the sensitivity of the sensor to

small alignment errors.

4.5.1 Range and Power

The working range of a active illumination system is limited by read noise and shot noise. The
contribution of ambient light to the image is essentially independent of distance, while light from
the active illumination source has an inverse square fall off. When the ambient light reaching the
camera is small compared to the light from the active source, range is limited by read noise. As
the relative contribution of ambient light to the image grows, the light from the source is lost in

the shot noise of the ambient component.

Weakening the effect of ambient light by coding or optical filtering can increase the working
range of an active illumination system at a given power level. Let k be the factor by which an

imaging system can effectively weaken the influence of ambient light. Consider these four cases:
1. using no coding or optical filtering (k = 1)
2. using a narrow band light source and a filter on the camera (k = 15)

3. an idealized (distortion free) system that images in epipolar-only mode using an exposure
time of 20 ps and a filter (k ~ 800 x 15 = 12, 000);

4. asystem like ours where the exposure time has been extended to be 100 ps to accommodate
the effects of distortion (k ~ 2, 500).

As shown in Figure 4.12, systems with a higher ability to block ambient light show signifi-
cantly slower degradation in working range as ambient light levels increase (we define working
range as the maximum distance at which a binary projected pattern can be reliably decoded). To
attain a working range of 5 m with little or no blocking of ambient light (low % values) requires
a very powerful light source, while systems like ours with a high £ value are much more energy

efficient.

With the high ambient light blocking capability of epipolar-only imaging, camera sensitivity
becomes the main limiting factor in determining system range (the intensity of the returned
light signal falls off with distance and drops below the camera noise threshold). By using more
sensitive cameras for imaging (2/3” CMOS sensors instead of the 1/1.8” CMOS sensors we
currently use) we would be able to built a system with a range of 5 m using a light source with

an output of only 30 lumens.
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Figure 4.12: Range analysis. (a) Maximum working range of a system with the same projector
light output and cameras as our sensor as a function of ambient light level for different ambient
blocking schemes. (b) The projector power required to attain a 5 m range. By effectively block-
ing a large fraction of the ambient light, epipolar-only imaging with a laser projector is able
to provide energy-efficient operation even under bright ambient illumination conditions. Code

listings for this analysis appear in the appendix.

4.5.2 Sensitivity to Alignment Errors

Like any triangulation-based system for depth measurement, the Episcan3D sensor needs a fixed,
known baseline. With regular stereo systems if displacement between the cameras changes due
to thermal deformations, shock, vibrations etc. the system can be realigned in software. With our
sensor, the projector and camera need to be physically rectified because the masking mechanism
we use to enable epipolar imaging requires each projector scanline to correspond to a row of
camera pixels. Most alignment errors can only be partially corrected in software (the only con-
trols over the camera are the trigger offset, exposure and clock speed). Figure 4.13 investigates
how alignment errors would degrade performance. This analysis provides useful information

about the level of alignment tolerance that is required when building the device.
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Figure 4.13: Alignment Analysis: The Episcan3D sensor needs its projector and camera to be
physically aligned in a stereo configuration. As the projector goes out of alignment with one of
the cameras, the camera exposure needs to be increased for the epipolar light to be captured by
the rolling shutter masks. When correctly aligned, our current prototype uses an exposure time of
100ps. Increasing the exposure time by another 100us to provide slack for misalignment would
double the amount of ambient light reaching the sensor. In (a) the slack exposure required for
rotational misalignments along the various axes is plotted. The system is relatively less sensitive
to rotations about the projector’s x axis because these can be corrected for (to a point) in soft-
ware by adjusting the trigger offset. In (b) we plot slack exposure required against translational

misalignment. Misalignment along the z axis alters the baseline but does not affect rectification.
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Chapter 5
Epipolar Time-of-Flight Imaging

“Don’t guess. Measure. Measure twice.”

5.1 Introduction

Depth cameras based on structured light and continuous wave time of flight (CW-ToF) are find-
ing applications in a range of domains including 3D reconstruction [72], autonomous naviga-
tion, gesture recognition [93] and augmented reality. These depth cameras have high measure-
ment rates and are inexpensive enough to be adopted widely in consumer applications. CW-ToF
depth cameras are particularly attractive because they are compact (accuracy doesn’t depend on
a baseline between light source and sensor) and the processing needed to recover depth maps is
minimal. However, compared to the more expensive impulse ToF sensors (scanning and flash
LIDARSs), CW-ToF depth cameras have poor robustness to ambient light, interference from other
CW-ToF cameras and global illumination effects. Solving these problems would help make in-
expensive depth cameras that can be deployed widely a reality.

The active light sources in CW-ToF depth cameras are limited by power and eye safety con-
siderations. ToF sensors use pixel designs that electronically subtract out some or all of the DC
component of the incident light [74] which helps prevent strong ambient sources (like sunlight)
from saturating the sensor before enough light from the active source has been integrated. How-
ever, the more fundamental problem of photon shot noise induced by ambient light remains. The
only way to reduce ambient shot noise is to concentrate the active source and shorten the expo-
sure [13, 30, 65]. For a CW-ToF camera to operate accurately at long ranges in sunlight, some
means of light concentration is necessary.

In addition to the direct one-bounce path via a scene point from light source to sensor, in most
scenes there exists a continuum of multi-bounce, indirect paths (global illumination) between the

source and sensor. As a result, each sensor pixel sees a mixture of path lengths which can result
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in systematic errors in depth estimates. Significant errors can be caused by translucent surfaces,

specular objects, surfaces illuminated at grazing angles and scattering media like fog.

In many applications, it is necessary for multiple depth cameras to be able to operate simul-
taneously in the same environment without having to synchronize or communicate with each
other. CW-ToF cameras operating at the same modulation frequency corrupt each other’s mea-
surements. Using different modulation frequencies or specially designed coding schemes can
prevent interference [9], but this requires cameras to use a common coding protocol and causes
each depth camera to act as a source of ambient light (and hence noise) for the others. An
additional means of preventing interference that is orthogonal to coding is desirable.

Although these three problems appear to be distinct, they all stem from a common cause -
the fact that CW-ToF depth cameras typically illuminate and image the sensor’s entire field of
view at the same time. It is this parallelism that allows for their high measurement rates, but
it also results in a lack of robustness. Spreading out light from the active source across entire
field of view increases the likelihood that two CW-ToF cameras will interfere with each other,
it increases the number of indirect light paths that contribute to the image, and it necessitates
longer exposure times, increasing the effects of ambient shot noise.

Energy-efficient epipolar imaging which has been demonstrated in the context of non ToF,
structured light systems [77] is an effective means of handling these three problems. Structured
light epipolar imaging uses a scanning projector as the active light source. This source is placed
in a rectified stereo configuration with the camera sensor. By the epipolar constraint, each row
of projector pixels will correspond to one row of pixels on the sensor. The scene is illuminated
and imaged one row at a time with the exposed row on the sensor synchronized to the active row
of the scanning projector (see figure 5.3c).

With a scanning projector, light is concentrated into a small spatial extent at any point of time
so a short exposure can be used for each row reducing the effects of ambient light. Because only a
small subset of the possible paths between the light source and sensor are unblocked at any point
of time, very few indirect light paths contribute to the captured image but all direct, one bounce
light paths from source to sensor are captured because they obey epipolar geometry. Illuminating
the scene one line at a time provides an effective compromise between the speed of full-field
imaging and the robustness of point scanning. In microscopy, light sheet microscopy [106] offers

a similar trade off between wide field and point scanning confocal techniques [67].

In this chapter, we extend epipolar imaging to continuous wave ToF depth camera systems.
We analyze how epipolar imaging would improve the performance of a CW-ToF depth camera
under bright ambient illumination, when multiple devices interfere and when multi-path interfer-
ence occurs. We demonstrate the first live, energy-efficient implementation of epipolar CW-ToF

imaging. This new epipolar imaging implementation provides the flexibility to chose the order
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and frequency at which lines in the scene are captured.

