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Abstract

3D reconstruction is at the heart of many computer vision applications, including au-
tonomous driving, visual inspection in manufacturing, and augmented and virtual re-
ality (AR/VR). Because monocular 3D sensing is fundamentally ill-posed, many recon-
struction techniques achieve high accuracy by using multiple captures to solve the in-
verse problem. Depending on the amount of change in these captures relative to the
scale of the scene, we can broadly categorize imaging techniques into two groups: non-
differential imaging and differential imaging. For example, a stereo system with a large
baseline is non-differential, whereas one with a tiny baseline is differential.

Differential imaging offers a few advantages. On the hardware side, because of the
tiny changes in measurements, differential imaging systems can be made compact and
portable. There are commercially-available sensors at our disposal that already facili-
tate differential imaging, such as light field cameras and dual-pixel cameras that capture
images of a scene under differentially-varying viewpoints. On the algorithm side, dif-
ferential imaging makes it possible to locally linearize originally nonlinear phenomena
so that inverse problems become easier to solve.

In this thesis, we leverage differential imaging to solve three challenging reconstruc-
tion problems. First, we introduce a method for non-line-of-sight (NLOS) imaging, an
imaging scenario where the scene of interest is not directly visible to the camera. We
apply differential imaging by densely scanning a visible surface using a transient imag-
ing system. We then extract a geometric feature that we call the Fermat paths (defined
as light paths that satisfy Fermat’s principle) from each transient measurement of pho-
tons bouncing between the visible surface and the NLOS object. Using the collection of
Fermat paths at all scan points, we apply tools from differential geometry to conduct
differential analysis and reconstruct the surface of the NLOS objects.

Second, we introduce a method for reconstructing purely specular objects. Our setup
illuminates the unknown object with a near-field point light source, and images it with
a differentially translating camera. The interaction of light with specular surfaces, spec-
ular reflection, is a consequence of Fermat’s principle. Therefore, our method for spec-
ular shape reconstruction also leverages the theory of Fermat paths. We examine both
the geometric and radiometric information in these paths to show that it is possible to
uniquely reconstruct the unknown specular object.

Third and last, we introduce a method for single-shot depth from defocus. This is a



fundamentally ill-posed problem when using a conventional camera. To address this,
we propose to use a commercially-available dual-pixel sensor, which emulates a stereo
system with a differential baseline. We study the image formation model of a dual-pixel
camera in the presence of defocus blur, and propose a method to simultaneously esti-
mate the defocus map and the latent all-in-focus image from a single dual-pixel capture.

We hope this thesis will inspire the use of more differential imaging hardware sys-
tems and algorithms for 3D reconstruction. The techniques we introduce in this thesis,
especially the theory of Fermat paths, will also apply to other domains, including wave-

front sensing, acoustic and ultrasonic imaging, lensless imaging, and seismic imaging.

ii



Acknowledgments

I will forever treasure my PhD experience at Carnegie Mellon University. I am deeply
grateful to all the amazing people I have met during my time at CMU.

First of all, I would like to express my sincerest gratitude to my PhD advisors: Prof.
Ioannis Gkioulekas and Prof. Srinivasa Narasimhan, for their guidance, support, and
sincere care of my overall well-being. They are the best PhD advisors and academic
role models to work with and to learn from. Srinivas was the instructor of the very first
course I took at CMU when I was a master student. He introduced me to the world of
computer vision with his intuitive way of teaching, and painted an intriguing picture of
all the potential applications that computer vision can enable. I was attracted to doing
computer vision research because of him. Thank you Srinivas, for your broad vision so
that I can put my PhD research into context, see how our work fills the gap, and always
keep the big picture in mind. As one of Yannis’ first PhD students, I felt like we started
a new journey together back in 2017—me as a PhD student, and him as an assistant
professor. Yannis guided me in every aspects of conducting research, from literature
research and simulations to optical experiments and paper writing. Every time after
I met with Yannis, I left the meeting with a clearer mind of what stage we are in and
what directions we should follow to further explore the research problem. Thank you
Yannis, for showing me what rigorous academic research is and always steering me to
whatever resources I need to make progress.

I am grateful to my committee members: Prof. Keenan Crane and Prof. Gordon Wet-
zstein. Keenan was the instructor of the Discrete Differential Geometry course—one of
my favorite courses at CMU. During the course, I learned a lot about geometry through
all the manipulations we did to the Stanford Bunny. Thank you Keenan, for teaching me
geometry and for all these beautiful slides you have made and your Youtube videos to
make geometry even more attractive. Gordon is a researcher that I look up to. His work
is always inspiring. Thank you Gordon, for serving on my committee and providing
your insightful opinion.

I am fortunate to have collaborated with Sotiris Nousias, Prof. Kiriakos Kutulakos,
and Prof. Aswin Sankaranarayanan on our CVPR 2019 work. Thank you Sotiris, for all
the data you helped collect so that we have impressive real-world results to present in
the paper. Thank you Kyros, for your detailed guidance on my CVPR oral presentation.

I still remember where to emphasize or to pause every time when I give a presentation

1ii



on the work. Aswin opened the door of his lab to me when I was a master student at
CMU. Thank you Aswin, for being my first research advisor and leading me to the field
of computational imaging.

My research internship experience at Google was a wonderful opportunity for me to
work with amazing researchers in industry. I would like to thank my hosts and collab-
orators: Rahul Garg, Neal Wadhwa, Tianfan Xue, Jonathan Barron, Pratul Srinivasan,
and Jiawen Chen, for their guidance and insightful discussions which made our ICCV
2021 publication possible. Although the internship was virtual (unfortunately due to
COVID), the experience was real.

I would like to thank all my labmates from Srinivas’, Yannis’, and Aswin’s labs for
their companion. Thank you Robert, Supreeth, Joe, Tiancheng, Suren, Dinesh, Mark,
Adithya, Bowei, Tianyuan, Alankar, Bruce, Bakari, Arjun, Jian, Chia-Yin, Vishwa, Zhuo,
Rick, Yi, Anqi, and Byeongjoo, for making my graduate lift at CMU a super fun one.

Last but not least, I would like to thank my parents and my husband Chao Liu
for their love and support. Thank you Mom and Dad, for raising me with love and
encouragement to shape who I am today. Thank you Chao, for being my best friend,

understanding all my emotions, and always giving me support when I need it the most.

iv



To all my loved ones



vi



Contents

List of Figures xi
List of Tables xxi
1 Introduction 1
1.1 Differential Imaging Systems . . . ... ... ... ..... .. .. .. ... 2
1.2 Motivation and Challenges . . . ... .. ... ... ... . ... . ..... 4
121 Motivation. . . .. ... ... .. 5
122 Challenges. . . ... .. ... . L 6
1.3 ThesisOverview . .. ... ... .. ... ... ... 6
131 ATheoryof FermatPaths . . ... ... ................ 7
1.3.2 Fermat Paths for Non-line-of-sight Imaging . . . . . ... ... ... 7
1.3.3 Fermat Paths for Specular Object Reconstruction . . . . . ... ... 8

1.3.4 Defocus Map Estimation and Deblurring from a Single Dual-Pixel
Image . ... ... ... ... 9
2 A Theory of Fermat Paths 11
21 ProblemSetting . . . ... ... ... ... 11
2.2 Signed Distance Function . . . ... ... ... ... ... ... . ... ... 12
221 First-order Analysis—the Eikonal Equation . . . . . ... ... ... 13
222 Second-order Analysis . . . ... ... ... ... ... .. 15
23 FermatPaths . .. .. ... ... .. ... ... .. ... . 16
23.1 First-order Analysis . ... ... ...... .. ... ... .. ..., 17
23.2 Second-order Analysis . . . ... ... ... .o Lo oL, 19
2.4 Surface Reconstruction Using FermatPaths . . . ... .... ... ... ... 20
241 Reconstruction Using the Lengths of Fermat Paths . . . . . ... .. 20

vii



2.4.2 Reconstruction Using the Directions of Fermat Paths . . . . . .. ..
2.5 Generalization to a Non-confocal Setup . . . ... ..............
2.5.1 First-order Analysis . ... ... ... ... ... ... .. ... ...
252 Second-order Analysis . . . .. ... ... . o Lo oL
2.5.3 Surface Reconstruction using Fermat Paths . . . . . ... ... ...

26 SUMMATIY . . . . . v oo

Fermat Paths for Non-line-of-sight Shape Reconstruction

3.1 Non-line-of-sight (NLOS) Imaging . . . . ... .. ..............

3.2 Fermat Paths in NLOS Transients . . . . . ... ... .............
3.2.1 Fermat Pathlengths as Transient Discontinuities . . . . ... .. ..
3.2.2 Experimental Demonstration . . . ... ... ... ..........

3.3 NLOS Shape Reconstruction Using Fermat Paths . . . . .. ... ... ...

34 Experiments . . .. ... ... ...
3.4.1 Picosecond-scale Experiments . ... ... ... ...........
3.4.2 Femtosecond-scale Experiments . .. .. ... ............
3.4.3 Simulated Experiments . ... ... ... ... ... ... ...,

3.5 Discussionand Summary . .. .. ... ... ... .. ... 0.

Fermat Paths for Specular Shape Reconstruction

41 ImagingSetup . . . ... ... . . ...

4.2 Geometric Information from Specularities . . . . ... ... ... ... ...

4.3 Radiometric Information from Specularities . . . . ... ... ... ... ..
43.1 Image Irradiances of Specularities . . . ... ... ... .......
43.2 Reparameterization of Equation (4.2) . ... ... ... ... ....
43.3 Resolving 19 using Radiometric Information of Specularities

44 Simulated Experiments . . . . . ... ... Lo Lo Lo o
441 Verifying the Forward Image Irradiance Model . . . . . . ... ...
4.4.2 Uniqueness of 1y from Radiometric Information of Two or More

Specularities . . . . . . ... Lo Lo o

4.4.3 Robustness to Gaussian Noise in Radiometric Measurements

45 Discussionand Summary . .. .. ... ... ... .. 0 0oL

Defocus Map Estimation and Deblurring from a Single Dual-Pixel Image
51 Related Work . .. ... .. . . ..

29
29
32
33
35
36
37
38
40
40
42

43
44
46
48
48
50
51
54
54

55
56
56

59



5.2 Dual-Pixel Image Formation . . . . ... .................... 63
53 ProposedMethod . . . .. ... ... . ... o Lo 65
53.1 Multiplane Image (MPI) Representation . . . . . ... ... ..... 65
5.3.2 Effect of Gaussian Noise on Defocus Estimation . . ... ... ... 67
533 MPIOptimization . ... ... ..................... 68
54 Experiments . . ... ... ... o o oL oo 71
541 DataCollection . . ... ... ... .. ... ... . ... . ..., 71
542 Blur Kernel Calibration . . . ... ... ... ............. 72
543 Implementation Details . . ... ... ................. 74
544 Results . . . ... 74
5.5 Discussionand Summary . .. .. ... ... L 77
Conclusion and Future Directions 81
6.1 FutureDirections . . . . ... ... .. ... ... .. . . o0 82
Appendix to Chapter 2 85
A.1 Proofof Proposition6. . ... ... ... .. ... ... . ... . ... ... 85
A.2 Proof of Proposition 8—the Fermat flow equation . . ... ... ... ... 87
A.3 Proof of Proposition10 . . . . . ... ... .. L Lo 89
A4 Gradient Estimation on General Scanning Manifolds . . . . . .. ... ... 90
A.5 Surface Fitting Under Specular Pathlength Constraints . . . . .. ... .. 91
A.6 Proof of Proposition 6’ . . . .. ... .. 93
A7 Proof of Proposition 8’ . . . ... ... ... ... ... . 95
A.8 Proof of Proposition10". . . . . . . . ... L 97
A.9 Derivation of Incident and Outgoing Pathlengths (Equations (2.47) and (2.48)) 98
Appendix to Chapter 3 101
B.1 Proof of Proposition11 . . . . ... ... ... .. ... . ... .. ... 101
Appendix to Chapter 4 103
C.1 Proofof Proposition13 . . . . ... ... ... . ... o 103
Appendix to Chapter 5 107
D.1 Proof of Equation(5.5) . . .. ... ... .. ... .. ... .. .. ... 107
D.2 Edge-aware Total Variation Function . . . .. ... .............. 111

ix



D.3 Additional Experimental Results

Bibliography



List of Figures

1.1 Differential imaging systems in nature. Differential imaging mecha-
nisms can be found in many living creatures. (a) Many insects, such as
tlies, have compound eyes which allow them to simultaneously record
their surroundings from thousands of slightly different viewpoints. Thus,
they possess a strong capability for detecting fast motions. (b) Jumping
spiders have a compact stack of translucent retinas in their eyes. Images
formed on each layer exhibit different amounts of defocus blur and are

exploited by jumping spiders for depth sensing. . . . .. ... ... .. ..

1.2 Multiview systems with large and small camera baselines. By chang-
ing camera locations, 3D reconstruction algorithms, such as stereo, mul-
tiview geometry, and structure from motion, establish correspondences
across images to triangulate 3D structure. Correspondingly, differential

imaging in this case refers to imaging systems with a tiny baseline.

1.3 Photometric stereo and differential photometric stereo. In active imag-
ing systems, such as photometric stereo, one can also control the light
source and use the shading information captured under varying illumi-
nation to infer surface shape. Differential photometric stereo works in a
similar way, but the movement of the light source is very small compared

to the scale of the scene. Image courtesy of [33, 110]. . . . . ... ... ...

1.4 Depth from defocus and depth from differential defocus. Depth from
defocus methods capture images with distinctive focus settings or cam-
era apertures. On the other hand, depth from differential defocus is in-
spired by the eys of jumping spiders, and instead explores differential

constraints for depth estimation. Image courtesy of [60, 194]. . . . . .. ..

xi



1.5

2.1

2.2

2.3

Thesis contributions. We apply differential imaging to solve three chal-
lenging 3D reconstruction problems. (a) Non-line-of-sight (NLOS) imag-
ing aims to reconstruct hidden scens that are occluded and outside the
line of sight of the imaging system. We densely scan a visible surface.
At each scan point, we extract geometric features, which we call Fermat
paths, from time-of-flight measurements. Then we apply tools in dif-
ferential geometry to reconstruct the surface of NLOS objects using the
collection of Fermat paths at all scan points. (b) We tackle the problem
of reconstructing specular objects. We capture images using a translat-
ing camera and a near-field point light source. We first apply the theory
of Fermat paths for an initial reconstruction, and then refine it with ra-
diometric measurements of specularities. (c) A commercial off-the-shelf
dual-pixel (DP) camera can be considered as a differential stereo system
with a tiny baseline. In the presence of defocus blur in the captured DP

image, we propose a method to jointly estimate the defocus map and the

all-in-focus image using a single DPimage. . . . . ... ... ... .....

Theory of Fermat paths. We consider light paths starting from and end-
ing at point v to surface X. Among all points x € X, some points on
the surface (xr,xr3) and boundary (xr ;) will create paths that satisfy
Fermat’s principle, corresponding to local minima (xr 1,xr ) or maxima

(x£3) of the pathlength function 7 (x;v) (right). The paths for the non-

boundary points (xr»,xr 3) will additionally be specular. . . . . ... ...

The Fermat flow equation. We consider the Fermat path connecting the
point v with a surface point x r € F (v). The spatial gradient V,tr (v) /2
of the length of this path is a unit vector parallel to the vector xr — v. If
the Fermat path is also specular, then V,7r (v) /2 will additionally be

the surfacenormalatxr. . ... ... ... ... .. L oo,

Integral form of Fermat flow equation. We consider a branch of unit
directions of Fermat paths @ r (v). We can integrate them to obtain the
FPF 7 (v) using the integral form of Fermat flow equation (Proposition 9).

The unknown constant in the integral leads to a one-parameter family of

FPFs. . . e

Xii

10



24

3.1

3.2

3.3

The Fermat flow equation (non-confocal case). In the non-confocal case,
we can compute the gradient with respect to either of the two visible

points, v or v;, and it will be parallel to the vector xr — vs or xr — vy,

respectively. . . ... ...

Non-line-of-sight (NLOS) imaging. We consider the problem of recon-
structing surfaces that are: (a) outside the field of view of sensor, or (b)
occluded from it by a diffuser. We develop an algorithm that can use tran-
sient imaging measurements to accurately reconstruct the shape of the
NLOS surface. The figure shows example reconstructions of a US quarter
from measurements captured by a femtosecond-scale transient imaging
system. In (c), we compare our reconstructions against groundtruth, ob-

tained using a direct depth scan of the object with the same transient

imagingsystem. . . . . ... ... L

Fermat paths in NLOS imaging. We illuminate and image an NLOS sur-
face X’ from a point v on a visible surface V. (We show the camera and
light sources in Figure 3.1.) Among all points x € &, some points on
the surface (xr»,xr3) and boundary (xr ;) will create paths that satisfy
Fermat’s principle, corresponding to local minima (xr 1,xr>) or maxima
(x £ 3) of the pathlength function 7 (x;v) (bottom right). The paths for the
non-boundary points (xr,,xr3) will additionally be specular. We can
identify the lengths of these Fermat paths from the fact that the transient

I(7;v) (bottom left) will be discontinuous at the corresponding path-

lengths (T}_,l ,Tf/z,Tf/g). ..............................

Experimental demonstration. We measure transients for three objects in
a looking-around-the-corner configuration: A plane, a paraboloid, and a
concave sphere. We measure each object twice, once with the object cov-
ered with diffuse paint, and a second time with the object covered with
aluminum foil. As predicted by our theory, the measured transients have
discontinuities corresponding to specular paths of type local minimum,

saddle point, and local maximum, respectively. Additionally, the location

of the discontinuities is not affected by the changein BRDF. . . . ... ..

xiii

35



3.4 Reconstruction pipeline. (a) We first collect transient measurements I (7;v)
at multiple points v on the visible surface V. (b) For each measured tran-
sient, we detect pathlengths where the transient is discontinuous. These
correspond to samples of the multi-valued Fermat pathlength function
Tr (v). In the example shown, 7r (v) has two branches 7r; (v) and
Tr (v), shown in blue and red respectively. (c) Within each branch of
Tr (v), we interpolate to compute the gradient V,7r (v). (d) Finally,
by applying the Fermat flow equation (2.23), we reconstruct from each
branch a set of points, either on the boundary (branch 7z ; (v), blue) or at
the interior (branch 77 (v), red) of the NLOS shape. . . . ... ... ... 37

3.5 Comparison with groundtruth. We perform one-dimensional scans of
3D-printed objects, in a looking-around-the-corner configuration. For
each object, we show a photograph under ambient light (left), and re-
construction results (red points) superimposed against the groundtruth
mesh used to fabricate the object (middle and right). . . . . .. .. ... .. 38

3.6 Comparison of point cloud and surface reconstructions. We scan a rough
specular kettle, shown in the left under ambient light. We reconstruct an
oriented point cloud, shown in the middle from two views, where points
are colored according to their normal. Finally, we fit a surface to the point

cloud, shown to the right under twoviews. . . . .. ... ... . ... ... 39

3.7 Table-top objects. We scan objects that span a variety of shapes (convex,
concave) and reflectances (translucent, glossy, specular). For each object,
we show a photograph under ambient light, and two views of its surface

reconstruction. . . . . . . . ... e e e e e e 39

3.8 Reconstructions under different BRDFs. We show reconstructions from
simulated transient measurements for a vase, rendered under three dif-
terent BRDFs: Lambertian, mixture of Lambertian and specular, and spec-
ular. (a) Comparison of rendered transients for the three cases (represen-
tative sample). (b)-(d) For each case, we show reconstructed points col-
ored by normal (left) and by branch of the Fermat pathlength function
(middleand right). . . ... ... ... ... .. . o oo oo 41

Xiv



3.9 Reconstructions under different noise levels. We show reconstructions
from simulated transient measurements for a vase, rendered with three
different noise levels. (a) Comparison of rendered transients for the three
cases (representative sample). (b)-(d) For each case, we show reconstructed
points colored by normal (left) and by branch of the Fermat pathlength
function (middleand right). . . . .. ... ... .. oo oo oL

4.1 Near-light differential imaging for specular object reconstruction. (a)
Our imaging setup consists of a near-field point light source vs; and a
translating camera v;, which emulates a multi-camera array with optical
centers sampled on a 2D regular grid. We assume the object has a smooth
mirror reflectance. (b) At each camera location v, the captured image
will exhibit one or more specular highlights, corresponding to some spec-
ular paths vs — xs — v;. In this specific example, there is only one
highlight h within each image. (c) Zisserman et al. [198] examines the
geometric information associated with these specularities, i.e., the direc-
tions of specular reflections @gs, and show that they can be integrated to
obtain a one-parameter family (OPF) of surfaces. We review their work
in Section 4.2. In this work, we show that radiometric information, i.e.,
the absolute image irradiances of specularities, can be used to further dis-
ambiguate within the OPF. This is detailed in Section 4.3. (d) We apply
surface fitting to the oriented point cloud and obtain the final surface re-

construction. Ground truth surface is showningray. .. ... .. ... ..

XV



4.2

4.3

4.4

Geometric wavefronts and one-parameter family (OPF) of specular sur-
face reconstruction. A point light source v emits a spherical wavefront
(dotted curves in red) towards the specular surface. After specular re-
flection, the reflected wavefront (dotted curves in blue) gets modulated
by the specular surface. (a) For planar surfaces, the reflected wavefront
does not change its shape and remains spherical. (b) For surfaces of
general shapes, the reflected wavefront evolves into a new shape. In
both cases, the reflected wavefront propagates to the translating camera
(shown as a multi-camera array). The measured directions of specular
reflections @wgs (vs, v;) can be integrated to reconstruct a OPF of reflected
wavefronts (Equation (4.1)), which can then be converted to a OPF of
specular surfaces. The OPF of specular surfaces do not share the same

shape, as shown in (c) and (d), which motivates additional regulariza-

tions to uniquely determine the surface. . . . ... ... ... .. ... ...

Verifying Equation (4.7) using Monte Carlo rendering. We verify the
correctness of (a) the image irradiance model using (b) images rendered
with Mitsuba [80]. (c) The residual (maximum difference less than 6%)

shows that our model matches well with Monte Carlo ray tracing.

Simulation results on the uniqueness of 7y using radiometric measure-
ments. We consider specular objects of general quadric shapes (shown
as depth maps in (a)) and compute (b) image irradiances of specularities
observed by a translating camera. (c) The blue and magenta curves both
correspond to the polynomial (Equation (4.13)) formulated using one pair
of image irradinaces. Multiple zero-crossing points can be found for each
polynomial, especially for non-planar surfaces, but many of them are
negative and infeasible, which suggests that we have already reduced the
ambiguity of Ty from infinity to a sparse set of feasible solutions. When
considering both polynomials, we see that they usually do not share the
same roots except for the ground truth 7). The observation suggests that
as we include more radiometric measurements, we can further reduce the

feasible set of 7. (d) Eventually, by considering all irradiances, we obtain

a unique solution of 1y for all the shapes we simulated. . . . ... ... ..

Xvi

47

54



4.5

51

5.2

53

54

Simulation results on demonstrating the robustness of the optimiza-
tion. We add extensive Gaussian noise to the (a) noiseless radiometric
measurements, with signal-to-noise ratios (SNRs) being (b) 10dB, (c) 7dB,
and (d) 5dB, respectively. We then run our optimization algorithm us-
ing radiometric measurements of all 51 x 51 specularities. (e) Loss plots
show that although the orginal radiometric signal gets corrupted exten-

sively, the global optimum of our formulated optimization remains ro-

bustly aligned with the ground truth. . . .. ......... ... .. ...