Our epipolar ToF prototype is able to recover depth maps outdoors in bright sunlight (70 klx
at ranges of over 10 m. Its ambient suppression abilities are so strong that it can obtain accurate
depth returns from light bulbs even when they are turned on. It suffers from minimal interference
from other CW-ToF devices, even if they are operating at the same modulation frequency. It
is unaffected by many of the global illumination effects observed in everyday scenes and can
recover live depth maps in these environments without placing any restrictive assumptions on

the types of global light paths present in the scene.

5.2 Continuous Wave Time of Flight

The operating principles of CW-ToF cameras are discussed in [56]. To summarize, these cameras
use a temporally-modulated light source and a sensor where the exposure is also modulated
during integration. If the illumination modulation function is f,(f) = cos(wt) and the sensor
modulation function is g, 4(t) = cos(wt + ¢) where w is the modulation frequency in rad/s and
¢ is the phase offset between the source and sensor modulation functions, then the measurement

integrated over an exposure time of ., at a pixel  is

tcxp

Iw,(b(x) = ; fu(t) * [ha(t) + Am]gw,¢(t)dt (5.1

= / ) cos (WT — @) hy (7)dr | (5.2)
0

where * denotes convolution, h,(t) represents a pixel’s transient response to the active light
source and A, is the response due to the DC component of the active light source as well as other
ambient sources. In practice, I, s(x) is measured by integrating incoming light to two different
storage sites (called taps) depending on whether g, 4(¢) is positive or negative and then taking
the difference between the stored values. Thus even though A, drops out of the integral, ambient
light still adds to the measurement shot noise.

If there are no indirect light paths between the light source and sensor pixel z, then h,(t) o
d (t — @) /) where c is the speed of light and {(z) is the length of the path from the light source
to the scene point corresponding to = and back to the sensor. Assuming the scene is static, we
can recover the path length /() by capturing a pair of images at the same frequency but two
different modulation phases ¢ = 0 and ¢ = 7/2:

l(x) = i atan2 (]wvg(m), Lo(2)) . (5.3)

The pixel depth z(x) can be computed from [(z) using the geometric calibration parameters of

the light source and sensor.
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Epipolar plane

ToF sheet ToF camera
projector & ROI

Figure 5.1: Epipolar time of flight. A projector that generates a steerable sheet of modulated laser
light is combined with a ToF sensor whose rows can be exposed one at a time. The projector
and camera are placed in a rectified stereo configuration so that the light sheet always lies on
an epipolar plane between the projector and the camera. At any given instant, only the row of

camera pixels on the epipolar plane is exposed to light..

In scenes with global illumination, the transient function %, (¢) contains components in ad-
dition to the Dirac delta of the direct light path and applying Eq. (5.3) causes depth estimate
errors. A common solution is to use different modulation frequencies and fit a more complex
model of h,(t) to the resulting measurements. In [18, 47] a series of Dirac deltas are fitted to
h.(t) to model specular inter reflections and reflections from translucent surfaces. Mixtures of
exponentially modified Gaussians have been used to model volumetric [40] and subsurface [97]
scattering. The disadvantage of these approaches is that the chosen model needs to be a good fit
to the multi-path effects present in the scene. The requirement for more measurements increases
acquisition time.

ToF illumination and imaging codes can be designed to minimize certain types of global
illumination effects. By using very high modulation frequencies, diffuse interreflections can be
removed [31]. The depth selective camera [100] uses codes that can capture light corresponding
to particular path lengths. In the context of handling global illumination, the method closest
to our proposed epipolar CW-ToF scheme is [76] where the epipolar ToF image is computed
by taking the difference of a regular ToF image and a non-epipolar ToF image. However, their
implementation suffered from poor light efficiency and required thousands of frame captures to
synthesize the non-epipolar ToF image which precluded its use in a live context. Also, it required
long exposure times and was dependent on digital image subtraction so would have been unable
to handle bright ambient light or interference from other devices.
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Figure 5.2: Simulation showing the effects of of global illumination on continuous wave time-
of-flight with regular and epipolar imaging. (a) a Cornell box scene - for scale, the back wall
is roughly 3.7 m from the camera. (b) at point a - on the cube in the foreground, there is little
global illumination so the transient responses under both regular and epipolar imaging are close
to impulse responses. (c) at point b - near the corner on the red wall, there is a strong inter-
reflection which shows up as a long tail in the transient response under regular imaging which is
largely suppressed in epipolar mode. (d) shows the difference between the groundtruth depth and
depth estimated using regular imaging CW ToF (modulation frequency 30 MHz) as a heatmap
(scaled between 0 cm and 50 cm), there are large errors due to interreflections. (e) the same error

visualization for epipolar imaging, almost all the errors are suppressed.

5.3 Implementing Epipolar ToF

An epipolar ToF depth camera that is optimal in terms of light efficiency and usage of sensor
bandwidth requires a light source that can concentrate its power into a single plane and a ToF
sensor that can implement exposure coding to allow for only a single row of pixels to be exposed
at a time. These two components must be placed in a rectified stereo configuration as shown in
figure 5.1.

To realize the geometry of Figure 5.1, we use a line laser source with a 1D-scanning mir-
ror that projects a steerable light sheet onto the scene. No currently-available CW-ToF sensor
provides controllable exposure coding across the 2D pixel array. Taking into account available
off-the-shelf hardware, there are three possible ways to restrict exposure to pixels on a single
epipolar plane:

1. Use a Digital Micromirror Device (DMD) to mask all other pixels

2. Use a 1D sensor and a controllable mirror to select the epipolar plane it should image

3. use a 2D sensor with a controllable region of interest (ROI).

We chose the third option because it is much more light-efficient than a DMD mask and leads
to a much simpler design. We make the ROI one row tall to match the requirements of epipolar
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Figure 5.3: Epipolar plane sampling schemes and row exposures in ToF imaging. (a) In con-
ventional CW-ToF all epipolar planes are illuminated simultaneously and all camera rows are
exposed at the same time. This requires long exposures and leads to severe artifacts due to mo-
tion, ambient light, global light transport and interference between devices. (b) Sending a very
brief, high-intensity pulse of light for CW-ToF confers resistance to ambient light but is still
prone to artifacts due to global light transport and motion. (c) Ordering the epipolar ToF planes
similarly to a rolling-shutter camera confers robustness to ambient light, global illumination and
motion blur. Sensitivity to motion remains, however, because of the significant delay between
the phase measurements acquired for each row. (d) Interleaving those measurements plane by
plane minimizes such artifacts. (e) Scanning the entire field of view twice within the same total
exposure time yields higher temporal sampling of the scene and makes consistent merging of
individual depth map rows easier. (f) For certain applications, scanning different portions of the
field of view with different temporal sampling rates can be beneficial.
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5.3.1 Epipolar plane sampling

As explained in Section 5.2, CW-ToF requires at least two images to recover depth. To cover an
entire scene using epipolar ToF, the active epipolar plane must be swept across the field of view.
This offers flexibility to chose the order in which epipolar planes are sampled.

Figure 5.3 illustrates several such ordering schemes. For instance, the ordering scheme of
Figure 5.3c illustrates the operation of a hypothetical rolling-shutter ToF camera, where one
complete image is acquired for each modulation phase. This scheme is undesirable because if
the scene or camera move while acquiring these images, the recovered depth map will contain
hard-to-correct errors.

A better ordering strategy is to loop through the set of modulation phases at one epipolar
plane before imaging the next row (Figure 5.3d). Since each row’s exposure time is very short,
all phases required for a single row can be acquired quickly enough to minimize depth and motion
blur artifacts due to camera/scene motion.

Under this strategy, each row is captured at a slightly different time. Although this induces
a rolling-shutter-like effect in the acquired depth map, the individual depth values will be blur-
and artifact-free and can be combined into a consistent model by post-processing [4, 49].

To make such post-processing even easier while obeying the kinematic constraints of the
mirror’s actuator, we order epipolar planes in a sawtooth pattern (Figure 5.3e). This essentially
provides full-field-of-view depth maps at twice the frame rate but half the vertical resolution,
making depth correction easier for fast camera shake and/or scene motions. More generally,
Figure 5.3f shows an example of a non-uniform sampling scheme in which epipolar planes cor-
responding to lower image rows are sampled more frequently. This type of sampling could be
useful on a vehicle where lower portions of the field of view are usually closer and move faster,

requiring acquisition at a faster sampling rate.

5.4 Hardware Prototype

Our prototype device for epipolar time-of-flight imaging uses a galvomirror-based light sheet
projector for illumination and a ToF sensor with an adjustable region of interest for imaging.

The time-of-flight sensor we use is the EPC660 (from Espros Photonics) which has a reso-
lution of 320x240 and pixels that implement ambient saturation prevention. The sensor is fitted
with a 8mm F1.6 low distortion lens and an optical bandpass filter (650 nm center frequency,
20 nm bandwidth). The sensor allows the ROI to be changed with every sensor readout and we
use this feature to select which row to image. We read data out of the sensor using the sensor
development kit (DME660) from the manufacturer.

Our line projector uses a 638 nm laser diode with a peak power of 700 mW. Light from the

85



Figure 5.4: Our Epipolar ToF prototype uses a custom built steerable light sheet projector (orange
assembly) and a DME660 camera with fast ROI control to capture arbitrary rows of pixels.

diode is collimated and passed through a Powell lens that stretches the beam cross-section into a
diverging, almost uniformly illuminated straight line with a 45° fanout angle. The laser light is
directed at a 1D scanning galvomirror that can be rotated to deflect the sheet. The rotational range
of the mirror gives the projector a 40° vertical field of view. The projector’s effective center of
projection moves as the mirror rotates but this effect can be ignored because the distance between
the fanout point and the galvomirror is very small compared to depths in the scene.

A microcontroller is used to synchronize the sensor and light source. The microcontroller
communicates with the sensor over an I2C bus to set the exposure time, modulation frequen-
cy/phase and region-of-interest row and also to trigger each capture. The microcontroller also
actuates the projector’s galvomirror. In addition, the microcontroller can read the camera’s rota-
tional velocity from a MEMS IMU (inertial magnetic unit) that we have attached to the sensor.
A frequency generator circuit allows us to select a modulation frequency between 1 MHz and
24 MHz in steps of 1 MHz.

We align the projector and camera side-by-side in a rectified stereo configuration as required
for epipolar imaging. When correctly aligned, the projected light sheet illuminates a single row
of pixels in the camera and this row is independent of depth. A mirror calibration is performed

to determine the mapping between galvomirror angle and illuminated camera row.

5.4.1 Sensor Calibration

In practice, we observe that the measurements read out from the sensor do not match their ex-
pected values. There are a number of reasons for this discrepancy, including fixed-pattern noise,

non-uniform pixel sensitivity, crosstalk between taps and small variations in the phase of the
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exposure modulation function at each pixel. We model the relation between the expected sensor
measurements I,,(x) and the actual measurements I, (z) using a 3 x 3 correction matrix H,,(x)

at each pixel

[w,O Aw,O
Loz | =Hy(2) | Lz (5.4)
1 1

To find H,,(x), we place a fronto-parallel surface at a set of known distances zx, k = 1, .., K.
For each position of the plane, we collect sensor measurements at different aperture settings
(s =1,...,5) to simulate the effect of varying scene albedos. For each plane position k, we can
compute the path length at a pixel /;,(x) and thus the expected phase %‘“(z) We then compute the
correction matrix that best explains the sensor measurements /,, ;. ;(x) by finding the matrix that
minimizes the least-squares error between the corrected measurements and the expected phase.

These calibration parameters are dependent on both modulation frequency and exposure time
so we repeat the process for all the frequencies and exposure times used in the experiments.
Although the modulation signals we input to the sensor and light source driver are square waves,
at modulation frequencies of 20 MHz and above, we noticed that the harmonics were largely

suppressed and so the modulation functions were well approximated by sinusoids.

5.4.2 Timing

The time needed to image a row (and by extension the frame rate) with our prototype is a function
of several quantities: the number of readouts per row n, the exposure time ., the readout time
for a row t,eq and the time ¢;o; taken by the galvo mirror to move to the next row position in

the sampling sequence:
trow = ntexp + (TL — 1)tread + maX(treada tmirror) (55)

With a two-tap sensor like the one in our prototype, at least n = 2 readouts are needed to
measure depth using a single modulation frequency. Figure 5.5 shows a timing example. f.q
is 175 ps and for most of our experiments we set fey, to 100 us. In our row sampling sequence,
the mirror rotates through two rows (approximately 0.33°) per step and t;.ror for this step size
is roughly 100 ps. In total, ¢,y is 550 us when n = 2 yielding a frame rate of 7.5fps (or 3.8fps

when n = 4).

5.4.3 Limitations

Currently, the main bottleneck for frame rate is readout time. Our approach needs data from only

one row of the sensor per readout, but the smallest region of interest the EPC660 sensor supports
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Figure 5.5: Timing diagrams for camera exposure, readout and mirror position for a particular
sequencing of the rows. First, the scanning mirror is moved to the new active row and takes pior
to settle in the position. When the previous row readout is complete (which takes t..,q) and the
the mirror is in position, the camera is triggered. Each exposure lasts for ¢, and at the end of

each exposure the row is read out.
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is 4 rows tall. We are forced to read out 4 rows at a time when we actually use just one. Also,
the development kit we have used limits the sensor data readout bus to 20 MHz but the sensor
itself supports bus rates up to 80 MHz. The minimum value of ., depends on the light source’s
peak power and desired range. Our prototype has a source with a peak power of 700 mW while
most other experimental time-of-flight systems have a peak light source power in the 3 W to
10 W range. With a brighter light source we could use a far shorter exposure time without loss
of range. Lastly, the low-cost galvomirror we used could be replaced with a faster 1D MEMS
mirror. With these improvements a system based on our prototype would operate at video frame
rates.

The sensor used in our prototype supports a maximum modulation frequency of only 24 MHz
whereas most other time-of-flight sensors can run in the 50 MHz to 100 MHz range. This limits
our prototype’s ability to accurately scan smaller objects or be used for transient imaging. The
EPC660 datasheet specifies that the sensor ADC returns 12-bit values but the version of the
sensor we are using only returns 10 bits. This affects range and makes the output depth maps

noisier.

5.4.4 Eye Safety

Eye safety requirements place a limit on the power that can be emitted by a CW-ToF system’s
light source. This has implications for accuracy, range and frame rate. The quantity of interest in
determining eye safety for a laser source is the Maximal Permissible Exposure or MPE. MPE is
expressed in terms of energy or power per unit area [5] and is function of light source wavelength
and exposure time among other factors. In our laser sheet projector, light spreads out from a spot
so the power density drops as the distance from the source increases. For our current system, the
energy density is safe at a distance of at least 66 cm from the source. By switching to a near-
infrared (850 nm) laser, the eye safe distance of our system can be reduced to 40 cm. Details of
the calculation are listed in Table 5.1. The laser diode source we currently use is effectively a
point source. The permissible energy limits for extended light sources are considerably higher.
Switching to a small extended area source such as a Vertical-Cavity Surface Emitting (VCSEL)
array, would allow us to make our prototype eye safe at shorter distances and/or extend the

maximum working range.