Given left and right dual-pixel (DP) images and corresponding spatially-

varying blur kernels, our method jointly estimates an all-in-focus image

and defocusmap. . . . . ... L Lo

Dual-pixel (DP) image formation. (a) A regular sensor and a DP sensor
where each green pixel is split into two halves. (b) For a finite aperture
lens, an in-focus scene point produces overlapping DP images, whereas
an out-of-focus point produces shifted DP images. Adding the two DP
images yields the image that would have been captured by a regular sen-
sor. In (c), we show the corresponding pinhole camera where all scene

content is in focus. Ignoring occlusions, images in (b) can be generated

from the image in (c) by applying a depth-dependentblur. . . . . ... ..

Calibrated blur kernels (a) and (b) for the left and right DP images. (c) and
(d) show example pairs of left and right kernels marked in red and cyan.

Compared to the parametric kernels (e) from [144], calibrated kernels are

spatially-varying, not circular, and not left-right symmetric. . ... .. ..

Multiplane image (MPI) representation. An MPI consists of discrete
fronto-parallel planes where each plane contains intensity data and an

alpha channel. We use it to recover the defocus map, the all-in-focus

image, and render a defocused image according to a given blur kernel. . .

XVvii

63

66



55

5.6

5.7

5.8

59

Overview of our proposed method. We use input left and right DP im-
ages to fit a multiplane image (MPI) scene representation, consisting of a
set of fronto-parallel layers. Each layer is an intensity-alpha image con-
taining the in-focus scene content at the corresponding depth. The MPI
can output the all-in-focus image and the defocus map by blending all
layers. It can also render out-of-focus images, by convolving each layer
with pre-calibrated blur kernels for the left and right DP views, and then

blending. We optimize the MPI by minimizing a regularized loss com-

paring rendered and inputimages. . . ... ... ... .. ... ...,

Blur kernel calibration. We show (a) the captured DP image (left + right)
of (b) the calibration pattern that is used to calibrate the blur kernels. In

addition to blur kernels, we calibrate for different vignetting in (c) left

and (d) right DP images by capturing a white sheet through a diffuser. . .

DP blur kernels with respect to scene depth and focus distance. We
choose focus settings such that all scene contents are at or behind the
focus plane, and calibrate for blur kernels either (a) with the same focus

settings but at different depths, or (b) at the same depth but with various

focus distances. . . . . . . . e

Qualitative comparisons of various defocus deblurring methods. We
show (a) input images as the average of two DP views, (b) ground truth
all-in-focus images computed from focus stacks, and recovered all-in-
focus images (c) from our method and other methods (d)-(f). We im-
prove the accuracy of () DPDNet trained on Canon data by providing (f)

vignetting-corrected images. Our method performs the best in recover-

ing high-frequency details and presents fewer artifacts. . . .. ... .. ..

Qualitative comparisons of defocus map estimation methods. Input
images (a) shown as the average of two DP views, ground truth defo-
cus maps (b) from focus stacks with zero confidence pixels in white, our
defocus maps (c), and our defocus maps with guided filtering (d), and
defocus maps from other methods (f)-(i). Overall, our method produces

results that are closest to the ground truth, and correctly handles texture-

lessregionsaswell. . . .. ... ... . . o Lo

72

75



5.10 Ablation studies. Inputimages (a), ground truth all-in-focus images, and
defocus maps (b) with zero confidence pixels in white, our results (c), and
our results with different terms removed one at a time (d)-(h). Removing
Lintensity and ﬁalpha strongly affects the smoothness of all-in-focus images
and defocus maps respectively. Results without entropy regularization
Lentropy, Laux, or the bias correction B, exhibit more errors in defocus
maps on textureless regions (clock). . . ... ... ... . oo 0oL, 78

5.11 Quantitative evaluation of the effect of the bias correction term 5 through
an ablation study. We show the mean of the predicted defocus map for
our full pipeline versus an ablation where bias correction term is not ap-
plied. Defocus is measured as the relative scaling applied to the cali-
brated kernels. Without bias correction B, the mean defocus is lower in

14 of the 17 scenes, i.e., the prediction is biased towards smaller defocus

5.12 Generalization to other Google Pixel 4 cameras. We show results on

data from [1]. Our method recovers all-in-focus images with fewer arti-

facts, while using the calibration data from our device. . ... .. ... .. 79
D.1 More qualitative comparisons of various defocus deblurring methods. . . 113
D.2 More qualitative comparisons of defocus map estimation methods. . . . . 113
D.3 More qualitative results on ablationstudy. . . . . ... ... ... ...... 114

Xix



XX



List of Tables

1.1

51

52

Comparison of differential imaging and non-differential imaging. ... 5

Quantitative evaluations of defocus deblurring and defocus map esti-

‘"7

mation methods on our DP dataset. “-” indicates not applicable. We use

the affine-invariant metrics from [53] for defocus map evaluation. Our
method achieves the best performance (highlighted in red) in both tasks. 76
Quantitative comparisons of ablation studies. We compare the full pipeline
with removals of the regularization terms ‘Calphal Lintensity and Lentropy,

the auxiliary data loss L,ux, and bias correction term B respectively. For

all ablation experiments, we set the weights on remaining terms to be the

same as the ones in the full pipeline. Best and second best results are

highlighted inred and orange. . . . ... ... ... ... ... ...... 77

xxi



xxii



Chapter 1

Introduction

3D reconstruction is at the heart of many computer vision applications, including au-
tonomous driving, robot navigation, visual inspection in manufacturing, as well as aug-
mented and virtual reality (AR/VR). Because 3D reconstruction from a single image is
fundamentally ill-posed, many techniques aiming for accurate reconstruction use mul-
tiple captures to solve the inverse problem. There are a series of ways to take multiple
images by changing one or more factors in the imaging process, e.g., a change of illu-
mination in photometric stereo, movement of a dynamic scene in optical flow, a change
of viewpoint in stereo and multiview geometry, and a change of optical power in depth
from focus/defocus. Depending on the amount of change relative to the scale of the
scene, we can categorize 3D reconstruction methods into two groups: non-differential

imaging and differential imaging.

Differential imaging makes small changes, which offers benefits and at the same
time poses challenges when compared to their non-differential counterpart. The goal
of this thesis to leverage differential imaging to develop systems and algorithms for
challenging 3D reconstruction problems. In Section 1.1, we introduce already-existing
differential imaging systems, both in nature and in computer vision. In Section 1.2,
we discuss the advantages and disadvantages of differential imaging. In Section 1.3,
we provide a thesis overview and introduce the three reconstruction problems we have

explored using differential imaging.
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(a) what a fly sees (b) what a jumping spider sees

Figure 1.1: Differential imaging systems in nature. Differential imaging mechanisms
can be found in many living creatures. (a) Many insects, such as flies, have compound
eyes which allow them to simultaneously record their surroundings from thousands of
slightly different viewpoints. Thus, they possess a strong capability for detecting fast
motions. (b) Jumping spiders have a compact stack of translucent retinas in their eyes.
Images formed on each layer exhibit different amounts of defocus blur and are exploited

by jumping spiders for depth sensing.

1.1 Differential Imaging Systems

Differential imaging systems can be found both in nature and in computer vision.
Differential imaing systems in nature. Humans perceive the 3D world with a binocular
visual system. We can, however, still perceive 3D structure with one eye closed. In this
monocular case, a number of visual cues are still in effect. One of them is the scanning
mechanism with tiny eye movements [127, 150, 151]. The change in images formed on
the retina, termed motion parallax, provides us with a sense of depth—objects that are
farther away moves slower than those that are closer [50].

Differential imaging mechanisms can be found in other living creatures as well, as
shown in Figure 1.1. Many insects, such as flies, have compound eyes which allow
them to simultaneously record their surroundings from thousands of slightly different
viewpoints. Thus, they possess a strong capability for detecting fast motions. Jumping
spiders have a compact stack of translucent retinas in their eyes. Images formed on each
layer exhibit different amounts of defocus blur and are exploited by jumping spiders for
depth sensing.

Differential imaging in computer vision. Almost all 3D imaging techniques have dif-
ferential versions. As shown in Figure 1.2, by changing camera locations, multiview 3D
reconstruction algorithms, such as stereo, multiview geometry, and structure from mo-

tion, establish correspondences across images to triangulate 3D structure. Correspond-
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Figure 1.2: Multiview systems with large and small camera baselines. By changing
camera locations, 3D reconstruction algorithms, such as stereo, multiview geometry,
and structure from motion, establish correspondences across images to triangulate 3D
structure. Correspondingly, differential imaging in this case refers to imaging systems

with a tiny baseline.

(a) photometric stereo (b) differential photometric stereo

Figure 1.3: Photometric stereo and differential photometric stereo. In active imaging
systems, such as photometric stereo, one can also control the light source and use the
shading information captured under varying illumination to infer surface shape. Differ-
ential photometric stereo works in a similar way, but the movement of the light source

is very small compared to the scale of the scene. Image courtesy of [33, 110].

ingly, differential imaging in this case refers to imaging systems with tiny baselines,
such as multi-camera arrays [156], light field cameras [104], and the recent innovations
of dual-pixel (DP) and quad-pixel(QP) sensors in consumer electronics, which can be

seen as two-sample and four-sample light field cameras, respectively.
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(a) depth from defocus

(b) depth from differential defocus

Figure 1.4: Depth from defocus and depth from differential defocus. Depth from de-
focus methods capture images with distinctive focus settings or camera apertures. On
the other hand, depth from differential defocus is inspired by the eys of jumping spi-
ders, and instead explores differential constraints for depth estimation. Image courtesy
of [60, 194].

As shown in Figure 1.3, in active imaging systems, such as photometric stereo, one
can also control the light source and use the shading information captured under vary-
ing illumination to infer surface shape. Differential photometric stereo works in a sim-
ilar way, but the movement of the light source is tiny compared to the scale of the

scene [33, ].

In addition to changing camera or light source locations, there are also methods
that use images captured with different camera intrinsic parameters. For example, as
shown in Figure 1.4, depth from defocus methods capture images with distinctive focus
settings [48, 141, 173, 185] or camera apertures [194]. On the other hand, inspired by the
eyes of jumping spiders, depth from differential defocus techniques work by making a
slight change to the aperture size, the optical power, the lens location, or a combination

of these factors [6, 7, 60].

1.2 Motivation and Challenges

In this section, we discuss the advantages and disadvantages of differential imaging in

comparison to non-differential imaging, which we summarize in Table 1.1.
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differential imaging non-differential imaging
form factor compact and portable | relatively large form factor
local linear approximation possible impossible
higher-order surface information computable unavailable
finding correspondence easy hard
scene coverage small large
estimation uncertainty large small
robustness to noise less robust robust

Table 1.1: Comparison of differential imaging and non-differential imaging.

1.2.1 Motivation

We are motivated to use differential imaging because of the following benefits it offers.
Compactness and portability. On the hardware side, because differential imaging sys-
tems make tiny changes, they can be made more compact and portable. There are com-
mercially available sensors at our disposal that already facilitate differential imaging,
including light field cameras, and the recent innovation of dual-pixel (DP) and quad-
pixel sensors which can be seen as two-sample and four-sample light field cameras,
respectively.

Enbabling local linear approximation. Differential imaging makes it possible to locally
linearize originally nonlinear phenomena so that 3D reconstructon problems become
easier to solve. Prior works have addressed the problem of recovering various scene
properties under differential changes in illumination, camera, and scene, by solving a
linearized system. For example, optical flow methods aim to estimate a dense motion
tield between two image frames taken at small time intervals [16, 77, 115]. Assuming the
motion is small, these methods linearize the brightness constancy constraint and solve
for a linear system at each pixel. Chandraker and collaborators extensively explore
the scene information available with differential motions of illumination, camera, and
scene, for various reflectance and camera models with local linear approximation [30,

, 32,33, 54,35, 183].

Obtaining higher-order 3D shape information. As we will see soon in Chapter 2, by
adopting differential imaging and performing differential analysis on 3D geometry, one
can further obtain higher-order 3D shape information such as normals and curvatures.
Easier correspondence. Differential imaging also makes it easier to establish correspon-

dences across measurements. Because of the tiny change, correspondences across im-
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ages can usually be found in a local window rather than a global search within the entire

image.

1.2.2 Challenges

Although differential imaging offers the aforementioned benefits, we have to be aware
of its challenges.

Small scene coverage. Because of the tiny change made in differential imaging systems,
the scene coverage is small compared to its non-differential counterparts.

Larger estimation uncertainty. Differential imaging brings in larger estimation uncer-
tainty. For example, in triangulation-based 3D reconstruction methods, there is an in-
verse correlation between the baseline and the estimation uncertainty. The same is true
for other types of differential imaging systems as well. As the change reduces, redun-
dancy becomes higher across multiple captures. In the extreme case of a zero change,
additional measurements impose no further constraints to the 3D scene and the problem
boils down to monocular 3D sensing.

Less robustness to noise. Differential analysis usually involves computing spatial or
temporal derivatives. This differentiation procedure will amplify high-frequency com-

ponents as well as noise.

1.3 Thesis Overview

In this thesis, we leverage differential imaging to solve three challenging 3D reconstruc-
tion problems, including non-line-of-sight imaging, specular object reconstruction, and
single-shot depth from defocus and defocus deblurring.

The wide spectrum of reconstruction problems allow us to explore various aspects
of differential imaging. We have applied differential imaging in highly-controlled lab
settings with active imaging setups and also in the wild passively using a commercial
smartphone camera. The differential imaging scheme adopted in all tasks can be classi-
fied as spatial scanning, implemented by differentially translating the sensor, the light
source, or both co-locatedly. The number of scan points ranges from millions, thou-
sands, to as few as two.

We have examined geometric and/or radiometric information of light traversed in

the scene. For problems exploiting geometric information, differential imaging allows
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us to use well-established tools in differential geometry to conduct higher-order analysis
on the shape of interest. For problems exploiting radiometric information, we model the
image formation and propose ways to invert the process.

We hope this thesis will contribute towards the goal of 3D reconstruction in the wide,
especially on systems with limited form-factors, in applications where real-time perfor-
mance is required, and in scenarios where higher-order surface information is needed.

Our specific contributions are listed as follows and are summarized in Figure 1.5.

1.3.1 A Theory of Fermat Paths

Light paths, defined as trajectories of photons traversed in the scene, are determined
by the object’s geometry and reflectance. For surfaces of aribtrary shapes and general
reflectance, the space of paths is infinite. Among all the paths that light can travel,
the ones that satisfy Fermat’s principle are particularly informative and encode rich
geometric information of the surface. We call them the Fermat paths.

In Chapter 2, we present the theory of Fermat paths by making connections to the
well-knowned signed distance function (SDF) and show that Fermat paths are a super-
set of the shortest path. Using tools from differential geometry, we analyze the higher-
order properties of the lengths of Fermat paths. Based on this theory, we propose shape
reconstruction algorithms from a collection of differentially measured attributes of Fer-

mat paths, including pathlengths or path directions.

1.3.2 Fermat Paths for Non-line-of-sight Imaging

Non-line-of-sight (NLOS) imaging is the problem of reconstructing the shape of one
or more objects that are completely occluded and outside the line of sight of both the
sensor and the light source. The goal is to perform this reconstruction through indirect
observations of the objects, through reflections on intermediate surfaces such as walls or
the ground. For example, in the common so-called “looking around the corner” setting
(Figure 1.5(a)), an NLOS object is reconstructed through the photons that bounce three
times between the source and the sensor, first on the wall, then on the object, and then on
the wall once again. This problem was introduced to vision and graphics communities
in 2009, by researchers from Ramesh Raskar’s group at MIT [91]. They proposed using

a time-of-flight sensor, instead of traditional intensity camera, which makes it possible
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to separate the three-bounce photons that reflect on the NLOS object, from the single-
bounce photons return to the sensor after reflecting on the visible surface. This first
paper spurred a new research area, where various groups have been coming up with
better time-of-flight imaging systems for capturing these three-bounce photons, as well
as better algorithms for reconstructing NLOS scenes from them.

In Chapter 3, we propose a purely geometric solution to NLOS imaging based on
theory of Fermat paths. In the context of NLOS imaging, the theory states that a signifi-
cant amount of photons will travel along Fermat paths between the visible surface and
the NLOS object. We apply differential imaging by densely scanning the visible surface
using a trasient imaging system comprising a laser and a time-of-flight (ToF) sensor.
We propose an approach to extract Fermat paths information from these transient mea-
surements, and apply the shape reconstruction algorithm developed in Chapter 2 to
reconstruct high-resolution shapes of objects with arbitrary reflectance in an NLOS set-
ting as if the objects were directly visible to the camera, even though the camera never

actually sees them.

1.3.3 Fermat Paths for Specular Object Reconstruction

3D reconstruction of purely specular mirror-like objects has important applications in
automated inspection of optical mirrors [109], metal components [154], and astronomi-
cal telescopes [158]. However, reconstructing specular objects is often considered chal-
lenging in computer vision because they violate the common assumption of Lambertian
reflectance in well-established techniques, including photometric stereo [19, 41] and
multiview geometry [64]. Therefore, their reconstruction requires algorithms tailored
for specular objects, which are known as shape from specular reflection [22, 78, 97, ,

, , , | or deflectometry [28, 94, , ].

Differential imaging is commonly used in reconstucting mirror surfaces, implemented
by using light field cameras or wavefront sensors [119, 195]. In our work, we consider an
equivalent imaging setup with a differentially-translating camera. The need for dense
measurements is because specular surfaces only reflect light in the mirror reflecting di-
rection, in contrast to Lambertian objects which scatter light in all directions. Therefore,
capturing these reflections can be challenging in the first place and reflections could be
missed if they are not densely measured.

Because the law of specular reflection is derived from Fermat’s principle, all light
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paths reflecting off a purely specular object are Fermat paths. Once they get measured,
we can again apply the theory of Fermat paths for specular shape reconstruction. We
show that the reconstruction using only the geometric information of Fermat paths is a
one-parameter family of surfaces. We propose to further resolve the remaining ambigu-

ity using the radiometric information of specularities. We detail this work in Chapter 4.

1.3.4 Defocus Map Estimation and Deblurring from a Single Dual-

Pixel Image

Depth from defocus techniques have a long history in computer vision. Most of them re-
quire multiple captures at different focus settings, which can be impractical for dynamic
scenes [48, , , ]. Other techniques use specialized optics, e.g., coded apertures,
to enable single-shot depth from defocus, overcoming the ambiguities inherent in this
problem with a conventional camera [43, 101, 102]. We provide a simple alternative
solution by using off-the-shelf dual-pixel(DP) sensors. These sensors were introduced
in commercial cameras, such as DSLRs and smartphones to improved autofocus, and
nowadays they are becoming increasingly commonplace [2, 74]. Each pixel of a DP sen-
sor is split into two halves, and thus the sensor simultaneously captures two sub images
per exposure. As a result, it can be seen as a two-sample light field camera [129] or a
stereo system with a differential baseline.

In Chapter 5, We propose a method that takes as input a single dual-pixel image,
and simultaneously estimates the image’s defocus map—the amount of defocus blur
at each pixel—and recovers an all-in-focus image. Prior works have solved the two
recovery problems independently of each other, and often require large labeled datasets
for supervised training. By contrast, we show that it is beneficial to treat these two
closely-connected problems simultaneously. To this end, we set up an optimization
problem that, by carefully modeling the optics of dual-pixel images, jointly solves both
problems. We use data captured with a consumer smartphone camera to demonstrate
that, after a one-time calibration step, our approach improves upon prior works for both

defocus map estimation and blur removal, despite being entirely unsupervised.
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Figure 1.5: Thesis contributions. We apply differential imaging to solve three chal-
lenging 3D reconstruction problems. (a) Non-line-of-sight (NLOS) imaging aims to re-
construct hidden scens that are occluded and outside the line of sight of the imaging
system. We densely scan a visible surface. At each scan point, we extract geometric
tfeatures, which we call Fermat paths, from time-of-flight measurements. Then we ap-
ply tools in differential geometry to reconstruct the surface of NLOS objects using the
collection of Fermat paths at all scan points. (b) We tackle the problem of reconstructing
specular objects. We capture images using a translating camera and a near-field point
light source. We first apply the theory of Fermat paths for an initial reconstruction, and
then refine it with radiometric measurements of specularities. (c) A commercial off-the-
shelf dual-pixel (DP) camera can be considered as a differential stereo system with a
tiny baseline. In the presence of defocus blur in the captured DP image, we propose a
method to jointly estimate the defocus map and the all-in-focus image using a single DP

image.
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Chapter 2

A Theory of Fermat Paths

In this chapter, we introduce the theory of Fermat paths, which are light paths in the scene
that satisfy Fermat’s principle. Fermat’s principle, proposed by the French mathemati-
cian Pierre de Fermat in 1662, is a fundamental principle in geometric optics. The goal
of this chapter is to formally define Fermat paths and prove their properties through dif-
ferential analysis. Most of the discussion in this chapter is based on a so-called confocal
setting, but they have straightforward generalization to a non-confocal one.

In Section 2.1, we introduce notations and scene settings. In Section 2.2, we begin
our analysis on signed distance functions (SDFs), which is closely related to the shortest
path—a special type of Fermat paths. In Section 2.3, we extend the shortest path to gen-
eral Fermat paths. In Section 2.4, we propose surface reconstruction algorithms using
Fermat paths based on their properties. Finally, in Section 2.5, we generalize the theory

and algorithms of Fermat paths from a confocal setting to a non-confocal one.

2.1 Problem Setting

We assume a piecewise smooth oriented 2D manifold X is embedded in the 3D Eu-
clidean space R3, formed as the union of smooth surfaces that are at least twice dif-
ferentiable. For any point x € X with a well-defined surface normal, we use 7 (x) to
denote its outward unit normal direction. We use dX C X" to denote the set of points
on X where a surface normal is not defined. We will be referring to 0X" as the boundary
of X for simplicity, but note that, in addition to boundary points, it also includes points

at discontinuous intersections of the smooth surfaces that make up X.
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We explore the space of paths that light can travel from a point A to a point B un-
dergoing one reflection event (bounce) on the surface X. Specifically, we consider two
setups: the confocal setup where A and B are co-located and the non-confocal one where
the two points are at distinctive locations. We devote most of our discussion on the con-
focal case for a simpler presentation, but our theory extends to the non-confocal setup
as well, which we will present at the end of this chapter.

In the confocal case, we denote a single-bounce light path originates and ends at the

same point v as

p(x;0)=v—>x—0, (2.1)

and its pathlength as

T (x0) £ [lx— o] + [|x — o] = 2||x — o] . 2)

2.2 Signed Distance Function

Within the infinite space of potential paths that light can follow {p (x;v),Vx € X'}, the
shortest one is often of interest because it is a strong geometric representation of X
The shortest path is one of the Fermat paths as we will see soon in the next section. In
fact, it is considered as the Fermat path because Fermat’s principle is often incorrectly
interpreted as the “shortest path principle”. Although the statement is not entirely true,
it provides an instructive special case that we are very familiar with.

From Equation (2.1), we know that for any point v, the shortest round-trip path-
length exactly equals twice the SDF: Tpin (x;v) = 2D (v), where D (v) denotes the SDF
defined as follows.

We start by defining the nearest set of v.

Definition 1. The nearest set. For any point v, the nearest set N (v) C X consists of points
x € X that have the shortest distance to v:

xeX

N (v) = {x : argmin ||x — Z)”} : (2.3)

We can then define the SDF as follows.
Definition 2. Signed distance function (SDF). Given an oriented surface X, an SDF D :
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R3 — R is a scalar field by mapping v to the signed distance to points in its nearest set:

lxy =2l 2y €N (v),  ifveXT,
D(v) £ —|lxy —o|,xn €N (v), ifoeX, (2.4)
0, ifoeX.