5.5 Results

We demonstrate the benefits of epipolar ToF imaging by comparing to regular ToF imaging in

different scenes and conditions. There are two ways we could implement regular ToF imaging
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Quantity Symbol Formula Value (Visible Light) Value (Near-Infrared)

laser peak power P 700 mW 700 mW
laser wavelength A 638 nm 638 nm
laser spot diameter d 0.4cm 0.4cm
laser horizontal fanout 6, 0.785rad 0.785rad
laser vertical fanout 0, 0.002 rad 0.002 rad
eye-laser distance z

illuminated width w(z) d+ 20,

illuminated height h(z) d+ 20,

illuminated area A(z) w(z)h(z)

exposure duration texp 100 ps 100 ps
energy per exposure E 1/v/2Ptexp 49.5 yW 49.5 yW
energy density limit MPE 1.80 uJ /cm? 3.59uJ /cm?
eye safe distance Zs A(z,) = /%5 66cm 40 cm

Table 5.1: The maximal permissible exposure (MPE) is the highest safe energy density for a
light source. The rules for computing MPE depend on exposure time and wavelength amongst
other factors. Our current prototype is eye safe at distances greater than 66 cm. A near-infrared
(850 nm) version of our current prototype would be eye safe at distances greater than 40 cm.
We designed the laser sheet projector so that its horizontal fanout angle matches the camera’s
horizontal field of view and the vertical fanout angle is slightly less than the angle covered by a

camera pixel.
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Albedo 0.5
Scene
Depth 10m
Peak Power 2W
Projector Output wavelength 850 nm
Modulation frequency 15 MHz
Focal length 8 mm
Resolution 320 x 240
f-number 1.1
pixel size 20 um x 20 um
Camera .
filter bandwidth 20nm
Quantum efficiency 0.8
read noise Se~
electrons per LSB 1

Table 5.2: Parameters for Simulated ToF Camera

with our prototype sensor. The first is to remove the galvomirror and the line generator lens
from the laser sheet projector and replace them with a diffuser. The second is to keep the entire
sensor exposed until the sheet projector has swept across the full field of view. In the multi-
device interference and camera motion experiments, we use a diffuser. For the ambient light
comparisons, we use the full frame ROI approach. This prevents light loss at the diffuser from

affecting our comparisons.

5.5.1 Ambient Light

Figure 5.6 shows a simulation that illustrates the benefits of applying epipolar imaging to ToF in
brightly lit environments. For a given light source power, depth accuracy degrades rapidly with
regular imaging as ambient light levels increase from 0 Ix (complete darkness) to 100 klx (direct
sunlight). With epipolar imaging, the degradation is much more gradual. Figure 5.6 simulates
an almost idealized camera where the only noise effects are photon shot noise and a very small
amount of read noise. Dark noise and ADC quantization effects are not considered. See table 5.2
for a list of parameters used.

Figure 5.7 quantitatively compares our sensor prototype operating outdoors in regular ToF
and epipolar ToF imaging modes under cloudy and sunny conditions. Regular ToF mode per-
forms poorly in bright sunlight, while epipolar ToF is considerably more robust. Figure 5.9

shows an example scene with both strong ambient light and global illumination effects.
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Figure 5.6: A simulation of the standard deviation in depth measurements obtained using regular
and epipolar ToF imaging (15 MHz modulation frequency) for a target 10 m from the camera as
a function of ambient light level is shown in (a). For both cases, the peak light source power is
2 W and the total exposure time is the same (7.2 ms per image) but epipolar ToF is more robust
to ambient light because it concentrates light source power and uses a short exposure for each
row (30ps). (b) shows the working range of the same simulated camera at different levels of
acceptable range accuracy. Note that simulated camera’s parameters differ from prototype, see
table 5.2 for parameters and appendix for code listings.

5.5.2 Global Hlumination

Figure 5.10 demonstrates the ability of epipolar imaging to suppress the effects of global il-
lumination in a few common indoor environments. These results are generated using a single
modulation frequency (24 MHz). In regular ToF mode, diffuse interreflections between the walls
and ceiling cause depths to be overestimated and the corner to be rounded out. With epipolar
imaging, the walls appear straight and meet at a sharp right angle. The conference table in the
second row appears specular at grazing angles. In the bathroom scene, the ghosting on the wall
due to reflections from the mirror is suppressed by epipolar imaging. The water fountain is par-
ticularly challenging because the direct return from its metallic surface is very weak, but the
surface reflects a lot of indirect light back to the sensor. For epipolar imaging, we combine 3
exposures to try recover a usable direct signal. Longer exposures do not help regular imaging

because the interreflections cause the sensor to saturate.
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Figure 5.7: We placed a white planar target at a range of distances from the sensor in both cloudy
weather and bright sunshine. Even under cloudy conditions, epipolar ToF imaging produced
far less noisy depth measurements than regular ToF. Under bright sunlight, regular ToF failed
completely whereas epipolar ToF still provided useful depth returns. The camera modulation
frequency was set to 10 MHz. (d) shows standard deviation in depth estimates versus distance to
target (slower rising curves are better). Our prototype has depth error of around 3% at 10 m in

bright sunlight.

5.5.3 Multi-Camera Interference

With epipolar CW-ToF imaging, two systems running at the same modulation frequency can
usually only interfere with each other at a sparse set of pixels in each image. Each system
illuminates and images a single line in the scene at a time, so at any instant the second system
can only interfere with the first at the points where its illuminated line intersects with the first
system’s exposed row of pixels. A degenerate case occurs when two systems happen to be
aligned in such a way that they have identical epipolar planes and their cameras are synchronized
by chance. This, however be considered a very rare occurrence.

If more than two epipolar ToF systems are present, each pair of cameras has only a sparse set
of pixels that may be affected by interference. When a set of epipolar ToF systems are running
at different modulation frequencies, the contribution of each system to shot noise in the others is
greatly reduced. Figure 5.11 shows the result of operating two CW-ToF cameras simultaneously

at the same frequency in either regular or epipolar imaging modes. In epipolar mode, the inter-

93



(a) Scene (b) Depthmap (¢) Scene (d) Depthmap

Om 5m 10m 15m

Figure 5.8: Depthmaps from our epipolar ToF camera outdoors on a sunny day. The camera
modulation frequency is 10 MHz and so the maximum ambiguity-free range is 15 m. The result-
ing wrap around in depth values is noticeable in the wall behind the car in (d) which is more than
15 m away.

Scene Regular ToF

4

Epipolar ToF

Lamp Off

Figure 5.9: Epipolar ToF imaging provides accurate depth measurements from the surface of
the light bulbs even when they are turned on. Also note how reflections from the table’s surface

cause errors with regular ToF, but these are suppressed with epipolar imaging.
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Figure 5.10: Comparing depth maps with epipolar and regular ToF imaging in the presence of
global light transport: diffuse interreflections at the corner, glossy interreflection from projection
screen onto a shiny conference table, reflections from the mirrors in the restroom and in between
the wall and the shiny water fountain. Epipolar ToF eliminates most of the global light transport
resulting in depth maps that are significantly more accurate than regular ToF. All profile curves

are in meters.

ference between the cameras is minimal. It should be noted that the two cameras are operating
completely independently of each other without any form of synchronization between them.
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Figure 5.11: Two time-of-flight cameras are placed in a scene. When only one camera is running
(second column), both regular imaging and epipolar imaging produce accurate depth maps. With
both cameras operate at different frequencies (third column), the depth map with regular imaging
becomes noisier because the other camera’s light source adds to the shot noise while epipolar
imaging is almost unaffected. When both cameras operate at the same modulation frequency
(last column), they interfere strongly in regular imaging mode. With epipolar imaging, the two
cameras will usually either not interfere at all, or will interfere along a single line through the

image.

5.5.4 Camera Motion

Consider the case of a rotating camera with known rotational trajectory obtained from a MEMS
gyroscope. With regular imaging, each captured ToF measurement has motion blur and strong
artefacts at depth discontinuities because the measurements are not aligned to each other. This
could be partially corrected using a spatially varying deconvolution but high frequencies in the
image would be recovered poorly. With epipolar ToF imaging, motion blur has basically no
effect and a depth map with a rolling-shutter-like effect is acquired. This can be corrected with
a simple image warp computed from the rotation. Figure 5.12 shows an example from a rapidly

panning camera.
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Figure 5.12: With regular ToF, fast camera motion causes blur and misalignment between suc-
cessive images. This causes errors in the recovered depth map. Even with known rotation, this is
hard to fix because it involves deconvolving the captured images to register them (the convolution
kernels are known, but the deconvolution process smooths over a lot of detail). With epipolar
ToF (c), motion blur is minimized and there are no depth errors, but an interleaved rolling shutter
like artefact is introduced by our coded exposure scheme. This can be corrected using a simple

image warp on the depth map to give a corrected result (d)

5.6 Discussion

Epipolar imaging for continuous-wave time-of-flight depth cameras mitigates many of the prob-
lems commonly encountered with these sensors. These problems include highly degraded per-
formance in brightly lit conditions, systematic errors due to global illumination, errors due to
inter-device interference and artifacts induced by sensor motion.

Cycling through multiple phases or patterns at one row before proceeding to the next row is
directly applicable to structured light as well. Such a scheme would make it possible to apply
multi-image structured light methods to dynamic scenes for generating high-quality depth maps
where currently only single-shot methods can be used.

In our prototype, the scanning mirror follows a sawtooth pattern and captures rows in an or-
dered sequence. However, with a faster scanning mirror, pseudo-random row sampling strategies
could be implemented that might allow epipolar imaging to be used in conjunction with com-
pressed sensing or similar techniques. This would allow recovery of temporally super-resolved

depth maps of fast-moving scenes.
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Chapter 6
Analysis

An important taxonomy of active illumination devices is on the basis of how they redistribute
their output illumination power and how large an area they measure light over at an instant. In
general, sensing speed (in terms of number of measurements obtained per unit time) increases
when illumination and imaging are less concentrated.

The algorithms presented in chapters 2 and 3 use conventional projector-camera systems
that illuminate and image the entire scene at once. They rely on computational techniques and
carefully designed light patterns to handle the effects of global light transport, defocus blur and
motion but they are not robust to ambient illumination. Concentrating light is crucial to building
active illumination devices that work at high ambient light levels and it also makes handling the
effects of global light transport easier.

Scanning laser rangefinders take this idea of robustness through spatial and temporal concen-
tration to its logical extreme. They emit light in short, highly directional bursts. The light sensors
they use are also highly directional in their sensitivity and are collocated to the source. Since the
emitted light is concentrated both spatially and temporally, its reflection can be detected robustly
by the sensor even at very high ambient light levels. Also, since most global light transport is
fairly diffuse and only a single point is being illuminated at a time, very little global light reaches
the collocated light sensor. The disadvantage of this scanning approach is that it is slow. The
round-trip time of light places a hard limit on the rate at which points can be measured and in
practice the need to physically rotate the source and sensor to change scanning direction slows
down such systems further. Handling dynamic scenes is difficult and a separate sensing modal-
ity is often needed to track motion of the rangefinder so that point measurements can be fused
together into a registered point cloud from a moving platform.

Flash lidars address the speed limitation and the need for moving parts. They emit short,
undirected flashes of light and measure the round-trip time for reflected light with a two dimen-

sional imaging array. These devices work well in sunlight. However, the difficulties in making an
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Point Illumination

Line Illumination

Area [llumination

Point Imaging

Scanning Lidar

. . Episcan3D 4
Line Imaging .
Epitof 5
Structured Light
Area Imaging MC3D [13] Line Striping CW-ToF
Flash Lidar

Table 6.1: Taxonomy of Active [llumination Sensors: Active illumination sensors can be clas-
sified on the basis of how the spatially concentrate illumination and imaging. Sensing speed in
terms of measurements obtained per second typically increase as we move towards the bottom
right corner where large parts of the scene are illuminated and imaged in parallel. Robustness
to ambient illumination and global light transport affects can be achieved through spatial con-
centration (towards the top left corner in the table). Flash lidar systems are robust to ambient
and global illumination despite using full-field illumination and sensing because they use highly
temporally concentrated light pulses but are difficult to build at high resolutions. Episcan3D
and Epitof strike a balance between full-field and point-wise sensing by sensing one line at a
time. This provides reasonable robustness to ambient and global illumination without sacrificing

measurement rate.
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imaging array of sensitive photodetectors with the required temporal resolution for light timing
measurements makes these devices expensive and they tend to have low spatial resolutions.

Structured light and continuous wave ToF [90] devices have typically not redistributed light
spatially or temporally and so their performance degrades rapidly as ambient light levels increase
(the suppression of background illumination [53] implemented on PMD sensors prevents ambi-
ent light from saturating the sensor but does nothing to solve the more fundamental problem of
shot noise). These devices can achieve some robustness to global light transport effects through a
combination of carefully designed illumination patterns [12, 26] or by acquiring extra measure-
ments and computationally inverting some simplified model of global light transport [17, 18, 97].
Line striping devices [65] are an exception - they are structured light devices that concentrate
their output light but they require one readout of the entire camera sensor for each line position
so they are typically very slow.

The epipolar imaging devices developed in this thesis — Episcan3D (chapter 4) and Epipolar
Time-of-Flight (chapter 5) can be thought of as a compromise between the two extremes of full-
field capture and point-by-point scanning. Because epipolar imaging illuminates and captures a
single line at a time, it allows a depth camera to have most of the robustness to both ambient light

and global illumination that point scanning provides while still having a high measurement rate.

6.1 Redistributive Light Sources and Eye Safety

Episcan3D and Epipolar Time-of-Flight use projectors that redistribute their light output dynam-
ically instead of illuminating the entire field-of-view at once. In the case of Episcan3D, the
projector illuminates a single point at a time and raster scans and the projector used in the Epipo-
lar ToF camera illuminates a line at a time and the line sweeps across the field-of-view. It should
be noted that epipolar imaging does not require a point scanning light source - a line scanning
one suffices. Our Episcan3D prototype uses a raster scanning projector only because it was a
convenient way to generate patterns with off-the-shelf hardware.

Given a fixed energy budget per measurement, in the presence of ambient light, epipolar
imaging with a redistributive light source will always be more accurate than regular imaging
with a non-redistributive light source (see figures 4.12 and 5.6). However, from an eye safety
perspective, for visible and near-infrared light, shorter light pulses (like those generated by a
redistributive source) must have lower energy density than longer pulses (like those generated by
a non-redistributive light source). This is illustrated in figure 6.1a which plots the maximum safe
energy density per unit area of a light pulse as measured at the eye for different pulse lengths and
wavelengths.

The illumination pulse length for an impulse imaging systems like lidar (flash lidar or scan-
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Figure 6.1: (a) In the near-infrared band, the permissible energy density of a light source is a
function of exposure time. As a result, for a given eye safety requirement, regular imaging with
a non-redistributive light source can use much higher power than epipolar imaging with a line
striping source. (b) compares the accuracy of two CW ToF systems with the safe eye safety
characteristics - one using regular imaging and another using epipolar. The target distance is
fixed at 10 m and ambient light levels are varied. Despite using roughly 14 time less energy,
epipolar imaging would still be more accurate than regular imaging in bright sunlight. For short-
wave infrared, the maximum allowable energy density is much higher and doesn’t depend on

exposure time, but SWIR sensors are expensive and difficult to fabricate.

ning) or a high-speed raster scanning projector is usually in the 1 ns to 10 ns range. For a regular
imaging system that doesn’t use a redistributive light source, the illumination usually remains on
for the entire frame exposure time, so typical pulse lengths would be between 10 ms and 30 ms
for a system operating at video frame rates. For the epipolar imaging systems we’ve developed,
typical illumination times per line for structured light or CW ToF are between 20 ps and 200 pys.
This places epipolar imaging just after the knee in the curve - a regular imaging system could op-
erate at considerably higher total light output level and still be eye safe while an impulse imaging
system could output roughly the same light energy as epipolar imaging but over a much shorter

period.

One solution to this problem would be to operate in the short-wave infrared band (for example
at 1550 nm instead of visible light or near-infrared. In this band, the permissible energy limits
are much higher and also do not depend on pulse duration. Many lidar systems operate in the
short-wave infrared band for this reason. Unfortunately, the technology for short-wave infrared

sensors isn’t yet as well developed as for sensors at other wavelengths. Another solution is to
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use a multiple point sources or an extended light source as the permissible energy limits for such
configurations are considerably higher. Many regular CW ToF devices use multiple sources or
extended sources to increase the amount of power they can safely emit. In an epipolar imaging
system this could be achieved by placing multiple low-power light sources along the epipolar
line or using a VCSEL array.