The sign is determined by whether v is in the positive (X ™) or the negative side of (X ) of the
oriented surface X.

Definition 2 shows that D (v) = 0 is an implict representation of the surface, which
is often referred to as the zero set in literatures. An SDF encodes rich geometric infor-
mation and various analysis can be done using its properties. Next, we use tools from
differential geometry to conduct first- and second-order differential analyses to obtain
gradient and curvature information of an SDF. In all analyses, we assume thatv € X'
is on the positive side of the surface.

Note on differentiablity. An SDF is differentiable almost everywhere, i.e., depending
on X, there could exist a sparse set of points v where SDF is non-differentiable. These
special points are on the skeleton (or medial axis) of the surface [124], whose nearest set
N (v) contains more than one point. For an extreme example, let us consider the center
of a concave hemisphere being equidistant to all points on the surface. The following

analyses are performed only on the points that are differentiable.

2.21 First-order Analysis—the Eikonal Equation

In first-order analysis, we evaluate the spatial gradient of the SDE.

Proposition 3. The eikonal equation. Consider the SDF D (v) evaluated at v. Assume that
there is a unique point xnr € N (v). Then, the spatial gradient @ : R® — R is a unit vector

field
XN —

W (v) =VyD(v) = —m,

(2.5)
and naturally

@ (o)) = 1. 2.6)

Proof. We use v = [v*, 7Y, UZ]T to denote the 3D coordinates of the point v, and similarly

for all other vectors. We consider each coordinate of the vector V,D (v) separately.
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Differentiating D (v) with respect to v* yields:

9D (v) _ 3 xy — ol

ov* ov* (2.7)
- < Hzﬁ// - ZH’ ’ (xgvvx— v)> (2.8)
- <Hix:z||’%?¥ - [1'0'0]T> (2.9)

Because x lies on X, any derivative of x/ is tangent to the surface X" at xs. Addition-

ally, given that we assume x € N (v), we know the vector from x, — v is normal to
. o ox _

X at x, i.e., parallel to the surface normal i (xr), therefore <x N — 0, %%> = 0 and

Equation (2.10) becomes

() 1 ) _ (w-—9)°
o~ oy~ (0 (v R 0OT)) =y e

Exactly analogously, we can prove that

0D (v) (xp —0)Y 0D (v)  (xn—9)°

= — d = — . 2.12
N T

Considering all three coordinates yields
@ (v) = VoD (v) = — N "9 (2.13)

lxn =2
and

@ (v)]| =1. (2.14)
O
Proposition 3 is the well-known eikonal equation for SDFs [131, 159, ]. The

uniqueness requirement guarantees diffentiability. When the uniqueness condition is
violated, the spatial gradient simply does not exist. Proposition 3 reveals two important
first-order properties of an SDF. First, the spatial gradient has a unit normal wherever
differentiable. Second, the gradient points toward the nearest surface point. Intuitively,
if we describe an SDF as a propagating wavefront from the surface, then these two
properties indicate that the wavefront is propagating at a constant unit speed along its

normal direction.
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2.2.2 Second-order Analysis

We can further obtain curvature information of an SDF through second-order analysis

by evaluating the Hessian matrix of SDF Hp, or equivalently the Jacobian of its gradient

LS
’D(v) 9’D(v) 9*D(v)
azvxavx azv"avy 8207‘8112
— 7. _ | 0°D(v) 0“D(v) 9-D(v)
Hp (U) = Jw (Z)) — | 9v*ov¥  ov¥ou¥  9vvovr | (2.15)
’D(v) 9’D(v) 3*D(v)
dv¥dv?  JvYdv: d0ZJv?

Proposition 4. Eigen decomposition of the Hessian matrix. At a point v, the eigen de-
composition of the Hessian of an SDF D (v) has the following form

0 0 0 W (v)
Hp (0) = |@ (0) tmin (0) Emox (2)] |0 ki (0) O bnin (2) |, (216)
0 0 —Kmax (0) | | tmax (©)

where Kpin (0) and Kmax (v) are the principal curvatures of D (v), and tmin (v) and tmax (v)

the corresponding principal directions.

Proof. From Proposition 3, we have ||@ (v)||* = 1. Differentiating both sides with re-

spect to v, we have

T (0) - (0) = Hp (0) - @ () = 0, 217)

i.e., W is in the null space of the Hessian Hp.

Equation (2.17) implies that rows of Hp (v) are orthogonal to @ (v), therefore are
all tangent vectors to the level set at D (v). Among all tangent vectors, two of them
are along the principal directions #yin (v) and £max (v), corresponding to the principal

(smallest and largest) curvatures, leading to the above eigen decomposition. O

Given the Hessian matrix, one can also compute the Gaussian K and mean H curva-
tures of the SDF as follows:

9’D(v) 9°D(v) ’D(v) 9°D(v) ’D(v) 9°D(v)
— . — | 9v¥dv¥  dv*avY 0v*dv*  Jv¥dv? ovYdvY  JvYdv?
K = Kminkmax = |25 D) | T |#D0) #D@)| T |30 #D@)| 18
o0v*dvY  Jv¥ary 0v*dv*  JvFdv? 0vYdv*  dvFdv?
1 1 /(9*D(v)  0*D(v) 9*D(v)
H = 7 (Kmin +Kmax) = =3 ( 90 90* | uiand | vravr ) ‘ At
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2.3 Fermat Paths

Fermat paths is a superset of the shoretest paths. We define Fermat paths as paths that
satisfy Fermat’s principle, which characterizes paths of stationary length with respect
to their local variations. Obviously, the shortest path, as a global minimum, is a Fer-
mat path. But there could be more: The local stationarity indicates that any paths that
are locally shortest, locally longest, or saddle-point paths (locally longest in one direc-
tion and locally shortest in the crossing directions) are also Fermat paths. We note that
the naming of Fermat paths is given by following classical proposition of geometric op-
tics [38, 81, , ].

Fermat paths follow either the law of specular reflection or reflect at specific points
at the object’s boundary. We define the corresponding surface points x € X’ generating
these two categories of Fermat paths as follows.

Definition 5. the Fermat set. For any point v:

* The specular set S (v) C X consists of all points x € X \ 0X such that the vector v — x
is orthogonal to the tangent plane Ty X of X at x; or equivalently, the vector v — x is
parallel to the surface normal #i (x).

* The boundary set B (v) C 90X consists of all points x € dX such that the vector v — x
is orthogonal to the tangent vector t (x) of X at x.

* The Fermat set F (v) C X is the union of these two sets, F (v) = S (v) U B (v).

S (v) and B (v) can also be formally specified using Fermat’s principle as follows.

Proposition 6. Fermat’s principle. Let (p,q) € [0,1]* be a parameterization of the surface

X. Then, for any point v,
S(v) = {x EX: VT (x(pq);v)= O}. (2.20)
Let r € [0, 1] be a parameterization of the surface boundary 0X . Then, for any point v,
B(v) ={x€dX :91(x(r);v) /or=0}. (2.21)

We provide a proof in Appendix A.1. Proposition 6 is the formal defintion as Fer-
mat’s principle which characterizes paths of stationary length with respect to their local
variations.

We now define the Fermat pathlength function (FPF) tr (v) corresponding to the
Fermat set F (v).
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Figure 2.1: Theory of Fermat paths. We consider light paths starting from and ending
at point v to surface X'. Among all points x € X', some points on the surface (xr,,xr 3)
and boundary (xr ;) will create paths that satisfy Fermat’s principle, corresponding to
local minima (xr 1,xr ») or maxima (x 3) of the pathlength function 7 (x;v) (right). The

paths for the non-boundary points (x r »,xr 3) will additionally be specular.

Definition 7. Fermat pathlength function (FPF) 71 (v).
Tr (v) = {2[|xr —v| :xr € F(v)}. (2.22)

We note the similarity between the FPF 7 (v) and the SDF (Definition 2). In fact,
SDF (multiplied by 2) is one branch of the FPF because the nearest set is a subset of the
Fermat set, i.e.,, N (v) C F (v). When F (v) contains more than one points, as shown
in Figure 2.1, FPF becomes a multi-valued function. In this case, the differential analysis
should be done individually on each branch of the FPF.

The good news is that the analysis on all branches can be performed exactly the
same as we did on the shortest path (SDF). In the following subsections, we generalize
the differential analysis on SDF in the previous section to FPF, leaving their proof in the

appendix.

2.3.1 First-order Analysis

We refer to the following first-order analysis on an FPF as the Fermat flow equation.

Proposition 8. The Fermat flow equation. Consider a branch of the Fermat pathlength func-

tion Tr (v) evaluated at v. Assume that there is a unique point xy € F (v) with T (xr;v) =
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Figure 2.2: The Fermat flow equation. We consider the Fermat path connecting the
point v with a surface point xr € F (v). The spatial gradient V,7r (v) /2 of the length
of this path is a unit vector parallel to the vector xr — v. If the Fermat path is also

specular, then V,7r (v) /2 will additionally be the surface normal at x r.

Tr (v). Then,

Xr—70

Votr (v) = —2 —2wr (v) . (2.23)

lxr =0l

We provide the proof in Appendix A.2. Proposition 8 generalizes the eikonal equa-
tion (Proposition 3) to apply to all branches of Tr (v), corresponding to all stationary
points F (v) of T (x;v) and not only those in the nearest set A/ (v) for the shortest path.
The scalar 2 is due to Fermat path being a round-trip path between x r and v, in contrast
to the SDF D (v) of a single-trip. This is shown in Figure 2.2.

A lemma of Proposition 8, which we call the integral form of the Fermat flow equa-
tion, can then be given by integrating the directions of Fermat paths.

Proposition 9. Integral form of Fermat flow equation. Consider a branch of unit directions
of Fermat paths @ r (v) evaluated at v. Assume that there is a unique point xx € F (v) with
T (xr;v) = Tr (v). Then,

o (0) = /v 2wr (v) do+ 1, (2.24)

where 1y denotes an unknown constant.

Proposition 9 is the inverse of Proposition 8. However, unlike differentiation, the in-
tegration comes with an unknown constant, i.e., the integrated FPFs is a one-parameter
family (OPF). Proposition 9 is essentially the normal integration technique [76, 145, 187]

applied to individual branches of the directions of Fermat paths.
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Figure 2.3: Integral form of Fermat flow equation. We consider a branch of unit di-
rections of Fermat paths @ (v). We can integrate them to obtain the FPF 7 (v) using
the integral form of Fermat flow equation (Proposition 9). The unknown constant in the

integral leads to a one-parameter family of FPFs.

2.3.2 Second-order Analysis

We can further conduct second-order analysis on the FPE. Because computing the Hes-
sian matrix requires twice differentiability, the analysis is only applicable to specular
paths and not boundary paths because the curvature of a boundary point is not well-
defined. We denote the Hessian of one branch of the FPF H,, or equivalently the Jaco-
bian of its gradient J as

?15(v)  ?t5(v)  9*t5(v)
E)vaavx azvxavy azvxavz
-7, — 9 |9ts(v) d71s(w) I Ts(D)
HTS (v) o 2jw5 (ZJ) =2 ov*ovy  ov¥ouY  QvYovr | 7 (2.25)
asz(‘()) 821’5(”()) 82’[‘3(1))
Jdv*0v* dvY0v? 00%0v%

then the analysis can be done exactly as in Section 2.2.2.

In addition, because Fermat paths contain not only the globally shortest path, but
also many other locally stationary paths, the stationarity type of specular paths already
provides us with some “weaker” local curvature information about X. Therefore, in-
stead of a quantitative curvature computation, it is also possible to evaluate the local
convexity /concavity of the surface X at xs, qualitatively.

Proposition 10. Let a point xs € S (v) belong to the specular set. If Ky, Kmax are the principal
curvatures of X at xg, then:

* If 15 is a local minimum of T (x;v),2/Ts < Kyin-
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* If 15 is a local maximum of T (x;0), Kmax < 2/7s.

* If 15 is a saddle point of T (x;0), Kpin < 2/Ts < Kmax-

We provide the proof in Appendix A.3, but we can use Figure 2.1 to provide intu-
ition: The pathlength 77, of point xr ; is a local minimum. All & points in the neigh-
borhood of xr, are at a distance from v greater than 7r,, and therefore outside the
tangent sphere Sph (7r,/2;v). This implies that the (minimal, in 3D) principal radius
of curvature is greater than 7r,/2. And conversely for the pathlength 773 of point
xr 3, which is a local maximum. We note that a sufficient condition for X to produce
only locally-minimum specular pathlengths is that X" is convex. However, this is not
a necessary condition: As explained in Proposition 10, it is possible for X to contain

concavities and still produce only locally-minimum specular pathlengths.

2.4 Surface Reconstruction Using Fermat Paths

Based on the the first- and second-order properties of Fermat paths, we propose recon-
struction algorithms based on two types of Fermat paths measurements. We leave the
discussion on the employed imaging systems in the next two chapters, and focus on dis-
cussing the algorithms we will be using once we extract these measurements of Fermat
paths.

In Section 2.4.1, we consider using a time-of-flight sensor, which measures the pho-
tons’ travelling time. Time measurements, multiplied by the speed of light, can be con-
verted to pathlength measurements. We will discuss the usage of a time-of-flight sensor
and how we exact pathlength information of Fermat paths in Chapter 3. In Section 2.4.2,
we consider using a directional sensor that measures the directions of light rays, e.g., a

light field camera or a wavefront sensor. An application will be discussed in Chapter 4.

2.4.1 Reconstruction Using the Lengths of Fermat Paths

Given a Fermat pathlength measurement 7r (xr; v) taken at v, we can first associate the
point xr € F (v) with the sphere Sph (tr (v) /2; v) of center v and radius tr (v) /2. We
call this the tangent sphere, because Proposition 6 implies that, forx € S (v) orx € B (v),
the sphere Sph (7r (v) /2;v) is tangent to X’ or dX, respectively, at x [122, 168]. See

Figure 2.1 for an illustration.
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However, this sphere alone is not sufficient for us to determine the point xr. In

the following, we develop a procedure for completely determining the point xr and
its normal and curvature. We show that the Fermat flow equation provides a simple
constraint that uniquely determines both the depth and normal of a surface point. This
derivative is estimated numerically by fitting a smooth pathlength function to a set of
measurements. This procedure will produce an oriented point cloud for the surface X
We then apply a final refinement step that computes a smooth mesh by combining both
the depth and normal information [39, 89].
Fermat flow algorithm. Knowing the tangent sphere alone is insufficient—we still do
not know where exactly the point is on the sphere. To derive the directional (ray) con-
straint, we use the Fermat flow equation (2.23) and compute the direction from v to xr
as:

Xr—70

ZAU]: (Z)) —VvT]: (”0) /2. (2.26)

ol
Together with the sphere Sph (tr (v) /2;v), we can reconstruct the point x r as

XFr =70+ sz(v) -Wr(v) =v— TJTT(U)VZ,T]: (v) . (2.27)

Equation (2.27) states that a surface point xr € F (v) generating a Fermat path can

be uniquely reconstructed from the corresponding point v, the length 7 (v), and the
gradient V,7r (v). This reconstruction can be done with a simple geometric operation,
by intersecting the sphere Sph (tr (v) /2;v) with the line v — AV, 7x (v) /2. If the Fer-
mat path is also specular, x € S (v), then we can also reconstruct the normal at xr as
ft (xr) = VoTr (v) /2. This is shown in Figure 2.2.

In addition to reconstructing points and normals, we can also recover the curva-
ture of X at xg. This can be done in two steps. First, we differentiate ws (v) (Equa-
tion (2.15)) to obtain the Hessian matrix, and compute Gaussian and mean curvatures
(Equations (2.18) and (2.19) ). Second, we “back-propagate” the curvature from v to x .
Curvature propagation can be cast as a wavefront tracing problem. Similar to an SDF,
we can also consider a branch of FPF as a propagating wavefront from a local patch of
the surface to the point v. The wavefront is a geometric wavefront, defined as the sur-
face of constant pathlength, and should not be confused with the wave-like behaviors of
light, such as diffraction and interference. In 2D, a wavefront with curvature x evolving
by a distance 75 (v) /2 has a new curvature

, K

K = —1+ TSZ(U)K.

(2.28)
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Equivalently, back-propagating the wavefront by 7s (v) /2, the curvature becomes

= — (2.29)

In 3D, by considering the evolution of both principal curvatures xmin and kmax, we can

relate the curvature of the FPF at v to the surface curvature at point xs, which yields

K (xS) = Kmin (xS) Kmax (xS) (2.30)
Kmin (V) . Kmax (V) 2.31
1 — i (9) - 12 1 — e (0) - 500 (2.31)
= K(@) - (2.32)
1= H () 75 (0) + K (0) - ()
H (xS) - 1 (Kmin (xS) + Kmax (xS)) (233)

2
_ 1 < Kmin (7)) + Kmax (Z)) > ) (2.34)

2 1— Kmin (Z)) : Tsév) 1— Kmax (U) + _ng(v)

Differential imaging. Using Equations (2.27), (2.32), and (2.34) requires knowing the
tirst- and second-order derivatives of the FPF at v. Using a time-of-flight sensor, we can-
not directly measure the derivatives. Also, measurements taken at an isolated point v
do not provide us with derivative information. Therefore, in order to infer gradients,
we need to take measurements densely with differential intervals.

Although the spatial gradient V,7r (v) is a 3-vector, according to Equation (2.23), it
has only 2 degree-of-freedom (its norm has to be 2). Therefore, it is unnecessary to take
measurements in three dimensions. Instead, measurements taken on a 2D manifold will
suffice. The 2D manifold can be of arbitrary shapes. In fact, in some imaging settings
(e.g., non-line-of-sight imaging as we will see in Chapter 3), v is constrained to lie on
some (uncontrollable) surface V in 3D. For simplicity, we discuss here only the case
when V is planar, deferring the general case in Appendix A.4. We adopt a scanning
scheme by taking measurements densely on a canonical grid on a planar surface v € V.
Without loss of generality, we further assume V aligns with the x — y plane of the world
coordinate frame.

Given a Fermat pathlength 77 (v) at a point v, we can estimate its partial derivatives
d0Tr/dx and dTr/dy by locally interpolating Fermat pathlengths measured at nearby

points on the plane. We can then infer the derivative with respect to z by noting that
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Equation (2.23) implies that ||V,Tr (v)] =2,

. aT]: aT]: aT]: 2 aT]: 2

v

Once we compute the gradient, for specular paths, we can estimate the Hessian
matrix based on the fact that the gradient is in the null space of the Hessian (Equa-
tion (2.17)):

azTg azTg azTg aTS

ox2  0xdy 0Jxoz ox

s s P o,

gis LS =

dxdy  dy?  dyoz ay =0. (2.36)
8275 8275 8273 dTs

oxdz dyoz  9z2 11, 9z 1l
2 2 2
We can estimate the partial derivatives 88723, 37%, and aa—;zﬁ by differentiating ts (v)
twice along x and y directions. Once the top left 2 x 2 submatrix is estimated, we can

2 2
compute 2% and ?)ygi from the first two rows of the matrix, and then plug them in

82 Ts
0z2

compute the Gaussian and mean curvatures at v accordingly.

the third row to recover . Once the entire Hessian matrix is recovered, we can then
Note on differentiability. We note that the above estimations fail when the 7 is non-
differentiable at v, e.g., when the uniqueness condition of Proposition 8 is not satis-
fied. Additionally, we note that the above estimation procedure needs to be performed
separately for each branch of the FPF 7 (v); otherwise, differentiation across multiple
branches would be meaningless and lead to incorrect reconstruction results.

Surface fitting and optimization. The above procedure produces an oriented point
cloud, of density comparable to the density of measurements on V. We can then use
algorithms that take advantage of normal information to fit a surface representation
(e.g., triangular mesh) to the point cloud with increased accuracy [59]. Given such an
initial surface reconstruction, in Appendix A.5 we describe an optimization procedure,
based on the theory of specular path perturbations [39, 51], that refines the fitted surface

to account for possible errors due to inaccurate estimation of the gradients V,7r (v).

2.4.2 Reconstruction Using the Directions of Fermat Paths

Given the directional measurement of a Fermat path measurement @ r (v) taken at v,
we have a ray constraint, forcing the point xr to be on line v + A@wr (v). However, we

do not have the pathelength information indicating how far to go along the line.
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Fermat pathlength reconstruction. In order to reconstruct the pathlength, we use the in-
tegral form of the Fermat flow equation (2.24). The integration also requires taking mea-
surements densely with a differential interval. Therefore, after obtaining a colletions of
directions with scanning, one can apply standard normal integral techniques to recover
the FPF. It is worth noting that the integration comes with an unknown constant .
Without resolving the ambiguity, we can reconstruct a OPF of surfaces. Once the ambi-
guity is resolved, reconstructing points, normals, curvatures, and surface fitting can be

performed exactly the same as described in the previous section.

2.5 Generalization to a Non-confocal Setup

So far in this chapter, we have focused on discussing the theory and algorithm de-
veloped for the confocal case. There are straightforward generalizations to the non-
confocal case where the two end points of a single-bounce light path are at different
locations. This section states the analogues of definitions, propositions, and algorithms,
for the non-confocal case.

In the non-confocal case, we denote a single-bounce light path originates and ends
at points vs and v, as

p (x;05,04) L 05 > x— vy, (2.37)

and its pathlength as
T(%05,04) 2 [|x — vs]| + [|x — 04l - (2.38)

We additionally denote by h (x;vs,v;) the half-vector corresponding to the directions
parallel to v; — x and v; — x.

Definition 5 in the non-confocal case becomes as follows.
Definition 5'. For any two points vs, v4:

* The specular set S (vs,v3) C X consists of all points x € X \ 0X such that the half-
vector h (x; vs,vy) is orthogonal to the tangent plane Ty X of X at x, or equivalently, the
half-vector h (x;vs,v4) is also parallel to the surface normal 71 (x).

* The boundary set B (vs,v4) C 0X consists of all points x € dX such that the vector
h (x;vs,v,) is orthogonal to the tangent vector t (x) of 0.X at x.

* The Fermat set F (vs,v4) C X is the union of these two sets, F (vs,v4) = S (vs,v4) U
B (vs,v4).

We state the analogue of Proposition 6 (Fermat’s principle) for the non-confocal case.
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Figure 2.4: The Fermat flow equation (non-confocal case). In the non-confocal case,
we can compute the gradient with respect to either of the two visible points, vs or vy,

and it will be parallel to the vector xr — vs or xr — v, respectively.

Proposition 6’. Fermat’s principle. Let (p,q) € [0, 1]2 be a parameterization of the surface

X. Then, for any pair of points vs and vy,
S (vs,vy) = {x €EX VT (x(p,q);vs,04) = 0}. (2.39)

Let r € [0,1] be a parameterization of the surface boundary 0X. Then, for any pair of points v,

and v,

B (vs,v4) = {x € 0X : 9T (x (1) ;vs,v4) /Or = 0}. (2.40)

We provide the proof in Appendix A.6.

We state the analogue of Definition 7 for the non-confocal case.

Definition 7. Fermat pathlength function (FPF) tr (vs, ;).

Tr (vs,v9) = {||xF —vs|| + ||[xF — 04| : x5 € F (vs,04)}. (2.41)

2.5.1 First-order Analysis

We state the analogue of Proposition 8 (Fermat flow equation) and Proposition 9 (inte-

gral form of Fermat flow equation) for the non-confocal case.