Our Epipolar ToF prototype uses a 100 ps exposure per row, a 700 mW point source and is eye
safe at 40 cm and beyond. A regular imaging equivalent would use a 24 ms exposure per frame
(the sensor array has 240 rows) and would be eye safe at 40 cm even if it used a light source with
a peak output power as high as 9.7 W. Figure 6.1b plots how accurate depth measurements would
be from these two devices under varying ambient light levels. Despite the fact that epipolar ToF
is using almost 14 times less energy per frame than regular imaging, it performs just as well in

bright sunlight.

6.2 What Sensor To Use Where?

Previously, sensor choice was largely dictated by environmental factors. Outdoors, passive stereo
or lidar (either flash or scanning) were usually the only viable options. At short ranges, if power
wasn’t a major concern, continuous wave time-of-flight with high-powered illuminators (in the
10 W range), could also be used.

With epipolar imaging, structured light, active stereo and CW-ToF can be made to work
outdoors, even in bright sunlight. This is significant because these active illumination methods
can be realized with commodity hardware.

Epipolar imaging devices perform well at short to moderate ranges. But for long range sens-
ing, lidar would still be the sensor of choice. Compared to Lidars, the range of an epipolar
continuous wave time-of-flight system is limited by two factors:

* Sensitivity: Compared to the avalanche photo diodes (both linear and Geiger-mode) used

by lidars, CW ToF sensors have low sensitivity - the photon flux required to generate a
usable signal is high. Since strength of return falls of with the square of distance, low

sensitivity reduces range.

* Ambient Light: Epipolar CW-ToF uses a far shorter exposure than regular CW-ToF sys-
tems, but the exposure time is still in the tens to hundreds of microseconds range. In
comparison, a lidar needs to expose its sensor for only the round-trip time of the emitted
light pulses which works out to 1 us for a target 150 m away. Since CW-ToF sensors rely on
integrated intensity readings to compute depth, the long exposure time results in increased
shot noise due to ambient light which reduces accuracy.

Figure 6.2 compares the accuracy of Epipolar CW-ToF to Geiger-mode lidar. Using the same
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amount of emitted energy per depth frame, Geiger-Mode lidar is more accurate than epipolar
ToF. However, the accuracy of epipolar ToF is still adequate for many tasks and could still prove

to be an attractive alternative to more complex and expensive lidar systems in some applications.
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Figure 6.2: Simulated Comparisons of Epipolar CW-ToF to Geiger-Mode Lidar. For parameters
of the simulated Epipolar CW-ToF camera see table 5.2. The Geiger-Mode lidar light source
emits 100 pulses per depth reading, with a pulse length of 5 ns and per-pulse energy of 288 uJ.
This makes the energy emitted per depth frame equal for both sensing modalities. Field of view,
operating wavelength, sensor size and other parameters were also kept equal in both simulated
systems. For the simulated Geiger-Mode sensor, the photon detection probability is 0.1, the
detection jitter is 100 ps and the lens aperture is set to f/4. (a) compares the two systems under

the equivalent of cloudy conditions, (b) compares the two systems under bright sunlight.
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Chapter 7
Conclusion

Throughout this thesis we have worked towards the goal of creating active illumination systems
that are robust to a variety of challenges present in uncontrolled, real-world environments and
that can recover depth and capture components of light transport. These challenges include bright
ambient light, interference from other active illumination systems, global light transport, defocus
blur, and motion. Our aim has been to use the types of sensors and light sources that are used
in consumer-grade depth cameras and build systems that have the robustness of a scanning lidar
without sacrificing the compactness, economy and measurement density of a consumer depth
camera.

Chapters 2 and 3 extended the capabilities of regular projector-camera systems that use non-
redistributive light sources. They captured images that had been affected by indirect illumination,
scene motion or illumination defocus and used computational models to try recover corrected
images like those that would have been captured if there was no indirect illumination, the scene
was stationary or there was no defocus blur.

In chapters 4 and 5 we adopt a markedly different approach. We built imaging systems that
capture images that contain only the light paths of interest and block all (or most) of the unwanted
light from confounding sources (ambient light, indirect light paths, interfering light from other
systems). One of the keys to realizing such active imaging system was the use of redistributive

light sources like raster scanning laser projectors and light sheet projectors.

7.1 Future Work

There are a number of ways that the ideas presented in this thesis could be developed further.
We have developed two devices that implement epipolar imaging, one for structured light and
another for continuous wave time-of-flight but there are many other hardware embodiments for

the technique. On the computational side, there is work still to be done to address some of the
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limitations of epipolar imaging when handling scene motion and certain types of global light

transport.

Modeling Epipolar Indirect Light Paths Epipolar imaging prevents most (but not all) indirect
light paths from reaching the sensor. There are two particular cases where global light transport
can induce significant errors even with epipolar imaging. The first is specular interreflections
that happen to line up with the epipolar lines (see bottom row of Figure 4.5 for an example). The
second is when light scatters in a participating medium like fog.

Even when indirect light is present in epipolar imaging, it is much simpler to model than in
the regular imaging case. For instance, specular interreflections are constrained to be caused by
scene points that lie along the same epipolar line. In a participating medium, epipolar imaging
will block most multiple-scattered light. Single-scattered light will reach the sensor as it obeys
epipolar geometry, but single-scattering is much simpler than multiple scattering and can be
modeled analytically [98].

What this means is that epipolar imaging could be combined with methods that attempt to
handle indirect illumination by recovering transient responses [18, 40, 97]. The transient re-
sponses under epipolar imaging would be much sparser and have a higher signal (direct light
path) to noise (indirect light path) ratio. This would allow recovering geometry with fewer mea-

surements and in more challenging scenes.

Motion Registration and Correction Epipolar imaging allows for measurement sampling
schemes like those presented in Figure 5.3 where blur and registration error-free depth mea-
surements can be obtained even for rapid scene or camera motion. However, since each row
of depth measurements in the image is captured at a different time the resulting depthmaps are
distorted with an effect similar to rolling-shutter. Tailoring methods that can correct these types
of distortions such as [4, 49] to work with epipolar imaging systems is an important avenue for

future work.

Implementing Epipolar Imaging With a Line Sensor In this thesis we implemented sensor-
side masking for epipolar imaging via two mechanisms - exploiting the rolling shutter in the case
of Episcan3D and controlling the region of interest (ROI) in the Epitof system.

In both cases, we use sensors that have a 2D array of pixels, but only a single row of pixels in
the sensor is active at a time. In some sense, almost all the pixels are being ‘wasted’ at any given
point of time. For regular CMOS sensors, this is not a major factor because even large CMOS
pixel arrays are cheap and easy to fabricate. But for sensors with more complex pixel designs

(like short wave infrared sensors, Dynamic Vision Sensors [61] or a flash lidars) building large
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2D pixel arrays can be both difficult and expensive. In these cases an epipolar imaging device
design that required a sensor with just a single line of pixels as opposed to a 2D array of pixels
would be desirable.

This sort of line sensor based epipolar imaging system could be realized by placing a con-
trollable 1D scanning mirror in front of a line sensor camera. Steering the scanning mirror would
select the plane in the world along which the. One important consideration in such an implemen-
tation would be the design of the line sensor’s lens and the placement and size of the scanning
mirror. To prevent the mirror from being a bottleneck in terms of light throughput, it would need
to be large enough to cover the entire aperture of the lens. However, a very large mirror is unde-
sirable because it would be bulky, scan slowly and require a lot of power to drive. The imaging
lens needs to be designed so that its aperture is as close as possible to the front element. This
would allow the imaging scanning mirror to be small while not restricting light throughput. The
system could also potentially use the same scanning mirror for illumination and imaging.