Proposition 8'. Fermat flow equation. Consider a branch of the Fermat pathlength function

Tr (vs,vy) corresponding to points vs, vy. Assume that there is a unique point xy € F (vs,v,)
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with T (xz;vs,v4) = TF (vs,v4). Then,

Xr—7v R
vvsT]_' (Us, Ud) = —ﬁ = —wr ('US, Ud) , and (242)
$
XF — U4 A
Vo, TF (vs,v4) = —m = —wr (vs,7y) . (2.43)

We provide the proof in Appendix A.7. We note that, in the proof of Proposition &/,
we effectively use the orthotomic to convert the problem into an equivalent problem for
a confocal case [26, 27]. Please refer to the appendix for more details.

Proposition 9'. Integral form of Fermat flow equation. Consider a branch of directions of
Fermat paths @ r (vs,v4) corresponding to points vs, vy. Assume that there is a unique point

xr € F (vs,v4) with T (xx;vs,04) = TF (vs,04). Then,

Tr (vs, ”Od) = / —Wr (Us, vd) dov; + 1, and (2.44)
vy

T (05,00) = |~z (05,04) dvs+ 0, (2.45)

where Ty represents an unknown constant.

2.5.2 Second-order Analysis

We state the analogue of Proposition 10 for the non-confocal case.
Proposition 10'. Let a point xs € S (vs,v4) belong to the specular set. Let E (Ts;vs,v,) be
the corresponding osculating ellipsoid. If Kyyin, Kmax are the principal curvatures of X at xs, and
Amins Amax the principal curvatures of E (ts;vs,v4) at xg, then:

* If ts is a local minimum of T (x;v4,0s), then Ayin < Kyin.

* If 15 is a local maximum of T (x; vy, vs), then Kmax < Amax.

We provide the proof in Appendix A.8.

2.5.3 Surface Reconstruction using Fermat Paths

Reconstructing surface points, normals, and curvatures for the non-confocal case fol-
lows exactly as in the confocal case (Section 2.4) . The analogue of the tangent sphere is
the osculating ellipsoid E (Tr (vs,v4) ; vs,v4) of pathlength Tr (vs, v4) and foci vs and v;.

Using the Fermat flow equation, we can obtain a ray constraint v; + Awr (vs,v4) , A €
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[0, c0], and reconstruct the point x through an ellipsoid-ray intersection. We can addi-
tionally reconstruct the surface normal at the specular point 7ir as the bisector of the

incident and outgoing directions. This is shown in Figure 2.4.
The geometric operation of ellipsoid-ray intersection can also be described alge-
braically by the incident and outgoing pathlengths given the total Fermat pathlength
(i) (r)

and the ray direction. We use T]_E and Tfr to denote the incident and outgoing path-

lengths, respectively,

W — |lxr — o] and ) = |Jog — x| . (2.46)

We provide the expressions as follows, and refer to Appendix A.9 for the derivations.

Tr2 42 (vg — vs, Wr) Tr + ||vg — vs )
2(tr+ (vg — vs, WF))
w72 — |log — o
2(tr+ (vg —vs, WF))

TJ@ (vs,v4) = , and (2.47)

(2.48)

T_g_—r) (vs,04) =

2.6 Summary

In this chapter, we have introduced a novel theory of Fermat paths. We started our dis-
cussion on a special Fermat path—the globally shortest path, which is closely related
to the well-known SDF. We presented and proved the important properties of an SDF
through differential analysis. We then formally define the Fermat paths and generalize
the previous analyses on SDFs to FPFs. Based on the properties of an FPF, we pro-
pose reconstruction algorithms based on two types of measurements of Fermat paths,
their pathlengths or directions. In order to apply the algorithms in practice, one needs
to adopt differential imaging to densely measure information of Fermat paths. These
measurements can then be differentiated or integrated for shape reconstruction. We
discussed practical considerations of the algorithm, including gradient estimation and
surface fitting and optimization. In the last section, we generalize the analyses for the
confocal case to a non-confocal one. In the following two chapters, we will apply the
theory and algorithms of Fermat paths to solve two concrete real-world reconstruction

problems—non-line-of-sight imaging and specular object reconstruction.
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Chapter 3

Fermat Paths for Non-line-of-sight

Shape Reconstruction

In Chapter 2, we have introducted the theory of Fermat paths and presented surface
reconstruction algorithms based on dense measurements of Fermat paths using a dif-
ferential imaging scheme. In this chapter, we apply the theory to tackle a challenging
problem called non-line-of-sight (NLOS) imaging.

3.1 Non-line-of-sight (NLOS) Imaging

Most computer vision research assumes that the scene of interest is directly visible to
the camera. In other words, the photons from a source that reach a camera are assumed
to have interacted with only the visible scene. However, some of the source photons are
reflected by the visible scene toward parts—say, the back of an object facing a camera,
an object around a corner, or an object viewed through a diffuser—that are hidden from
the direct line of sight of the camera. In turn, the hidden scene scatters the photons back
toward the visible scene, which then redirects photons toward the camera. Imaging and
understanding the scene hidden from the camera’s view is of significant importance to
many security and safety applications.

Capturing non-line-of-sight (NLOS) photons is challenging as they are vastly out-
numbered by line-of-sight (LOS) photons. Passive approaches analyze the subtle um-
bra and penumbra of the shadow cast by the hidden scene to estimate rough motion

and structure [15, 24, 155], or use coherence properties of light to localize hidden ob-
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Figure 3.1: Non-line-of-sight (NLOS) imaging. We consider the problem of recon-
structing surfaces that are: (a) outside the field of view of sensor, or (b) occluded from
it by a diffuser. We develop an algorithm that can use transient imaging measurements
to accurately reconstruct the shape of the NLOS surface. The figure shows example
reconstructions of a US quarter from measurements captured by a femtosecond-scale
transient imaging system. In (c), we compare our reconstructions against groundtruth,

obtained using a direct depth scan of the object with the same transient imaging system.

jects [20, 23]. These approaches do not have sufficient information to compute pre-
cise 3D shape of an unknown arbitrary hidden scene. Extracting additional informa-
tion about the hidden scene is possible by using active illumination, including coherent
lighting [21, 87, 58, 165] and steady-state intensity sources [93, 171, 174, 189]. The major-
ity of approaches for reconstructing hidden shape information employ fast modulated
light sources together with time-resolved sensors (e.g., continuous-wave ToF [70, 85],
ultrafast photodiodes [97], streak cameras [62, 179, 180], and single-photon avalanche
photodetectors (SPADs) [55, 134]). These sensors record not only the number of incident
photons (intensity) but also their arrival times, at a range of temporal resolutions (milli-
to femto-seconds) [55, 56, 82, 133, 134, 180]. Such measurements are called transients
and the approach is called transient NLOS imaging.

By measuring transients at various locations of a known visible scene, most active
techniques perform a volumetric 3D reconstruction by attempting to invert the time-
resolved radiometric image formation process. Examples include elliptic backprojec-
tion [9, 29, 98, 139, 179], regularized linear system approaches [62, 70, 71, 85], the light-
cone transform [135], and analysis-by-synthesis using rendering [138, 176]. These meth-
ods have two fundamental disadvantages: (1) they rely on radiometric information and
existing SPADs produce poor intensity estimates due to effects such as pile-up and after-
pulsing [73], as well as due to extreme sensitivity to photon noise and ambient lighting;

and (2) to simplify the inverse problem, all existing reconstruction techniques rely on
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an assumption of Lambertian reflectance for the NLOS object.

In this chapter, we overcome the above limitations by developing techniques that use
only geometric, rather than intensity, constraints derived from transient measurements of
an NLOS scene. For this, we apply the theory of Fermat paths (Chapter 2) in the context
of NLOS imaging by extracting NLOS photons that follow Fermat paths between the
LOS and NLOS scene. We prove that Fermat paths correspond to discontinuities in the
transient measurements. The temporal locations of the discontinuities are a function
of only the shape of the NLOS object and not its reflectance (BRDF). We additionally
show that the shape of the transient around the discontinuity is related to the curvature
of the hidden surface. The theory of Fermat paths generalizes previous work on the
shortest paths of first-returning photons [175], which are a special case of Fermat paths

as discussed in Chapter 2.

We then use the Fermat flow algorithm developed in Section 2.4.1 for accurate NLOS
shape reconstruction. While most previous approaches reconstruct an albedo volume of
the NLOS object, our approach is one of the few that reconstruct its surface. Compared
to alternative surface reconstruction algorithms based on analysis-by-synthesis from
intensity measurements [176], our approach uses only geometric constraints, which

makes it BRDF-invariant and robust to imperfections in intensity measurements.

Our theory is agnostic to the specific transient imaging technology used. We val-
idate our theory and demonstrate results at both pico-second and femto-second tem-
poral scales, using a pulsed laser and SPAD for the former and interferometry for the
latter. Hence, for the first time, we are able to compute millimeter-scale and micrometer-
scale NLOS shapes of curved objects with BRDFs ranging from purely diffuse to purely
specular. In addition, our theory applies to both reflective NLOS (looking around the
corner) and transmissive NLOS (seeing through a diffuser) scenarios. Figure 3.1 shows
the estimated micrometer-scale relief of a coin seen around the corner as well as through
thick paper (diffuser). The obtained height profiles compare well with the reconstruc-
tion of the coin when imaged in the line of sight. This result demonstrates the significant
theoretical and practical contribution of this work to active NLOS imaging, pushing the

boundary of what is possible.
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3.2 Fermat Paths in NLOS Transients

Imaging setup. We consider a transient imaging system [53], comprising a light source
and detector, located at points s,d € R3, respectively. Our theory is agnostic to the
specific transient imaging technology used, and in Section 3.4 we describe implemen-
tations, one based on a pulsed laser and a picosecond detector, and another based on
interferometry. The visible scene VV C IR3 is the union of surfaces contained within the
common line of sight of the source and detector. In addition to VV, we assume that there
exist surfaces outside their line of sight; this could be because either these surfaces are
outside the field of view, or they are inside it but occluded by another surface. We are
only interested in such surfaces that can indirectly receive light from the light source by
means of a single reflection or transmission through the visible scene, and can indirectly
send light to the detector in a likewise manner. We call the union of such surfaces the
non-line-of-sight (NLOS) scene X. Some situations where these conditions apply, and

which will be relevant to our experiments, are shown in Figure 3.1.

We assume that the light source and detector are illuminating and imaging the same
visible point v € V, which can be any point in the visible scene. This corresponds to
the confocal scanning scheme, proposed by OToole et al. [135]. We emphasize that this
assumption is only to simplify exposition: As we have discussed in Section 2.5, all of
our theory generalizes to the non-confocal case. In particular, in Section 3.4, we show

results from non-confocal experiments.

The detector records a transient I (t;v), which equals the irradiance from photons
with time of flight . We assume that all recorded photons follow paths of the form
s +v — x — v — d, where x € X. This three-bounce assumption is commonplace
in NLOS imaging applications, for two reasons: First, NLOS transient imaging systems
typically have time-gating mechanisms that can be used to remove direct photons that
only interact with the visible scene. Second, photons with more than one interactions
with the NLOS scene X" have greatly reduced signal-to-noise ratio, and in practice are
difficult to detect [29, 138].

Finally, we assume that we have calibrated the distance 1y, (v) = ||s — v|| + ||d — ©||
from the source to the visible point, and from there to the detector. Then, we can use

the pathlength traveled in X, T = ct — 7y (v) where c is the speed of light, to uniquely
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reparameterize transients as I (7; v). Under these assumptions, we can write [45, 140]:
H(Tv) = [ f(x0)8(x=7(x0)) dA(pa), (3.1)

where T (x;0) 22 ||x — ||, (p,q) € [0,1]* is a parameterization of the NLOS surface X,
A (p,q) is the corresponding area measure, and the throughput f absorbs inverse-square
fall-off, shading, reflectance, and visibility. Through this reparameterization, we have
effectively converted the NLOS imaging setup to the same setup as in Section 2.1, as if

light paths directly starting from and ending at v.

3.2.1 Fermat Pathlengths as Transient Discontinuities

Except when the BRDF of the NLOS surface & is perfectly specular, transients I (7;v)
will include contributions from photons that follow both Fermat and non-Fermat paths
p (x;0) £ v — x — v. Without prior knowledge of the scene, it would seem impossible
to identify parts of the transient due to Fermat paths. However, we make the following
observation.

Proposition 11. Assume that the BRDF of the surface X is non-zero in the specular direction.
Then, for all x € F (v), the transient I (t;v) will have a discontinuity at pathlength T (x;v).
Ifx € S (v), then I (T;v) will additionally have a vertical asymptote at T (x;v).

Proof sketch. We sketch a proof for the specular case, and provide the full proof in Ap-
pendix B.1. Let Sph (p; v) be the sphere of center v and radius p. Let the curve C (p; v)
be the intersection of Sph (p; v) with X, parameterized by r € [0,1]. Then, we can use
(r,p) € 10,1] x [0, 00) to reparameterize X', and rewrite the integral of Equation (3.1):

Hwo) = [ fwo)sr—t@mo) |74 (0] dA(rp), (3.2)

where \7((;’5)) (x) is the Jacobian of the transformation (p,q) — (r,p). We now consider
a point xg € S (v). Recognizing that p (xs) = 7(xsiv)/2, we have from Equation (2.20)
that V(, 5)p (xs) = 0. Consequently,

_ dp(xs)or(xs) 9p(xs)or(xs)

(r,p) _
“7(10/01) (xS)‘ ~9p 9q dq ap 0. (3:3)

Then, from Equation (3.2), at T = 7 (xs; v), the transient converges to infinity, resulting

in a discontinuity. O
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Figure 3.2 visualizes this proposition for a two-dimensional Lambertian scene X, and
a visible point v such that S (v) = {xr,xr3}, B(v) = {xr1}. We note that, in two
dimensions, the boundary dX is not a curve but just isolated points, and therefore the

tangency property of Definition 5 and the tangent sphere are not meaningful.

BRDF invariance. Proposition 11 implies that the pathlengths where the transient
I (T;v) is discontinuous are determined completely by the function 7 (x;v). In turn,
T (x;v) depends only on the geometry of v and X. Therefore, the discontinuity path-
lengths are independent of the BRDF of the NLOS surface X. The BRDF is included in
the throughput term f in Equation (3.2), and thus only affects the intensity of the tran-

sient at the discontinuity pathlength. Figure 3.3 demonstrates this reflectance invariance

property.

Identifying type of stationarity. Proposition 11 allows us to identify the lengths of all
Fermat paths that contribute to a transient I (7;v), as the pathlengths where I (7;v) is
discontinuous. From Proposition 6 in Chapter 2, each of these pathlengths is a station-
ary point of the function 7 (x;v). When the BRDF of X is not perfectly specular, we
can additionally identify the type of stationarity from the shape of the transient at a
neighborhood of the discontinuity. We use Figure 3.2 for intuition. Specifically, let T
be a Fermat pathlength where the transient is discontinuous. If 77 is a local maximum,
the discontinuity in the transient I (7;v) occurs at the limit from the left, T — 7, and
the transient decreases to the right of 7r (Figure 3.2, Tr3). Conversely, when 7r is a
local minimum, the discontinuity occurs at the limit from the right, T — 7 (Figure 3.2,
Tr 1,Tr2). Finally, when 77 is a saddle point, the discontinuity and intensity rise are

two-sided. An example of this is shown in Figure 3.3 (paraboloid case).

Identifying the stationarity type of specular discontinuities provides us with curva-

ture information about X (Proposition 10).

Relationship to first-returning photons. Fermat paths are a superset of the paths of
the first-returning photons, i.e., the shortest paths, described by Tsai et al. [175]. In par-
ticular, the pathlength of the first-returning photon is the global minimum of 7 (x;v).
Observations 2 and 3 of Tsai et al. [175], which make an assumption of local smooth-
ness, correspond to the case where additionally x € S (v): Observation 3 describes the

specular path p (x;v), and Observation 2 describes the tangent sphere.
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Figure 3.2: Fermat paths in NLOS imaging. We illuminate and image an NLOS sur-

face X from a point v on a visible surface V. (We show the camera and light sources
in Figure 3.1.) Among all points x € X, some points on the surface (xrxr3) and
boundary (xr ;) will create paths that satisfy Fermat’s principle, corresponding to local
minima (xr1,xr ) or maxima (xr 3) of the pathlength function 7 (x; v) (bottom right).
The paths for the non-boundary points (xr,,x 7 3) will additionally be specular. We can
identify the lengths of these Fermat paths from the fact that the transient I (7; v) (bottom
left) will be discontinuous at the corresponding pathlengths (77 1,77 2,77 3).

3.2.2 Experimental Demonstration

To demonstrate our theoretical findings in practice, we use a picosecond-resolution tran-
sient imaging setup (see Section 3.4.1) to capture measurements of a few real-world ob-
jects, in a looking-around-the-corner configuration (Figure 3.1(a)). Figure 3.3 shows the
objects: A concave hemisphere, an extruded paraboloid, and a plane. All objects have

size 20 cm x 20 cm and are painted with diffuse paint.

We place each object at a distance 40 cm from the visible wall, then measure a tran-

sient from a visible point such that there is a specular path corresponding roughly to the
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Figure 3.3: Experimental demonstration. We measure transients for three objects in a
looking-around-the-corner configuration: A plane, a paraboloid, and a concave sphere.
We measure each object twice, once with the object covered with diffuse paint, and a
second time with the object covered with aluminum foil. As predicted by our theory, the
measured transients have discontinuities corresponding to specular paths of type local
minimum, saddle point, and local maximum, respectively. Additionally, the location of

the discontinuities is not affected by the change in BRDFE.

center of the object. We observe from the measured transients (Figure 3.3, orange) that,
in agreement with Proposition 10, the hemisphere produces a local maximum disconti-
nuity, the paraboloid a saddle point, and the plane a local minimum.

We then cover each object with aluminum foil, to create a rough specular BRDEF, and
repeat our measurements. We notice that the measured transients (Figure 3.3, purple)
are discontinuous at the same locations as the diffuse transients, in agreement with our
discussion of BRDF invariance.

These measurements additionally help evaluate the robustness of our theoretical
predictions in the presence of the Poisson noise and temporal jitter inherent in SPAD
measuremens [73]: Even though the discontinuity shapes deviate from the ideal shapes

in the simulated transient of Figure 3.2, the theoretically predicted features are still vis-
ible.

3.3 NLOS Shape Reconstruction Using Fermat Paths

Using the results of Section 3.2, given a transient measurement I (7;v), we can identify
its discontinuities as the lengths 7r of Fermat paths contributing to the transient. Each
length Tr constrains the corresponding point xr € F (v) to lie on the tangent sphere
Sph (t£/2;v) and, if xy € S (v), also constrains its normal and curvature. Then, given

a collection of Fermat pathlengths, we apply the Fermat flow algorithm (Section 2.4.1)
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(a) scanning (b) discontinuity detection (c) gradient estimation by interpolation (d) point cloud reconstruction

Figure 3.4: Reconstruction pipeline. (a) We first collect transient measurements I (7; v)
at multiple points v on the visible surface V. (b) For each measured transient, we de-
tect pathlengths where the transient is discontinuous. These correspond to samples of
the multi-valued Fermat pathlength function 7r (v). In the example shown, 7 (v) has
two branches 77 (v) and 7z, (v), shown in blue and red respectively. (c) Within each
branch of 77 (v), we interpolate to compute the gradient V,7r (v). (d) Finally, by ap-
plying the Fermat flow equation (2.23), we reconstruct from each branch a set of points,
either on the boundary (branch tr; (v), blue) or at the interior (branch 7z, (v), red) of
the NLOS shape.

to produce an oriented point cloud (locations and normals) for the NLOS surface &', and
then perform surface fitting to obtain a surface reconstruction. Figure 3.4 visualizes our

reconstruction pipeline.

Algorithmic details. We detect discontinuities in each measured transient I (7;v) with
a basic one-dimensional edge detection procedure, by filtering each transient with a set
of derivative-of-Gaussian filters, and performing non-max-suppression. To compute
gradients V,Tr (v) in the Fermat flow algorithm, we use quadratic interpolation on

Fermat pathlength values at a 5 x 5 neighborhood around each point v.

3.4 Experiments

We discuss results from NLOS reconstruction experiments we have performed to val-
idate and evaluate the Fermat flow algorithm. All experiments are based on measure-
ments captured with two transient imaging setups, one operating at picosecond and the

other at femtosecond temporal scales.
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(a) photograph and reconstruction of paraboloid object ~ (b) photograph and reconstruction of sigmoid object

Figure 3.5: Comparison with groundtruth. We perform one-dimensional scans of 3D-
printed objects, in a looking-around-the-corner configuration. For each object, we show
a photograph under ambient light (left), and reconstruction results (red points) super-

imposed against the groundtruth mesh used to fabricate the object (middle and right).

3.4.1 Picosecond-scale Experiments

Imaging system. We use a SPAD-based transient imaging system [55, 133, 135], consist-
ing of a picosecond laser (NKT SuperK EXW-12), a SPAD detector (MPD module), and
a time-correlated single photon counter (TCSPC, PicoQuant PicoHarp). The temporal
binning resolution of the TCSPC unit is 4 ps, for an absolute upper bound in depth res-
olution of 1.2 mm. In practice, the resolution is lower, because of laser and TCSPC jitter.
We use galvo mirrors to independently control viewpoint and illumination direction,
and perform both confocal and non-confocal scanning in the looking-around-the-corner

setting of Figure 3.1(a).

Comparison with ground truth. We fabricated small objects from CAD meshes, pro-
viding us with ground-truth shape for comparison. The objects were painted with
matte white paint to create Lambertian reflectance. The objects are approximately 15 cm
in each dimension, and are placed at a distance 25cm from a planar visible surface.
All objects are ruled surfaces, to allow reconstruction of their profile from only one-
dimensional scans. We capture measurements under a non-confocal setting, by fix-
ing the point imaged by the SPAD and scanning the point illuminated by the source
along multiple horizontal lines on the visible wall. Along each line, we scan 200 points,
at a distance of approximately 1 mm from each other. Figure 3.5 shows point clouds
reconstructed from these measurements using the Fermat flow procedure, superim-

posed against the meshes used for fabrication. The reconstructions closely reproduce
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Figure 3.6: Comparison of point cloud and surface reconstructions. We scan a rough
specular kettle, shown in the left under ambient light. We reconstruct an oriented point
cloud, shown in the middle from two views, where points are colored according to their

normal. Finally, we fit a surface to the point cloud, shown to the right under two views.

s e\ OSVRV

(a) plastic jug (b) glass vase (c) plastic bowl (d) metal sphere

Figure 3.7: Table-top objects. We scan objects that span a variety of shapes (convex,
concave) and reflectances (translucent, glossy, specular). For each object, we show a

photograph under ambient light, and two views of its surface reconstruction.

the shape of the objects, including their concave and convex surfaces, and match the

groundtruth within 2 mm.

Table-top objects. We scanned a variety of every day objects (Figures 3.6 and 3.7),
with convex and concave geometry of different BRDFs, including translucent (plastic
jug), glossy (bowl, vase), rough specular (kettle) and smooth specular (sphere). Most
of the objects have a major dimension of approximately 20 — 30 cm, and are placed at a
distance of 80 cm from the visible wall. We use confocal scanning with a grid of 64 x 64

points distributed in an area of 80 cm x 80 cm on the visible wall.

Figure 3.6 visualizes point cloud, normal, and final surface reconstruction for one of
the objects, an electrical kettle with rough-specular reflectance. We observe that our re-

construction procedure produces a point cloud that closely matches the shape of the ob-
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ject, including accurate normals on its front surface. We note that we do not reconstruct
normals at the handle of the object: This is expected, because these parts of the object
produce Fermat paths of boundary, rather than specular, type, and such paths do not
provide normal information. The final fitted surface further improves the reconstruc-
tion quality. Figure 3.7 shows reconstructions for the remaining table-top objects. In all
cases, the reconstruction closely matches the object shape, demonstrating the ability of

our algorithm to handle a variety of complex geometry and reflectance combinations.