Another advantage of implementing epipolar imaging with a line sensor is that since the
photosensitive elements are arranged in a line, the space above and below the photosensors can
be used for frame transfer and readout electronics which leads to higher fill factors than in a 2D

pixel array.

Photometric Stereo Photometric stereo is very sensitive to global light transport effects. For
instance, interreflections cause concavities to systematically appear shallower than they actually
are when reconstructed using photometric stereo [25]. Photometric stereo requires images cap-
tured with at least three different lighting directions. If there were a means to capture epipolar-
only images with illumination from different directions, they could be used to perform more
accurate photometric stereo.

The Episcan3D imaging system can easily be extended to two lighting directions by adding a
second projector light source along the original projector-camera baseline axis, but on the other
side of the camera. With such an arrangement, epipolar-only images with two different lighting
directions can be captured. Adding more projectors along the same axis doesn’t help because
lighting directions that are contained by a plane form a degenerate case.

Instead, a third (and even a forth) light source can be placed along the axis perpendicular
to the system’s original baseline. The third (and fourth) projector would be a rectified config-
uration with respect to the camera, the only difference being that they would be rectified along
vertically (along pixel columns) instead of horizontally along rows. This configuration would be
sufficient to recover epipolar-only images under four different lighting directions for photomet-
ric stereo. Unfortunately, with the rolling-shutter masks used by Episcan3D, there is no way to

mask pixels along both rows (for projectors one and two) and columns (for projectors three and
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four) in one camera. However, a sensor that supports almost arbitrary pixel masks was recently

developed [86]. With such a sensor, epipolar photometric stereo could be implemented.

More Selective Imaging Both the epipolar imaging devices we have built expose one row
of pixels at a time. With more fine-grained control over camera pixel masking, it would be
possible to implement variants of epipolar imaging that are even more selective. For instance,
in the Episcan3D system only a short subsegment of a row could be exposed at a time and the
exposed pixels could be synchronized to the raster-scan path of the projector. This would make
it possible to use shorter exposure times per pixel (resulting in even less ambient light reaching
the sensor) and also combine epipolar structured light with depth gating (resulting in less global
illumination effects). It maybe possible to realize such types of masking with the a sensor like

the one developed in [86].
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Appendix

This appendix provides Matlab code listings for the functions and scripts used to generate the

simulation results presented in this thesis for Episcan and Epipolar Time-of-Flight.

Simulation Code for Episcan3D

Listing 1: generateFigure4point12.m

snr = 3; %$target SNR

%$scene specs

params.La = le4;
params.albedo = 0.5;
params.rho = params.albedo;

%$projector specs

%$operating wavelength

params.wavelength = 532e-9;

%projector power at operating wavelength in lumens
proj_lumens = 10 ;

$projector area at u throw distance

arealu = 0.5;

params.u =1 ; % meters

$Projector lux at distance u

params.Lpl = proj_lumens/arealu;

%$camera specs

params.pixel_side = b5e-6;
params.pixel_area = params.pixel_side”2;
params.quantum_eff = 0.7;
params.filter_trans = 0.95;
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params.focal_length = 5e-3;
params . fnumber = 1.0/1.6;
%$ambient blocking factor
params.k = 1/500;

params.exposure_time= 1/60;

params.max_electrons=12e3;

params.read_noise_electrons=10;

params0 = params;

params_all = cell(4,1);

$no filter, no suppression

params_all{l} = params0;
params_all{l}.filter_trans = 1;
params_all{1l}.k = 1; %no blocking

[}

% filter, no suppression

params_all{2} = paramsO0;
params_all{2}.filter_trans = 1;

% ambient blocking factor of 15 from filter
params_all{2}.k = 1/15;

% filter, yes suppression

params_all{3} = params0;

params_all{3}.filter_trans = 1;

% 15 from filter, 160 from epipolar imaging
params_all{3}.k = 1/15 = 1/160;

% filter, ideal suppression
params_all{4} = paramsO;
params_all{4}.filter_trans = 1;

% 15 from filter, 800 from episcan
params_all{4}.k = 1/15 = 1/800;

La_test = 10.7(0:0.25:5);

z_all = zeros (numel (params_all), numel (La_test));
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for i=1l:numel (params_all)
for j=1l:numel (La_test)
tmp = params_all{i};
tmp.La = La_test (3J);
z_all(i, j) = fminsearch(...
@(z)simulateMaxRangeResidue (z, snr, tmp),
end

end

figure (1) ;

semilogx (La_test, z_all, ’"linewidth’, 3);
xlabel (' Ambient Illumination (lux)’);
ylabel ("Working Range (meters)’);

axis([1 10°5 0 3]);

ztest = 5;

power_all = zeros (numel (params_all), numel (La_test));

for i=l:numel (params_all)

for j=1l:numel (La_test)
tmp = params_all{i};
tmp.La = La_test (J);
power_all (i, j) =

fminsearch (@ (L) simulateMinLpResidue (...
L, ztest, snr, tmp), 1000);
end

end

figure(2);

semilogx (La_test, power_all, ’linewidth’, 3);
xlabel (' Ambient Illumination (lux)’);

ylabel ("Minimum Projector Power (lumens)’);
axis([1 1e5 0 10001);

111

0);



Listing 2: simulateMaxRangeResidue.m

function res = simulateMaxRangeResidue (z, snr, params)

% Returns 0 i1if the computed SNR at depth z matches snr.

[mul, sigmal] simulatePhotons (1, z, params) ;

[mu0, sigmaO] = simulatePhotons (0, z,params);
mu = mul - muO;

sigma = sigmaO + sigmal;

res = (mu - snr+sigma) " 2;
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Listing 3: simulateMinLpResidue.m

function res = simulateMinLpResidue (Lp, z, lambda, params)

params.Lpl = Lp;

[mul, sigmal] simulatePhotons (1, z, params) ;

[mu0, sigmaO] = simulatePhotons (0, z,params);
mu = mul - muO;

sigma = sigmaO + sigmal;

res = (mu - lambda*sigma) "2;
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Listing 4: simulatePhotons.m

function [mu, sigma] = simulatePhotons (projector_val, z, params)
planks = 6.626e-34;
lightSpeed = 3e8;

lumen_to_watt = 1/683;

photon_energy planksxlightSpeed

/params.wavelength;

L = params.rho x (params.k x params.La +
projector_val *x params.filter_trans x

(params.u”2)/(z"2) *params.Lpl) ;

lav)
Il

params.quantum_eff » L =
params.pixel_area/ (2*«pi) =*
params.fnumber”2 x lumen_to_watt;

E = P » params.exposure_time;

mu = E / photon_energy;

sigma = sqgrt (mu) + params.read_noise_electrons;
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Simulation Code for Epipolar Time-of-Flight Imaging.

Listing 5: generateFigure5point6.m

%% noise in estimated depth at 10m

epi_projector_power 2; %watts

reg_projector_power = 2; Swatts
scene.z = 10;

scene.albedo = 0.5;
ambient_levels = [0 (1:9)+*1le-5

(1:9)x1le—4 (1:9)x1le-3
(1:0.5:9)*1e-2 (1:0.5:9)*1le-1 11;

epi_camera = defaultCameral();
epi_camera.exposure = 30e-6; %$seconds
epi_projector = defaultProjector();

Swatts per pixel

epi_projector.power_per_pixel = epi_projector_power/320;
reg_camera = defaultCameral();
reg_camera.exposure = 240%30e-6; %$seconds

reg_projector = defaultProjector();
Swatts per pixel

reg_projector.power_per_pixel = reg_projector_power/ (320%240);

epi_std zeros (size (ambient_levels));

reg_std = zeros(size (ambient_levels));

for i=1l:numel (ambient_levels)

[, epi_var, 7] = computeToFPhaseStatistics(...
scene, epil_camera, epi_projector,
ambient_levels (i), 20000);

epi_std (i) = sqgrt (epi_var);