3.4.2 Femtosecond-scale Experiments

Imaging system. We use a time-domain, full-frame optical coherent tomography sys-
tem [56]. We use this system to perform confocal scans under both the looking-around-
the-corner and looking-through-diffuser settings (Figure 3.1). We use spatially and tem-
porally incoherent LED illumination, which allows us to combine transient imaging
with diagonal probing [132]. In the context of confocal scanning, this means that we
can simultaneously collect transients I (7,v) at all points on the visible surface without
scanning, as transient measurements taken at one point will not be contaminated with
light emanating from a different point. Our implementation has depth resolution of
10pum.

Coin reconstructions. We perform experiments in both looking-around-the-corner and
looking-through-diffuser settings (Figure 3.1), where for the diffuser we use a thin sheet
of paper. In both cases, the NLOS object is a US quarter, with the obverse side facing the
visible surface. We place the coin at a distance of 10 mm from the visible surface, and
collect transient measurements on an area of about 40 mm x 40 mm, at an 1 MPixel grid
of points. For validation, we additionally use the same setup to directly scan the coin
without occlusion. Figure 3.1 shows our results. In both cases, we can reconstruct fine
detail on the coin, sufficient to infer its denomination. The reconstructed detail is also
in close agreement with the groundtruth shape measured with the coin directly in the

line-of-sight.

3.4.3 Simulated Experiments

We also performed simulated experiments to evaluate the performance of our recon-

struction algorithm under different BRDF and noise conditions. In all cases, the syn-

40



— diffuse P
=1

1]
§ diffuse + specular
o)
— specular pos ey
Il - — .
: L ¥ W
time (ps)
(a) simulated transients (b) reconstruction for diffuse case (c) reconstruction for diffuse + specular case (d) reconstruction for specular case

Figure 3.8: Reconstructions under different BRDFs. We show reconstructions from
simulated transient measurements for a vase, rendered under three different BRDFs:
Lambertian, mixture of Lambertian and specular, and specular. (a) Comparison of ren-
dered transients for the three cases (representative sample). (b)-(d) For each case, we
show reconstructed points colored by normal (left) and by branch of the Fermat path-

length function (middle and right).
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Figure 3.9: Reconstructions under different noise levels. We show reconstructions
from simulated transient measurements for a vase, rendered with three different noise
levels. (a) Comparison of rendered transients for the three cases (representative sample).
(b)-(d) For each case, we show reconstructed points colored by normal (left) and by

branch of the Fermat pathlength function (middle and right).

thetic transient data was simulated using physically-accurate Monte Carlo rendering [50],
and noise was added using the SPAD model of Hernandez et al. [73].

Reconstructions under different BRDFs and noise levels. Figures 3.8 and 3.9 show
simulated experiments for a vase object. We render 64 x 64 transients under a confocal
scanning scheme. The Fermat pathlength function for the vase object has two branches,
both specular, one corresponding to the convex body of the vase, and another to the
concave neck of the vase.

In Figure 3.8, we compare rendered data and reconstructions for three different
BRDFs, ranging from fully Lambertian to fully specular. We observe that both the recon-
structed points and normals remain largely invariant to the BRDF change, as expected
from our theory. In Figure 3.9, we compare rendered data and reconstructions for three

different noise levels. We observe again that the reconstructions of both points and nor-
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mals remain robust as the noise increases.

3.5 Discussion and Summary

We discuss some limitations of our approach. Our reconstruction procedure based on
the theory of Fermat paths does not require radiometric calibration, as it does not use
intensity information, instead relying on estimating the pathlengths where measured
transients are discontinuous. Consequently, our reconstructions can be sensitive to in-
accurate discontinuity detection. Reconstruction quality can additionally suffer if we
do not have sufficiently dense measurements for estimating Fermat pathlength gradi-
ents through interpolation, i.e., when differential imaging is not adopted. Finally, using
only pathlength information provides BRDF invariance, but it also means that we do
not take advantage of the information available in measured intensities about the NLOS
scene.

The theory of Fermat paths offers new insights into the NLOS imaging problem,
linking it to classical areas such as specular and differential geometry, and providing
ample opportunity for transfer of ideas from these areas to the NLOS imaging setting.
By allowing us to treat NLOS reconstruction from a purely geometric perspective, our
theory introduces a new methodology for tackling this problem, distinct from but com-
plementary to approaches such as (elliptic) backprojection [135, 179] and analysis-by-
synthesis [176], which focus on the radiometric aspects of the problem.

Interestingly, concurrent work [112] has uncovered an intriguing link between our
and backprojection approaches, by showing that the latter cannot reconstruct NLOS
points not on Fermat paths, even if those points otherwise contribute to measured tran-
sients. Therefore, both approaches reproduce the same part of the NLOS scene. Further
exploration of connections between the geometric and backprojection approaches can
help shed light into their fundamental limits and strengths, potentially by allowing us
to derive results applicable to both classes of approaches using whichever mathematical
framework (geometric, radiometric) is more convenient for analysis.

More broadly, an exciting future direction of research is combining the two classes of
approaches, not only for NLOS imaging, but also for other related applications, includ-

ing acoustic and ultrasound imaging [108], lensless imaging [188], and seismic imag-

ing [161].
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Chapter 4

Fermat Paths for Specular Shape

Reconstruction

In Chapter 3, we have discussed how we apply the theory of Fermat paths for NLOS
shape reconstruction. In this chapter, we apply the theory to specular (mirror-like) ob-
ject reconstruction, this time in a line-of-sight setting. Because the law of specular reflec-
tion is derived from Fermat’s principle, all light paths reflecting off a specular object are
Fermat paths (more precisely, specular paths, and not boundary ones). This allows us to
directly measure information of Fermat paths and apply the reconstruction algorithms
in Chapter 2.

In Section 4.1, we introduce the imaging setup. In Section 4.2, we explore the ge-
ometric information available in the specularities captured by a differentially moving
camera. Zisserman et al. [195] and our derived integral form of Fermat flow algorithm
have shown that the locations of moving specularities can be used for reconstructing
a one-parameter family (OPF) of specular surfaces. The algorithm is exactly the inte-
gral form of the Fermat flow algorithm. The remaining ambiguity influences the recon-
structed shape significantly to be of use to computer vision applications. In order to
determine a unique solution from the OPF, regularization is required, e.g., by exploiting
prior knowledge of the mirror shape or a known point on the true surface. However,
it is often the case that the surface shape is not known in advance and explicitly deter-
mining one point on the surface requires extra efforts, e.g., by coating the surface with
diffuse paint and use methods for diffuse object reconstruction.

Inspired by shape from shading methods that target surface reconstruction in the

presence of specular highlights, e.g., surfaces with both diffuse and specular compo-
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nents or rough specular surfaces [13, 14, 79, , , ], we address the following
problem: What does radiometric information of specularities observed by a moving
camera tell us about the shape of a purely specular mirror and can it help reduce the
ambiguity within the aforementioned OPF?

In Section 4.3, we explore the radiometric information of moving specularities for
resolve the ambiguity in the OPF. We conduct theoretical analysis and prove that a pair
of image irradiances of specularities observed at two camera locations can be used to re-
duce the ambiguity down to a maximum of 16 discrete possibilities for general shapes.
By considering all available irradiances, we develop an optimization approach to em-
pirically eliminate the ambiguity to determine the true surface. Our analysis does not
require a careful radiometric calibration and is only based on the assumption that the
mirror has a homogeneous specular albedo and the incident angles for all measured
points on the mirror do not vary much such that the Fresnel term in all reflection events
are assumed to be constant.

In Section 4.4, We perform simulations to support our theory on planar and curved
mirrors. We verify the correctness of the specularity irradiance model by comparing it
against images rendered with a Monte Carlo ray tracer [50]. We then demonstrate that
using our proposed optimization approach, radiometric information of moving specu-

larities can be used as a regularization to empirically determine a unique surface within
the OPF.

4.1 Imaging Setup

Our imaging setup, shown in Figure 4.1(a), comprises a near-field point light source
and a camera, located at v5,v; € R3, respectively. The camera v, is differentially trans-
lated along the two directions orthogonal to its optical axis and sampled on a dense 2D
rectangular grid. The moving camera essentially emulates a multi-camera array/light
field camera/wavefront sensor. This setting corresponds to the non-confocal case dis-
cussed in Section 2.5. We assume the scene X C R3 is a piecewise smooth mirror of
general unknown shapes placed in close proximity to the imaging setup comparable to
its scale. We also assume that light emitted from the point source bounces only once on
the specular surface before reaching the sensor and ignore higher-order bounces, such

as interreflections. At each camera location v, the captured image will exhibit one or
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(a) imaging setup (b) specularities
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(c) geometric and radiometric measurements (d) surface reconstruction

Figure 4.1: Near-light differential imaging for specular object reconstruction. (a) Our
imaging setup consists of a near-field point light source vs and a translating camera
v4, which emulates a multi-camera array with optical centers sampled on a 2D regular
grid. We assume the object has a smooth mirror reflectance. (b) At each camera location
v,4, the captured image will exhibit one or more specular highlights, corresponding to
some specular paths vs — x5 — ©v,. In this specific example, there is only one highlight
h within each image. (c) Zisserman et al. [198] examines the geometric information
associated with these specularities, i.e., the directions of specular reflections @s, and
show that they can be integrated to obtain a one-parameter family (OPF) of surfaces. We
review their work in Section 4.2. In this work, we show that radiometric information,
i.e., the absolute image irradiances of specularities, can be used to further disambiguate
within the OPF. This is detailed in Section 4.3. (d) We apply surface fitting to the oriented
point cloud and obtain the final surface reconstruction. Ground truth surface is shown

in gray.

more specularities, corresponding to different specularly reflected rays. By considering

images at all camera locations, we obtain a mosaic of specularities (Figure 4.1(b)), whose
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pixel locations and image irradiances provide geometric and radiometric information of
the specularly reflected rays (Figure 4.1(c)), respectively. In the example shown in Fig-
ure 4.1, there is only one specularity per image. Depending on the specular surface,
there could exists more specularities per view. In this case, as discussed in Chapter 2,

each branch of specularities should be processed separately.

4.2 Geometric Information from Specularities

We first explore how geometric information of moving specularities help reconstruct
the specular surface. Let path p (x;vs,v4) be a specular path. Assume the reflected
ray xs — vy creates a highlight on the image plane with homogeneous coordinate
h = M (xs —v;), where M denotes the camera’s intrinsic matrix. Given M, we can

back-project h to the specularly reflected ray: ws (vs,v4) = xs — vy = M~ 'h. Further

__ws(vs,04)
lws (vs,v4) "
surface normal of the reflected wavefront (shown as blue dotted curves in Figure 4.2(a)

and (b)), or equivalently the gradient of the FPF (Equation (2.43)).

normalizing wg yields the unit direction wgs (vs,v4) Ws (vs,vy) is the

Given one branch of directional measurements of specularly reflected rays ws (vs, v;),
we can apply the integral form of the Fermat flow algorithm (Proposition 9" in Chap-
ter 2) to reconstruct a OPF of specular surfaces. We restate the equation here for conve-

nience:

Ts (05,04, T9) = / —Ws (vs,vy) dvg+ 1. 4.1)
V4

Note that we explicitly include the unknown constant 7y in the parameterization. Each
Tp determines one reflected wavefront, which can be converted to the specular surface X
through an ellipsoid-ray intersection (Section 2.5.3). In the context of reconstructing
specular surfaces from moving specularities, Equation (4.1) is closely realted to the the-
orem proposed by Zisserman et al. [195].

The influence of the unknown pathlength offset 7y on specular shape reconstruction.
Without resolving 1, the OPF of reflected wavefronts in our near-light setup gets con-
verted to a OPF of specular surfaces that of dramatically different shapes (Figure 4.2(c)
and (d)). Specifically, for a planar surface, an incorrect 1y leads to a surface reconstruc-
tion that is no longer planar, but rather be convex or concave. The surface can even
degenerate and collapse into a point (which is exactly the mirror reflection of the light

source vs about the plane). For general shapes, the reconstructed OPF contains surfaces
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Figure 4.2: Geometric wavefronts and one-parameter family (OPF) of specular surface
reconstruction. A point light source vs emits a spherical wavefront (dotted curves in
red) towards the specular surface. After specular reflection, the reflected wavefront
(dotted curves in blue) gets modulated by the specular surface. (a) For planar surfaces,
the reflected wavefront does not change its shape and remains spherical. (b) For surfaces
of general shapes, the reflected wavefront evolves into a new shape. In both cases,
the reflected wavefront propagates to the translating camera (shown as a multi-camera
array). The measured directions of specular reflections @wgs (vs, v;) can be integrated to
reconstruct a OPF of reflected wavefronts (Equation (4.1)), which can then be converted
to a OPF of specular surfaces. The OPF of specular surfaces do not share the same
shape, as shown in (c) and (d), which motivates additional regularizations to uniquely

determine the surface.

that can be discontinuous and “grow” new patches. We can think of it as the inverse
of converging rays forming caustics; this time, a point can expand into a new surface

patch as 19 changes.
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Because of the dramatically varying shapes in the OPF, it is important to uniquely
determine the surface for the reconstruction to be of practical use, e.g., controlling the
quality of manufactured mirror objects. To resolve the ambiguity, additional regular-
ization is needed, which remains an open-research problem [28]. Zisserman et al. [198]
propose to further locate one point on the specular surface. However, explicitly de-
termining one point on a mirror requires extra efforts, e.g., by coating the object with

diffuse paint and applying reconstruction methods for Lambertian objects.

4.3 Radiometric Information from Specularities

In this section, we show it is possible to use radiometric information of specularities
to reduce the number of feasible solutions of 1y from infinity to a maximum of 16, and
empirically down to a unique solution. In Section 4.3.1, we derive image irradiances
of specularities involving a single reflection event and show that they encode curva-
ture information of the specular surfaces. Through a reparameterization described in
Section 4.3.2, we express image irradiances as a function of the pathlenght offset 5. In
Section 4.3.3, we perform a theoretical analysis on the uniqueness of solutions when

using radiometric information for resolving 7.

4.3.1 Image Irradiances of Specularities

Our derivation follows prior works [122, 168] for tracing multiple specular reflection or
refraction events. We adapt the derivation to our setup involving only a single reflection

from a point source.

Proposition 12. Let us consider the specular path vy — xs € X — vy, and denote the
Gaussian curvature of the wavefront: (1) emitted from the point light source to x5 as K(), (2)
immediately after reflection as K\"), and (3) further propagating to the camera as K(), where the
superscripts (i), (r) and (c) denote incident, reflected, and wavefronts arriving at the camera,
respectively.

Let I, be the radiant intensity of the near-field point light source. Let 0; and 6. be the inci-
dent angle of specular reflection, and the angle between the specularly reflected ray and camera
viewing direction, respectively. Let p be the specular albedo of the smooth homogeneous spec-

ular surface. Let F, (6;) be the Fresnel term dependent on the incident angle. Then, the image
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irradiance of the specular highlight can be expressed as

K(©)

E(C) = Fr (91) vaSK(Z)W COSs (65) . (42)

Proof. The key idea is to keep track of the Gaussian curvature change of the wavefront

as it propagates because irradiance at any point is proportional to the Gaussian curva-
ture of the wavefront at that point [122]. The tracking consists of three steps. First, the
point light source v emits an initial spherical wavefront and propagates to the specular
surface at point xs. Second, immediately after reflection, the wavefront gets modu-
lated by the specular surface. Third, the reflected wavefront further propagates to the
camera v,.
Incident wavefront. Given the radiant intensity of the near-field point light source I,
we compute the irradiance of the initial spherical wavefront at point xs according to the
inverse-square law, also known as the quadratic falloff:

U 5 = I, K", (4.3)

lxs — sl

where K() = 1/ x5 — o, is the Gaussian curvature of the incident spherical wavefront
arriving at x.
Reflected wavefront. After reflection, the wavefront evolves into a new shape which is
dependent on the shape of the specular surface. According to the law of conservation
of energy, an idealized 100% reflective mirror reflects all received flux in the outgoing
direction. In practice, we need to also consider specular albedo p and Fresnel coefficient

F, (0;), which leads us to the following:
E") = F, (6;) pED. (4.4)

Reflected wavefront propagating to the camera. Finally, we propagate the reflected
wavefront in the free space towards the camera. Again, based on conservation of energy,
the irradiance along reflected ray is proportional to the Gaussian curvature, therefore
(0) ‘K(C)
EY _
E(M) K0

, (4.5)

()

where E|~ denotes the wavefront irradiance along the reflected ray when arriving at
the camera. The L subscript represents the irradiance received by a sensor placed per-
pendicularly to the outgoing ray direction. A derivation of Equation (4.5) can be found
in Mitchell and Hanrahan [122].
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When the camera viewing direction and the reflected ray direction span an angle 0.,

we account for the foreshortening term cos (6.):

E© = EY cos (6,) . (4.6)
Combining Equations (4.3)-(4.6) completes the proof. [

4.3.2 Reparameterization of Equation (4.2)

We reparameterize Equation (4.2) using vs, v; and the unknown pathlength offset 1.

First, simplifying the notation leaving the curvature terms yields

Fle) — 7, k) Ko
EY =TI, K ‘K(")

, (4.7)

where E(¢) = E(/cos(6.) denotes image irradiances absorbing the camera orientation

The curvature terms K()) and K

and I, = F, (0;) ply, is the scaled light source intensity absorbing material properties.
K© can be expressed using four geometric quan-

/
tities, including the incident and outgoing pathlengths denoted as Tg) and Tg), as well

as the Gaussian and mean curvatures of the reflected wavefront arriving at the camera,
denoted as K(©) and H(®). All four geometric quantities can be computed by integrt-
ing or differentiating ws (vs, v4), whose derivations were already provided in Equa-
tions (2.47), (2.48), (2.32), and (2.34), respectively. We restate their expressions as fol-

lows. Note that we explicitly include 7y in the parameterization.

152 + 2 (04 — 05, Ws) Ts + ||vg — o5

% 1 79) = d 48
7 (ntaiT) 215+ (g oo ) 9
) (v, 04 1) = vs” — [[oq = os|| . (4.9)

S o 2(ts + (vg — s, Zbg>)

(c)
K" (05,04 70) = K (4.10)

5.
1—2HEOTY) + K1)

Plugging Equation (4.10) and K() = 1 /réf)z to Equation (4.7), we obtain a reparame-

terization of irradiance expressed in terms of the unknown pathlength offset :

1-2HOTY 4 K@rg)z
4.11)

0
S
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4.3.3 Resolving 1) using Radiometric Information of Specularities

Equation (4.11) indicates that irradiances of specularities are dependent on 1y by relating
geometric quantities of the wavefront. As a result, we propose to invert the process and
recover Tp given radiometric measurements E(),

In this work, we assume that the specular object has a homogeneous specular albedo p
and the angle of incidence 6; are all within a certain range excluding extreme angles
(usually less than 60° for most metal materials) such that the Fresnel term F; (6;) remains
approximately constant. Therefore, the scaled light source intensity I,, = F; (6;) pl,
now becomes a global constant. ! Rearranging Equation (4.7), the following expression

is assumed to be constant across all measurements:

=N
———

7 (c) (i) 2
I = Es (o) , (4.12)

2
1-2H97Y) (1) + KO (10)

=D
where N and D denote the numerator and the denominator (inside the absolute sign),
respectively. Therefore, for image irradiances of two specularities observed at two cam-

era locations, M1/ |p,| = MN2/|D,|. Or equivalently,
N1Dy £ NoD; = 0. (4.13)

Plugging Equations (4.8) and (4.9) to Equation (4.13) and noting that numerators of both
’L'g) and Tg) are second-order polynomials of 75, we have Equation (4.13) as two eighth-
order polynomials in terms of 7y. The roots are potential solutions of 1y, therefore the
ambiguity is reduced down to 16 given a pair of image irradiances.

As will be demonstrated in simulated experiments, empirically we do not get 16 fea-
sible solutions, mainly due to two reasons. First, potential solutions of 7y can be imagi-
nary, or real but physically infeasible, e.g., an offset leading to a surface reconstruction
behind the camera plane. Second, by taking measurements with a differentially trans-
lating camera (or a light field camera/wavefront sensor), we usually have not only two
but much more irradiance measurements. For example, a spatial sampling of m pro-
vides (m — 1) unique irradiance pairs, and we can write a system of (m — 1) constraints

'When the assumption fails, e.g., when there exist extreme angles of incidence and the Fresnel term
varies across measurements, one can perform a radiometric calibration of the scaled light intensities I,

by taking measurements of a specular object of a known ground truth shape and composited of the same

specular material as the mirror of interest.
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in the form of Equation (4.13). Common roots of the entire system will usually be much
fewer than 16.

In the following, we first prove that for planar specular surfaces, 1) has a unique an-

alytical solution given the system of polynomials. We then consider surfaces of general
shapes which do not have closed-formed solutions, and propose to solve for 1y through
an optimization instead.
Planar surfaces: a unique solution. As shown in Figure 4.2(a), a planar specular surface
does not change the shape of the incident wavefront after reflection—it merely reflects
it. As a result, the Gaussian curvatures before and after reflection remain the same, i.e.
K® = K() and Equation (4.7) can be simplified as

E© (vs,04;70) = I K(© L

= (4.14)
S

Equation (4.14) can be derived by following the wavefront tracing procedure described
in [122, 168] and noting that the curvature of a plane equals 0. Intuitively, we can imag-
ine placing a virtual point light source at the mirror location of the light source about
the planar surface, and directly computing the image irradiance arriving at the cam-
era, which is proportional to the Gaussian curvature of a spherical wavefront 1/75°.
Equation (4.14) leads us to the following proposition on the uniqueness of surface re-
construction if the ground truth surface is planar. It is important to note that we do not
assume the planarity of the mirror, but rather examine whether it is possible to uniquely
determine the planar surface within the OPF given radiometric information.

Proposition 13. Let X be planar. Let paths vs — xg1 € X — vy and vs — x5p € X — vy
be two specular paths, and ts1 and Tsy be the ground truth pathlengths, respectively. Assume
the pathlengths ts1 + 1o and Tsp + To also satisfy radiometric constraints (Equation(4.13)).
Plugging Equation (4.14) to Equation(4.13) leads to the following seventh-order polynomial in

terms of 19 :
2 2\ 2 2
T (To—l ) [TO+(m1+m2)T0+l] =0, (4.15)
where | is twice the distance from the point light source vs to X, and my and my are defined as
follows:
I =2-dist (vs, X) , and (4.16)
mj = Tsj+ (vaj — vs, s (v5,047) ) € {1,2} . (4.17)
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We provide the proof in Appendix C.1. Proposition 13 implies that for a planar sur-

— (my4mp) £/ (m14mp)*—412
0’ :|:l, 1 2 > 1 2

Tp = 0 yields the ground truth specular shape. 75 = =+ correspond to zero denomi-

face, 19 has five unique solutions:

}. The trivial solution

nators and are degenerate. The last two solutions are also infeasible because they are
imaginary: my,my <1 = (my + m2)2 —4]%2 < 0. As a result, for a planar surface, a pair
of radiometric measurements of two specularities already let us resolve 1) and uniquely
determine the specular surface within the OPF.

General surfaces: an optimization problem. For general surfaces, Equation (4.13) does
not have analytical solutions. As a result, we turn to a joint estimation of I, and the
pathlength offset 7p. Assuming Gaussian noise in radiometric measurements, we opti-
mize for the two unknowns by minimizing the L2-loss over all specularities:

£ (I m) = HE(C> Ty (TO)H2 , (4.18)

1-2HO Y (7)1 KO0 ()]

where e (19) = cos (6;), and the bold symbol denotes the vec-

W) (g,)

Ts (t0)
torization of the respective variables.
The above 2D optimization problem can be transformed into a 1D problem on 1
because I, is a scalar whose optimal solution is dependent on e (7): given any T,

minimizing £ over I, is a least-square problem with an analytical solution:

e (1) E©

) = 4.19
e (1) e (1) 1)

I () =

Therefore, minimizing the L2-loss L is equivalent to maximizing the cosine similarity
(minimizing the angle) between e (19) and E(°):

min £ (I,; 1) (4.20)
IvsrTO
=min L (f;s (10) ;TO) (4.21)
T
EC)  e(n)
=min Leos (1) = 1 — ) (4.22)
tin Loos () < [£0]] Te(@l

The solution to Equation (4.22) is the minimizer of the system of polynomials in the
form of Equation (4.13). Because of the non-convexity of the optimization problem, in
practice we first conduct a coarse 1D line search over a reasonable range [Tomin, Tomax|

for a good initialization of 7y, and then refine the initialization with gradient descent.
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(a) Equation (4.7) (b) Mitsuba [80] (c) residual

Figure 4.3: Verifying Equation (4.7) using Monte Carlo rendering. We verify the cor-
rectness of (a) the image irradiance model using (b) images rendered with Mitsuba [50].
(c) The residual (maximum difference less than 6%) shows that our model matches well

with Monte Carlo ray tracing.

4.4 Simulated Experiments

In this section, we discuss the simulated experiments we have performed to verify
our theory. We start by verifying the image irradiance model (Equation (4.2)) in Sec-
tion 4.4.1. We then evaluate the uniqueness of 1 in Section 4.4.2. Finally, we test the
robustness of our optimization method in the presence of radiometric noise in Sec-
tion 4.4.3. In all simulations, we translate the camera both horizontally and vertically to

cover a 51 x 51 regular grid.

4.4.1 Verifying the Forward Image Irradiance Model

We verify the forward model by comparing it against images rendered with Mitsuba [30],
which is a physics-based Monte Carlo ray tracer. We set the reflectance of the object to be
slightly rough specular, instead of a smooth mirror reflectance, for rendering stability.
Specifically, we choose the GGX microfacet model with roughness 0.001, and select the
“none” material profile which produces an idealized 100% reflecting mirror and ignores
the computation of the Fresnel term.

Preprocessing. Given rendered images, we detect specular highlights and process them
to obtain the geometric and radiometric measurements of the reflected wavefront. Be-
cause of the finite image resolution and slightly rough specular reflectance, specularities

usually appear as blobs spreading across multiple pixels. For geometric processing, we
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compute the centroids of specularities and convert them to directions of specular reflec-
tion. For radiometric processing, we compute irradiances of specularities by summing
up all image irradiances within the blob. Figure 4.3 shows the image irradinces com-
parison for a concave sphere. Results show that our forward irradiance model matches

well with the Mitsuba rendering, with a residual smaller than 6%.

4.4.2 Uniqueness of 75 from Radiometric Information of Two or More

Specularities

Next, we explore the uniqueness of 1y for general quadrics of the form z = fy + fyx +
fyy + fexx® + fayxy + fyyy?, which we believe are general enough to represent the local
shape of most manufactured mirror objects. Specifically, we consider planes, convex

and concave paraboloids, and saddles, as shown in Figure 4.4.

We start by exploring the number of feasible roots of Equation (4.13) given one pair
of randomly picked image irradiances, or equivalently constructing a 2-vector of E(°)
and e (1) in Equation (4.22). We first compute ground truth pathlengths s (vs, v,;) for
all camera locations, and manually offset them such that the smallest value becomes 0.
This step makes sure that negative roots will be physically infeasible because they cor-
respond to surfaces that are behind the camera plane. Consider the blue (or magenta)
curve in Figure 4.4(c), which is a polynomial-7y plot. The ground truth offset is shown
as the green dot. As we can see, there are multiple zero-crossing points for each polyno-
mial, especially for non-planar surfaces, but many of them are negative and infeasible,
which suggests that we have already reduced the ambiguity of 75 from infinity to a

sparse set of feasible solutions and the size of the feasible set is usually smaller than 16.

We then consider two polynomials (both blue and magenta curves) and observe that
they rarely share the same set of roots except for the ground truth 75. The observation
suggests that as we include more radiometric measurements, we can gradually reduce
the feasible set of 1y, which leads us to Figure 4.4(d), where we show the loss curve
versus Tp when we consider all measurements.

These empirical results show that using radiometric measurements we obtain a unique
solution of 1y for all the shapes we simulated. The zero-crossing points in Figure 4.4(d)
also align well with their respective ground truth, suggesting a correct recovery of T,

and hence a correct solution of the mirror surface.
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4.4.3 Robustness to Gaussian Noise in Radiometric Measurements

To evaluate the robustness of our proposed method in the presence of Gaussian image
noise, we add extensive noise (signal-to-noise ratios (SNRs) being 10dB, 7dB, and 5dB,
respectively) to the noiseless irradiances computed based on our model, as shown in
Figure 4.5. The loss curves plotted in Figure 4.5(e) show that despite the large amount
of noise, our method can robustly recover an offset 1y that remains very close to the

ground truth.

4.5 Discussion and Summary

In this work, we have conducted a theoretical analysis on using radiometric informa-
tion of specularities as a regularization to the OPF of surfaces obtained using the in-
tegral form of the Fermat flow algorithm. We have proven that image irradiances of
two specularities already reduce the ambiguity down to a maximum of 16 solutions.
We then show through simulated experiments on general quadric shapes that by collec-
tively considering radiometric information of all available specularities, it is possible to
empirically get a unique surface reconstruction within the OPF, even in the presence of
severe Gaussian noise. In order to bring the method into practical use, we envision as a

future work to conduct real experiments to further verify the proposed method.
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Figure 4.4: Simulation results on the uniqueness of 1) using radiometric measure-
ments. We consider specular objects of general quadric shapes (shown as depth maps
in (a)) and compute (b) image irradiances of specularities observed by a translating
camera. (c) The blue and magenta curves both correspond to the polynomial (Equa-
tion (4.13)) formulated using one pair of image irradinaces. Multiple zero-crossing
points can be found for each polynomial, especially for non-planar surfaces, but many
of them are negative and infeasible, which suggests that we have already reduced the
ambiguity of 7y from infinity to a sparse set of feasible solutions. When considering
both polynomials, we see that they usually do not share the same roots except for the
ground truth 5. The observation suggests that as we include more radiometric mea-
surements, we can further reduce the feasible set of 7p. (d) Eventually, by considering

all irradiances, we obtain a unique solution of 1y for all the shapes we simulated.
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Figure 4.5: Simulation results on demonstrating the robustness of the optimization.
We add extensive Gaussian noise to the (a) noiseless radiometric measurements, with
signal-to-noise ratios (SNRs) being (b) 10dB, (c) 7dB, and (d) 5dB, respectively. We then
run our optimization algorithm using radiometric measurements of all 51 x 51 specular-
ities. (e) Loss plots show that although the orginal radiometric signal gets corrupted ex-
tensively, the global optimum of our formulated optimization remains robustly aligned

with the ground truth.
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Chapter 5

Defocus Map Estimation and
Deblurring from a Single Dual-Pixel

Image

Modern DSLR and mirrorless cameras feature large-aperture lenses that allow collect-
ing more light, but also introduce defocus blur, meaning that objects in images appear
blurred by an amount proportional to their distance from the focal plane. A simple
way to reduce defocus blur is to stop down, i.e., shrink the aperture. However, this also
reduces the amount of light reaching the sensor, making the image noisier. Moreover,
stopping down is impossible on fixed-aperture cameras, such as those in most smart-
phones. More sophisticated techniques fall into two categories. First are techniques that
add extra hardware (e.g., coded apertures [101], specialized lenses [43, 1), and thus
are impractical to deploy at large scale or across already available cameras. Second are
focus stacking techniques [169] that capture multiple images at different focus distances,
and fuse them into an all-in-focus image. These techniques require long capture times,

and thus are applicable only to static scenes.

Ideally, defocus blur removal should be done using data from a single capture. Un-
fortunately, in conventional cameras, this task is fundamentally ill-posed: a captured
image may have no high-frequency content because either the latent all-in-focus image
lacks such frequencies, or they are removed by defocus blur. Knowing the defocus map,
i.e., the spatially-varying amount of defocus blur, can help simplify blur removal. How-

ever, determining the defocus map from a single image is closely-related to monocular
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Figure 5.1: Given left and right dual-pixel (DP) images and corresponding spatially-
varying blur kernels, our method jointly estimates an all-in-focus image and defocus

map.

depth estimation, which is a challenging problem in its own right. Even if the defocus
map were known, recovering an all-in-focus image is still an ill-posed problem, as it

requires hallucinating the missing high frequency content.

Dual-pixel (DP) sensors are a recent innovation that makes it easier to solve both
the defocus map estimation and defocus blur removal problems, with data from a sin-
gle capture. Camera manufacturers have introduced such sensors to many DSLR and
smartphone cameras to improve autofocus [2, 74]. Each pixel on a DP sensor is split
into two halves, each capturing light from half of the main lens” aperture, yielding
two sub-images per exposure (Figure 5.1). These can be thought of as a two-sample
lightfield [129], and their sum is equivalent to the image captured by a regular sensor.
The two sub-images have different half-aperture-shaped defocus blur kernels; these are
additionally spatially-varying due to optical imperfections such as vignetting or field

curvature in lenses, especially for cheap smartphone lenses.
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In this chapter, we present a method to simultaneously recover the defocus map
and all-in-focus image from a single DP capture. Specifically, we perform a one-time
calibration to determine the spatially-varying blur kernels for the left and right DP im-
ages. Then, given a single DP image, we optimize a multiplane image (MPI) representa-
tion [170, 197] to best explain the observed DP images using the calibrated blur kernels.
An MPI is a layered representation that accurately models occlusions, and can be used
to render both defocused and all-in-focus images, as well as produce a defocus map. As
solving for the MPI from two DP images is under-constrained, we introduce additional
priors and show their effectiveness via ablation studies. Further, we show that in the
presence of image noise, standard optimization has a bias towards underestimating the
amount of defocus blur, and we introduce a bias correction term. Our method does not
require large amounts of training data, save for a one-time calibration, and outperforms
prior art on both defocus map estimation and blur removal, when tested on images

captured using a consumer smartphone camera.

5.1 Related Work

Depth estimation. Multi-view depth estimation is a well-posed and extensively studied
problem [65, ]. By contrast, single-view, or monocular, depth estimation is ill-posed.
Early techniques attempting to recover depth from a single image typically relied on
additional cues, such as silhouettes, shading, texture, vanishing points, or data-driven
supervision [11, 18, 25, 40, 63, 75, 76, 95, 99, , , , ]. The use of deep neu-
ral networks trained on large RGBD datasets [46, 52, , , , ] significantly
improved the performance of data-driven approaches, motivating approaches that use
synthetic data [10, 61, , , ], self-supervised training [54, 57, 58, 54, , ], or
multiple data sources [47, 148]. Despite these advances, producing high-quality depth
from a single image remains difficult, due to the inherent ambiguities of monocular
depth estimation.

Recent works have shown that DP data can improve monocular depth quality, by re-
solving some of these ambiguities. Wadhwa et al. [181] applied classical stereo matching
methods to DP views to compute depth. Punnappurath et al. [144] showed that explic-
itly modeling defocus blur during stereo matching can improve depth quality. How-

ever, they assume that the defocus blur is spatially invariant and symmetric between the
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left and right DP images, which is not true in real smartphone cameras. Depth estima-
tion with DP images has also been used as part of reflection removal algorithms [143].
Garg et al. [53] and Zhang et al. [192] trained neural networks to output depth from DP
images, using a captured dataset of thousands of DP images and ground truth depth
maps [3]. The resulting performance improvements come at a significant data collec-
tion cost.

Focus or defocus has been used as a cue for monocular depth estimation prior to

these DP works. Depth from defocus techniques [45, , 173, ] use two differently-
focused images with the same viewpoint, whereas depth from focus techniques use
a dense focal stack [59, 65, ]. Other monocular depth estimation techniques use
defocus cues as supervision for training depth estimation networks [167], use a coded
aperture to estimate depth from one [101, , ] or two captures [194], or estimate a
defocus map using synthetic data [100]. Lastly, some binocular stereo approaches also
explicitly account for defocus blur [37, 105]; compared to depth estimation from DP
images, these approaches assume different focus distances for the two views.
Defocus deblurring. Besides depth estimation, measuring and removing defocus blur
is often desirable to produce sharp all-in-focus images. Defocus deblurring techniques
usually estimate either a depth map or an equivalent defocus map as a first process-
ing stage [42, 86, , ]. Some techniques modify the camera hardware to facilitate
this stage. Examples include inserting patterned occluders in the camera aperture to
make defocus scale selection easier [101, 178, 193, 194]; or sweeping through multiple
focal settings within the exposure to make defocus blur spatially uniform [125]. Once a
defocus map is available, a second deblurring stage employs non-blind deconvolution
methods [51, 96, , , , ] to remove the defocus blur.

Deep learning has been successfully used for defocus deblurring as well. Lee et
al. [100] train neural networks to regress to defocus maps, that are then used to deblur.
Abuolaim and Brown [1] extend this approach to DP data, and train a neural network
to directly regress from DP images to all-in-focus images. Their method relies on a
dataset of pairs of wide and narrow aperture images captured with a DSLR, and may
not generalize to images captured on smartphone cameras, which have very different
optical characteristics. Such a dataset is impossible to collect on smartphone cameras
with fixed aperture lenses. In contrast to these prior works, our method does not require
difficult-to-capture large datasets. Instead, it uses an accurate model of the defocus blur

characteristics of DP data, and simultaneously solves for a defocus map and an all-in-
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Figure 5.2: Dual-pixel (DP) image formation. (a) A regular sensor and a DP sensor
where each green pixel is split into two halves. (b) For a finite aperture lens, an in-focus
scene point produces overlapping DP images, whereas an out-of-focus point produces
shifted DP images. Adding the two DP images yields the image that would have been
captured by a regular sensor. In (c), we show the corresponding pinhole camera where
all scene content is in focus. Ignoring occlusions, images in (b) can be generated from

the image in (c) by applying a depth-dependent blur.

focus image.

5.2 Dual-Pixel Image Formation

We begin by describing image formation for a regular and a dual-pixel (DP) sensor, to
relate the defocus map and the all-in-focus image to the captured image. For this, we
consider a camera imaging a diffuse scene with two points, only one of which is in focus
(Figure 5.2(b)). Rays emanating from the in-focus point (blue) converge on a single
pixel, creating a sharp image. By contrast, rays from the out-of-focus point (brown) fail
to converge, creating a blurred image.

If we consider a lens with an infinitesimally-small aperture (i.e., a pinhole camera),
only rays that pass through its center strike the sensor, and create a sharp all-in-focus
image Is (Figure 5.2(c)). Under the thin lens model, the blurred image I, of the out-of-
focus point equals blurring I; with a depth-dependent kernel k;, shaped as a d-scaled

version of the aperture—typically a circular disc of radius d = A + B/z, where Z is the
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point depth, and A and B are lens-dependent constants [53]. Therefore, the per-pixel
signed kernel radius d, termed the defocus map D, is a linear function of inverse depth,
thus a proxy for the depth map. Given the defocus map D, and ignoring occlusions, the
sharp image I5 can be recovered from the captured image I, using non-blind deconvo-
lution. In practice, recovering either the defocus map D or the sharp image I; from a
single image I, is ill-posed, as multiple (I;, D) combinations produce the same image
I,. Even when the defocus map D is known, determining the sharp image I is still

ill-posed, as blurring irreversibly removes image frequencies.

DP sensors make it easier to estimate the defocus map. In DP sensors (Figure 5.2(a)),
each pixel is split into two halves, each collecting light from the corresponding half of
the lens aperture (Figure 5.2(b)). Adding the two half-pixel, or DP, images I\ and I,
produces an image equivalent to that captured by a regular sensor, ie., I, = I} + T/,
Furthermore, DP images are identical for an in-focus scene point, and shifted versions
of each other for an out-of-focus point. The amount of shift, termed DP disparity, is pro-
portional to the blur size, and thus provides an alternative for defocus map estimation.
In addition to facilitating the estimation of the defocus map D, having two DP images
instead of a single image provides additional constraints for recovering the underlying
sharp image I;. Utilizing these constraints requires knowing the blur kernel shapes for

the two DP images.

Blur kernel calibration. As real lenses have spatially-varying kernels, we calibrate an
8 x 6 grid of kernels. To do this, we fix the focus distance, capture a regular grid of
circular discs on a monitor screen, and solve for blur kernels for left and right images
independently using a method similar to Mannan and Langer [117]. When solving for
kernels, we assume that they are normalized to sum to one, and calibrate separately for
vignetting: we average left and right images from six captures of a white diffuser, using
the same focus distance as above, to produce left and right vignetting patterns W; and

W,.. We refer to Section 5.4.2 for more details.

We show the calibrated blur kernels in Figure 5.3. We note that these kernels deviate
significantly from parametric models derived by extending the thin lens model to DP
image formation [144]. In particular, the calibrated kernels are spatially-varying, not

circular, and not symmetric.
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(a) left DP image blur kernels (b) right DP image blur kernels

( n

(©) (d) (e) kernels from [144]

Figure 5.3: Calibrated blur kernels (a) and (b) for the left and right DP images. (c) and
(d) show example pairs of left and right kernels marked in red and cyan. Compared
to the parametric kernels (e) from [144], calibrated kernels are spatially-varying, not

circular, and not left-right symmetric.

5.3 Proposed Method

The inputs to our method are two single-channel DP images, and calibrated left and
right blur kernels. We correct for vignetting using W; and W,, and denote the two
vignetting-corrected DP images as I\ and I, and their corresponding blur kernels at
a certain defocus size d as k}; and k/;, respectively. We assume that blur kernels at a de-
focus size d’ can be obtained by scaling by a factor 4'/4 [144, 194]. Our goal is to optimize
for the multiplane image (MPI) representation that best explains the observed data, and
use it to recover the latent all-in-focus image I; and defocus map D. We first introduce
the MPI representation, and show how to render defocused images from it. We then

formulate an MPI optimization problem, and detail its loss function.

5.3.1 Multiplane Image (MPI) Representation

We model the scene using the MPI representation, previously used primarily for view

synthesis [177, 197]. MPIs discretize the 3D space into N fronto-parallel planes at fixed
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MPI representation

intensity channels MPI layers blur kernels  defocused MPI layers
all of each layer

(5]
2
C3
Cy4 ®

Y

alpha channels

defocus map D all-in-focus image {; defocused image 1,

Figure 5.4: Multiplane image (MPI) representation. An MPI consists of discrete fronto-
parallel planes where each plane contains intensity data and an alpha channel. We use
it to recover the defocus map, the all-in-focus image, and render a defocused image

according to a given blur kernel.

depths (Figure 5.4). We select depths corresponding to linearly-changing defocus blur
sizes [dy, ...,dy]. Each MPI plane is an intensity-alpha image of the in-focus scene that
consists of an intensity channel ¢; and an alpha channel «;.

All-in-focus image compositing. Given an MPI, we composite the sharp image using

the over operator [114]: we sum all layers weighted by the transmittance of each layer t;,

N N N
is = Ztici = Z [ciai H (1 — a])] . (5.1)
i=1

i=1 j=it1

Defocus map rendering. We can synthesize a continuous-valued defocus map D in a

similar way as discussed by Tucker and Snavely [177], by replacing all pixel intensities
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in Equation (5.1) with the defocus blur size d; of that layer:

N N
g [d o [] (1 —ocl-)] . (5.2)

j=i+1

Defocused image rendering. Given the left and right blur kernels kjlf’r} for each layer,
we render defocused images by convolving each layer with its corresponding kernel,

then compositing the blurred layers as in Equation (5.1):

igl’r} = % [(kg’r} * (ciai)) ® INI <1 — kg’r} * a]')] , (5.3)

i=1 ' j=it1 !
where * denotes convolution. In practice, we scale the calibrated spatially-varying left
and right kernels by the defocus size d;, and apply the scaled spatially-varying blur to
each intensity-alpha image c;x;. We note that we render left and right views from a
single MPI, but with different kernels.

5.3.2 Effect of Gaussian Noise on Defocus Estimation

. 2
Using Equation (5.3), we can optimize for the MPI that minimizes the L; loss HIZ‘EM} — Ié”}
lbr}

between rendered images I,

and observed DP images Igl’r} . Here we show that, in
the presence of noise, this optimization is biased toward smaller defocus sizes, and we
correct for this bias.
Assuming additive white Gaussian noise N7} distributed as N (0, (72), we can model
DP images as:
i = N (5.4)
i}

where I, are the latent noise-free images. For simplicity, we assume for now that all
scene content lies on a single fronto-parallel plane with ground truth defocus size d*.
Then, using frequency domain analysis similar to Zhou et al. [194], we prove in Ap-
pendix D.1 that for a defocus size hypothesis d;, the expected negative log-energy func-

tion corresponding to the MAP estimate of the MPI is:
2
E(a|x{7,0) =Y (k7,0 0) ‘Kl K} — KK}, ‘ n
f

Z KL |2+ KL ? + 02| @)
|Kd |2+|Kd 2+ 02| ®|?

+C(o), (5.5)
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where Kg’r} and Kg{li’r} are the Fourier transforms of kernels kg’r} and kéi’r} respectively,
® is the inverse spectral power distribution of natural images, and the summation is
over all frequencies. We would expect the loss to be minimized when d; = d*. The first
term measures the inconsistency between the hypothesized blur kernel d; and the true
kernel 4*, and is indeed minimized when d; = d*. However, the second term depends

on the noise variance and decreases as |d;| decreases. This is because, for a normalized
Lr

blur kernel (Hkél '
1

Jrei”

a bias towards smaller blur kernels. To account for this bias, we subtract an approxi-

’1 = 1), as the defocus kernel size |d;| decreases, its power spectrum

‘2 increases. This suggests that white Gaussian noise in input images results in

mation of the second term, which we call the bias correction term, from the optimization

loss:
o? |

2
4 ]Kgi

B (dl-\Kfli’r}, (7) ~o?Y (5.6)
7

| .
K, + 02|

We ignore the terms containing ground truth d*, as they are significant only when 4* is
itself small, i.e., the bias favors the true kernels in that case. In an MPI with multiple
layers associated with defocus sizes [dy, ..., dn], we subtract per-layer constants 5 (d;)
computed using Equation (5.6).

We note that we use a Gaussian noise model to make analysis tractable, but captured
images have mixed Poisson-Gaussian noise [66]. In practice, we found it beneficial to
additionally denoise the input images using burst denoising [67]. However, there is
residual noise even after denoising, and we show in Section 5.4.4 that our bias correction
term still improves performance. An interesting future research direction is using a
more accurate noise model to derive a better bias estimate and remove the need for any

denoising.