[7, reg_var, ~] = computeToFPhaseStatistics(...
scene, reg_camera, reg_projector,

ambient_levels (i), 20000);
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reg_std (i)

end

[}

% Convert

epi_std =

reg_std

figure (2);
hold off;

semilogx (leSxambient_levels (2:end),
100xreg_std(2:end),’ linewidth’,4);

hold on;

semilogx (leS5xambient_levels (2:end),
100xepi_std(2:end),’ linewidth’,4);
axis ([0 1le5 0 30]);

%legend (‘Regular ToF’,
$xlabel (‘Ambient Light

$ylabel (‘Depth Measurement Error (cm)’, ‘FontSize’,16);

o

epi_camera

epi_camera.exposure
epi_projector
Swatts per pixel

epi_projector.power_per_ pixel

redg_camera

reg_camera.exposure
reg_projector
Swatts per pixel

reg_projector.power_per_pixel

lambda =

target_std
target_std

sgrt (reg_var) ;

standard deviation from phase to z error.
epi_std/ (2+pi) *3e8/epi_projector.modulation_freqg;
reg_std/ (2+pi)*x3e8/epi_projector.modulation_freq;

‘Epipolar ToF’, ‘Location’,

(lux)’, ‘FontSize’,16);

‘NorthWest’) ;

% Working range as function of desired range accuracy.

defaultCameral() ;
%$seconds

defaultProjector ();
projector_power/320;
defaultCamera();

240x30e-6;
defaultProjector () ;

$seconds

projector_power/ (320%240) ;

3e8/epi_projector.modulation_freqg;

target_std/lambda = $radians
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z_epi =

zZ_reg

parfor i

zmin

zmax =

zCcur

for

end

Z_ep

zmin
zmax

for

zeros (size (ambient_levels));

zeros (size (ambient_levels));

=1:numel (ambient_levels)

= 1;
20;

= 0;

§=1:11

nSamples = 2000 * (1+7);

zcur = (zmin + zmax)/2;
scene = [];
scene.albedo = 0.5;

scene.z = Zcur,

[T, epi_var, 7] = computeToFPhaseStatistics(...

scene, epli_camera, epi_projector,

ambient_levels (i), nSamples);

epi_std = sqgrt (epi_var);

if (epi_std > target_std)

zmax = zcur + (zmax—-zmin)=*x0.1;
else
zmin = max (0, zcur — (zmax—zmin)=*=0.1);
end
i(i) = zcur;
= 1;
= 15;
J=1:11
nSamples = 2000 * (1+73);
zcur = (zmin + zmax)/2;
scene = [];
scene.albedo = 0.5;
scene.z = zcur;
[T, reg_var, ~] = computeToFPhaseStatistics(...

scene, reg_camera, reg_projector,

ambient_levels (i), nSamples);

reg_std = sqrt (reg_var);
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if (reg_std > target_std)

zmax =
else
zmin = max (0, zcur -
end
end
z_reg (i) = zcur;

end

figure (3);
hold off;

semilogx (leS5xambient_levels (2:end),

hold on;

semilogx (leSxambient_levels (2:end),
legend(‘Regular ToF’, ‘Epipolar ToF’,

xlabel (‘Ambient Illumination (lux)’);

ylabel (‘Working Range (m)’);

(zmax—-zmin) *0.1);
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zcur + (zmax—zmin)*0.1;

‘Location’,

z_reg(2:end), ‘linewidth’, 3);

z_epi(2:end), ‘r’, ‘linewidth’, 3);

‘SouthWest’) ;
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Listing 6: defaultToFCamera.m

function camera = defaultToFCamera ()

%$camera settings

camera.exposure = 100e-6; %in seconds

%$camera physical properties

camera.focal_length = 8e-3 ; %focal length (in meters)
camera. fnumber = 1.1 ,; %aperture fnumber

%$camera pixel parameters

camera.pixel_side 20e-6; %pixel side (in meters)

camera.quantum_efficiency = 0.8;

camera.pixel_area camera.pixel_side”2;

%$bandpass filter parameters

camera.filter_ center = 850e-9; %filter center (in meters)
camera.filter_bandwidth = 20e-9; %filter bandwidth (in meters)

%$noise and digitization
camera.read_noise = 5; %(electrons per readout)

camera.electrons_per_ LSB= 1;

%$spad only parameters
camera.detection_probability = 0.1;

[}

camera.detection_jitter = 40e-12; % seconds
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Listing 7: defaultToFProjector.m

function projector = defaultToFProjector ()

projector.power_per_pixel 700e-3 / 320; S%Watts per pixel

15e6; $Hz

projector.modulation_freq
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function lambda

Listing 8: computePhotonArrivalRate.m

computePhotonArrivalRate (

scene, camera,

projector,

relative_projector, relative_ambient)

% mu is the detection rate at pixel in electrons per second.

o)

% relative_projector is a number between 0 and 1.

% relative_ambient is a number between 0 and 1.

ambient_spectral_density = 0.85e9; % W/m

if (camera.filter_center < 800e-9)

ambient_spectral_density = 1.25e9;

end

scene_patch_area

ambient_at_patch

power_at_patch

aperture_diameter
aperture_area

subtended_angle

incident_power

energy_per_photon

incident_photons
lambda

% W/m

(scene.z/camera.focal_length) "2

* camera.pixel_area;

relative_ambient =«

ambient_spectral_density =

camera.filter_bandwidth =

scene_patch_area;

ambient_at_patch +

relative_projector =

projector.power_per_pixel;

camera.focal_length / camera.fnumber;

pi/4 x aperture_diameter”2;

aperture_area / (4xpixscene.z”2);

scene.albedo x power_at_patch =

subtended_angle /

(2xpi);

6.626e—-34%3e8/camera.filter_center;

incident_power / energy_per_photon;

incident_photons =
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Listing 9: computeExpectedQuadratureReading.m

function mu = computeExpectedQuadratureReading(...

scene, camera, projector, relative_ambient)

assert (nargin == 4);
c = 3e8; % m/s
phase = 4*pi*scene.z+projector.modulation_freqg/c;

$lambda is the electron arrival rate at each quadrature reading
lambda = zeros(4,1);
lambda (1) = computePhotonArrivalRate (...
scene, camera, projector,
0.5x (1l+cos (phase)), relative_ambient);
lambda (2) = computePhotonArrivalRate (...
scene, camera, projector,
0.5x (1+sin(phase)), relative_ambient);
lambda (3) = computePhotonArrivalRate (...
scene, camera, projector,
0.5%x (1-cos (phase)), relative_ambient);
lambda (4) = computePhotonArrivalRate (...
scene, camera, projector,

0.5%x (1-sin(phase)), relative_ambient);

gmu is the mean value in electrons for each quadrature reading

mu = lambda * camera.exposure + camera.read_noise;
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Listing 10: computeToFPhaseStatistics.m

function [mu, variance, deciles] =

if

end

Cc =

phase_true

computeToFPhaseStatistics (scene, camera, projector,

relative_ambient, nsamples)

(nargin < 5)

nsamples = le4;

3e8; % m/s

4+pixscene.z+projector.modulation_freq/c;

phase_samples = zeros (nsamples,l);

mean_reading = computeExpectedQuadratureReading(...

for

scene, camera, projector,relative_ambient);

i=l:nsamples

reading = poissrnd(mean_reading) ;

reading = round(reading/camera.electrons_per_LSB);
phase_samples (i) = atan2 (reading(2)-reading(4),

reading (1) -reading(3));

end

phase_samples = nAngle (phase_samples);

phase_samples (phase_samples - phase_true > pi) =
phase_samples (phase_samples - phase_true > pi) - 2xpi;
phase_samples (phase_samples - phase_true <-pi) =
phase_samples (phase_samples - phase_true <-pi) + 2xpi;
mu = angularMean (phase_samples);

if (phase_true - mu > pi); mu = mu + 2xpi; end;

if (phase_true - mu <-pi); mu = mu - 2*xpi; end;
variance = angularVariance (phase_samples);

deciles = quantile(phase_samples, 0:0.1:1);
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