5.3.3 MPI Optimization

We seek to recover an MPI {¢;, &;},i € [1,..., N] such that defocused images rendered
from it using the calibrated blur kernels are close to the input images. But minimizing
only a reconstruction loss is insufficient: this task is ill-posed, as there exists an infinite
family of MPIs that all exactly reproduce the input images. As is common in defocus

deblurring [101], we regularize our optimization (Figure 5.5):

L=M 'Cdata + A2 Laux + )\3£intensity + )\4£alpha + )\5£entropy . (5.7)
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Figure 5.5: Overview of our proposed method. We use input left and right DP images
to tit a multiplane image (MPI) scene representation, consisting of a set of fronto-parallel
layers. Each layer is an intensity-alpha image containing the in-focus scene content at
the corresponding depth. The MPI can output the all-in-focus image and the defocus
map by blending all layers. It can also render out-of-focus images, by convolving each
layer with pre-calibrated blur kernels for the left and right DP views, and then blending.
We optimize the MPI by minimizing a regularized loss comparing rendered and input

images.

where Lg,, is a bias-corrected data term that encourages rendered images to resemble
input images, Laux is an auxiliary data term applied to each MPI layer, and the remain-
ing are regularization terms. We discuss all loss terms below, and specify the scaling
factors Aj-As used in our experiments in Section 5.4.3.

Bias-corrected data loss. We consider the Charbonnier [36] loss function £ (x) = v/%*/2 + 1,
and define a bias-corrected version as ¢ (x, B) = \/m, where we choose the
scale parameter v = 0.1 [17]. We use this loss function to form a data loss penalizing

the difference between left and right input and rendered images as:

Lasa = Y05 (17 (xy) =1 (), BY) (5:8)
Xy
N
B = 1 [ s T (1 )10 55
i=1] j=it1 !

Lr}

We compute the total bias correction Biu as the sum of all bias correction terms of
each layer, weighted by the corresponding defocused transmittance. Equation (5.9) is

equivalent to Equation (5.3) where we replace each MPI layer’s intensity channel c;
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with a constant bias correction value B (d;). To compute B (d;) from Equation (5.6), we
empirically set the variance to 0> = 5-107°, and use a constant inverse spectral power
distribution |®|* = 102, following previous work [172].

Auxiliary data loss. In most real-world scenes, a pixel’s scene content should be on
a single layer. However, because the compositing operator of Equation (5.3) forms a
weighted sum of all layers, L4,1, can be small even when scene content is smeared
across multiple layers. To discourage this, we introduce a per-layer auxiliary data loss

on each layer’s intensity weighted by the layer’s blurred transmittance:

Lax= Y (ki s tixy) @ s (K citxy) — 1" (y), B@) , (510)
xY,i
where © denotes element-wise multiplication. This auxiliary loss resembles the data
synthesis loss of Equation (5.8), except that it is applied to each MPI layer separately.
Intensity smoothness. Our first regularization term encourages smoothness for the all-
in-focus image and the MPI intensity channels. For an image I with corresponding edge
map E, we define an edge-aware smoothness based on total variation V(-), similar to

Tucker and Snavely [177]:
VE(LE)=((V(I))+(1—-E)ol¢(V(I)), (5.11)

where £(-) is the Charbonnier loss. We refer to Appendix D.2 for detials on E and V().

Our smoothness prior on the all-in-focus image and MPI intensity channels is:

Lintensity = y_ Ve (Is, E (L)) + ) VE (tici, E (ticy)) - (5.12)
Xy XY,
Alpha and transmittance smoothness. We use an additional smoothness regularizer on
all alpha channels and transmittances (sharpened by computing their square root), by
encouraging edge-aware smoothness according to the total variation of the all-in-focus
image:

Lapa = X [Ve (Vi E (1) + Ve (VB E (L)) 5.13)

Xy
Alpha and transmittance entropy. The last regularizer is a collision entropy penalty on
alpha channels and transmittances. Collision entropy, defined for a vector x as S (x) =
—log =15/ x|, is a special case of Renyi entropy [149], and we empirically found it to be
better than Shannon entropy for our problem. Minimizing collision entropy encourages

sparsity: S (x) is minimum when all but one elements of x are 0, which in our case
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encourages scene content to concentrate on a single MPI layer, rather than spread across
multiple layers. Our entropy loss is:

Lentropy =15 (Va2 (x,9), - v/ax (x)]) + 18 ([VE (9), - VN ()]
XY

Xy

(5.14)

We extract the alpha channels and transmittances of each pixel (x, y) from all MPI layers,
compute their square root for sharpening, compute a per-pixel entropy, and average
these entropies across all pixels. When computing entropy on alpha channels, we skip
the farthest MPI layer, because we assume that all scene content ends at the farthest

layer, and thus force this layer to be opaque (¢ = 1).

5.4 Experiments

We capture a new dataset, and use it to perform qualitative and quantitative compar-
isons with other state of the art defocus deblurring and defocus map estimation meth-

ods.

5.4.1 Data Collection

Even though DP sensors are common, to the best of our knowledge, only two cam-
era manufacturers provide an API to read DP images—Google and Canon. However,
Canon’s proprietary software applies an unknown scene-dependent transform to DP
data. Unlike supervised learning-based methods [!] that can learn to account for this
transform, our loss function requires raw sensor data. Hence, we collect data using the
Google Pixel 4 smartphone, which allows access to the raw DP data [44]. We capture
a total of 17 scenes, both indoors and outdoors. Similar to Garg et al. [53], we centrally
crop the DP images to 1008 x 1344.

“Ground truth” generation. The Pixel 4 captures DP data only in the green channel.
To compute ground truth, we capture a focus stack with 36 slices sampled uniformly in
diopter space, where the closest focus distance corresponds to the distance we calibrate
for, 13.7 cm, and the farthest to infinity. Following prior work [144], we use the com-
mercial Helicon Focus software [72] to process the stacks and generate ground truth
sharp images and defocus maps, and we manually correct holes in the generated de-

focus maps. Still, there are image regions that are difficult to manually inpaint, e.g.,
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(a) captured image (left (b) calibration pattern (c) left vignetting (d) right vignetting

+ right)

Figure 5.6: Blur kernel calibration. We show (a) the captured DP image (left + right)
of (b) the calibration pattern that is used to calibrate the blur kernels. In addition to
blur kernels, we calibrate for different vignetting in (c) left and (d) right DP images by

capturing a white sheet through a diffuser.

near occlusion boundaries or curved surfaces. We ignore such regions when computing
quantitative metrics. There may be a small shift between the ground truth all-in-focus
image and the all-in-focus image from the deblurring algorithms we evaluate. This is
because one can apply an arbitrary transform to the blur kernels and an inverse trans-
form to the recovered all-in-focus image to yield the same blurred image. We determine
this shift for each algorithm by using OpenCV to align the ground-truth all-in-focus im-
age with the all-in-focus image from the algorithm via an affine transform for a single
specific scene, and then using that transform to align all images before computing the
metrics for all-in-focus images. We also crop a small border of 8 pixels before computing
the metrics as it may contain invalid pixels after alignment. We note that we only use

the generated ground truth for quantitative evaluations, and not for training.

5.4.2 Blur Kernel Calibration

We provide more information about our calibration procedure for the left and right blur
kernels used as input to our method. As shown in Figure 5.6, we image a regular grid
of circular discs on a monitor screen at a distance of ~ 45 cm from the camera. We apply
global thresholding and binarize the captured image, perform connected component
analysis to identify the individual discs and their centers, and generate and align the
binary sharp image M with the known calibration pattern by solving for a homography
between the calibration target disc centers and the detected centers. In order to ap-

ply radiometric correction, we capture all-white and all-black images displayed on the
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(a) DP blur kernels with respect to scene depth  (b) DP blur kernels with respect to focus distance

Figure 5.7: DP blur kernels with respect to scene depth and focus distance. We choose
focus settings such that all scene contents are at or behind the focus plane, and calibrate
for blur kernels either (a) with the same focus settings but at different depths, or (b) at

the same depth but with various focus distances.

same screen, denoted as I, and I, respectively. We then generate the grayscale latent
sharp all-in-focus image as I, = M ©® I, + (1 — M) ® I, where ©® represents pixel-wise
multiplication. Once we have the aligned latent image and the captured image, we can
solve for spatially-varying blur kernels using the optimization proposed by Mannan
and Langer [117]. Specifically, we solve for an 8 x 6 grid of kernels corresponding to
1344 x 1008 central field of view.

In addition to the blur kernels, we calibrate for different vignetting in left and right
DP images. Specifically, for the same focus distance as above, we capture six images of
a white sheet through a diffuser. We then average all left and right images individually
to obtain the left and right vignetting patterns W; and W,, respectively.

Next, we explore how DP blur kernels change with respect to scene depth and focus
distance (Figure 5.7). As observed by Tang and Kutulakos [172], we find that kernels

behave differently on the opposite sides of the focus plane. Therefore we choose fo-
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cus settings such that all scene contents are at or behind the focus plane for all of our
experiments, including this kernel analysis. We observe that DP blur kernels are ap-
proximately resized versions of each other as the scene depth or focus distance changes,

similar to the expected behavior for blur kernels in a regular image sensor.

5.4.3 Implementation Details

We discuss implementation details of our method.

Data normalization. Before running the optimization, we first compute an intensity
scaling factor s = 0.5/mean (Ii"r}), and normalize the inputs ié"’} = slél’r} to account for
global intensity variations. After optimization, we undo the normalization by dividing
the all-in-focus image by s.

MPI Optimization. We use N = 12 MPI layers for all scenes in our dataset. We manu-
ally determine the kernel sizes of the front and back layers, and evenly distribute layers
in diopter space. As mentioned in Section 5.4.2, we choose focus settings such that all
scene contents are at or behind the focus plane. Therefore, the kernel size of the front
MPI layer is usually set to a small positive number, e.g., in the range of 1 x 1 to 3 x 3,
to mimic a 2D delta function, while the kernel size corresponding to the back MPI layer
is set to a large enough value, e.g., in the range of 57 x 57 to 61 x 61, to represent blur
kernels at infinity.

Recall our optimization loss (Equation (5.7)) is £ = A1 Lgata + A2Laux + A3 Lintensity +
A4Laipha + A5 Lentropy- We set the same weight on Lgat, and Laux: A1 = Az = 2.5 10%
For most scenes, A3 = 30, Ay = 7.5-10% and A5 = 12. We set higher weights on the
regularization terms Lintensity, ‘Calpha/ and Lentropy for scenes with less texture, e.g., data
from Abuolaim and Brown [1].

Each optimization runs for 10,000 iterations with Adam optimizer [90], and takes
2 hours on an Nvidia Titan RTX GPU. We gradually decrease the global learning rate

from 0.3 to 0.1 with exponential decay.

5.4.4 Results

We evaluate our method on both defocus deblurring and depth-from-defocus tasks, and
compare to state-of-the-art methods for defocus deblurring ( DPDNet [1], Wiener decon-

volution [172, 194]) and defocus map estimation (DP stereo matching [151], supervised
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(a) inputimage (b) GT all-in-focus Wiener (e) DPDNet[1] ©orig.  (f) DPDNet [1]

image deconv. [194] Input)

Figure 5.8: Qualitative comparisons of various defocus deblurring methods. We show
(a) input images as the average of two DP views, (b) ground truth all-in-focus images
computed from focus stacks, and recovered all-in-focus images (c) from our method
and other methods (d)-(f). We improve the accuracy of (e) DPDNet trained on Canon
data by providing (f) vignetting-corrected images. Our method performs the best in

recovering high-frequency details and presents fewer artifacts.

learning from DP views [53], DP defocus estimation based on kernel symmetry [144],
Wiener deconvolution [172, 194], DMENet [100]). For methods that take a single image
as input, we use the average of the left and right DP images. We also provide both the
original and vignetting corrected DP images as inputs, and report the best result. We
show quantitative results in Table 5.1 and qualitative results in Figures 5.8 and 5.9. For
the defocus map, we use the affine-invariant metrics from Garg et al. [53]. Our method

achieves the best quantitative results on both tasks.

Defocus deblurring results. Despite the large amount of blur in the input DP images,
our method produces deblurred results with high-frequency details that are close to the
ground truth (Figure 5.8). DPDNet makes large errors as it is trained on Canon data
and does not generalize. We improve the accuracy of DPDNet by providing vignetting

corrected images as input, but its accuracy is still lower than ours.

Defocus map estimation results. Our method produces defocus maps that are closest
to the ground truth (Figure 5.9), especially on textureless regions, such as the toy and

clock in the first scene. Similar to [144], depth accuracy near edges can be improved by
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(d) ours w/ (e) (f) (g) 11441  (h) Garg (i) Wadhwa
age truth GF Wiener [194] DMENet [100] [53] [181]

(a) inputim- (b) ground (c) ours

Figure 5.9: Qualitative comparisons of defocus map estimation methods. Input im-
ages (a) shown as the average of two DP views, ground truth defocus maps (b) from
focus stacks with zero confidence pixels in white, our defocus maps (c), and our defocus
maps with guided filtering (d), and defocus maps from other methods (f)-(i). Overall,
our method produces results that are closest to the ground truth, and correctly handles

textureless regions as well.

method all-in-focus image defocus map
PSNRT SSIM1 MAE | | AIWE(1) | AIWE(2) | 1—|ps| |

Wiener deconv. [194] 25.806  0.704  0.032 0.156 0.197 0.665
DPDNet [1] 25,591  0.777  0.034 - - -
DMENet [100] - - - 0.144 0.183 0.586
Punnappurath et al. [144] - - - 0.124 0.161 0.444
Garg et al. [53] - - - 0.079 0.102 0.208
Wadhwa et al. [181] - - - 0.141 0.177 0.540
ours 26.692  0.804  0.027 0.047 0.076 0.178
ours w/ guided filtering | 26.692  0.804  0.027 0.059 0.083 0.193

Table 5.1: Quantitative evaluations of defocus deblurring and defocus map estima-

tion methods on our DP dataset. “-” indicates not applicable. We use the affine-
invariant metrics from [53] for defocus map evaluation. Our method achieves the best

performance (highlighted in red) in both tasks.

guided filtering [69] as shown in Figure 5.9(d).

Ablation studies. We investigate the effect of each loss function term by removing them
one at a time. We show quantitative results in Table 5.2, and qualitative comparisons in
Figure 5.10. Our full pipeline has the best overall performance in recovering all-in-focus

images and defocus maps. Lintensity and Ealpha strongly affect the smoothness of all-in-
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method all-in-focus image defocus map
PSNR 1 SSIM1 MAE | | AIWE(1) ] AIWE(2)| 1—|ps|d

full 26.692  0.804  0.027 0.047 0.076 0.178
nO Lintensity | 14.882  0.158  0.136 0.047 0.078 0.185
no Lalpha 24748  0.726  0.037 0.161 0.206 0.795
no Lentropy | 27.154  0.819  0.026 0.057 0.085 0.190
no Laux 26211  0.768  0.030 0.148 0.190 0.610
no B 26265  0.790  0.028 0.063 0.092 0.214

Table 5.2: Quantitative comparisons of ablation studies. We compare the full pipeline
with removals of the regularization terms ‘Calpha/ Lintensity and Lentropy, the auxiliary
data loss Laux, and bias correction term B respectively. For all ablation experiments, we
set the weights on remaining terms to be the same as the ones in the full pipeline. Best

and second best results are highlighted in red and orange.

focus images and defocus maps, respectively. Without Lentropy 0r Laux, even though
recovered all-in-focus images are reasonable, scene content is smeared across multi-
ple MPI layers, leading to incorrect defocus maps. Finally, without the bias correction
term B, defocus maps are biased towards smaller blur radii, especially in textureless
areas where noise is more apparent, e.g., the white clock area. We further show quan-
titatively that without B, the estimated defocus size is smaller on average as predicted
by our analysis (Figure 5.11).

Results on data from Abuolaim and Brown [1]. Even though Abuolaim and Brown [1]
train their model on data from a Canon camera, they also capture Pixel 4 data for qual-
itative tests. We run our method on their Pixel 4 data, using the calibration from our
device, and show that our recovered all-in-focus image has fewer artifacts (Figure 5.12).
This demonstrates that our method generalizes well across devices of the same model,

even without re-calibration.

5.5 Discussion and Summary

We presented a method that optimizes an MPI scene representation to jointly recover

a defocus map and an all-in-focus image from a single dual-pixel capture. We showed

77



rrr F5EAF

(a) input im- (b) ground (c) ours full (d) no (e) no Lalpha (f) no (g) N0 Laux (h) noB

age truth £intensity ['entropy

Figure 5.10: Ablation studies. Input images (a), ground truth all-in-focus images, and
defocus maps (b) with zero confidence pixels in white, our results (c), and our results
with different terms removed one at a time (d)-(h). Removing Lintensity and Ealpha
strongly affects the smoothness of all-in-focus images and defocus maps respectively.
Results without entropy regularization Lentropy, Laux, Or the bias correction B, exhibit

more errors in defocus maps on textureless regions (clock).
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Figure 5.11: Quantitative evaluation of the effect of the bias correction term 3 through
an ablation study. We show the mean of the predicted defocus map for our full pipeline
versus an ablation where bias correction term is not applied. Defocus is measured as the
relative scaling applied to the calibrated kernels. Without bias correction 5, the mean
defocus is lower in 14 of the 17 scenes, i.e., the prediction is biased towards smaller

defocus size.

that image noise introduces a bias in the optimization that, under suitable assumptions,

can be quantified and corrected for. We also introduced additional priors to regular-
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Figure 5.12: Generalization to other Google Pixel 4 cameras. We show results on data
from [1]. Our method recovers all-in-focus images with fewer artifacts, while using the

calibration data from our device.

ize the optimization, and showed their effectiveness via ablation studies. Our method
improves upon past work on both defocus map estimation and blur removal, when

evaluated on a new dataset we captured with a consumer smartphone camera.

We discuss some limitations of our method, which suggest directions for future re-
search. First, our method does not require a large dataset with ground truth to train on,
but still relies on a one-time blur kernel calibration procedure. It would be interesting
to explore blind deconvolution techniques [49, 103] that can simultaneously recover the
all-in-focus image, defocus map, and unknown blur kernels, thus removing the need
for kernel calibration. The development of parametric blur kernel models that can ac-
curately reproduce the features we observed (i.e., spatial variation, lack of symmetry,
lack of circularity) can facilitate this research direction. Second, the MPI representation
discretizes the scene into a set of fronto-parallel depth layers. This can potentially re-
sult in discretization artifacts in scenes with continuous depth variation. In practice,
we did not find this to be an issue, thanks to the use of the soft-blending operation to

synthesize the all-in-focus image and defocus map. Nevertheless, it could be useful to
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replace the MPI representation with a continuous one, e.g., neural radiance fields [121],
to help better model continuously-varying depth. Third, reconstructing an accurate
all-in-focus image becomes more difficult as defocus blur increases (e.g., very distant
scenes at non-infinity focus) and more high-frequency content is missing from the input
image. This is a fundamental limitation shared among all deconvolution techniques.
Using powerful data-driven priors to hallucinate the missing high frequency content
(e.g., deep-learning-based deconvolution techniques) can help alleviate this limitation.
Fourth, the high computational complexity of our technique makes it impractical for
real-time operation, especially on resource-constrained devices such as smartphones.

Therefore, it is worth exploring optimized implementations.
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Chapter 6
Conclusion and Future Directions

In this thesis, we apply differential imaging to solve three challenging 3D reconstruction
problems: NLOS imaging, specular object reconstruction, and single-shot depth from
defocus. We have shown that differential imaging enables local differential analysis
through interpolation and imaging systems with small form-factors.

In Chapter 2, we introduce a novel theory of Fermat paths—light paths that satisfy
Fermat’s principle. Fermat paths encode rich geometric information of the shape of in-
terest, and their pathlength function can be thought of as a generalized multi-branched
SDE. Based on the properties of Fermat paths through first- and second-order differen-
tial analyses, we propose surface reconstruction algorithms based on measurements of
lengths or directions of Fermat paths.

In Chapter 3, we propose a geometric solution to NLOS imaging based on the theory
of Fermat paths. We apply differential imaging by densely scanning the visible surface
using a transient imaging system and extract, from these transient measurements, a
colletion of pathlength information of the Fermat paths travelled between the visible
surface and the hidden object. We then used the Fermat flow algorithm developed in
Chapter 2 to reconstruct accurate NLOS shapes.

In Chapter 4, we present a method for recovering the shape of a specular mirror-
like surface that is illuminated by a near-field point light source and is imaged by a
differentially moving camera. The theory of Fermat paths allows us to reconstruct a
OPF of surfaces. We then propose a method to resolve the remaining ambiguity using
radiometric information of the moving specularities.

In Chapter 5, we propose a method to simultaneously estimate the defocus map and

recover the latent all-in-focus image from a single dual-pixel (DP) image. The differen-
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tial baseline in the left and right views of a DP image provides more constaints than a
single capture using a conventional sensor. Therefore, the single-shot depth from defo-
cus problem becomes less ill-posed and our optimization method achieves state-of-the-
art performance by inverting the image formation with the help of a few regularization

terms.

6.1 Future Directions

Fermat paths for complex scene reconstruction. In both NLOS imaging (Chapter 3)
and specular object reconstruction (Chapter 4), we have presented results on only sim-
ple smooth surfaces. Real-world scenes are typically much more complex than single
isolated objects. Higher scene complexity leads to the following two issues when ap-
plying the theory of Fermat paths.

First, extracting information of Fermat paths become challenging. Simple smooth
objects generate transient measurements with clearly detectable discontinuities or iso-
lated specularities. As scene complexity increases, there will likely be more transient
discountinuties or specularities present in the measurement and even affecting each
other, e.g., two transient discontinuities or specularities merge into one and violating
the uniqueness constraint of the Fermat flow algorithm.

Second, differential analysis should be applied separately to each branch of the
multi-valued Fermat paths function. A simple scene tends to create less branches that
are well-separable, whereas a complex scene may lead to overlapping branches—making
the separation extremely challenging. One needs to properly establish correspondences
across measurements at all scan points before applying the Fermat flow reconstruction
algorithm.

Handling the above issues will allow the reconstruction of more complex scenes
in both NLOS imaging and specular object reconstruction. One possible solution is to
use the reconstruction results from other methods as guidance and refine their results
using the theory of Fermat paths. In the case of NLOS imaging, one could consider
combining our method with volumetric methods that use all transient measurements
to reconstruct an albedo volume by solving an inverse radiometric problem [5, 113,

, 179]. Volumetric methods usually produce lower resolution results than geometric

methods like ours, but are better at handling complex scenes. Therefore, one might
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consider using their reconstructions to facilitate the detection and branch assignement
of Fermat paths, and then use the Fermat flow algorithm to refine the geometry.
Fermat paths for transparent object reconstruction. For transparent objects, the refrac-
tion of light follows Snell’s law, which is also derived from Fermat’s principle. As a
result, all of our theory and analyses of Fermat paths of single-bounce reflection nat-
urally apply to single-bounce refraction as well. One needs to account for refractive
indices when generalizing the theory to refraction events. A potential application is the
reconstruction of dynamic fluid surfaces by placing the light source or the sensor under
water [123] and diffrentially translating one of the two.

Experimental validation of the radiometric reconstruction method for specular object
reconstruction. In Chapter 4, we propose to use radiometric information of specularites
to disambiguate within the OPF of specular surfaces reconstructed using the integral
form of the Fermat flow algorithm. We conduct theoretical analysis on reducing the
ambiguity using a pair/collection of image irradiances of specularities.

A natural next step is to build a hardware prototype and conduct real experiments
to fully verify the effectiveness of the proposed method. In fact, we once built a hard-
ware implmentation, but noticed an unneglectable deviation of the measured irradi-
ances of specularities from the theoretical model (although the model has been verified
through a physics-based renderer), which caused trouble to disambiguating within the
of surfaces. We speculate that the deviation was due to many factors not aligning with
the assumptions of the imaging setting. First, the light source was not a perfect point
light source and had a non-uniform intensity profile. Second, we noticed that radio-
metric measurements are very sensitive to any surface imperfection such as scratches
and dents on the specular surface. We envision as a future work to carefully build a
prototype and robustly handle these real-world imaging challenges, which, if sucess-
tul, could open the door to a practical shape from shading technique tailored for mirror
surfaces.

Combining differential imaging and other imaging modalities. It is worth exploring
how we may combine differential imaging with other imaging modalities. For example,
smartphones, such as iPhone 14 Pro, now adopts quad-pixel (QP) sensors, which can be
seen as four-sample light field cameras. Although these RGB QP images do not provide
depth information directly, we may apply differential imaging to infer depth, similar
to how autofocus works and how we conduct depth from defocus using DP images.

And such a depth map would be of high spatial resolution, but with relatively low
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certainty. On the other hand, the Lidar scanner on iPhone provides more accurate depth
information, but is sparse and can suffer from noise of time-of-flight sensors. If we
develop an algorithm that combines the depth cues provided by both differential RGB
images and the Lidar data, then smartphones may have a more refined depth estimation
pipeline for downstream tasks, leading to new capabilities of 3D scene understanding

on mobile devices.
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Appendix A

Appendix to Chapter 2

In this appendix, we cover the following topics:

In Section A.1, we prove Proposition 6 (Fermat’s principle).
In Section A.2, we prove Proposition 8 (Fermat flow equation).

In Section A.3, we prove Proposition 10.

=W

In Section A.4, we discuss how to estimate the gradients used in the Fermat flow

equation in the case of a non-planar manifold V.

5. In Section A.5, we discuss our approach for surface fitting under specular path-

length constraints.

6. In Section A.6, we prove Proposition 6’, which is the the analogue of Proposition 6

for the non-confocal case.

7. In Section A.7, we prove Proposition 8, which is the the analogue of Proposition 8

for the non-confocal case.

8. In Section A.8, we prove Proposition 10’, which is the the analogue of Proposi-

tion 10 for the non-confocal case.

9. In Section A.9, we derive the incident and outgoing pathlengths of a Fermat path
given its total pathlength.

A.1 Proof of Proposition 6

We prove Proposition 6, which we restate here for convenience.
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Proposition 6. Fermat’s principle. Let (p,q) € [0, 1]2 be a parameterization of the surface

X. Then, for any point v,
S(v) = {x EX: VT (x(pq);v)= 0}. (A1)
Let r € [0, 1] be a parameterization of the surface boundary 0X. Then, for any point v,
B(v)={x€dX :0t(x(r);v) /or =0}. (A.2)

Proof. For the first part of the proposition, Equation (A.1), we have,

ot (x(pg);v) _ [/ x(pg)—v _ I o
op _<||x<p,q>—v||’ P(”'q)> a0 P e ()

/ (A.3)

where x, (p,q) is the partial derivative of x with respect to p. The vector x, (p, q) is
tangent to the surface X’ at x, and therefore orthogonal to the surface normal 7 (x) at
that point. If x(p,q) € S (v), then from the specular reflection property, the vector

x (p,q) — v is parallel to the normal 7 (x). Therefore,

x(pg) —v || #(x) andxp (p,q) L #t(x) = (x(pg) —v,%p (p,q)) =0,  (A4)

and from Equation (A.3),

ot (x(p,q) ;0
( (appq) ) _o. (A5)
The proof for %’W = 0 is exactly the same. Therefore, if x (p,q) € S (v), then
Vg T (x(p,g);v) = 0. Conversely, if V(, T (x(p,q);v) = 0, from Equation (A.3)
we have that either v = x (p,q), or that x (p,q) — v is orthogonal to both x, (p,q) and
x4 (p,q), and therefore parallel to the normal 71 (x). By assuming that v ¢ X, this implies
that x (p,gq) € S (v). This concludes the proof of the first part of the proposition.

For the second part of the proposition, Equation (A.2), we have,

ot (x(r);v) /) x(r)—v i) — 4 2 (P — o % (r
7 = (=™ ) = S F O ) e

where x, (r) is the partial derivative of x with respect to r. The vector x, (7) is parallel
to the tangent # (x) of the curve 9X at x. If x(r) € B (v), then from the property of

boundary Fermat paths, the vector x (r) — v is orthogonal to the tangent # (x). Therefore,
x(r)—v Lt(x) andx, (r) || E(x) = (x(r) —v,x, (1)) =0, (A7)
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and from Equation (A.6),
ot (x(r);v)
or

= 0, from Equation (A.3) we have that either v = x (), or that

= 0. (A.8)
(x(r)0)

Conversely, if o 5
x (r) — v is orthogonal to x, (r), and therefore orthogonal to # (x). By assuming that
v ¢ dX, this implies that x (r) € B (v). This concludes the proof of the second part of
the proposition. O

A.2 Proof of Proposition 8—the Fermat flow equation

Proposition 8. The Fermat flow equation. Consider a branch of the Fermat pathlength func-
tion Tr (v) evaluated at v. Assume that there is a unique point xx € F (v) with T (xr;v) =
Tr (v). Then,

XFr—v

Voir(v) = —2—F——.
7 0) = 2

(A9)
Proof. We will be using v = [v*, Y, v?]" to denote the 3D coordinates of the point v, and
similarly for all other vectors.

We first prove the proposition for the case of a specular path, thatis, xr € S (v).
Let (p,q) € [0,1] be a parameterization of the surface X in a neighborhood around
xr,such thatxr = x (p (v),q (v)). We consider each coordinate of the vector V,7r (v)
separately. For the first coordinate, we have

9tr () _ 3 |xr— o]

G T oo (A.10)

_0lx(p (v)a,;(v)) — 9 A

_ .,/ x(p(),q(v)) —v a(x(r»(v),q(v))—v)>

_2< / (A.12)
Il (p (v),9 (v)) — 2| v

_2< XF—© ap (U) aq (’ZJ) T A

= 2\ fr =o)X (P (0):4 (@) =57 43 (p (0),0 (0)) =55 —[1,0,o]> (A.13)
2

Gz =03, (0 @0 00) B G = 0,3 (0 (01,0 00) L2 — (32~ 0,11,00

(A.14)

T

In Equation (A.14), the vectors x, (p (v),q (v)) and x4 (p (v),q (v)) are tangent to the
surface X at xr. Given that we assumed that xr € S (v), and from the definition of
the specular set, the vector xr — v is parallel to the normal 7 (xr) of X at xr. There-

fore, xz — v is orthogonal to x,, (p (v) ,q (v)) and x,; (p (v) ,q (v)), and Equation (A.14)
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becomes

otr (v) 2 ap (v) 99 (v) B ) _ (xr —0)*
v*  lxr — v (O. v~ +0- v~ <x}- 2 [1,0,0 >) N 2||x]:—v||'
(A.15)

Exactly analogously, we can prove that

otr (v) _ ,(xr—0)’ Itr(v) _ (xr—0)
e e e

Combining Equations (A.15) and (A.16) completes the proof for the specular case.

We now prove the proposition for the case of a boundary path, thatis, x € B (v). Let
r € [0,1] be a parameterization of the surface boundary dX" in a neighborhood around
xr, such that xr = x (r (v)). We again consider each coordinate of the vector V,7r (v)

separately. For the first coordinate, we have

otr (v) _ . 3llxr — o

ot 2T oo (A17)
=2l (A18)
_ x(r(v))—v 0d(x(r(v)) —o)
- < | (r (0)) — 2|’ Iv* > (A.19)
_ o/ X 0r(o) r
_2<|Ixf—v\|’  (r(v)) 5~ [1,0.0] > (A.20)
2

(<xf _o,x, (r (0))) 2L <xf — v, [1,0,0]T>) . (A21)

" xr o] 90"

In Equation (A.21), the vector x, (r (v)) is parallel to the tangent  (x7) of the surface
boundary 0X" at xr. Given that we assumed that x € B (v), and from the definition
of the boundary set, the vector xx — v is orthogonal to the tangent  (xx). Therefore,

xr — v is also orthogonal to x, (r (v)), and Equation (A.21) becomes

oTF (v) . 2 or (’0) T B (x}_ _v)x
dr  Jxr—o] (0- = (x5 —0,11,0,0] >) =2l A)

Exactly analogously, we can prove that

Itr (v) _ (xr—0)’ otr (v) _ (xr—0)
e e e = R

Combining Equations (A.22) and (A.23) completes the proof for the boundary case. [
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A.3 Proof of Proposition 10

Proposition 10. Let a point xs € S (v) belong to the specular set. If Ky, Kmax are the principal

curvatures of X at xg, then:

* If ts is a local minimum of T (x;0),2/Ts < Kyin-
* If ts is a local maximum of T (x;0), Knax < 2/7Ts.

* If 15 is a saddle point of T (x;0), Kpin < 2/Ts < Kpmax-

Proof. As Ts is a discontinuity corresponding to a specular path, the sphere Sph (ps; v)

of radius ps = T5/2 and center v will be tangent to the surface at point xs.

We consider first the case where 75 is a local minimum of 7 (x;v). Then, there
will be some neighborhood N (xs) C X of xg on X such that, for all points x €
N (xs), T(x;v) > Ts. Equivalently, all of NV (xs) lies outside the sphere Sph (ps; v),
and is tangent to that sphere at the point xs. Therefore, the curves on N (xg) pass-
ing through xs in all possible tangent directions are also tangent to and outside of the
sphere Sph (ps;v). Consequently, all normal curvatures of X at xs are greater than
the inverse of the radius of Sph (ps;v). From the definition of principal curvatures, we

conclude that 2/ts = ps < Kmin.

The case when 75 is a local maximum of 7 (x;v) proceeds very similarly: In this
case, all of V' (x¢) is inside the sphere Sph (ps; v), and tangent to it at xs. Therefore, the
curves on N (xg) passing through xgs in all possible tangent directions are also tangent
to and inside of the sphere Sph (ps;v). Consequently, all normal curvatures of X at xs
are smaller than the inverse of the radius of Sph (ps; v). From the definition of principal

curvatures, we conclude that kmax < ps = 2/7s.

Finally, we proceed similarly for the case 7s is a saddle point of 7 (x;v): In this
case, N (xs) lies partially inside and partially outside the sphere Sph (ps; v). Therefore,
while all the curves on N (xs) passing through xs in all possible tangent directions
are still tangent to the sphere Sph (ps; v); some of them will be inside and some out-
side of the Sph (ps; v). Consequently, there exist normal curvatures of X" at xs that are
smaller, and others that are greater than the inverse of the radius of Sph (ps;v). From

the definition of principal curvatures, we conclude that xpin < ps =2/7s < Kmax. U

89



A4 Gradient Estimation on General Scanning Manifolds

We can still estimate the gradient from perturbations of v on any general manifolds
V. For this, we assume that V can be parameterized by (m,n) € [0, 1]2, and therefore
v = [0 (m,n),v¥ (m,n),v* (m,n)]". If x5 is specular, xr € S (v) then, by performing a

calculation similar to the one in Equations (A.10)-(A.15), we have

ot (v) _ 9 |xr | o
om om .

:zaHx(p(v)a,nz (v)) — o] s,

_ 5/ x(p(@),q(@) —v 9(x(p(v),q(v) -2

_2<le(P(v),q(v)) — |’ m > (A.26)

Y Ip (v) 3q (v)

=2 <||x§——v||’xi’ (p(0),4(v)) =5 = +x4(p(0),4(v) = =~ vm>
(A.27)

= ||x;2——v|| (<xf —U,Xp (p(v),q (U))> a};(ﬂv) + <xf — 7, (p(v),q (v))> aqa_’(;) — (xy—
(A.28)

9v*(m,n) ovY(m,n) ov*(mn) T
om ’ om ' odm

that the vectors x;, (p (v),q (v)) and x4 (p (v), g (v)) are tangent to the surface X at xr,

where v, = [

is tangent to the manifold V at v. Using the fact

and therefore orthogonal to xr — v, Equation (A.28) becomes

otr (v) XF—10
e 2<||x]:—v||'vm . (A.29)
Exactly analogously, we have,
atr (v) XF—1v
=-2(- =L , A.
=2 -

We can also prove Equations (A.29) and (A.30) for the boundary case, xr € B (v), by
likewise adapting the calculation of Equations (A.17)-(A.22).

We can select the parameterization (m,n) such that the tangent vectors v,,, v, are
of unit norm and orthogonal to each other (e.g., by making the tangent vectors be the
principal curvature directions). Then Equations (A.29) and (A.30) correspond simply to
rotating coordinate system axes, from the global coordinate system to the local coordi-

nate system at v with axes vy, v, v X v,. In this coordinate system, the gradient will
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equal:

o ozt (o5 (3]

where the first two terms can be estimated by perturbing the point v on the scanning
manifold V and interpolating. Finally, by performing a rotation, we can obtain from
Equation (A.31) the gradient V,7r (v) in the global coordinate system. For a planar

manifold V, the above discussion reduces to Equation (2.35).

A.5 Surface Fitting Under Specular Pathlength Constraints

We provide details about the surface fitting procedure discussed in Section 2.4.1. The
fact that our reconstruction relies on interpolated estimates, rather than direct mea-
surements, of V,Tr (v) can potentially introduce some error in the reconstructed point
cloud and fitted surface. We can improve the accuracy of an initial surface reconstruc-
tion by modifying it so that it more closely matches the set {tr (vy),m =1,..., M} of
Fermat pathlength measurements available to us. This requires solving an optimization

problem of the form:

M
min Y |77 (om) = 77 (S, om) |, (A.32)
m=1

where for a surface S and a point v, the function 7 (S, v) returns the length of the Fer-
mat path between v and points on S. This is a challenging geometric optimization prob-
lem, because of the difficulty of evaluating 7r (S, v), and because the function tr (S, v)
can be multi-valued.

To simplify exposition, we consider the case where we perform fitting for a single
Fermat pathlength measurement 7 (v). We also assume that the surface S is a triangu-
lar mesh of fixed topology, consisting of K triangles, S = (J~_, T, and V vertices. For
each triangle 7, the 3 x 3 matrix Vj contains the 3D coordinates of the triangle’s three
vertices. We use V to denote the 3 x V matrix containing the 3D coordinates of all mesh
vertices.

Then, Equation (A.32) is simplified to:
min |77 (0) — 77 (S, )|, (A.33)
To approximately solve the optimization problem of Equation (A.33), we begin by
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identifying specular points on the current mesh S with respect to v. This involves solv-

ing the specular forward projection problem [3, 4, 12]):

L)

Within each triangle 7, the inner optimization problem of Equation (A.34) can be solved

2
min min

(A.34)
T k=1,... K x€T;

by parameterizing points on the triangle using barycentric coordinates and then us-
ing gradient descent on this parametric representation. To accelerate both the inner
and outer optimization problems, we use the sub-triangle search and triangle-prunning
techniques from Walter et al. [182]. We denote by 7* the triangle containing the point
x € S where the minimum of Equation (A.34) occurs. When Equation (A.34) has mul-
tiple solutions (multiple points on x € S forming specular paths with respect to v), we
select among these solutions the point that minimizes the difference ||7r (v) — T (x;0)||;
that is, the point that most closely matches the available Fermat pathlength measure-
ment.

We then approximate the problem of Equation (A.33) with the simpler problem

min || 75 (v) — 7 (2", 0) 12, (A.35)
where
0 —X 2
x* = argmin |1 — { ——, 7 (x , (A.36)
amin |1 (152700

and V™ are the vertices of triangle 7 *. The difficulty in solving the optimization problem
of Equation (A.35) comes from the fact that the point x* is defined implicitly as a func-
tion of the vertices V*, through the second optimization problem of Equation (A.36).
Nonetheless, we can use the implicit function theorem [166] to compute the derivative
of x* with respect to the vertex coordinates V*. This derivative is given by Jakob and
Marschner [81], and in our case, we use automatic differentiation to compute the corre-
sponding Jacobian terms. Given this, we can optimize Equation (A.35) using gradient
descent.
In using the above procedure, we have made a number of assumptions:
* We assume that the available Fermat pathlength measurement 7 (v) is a specular
pathlength, when it can also be a boundary pathlength. In practice, we use the
following heuristic to remove measurements that are likely to be boundary path-

lengths: We discard any measurements for which the forward projection prob-
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lem of Equation (A.34) does not have a good solution (loss function below some
threshold).

* We identify the measurement 7r (v) with the point x € S, among the solutions
of the forward projection problem, whose pathlength 7 (x;v) is the closest to the
measurement. It is possible that 7r (v) may correspond to a different specular

point. In practice, we found this heuristic to work well.

* When approximating Equation (A.33) with Equation (A.35), we do not take into
account that, as the surface deforms, the triangle 7* that contains the point x pro-
ducing the specular path may change. In practice, we address this by alternating
between the optimization problems of Equations (A.35) and (A.34).

Finally, we mention that when we have more than one Fermat pathlength measure-
ments {tr (vy),m=1,..., M}, the same vertex in V can be used by more than one
triangles 7,,;, each corresponding to the solution of the forward projection for measure-
ment Tr (v,). In that case, during optimization, each vertex is updated by the sum of

the gradients for all problems (A.35) affecting it.

A.6 Proof of Proposition 6’

Proposition 6'. Fermat’s principle. Let (p,q) € [0,1)* be a parameterization of the surface

X. Then, for any pair of points vs and vy,
S (vs,v4) = {x €EX VT (x(p,q);vs,04) = 0}. (A.37)

Let r € [0,1] be a parameterization of the surface boundary 0X. Then, for any pair of points v
and vy,
B (vs,v4) = {x € 0X : 9T (x (1) ;vs,v4) /Or =0} . (A.38)

Proof. For the first part of the proposition, Equation (A.37), we have,

9T (x(p,9);05,04) _ < x(p.q) — s . x(p,q) —va

G =2 (o et g e 0) =S )i 3 1

(A.39)

where x;, (p,q) is the partial derivative of x with respect to p, h (x (p,q) ;vs,v4) is the

half-vector corresponding to the directions parallel to x (p,q) — vs and x (p,q) — v4, and
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s some scalar. The vector x, (p,q) is tangent to the surface A" at x, and therefore or-
thogonal to the surface normal 7 (x) at that point. If x (p,q) € S (vs,v;), then from the
specular reflection property, the half-vector h (x (p,q) ; vs,v4) is parallel to the normal

it (x). Therefore,

h(x(p,q);vs,04) || #(x) and xp (p,q) L 2 (x) = (h(x(p,q);vs,04),%p (p.9)) =0,

(A.40)
and from Equation (A.39),
aT(X(p,Q);US,’Ud) =0 (A41)
o . .
The proof for %’W = 0 is exactly the same. Therefore, if x (p,q) € S (vs,vy),

then V(, T (x (p,q) ;vs,vq) = 0. Conversely, if V(,, T (x (p,q) ; vs,v4) = 0, from Equa-

tion (A.39) we have that either h (x (p,q);vs,v4) = 0, or that h (x (p,q);vs,v4) is or-

thogonal to both x, (p,q) and x, (p,q), and therefore parallel to the normal 7 (x). By

assuming that the points v; and v; must be on the same side of the scene &, this implies

that x (p,q) € S (vs,v,). This concludes the proof of the first part of the proposition.

For the second part of the proposition, Equation (A.38), we have,

ot (x (ra)r,vs,vd) —2. < Hig:; — zzH + Hig:g — ZZH,xp (r)> =s(h(x(r);vs,04),%, (1))

(A.42)

where x; (7) is the partial derivative of x with respect to r. The vector x, (r) is paral-
lel to the tangent # (x) of the curve X at x. If x (r) € B(v), then from the property
of boundary Fermat paths, the half-vector h (x (r);vs,v,;) is orthogonal to the tangent
t (x). Therefore,

h(x(r),vs,04) Lt(x) and x, (r) || #(x) = (h(x(p,q);0s,04),% (r)) =0, (A.43)

and from Equation (A.42),
ot (x(r);vs,04)

or
Conversely, if w = 0, from Equation (A.39) we have thateither h (x (p, q) ; vs, v;) =

=0. (A.44)

0, or that h (x (p,q) ; vs,v4) is orthogonal to x, (r), and therefore orthogonal to # (x). By
assuming that the points v; and v, are at the same side of the boundary 04, this im-
plies that x (r) € B (vs,v,). This concludes the proof of the second part of the proposi-

tion. =
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A.7 Proof of Proposition 8’

Proposition 8'. Fermat flow equation. Consider a branch of the Fermat pathlength function
Tr (vs,vy) corresponding to points vs, vy. Assume that there is a unique point xy € F (vs,v,)
with T (xx;vs,04) = TF (vs,v4). Then,

XF — Vg

vaT]—‘ (vs, "Ud) = —m = —717]-‘ (vs/ vd) s and (A45)
Xr—10 n
Vo, Tr (vs,v4) = —ﬁ = —wr (vs, ) - (A.46)

Proof. We will prove Equation (A.46) only for V, Tr (vs,v,), as the proof for V,, 7r (vs, v,)

. . . T .
is exactly analogous. We will be using vs = [0¥,v¢,v%]  to denote the 3D coordinates of

the point vs, and similarly for all other vectors.

We first prove the proposition for the case of a specular path, thatis, xr € S (vs, v,).
Let (p,q) € [0,1]* be a parameterization of the surface X in a neighborhood N C X
around xr, such that xr = x (p (vs,v4) ,q (vs,v4)).

We use O to denote the orthotomic surface corresponding to A/ with respect to the
point v, [26, 27]. For each pair of points vs and xr € S (vs, v,), the orthotomic contains
a corresponding point or = o (p (vs,v4) ,q (vs,v4)) such that

loF —vs|| =17, and  d(oF)=—— L0t = OFTUs A4y
[xF — vs]| loF —os||
where 71 (or) is the normal of the orthotomic O at or. Additionally, the parameteri-
zation (p, q) can be used to parameterize the orthotomic as well, through the mapping
from points of the neighborhood A to O. For more about the properties of the ortho-
tomic, we refer to [26, 27].
We now consider each coordinate of the vector V, Tr (vs, v,) separately. For the first

coordinate, and using Equation (A.47), we have

ITr (vs,04) _ 9d|[oF — v

ot o (A.48)
_ 3llo(p (2,20),4 (2:,00)) ~ s a0
0¥ '
_ < 0 (p(vs,v4),9(vs,v4)) —vs 9 (0(p(vs,v4),9 (vs,04)) — vs)>
lo (p (vs,va) ,q (vs,va)) — vs||’ dv}
(A.50)

= (TE 0y (p (00,9, 00,92) U 0, (p o1,92) 1 01,0

loF — USHI P vl
(A.51)
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In Equation (A.51), we can use Equation (A.47) to replace 1 (ox), which gives us

% = — <f1 (0F),0p (p(vs,v4) .9 (vs,vd))> %;;}d)
— (it (or), 04 (p (vs,va),q (vs,04))) %;écvd)
_ <n (0F), [1,0,0]T>. (A.52)

In Equation (A.52), the vectors o, (p (vs,v4) ,q (vs,v4)) and o4 (p (vs,v4) ,q (vs,v4)) are
tangent to the orthotomic surface O at o, and therefore orthogonal to the normal 7 (o r)

at that point. Consequently, and using Equation (A.47), Equation (A.52) becomes

otr (vs,vy) . ap (vs,04) aq (vs,04) o x (xr — vs)x
301 =-0 301 0 305 ((oF)) = o (A.53)

Exactly analogously, we can prove that

otr (vs,vq)  (xr —w0s)! and otr (vs,v4)  (xF—05)°

— = — . A.54
90! 27 —os] 502 o AV

Combining Equations (A.53) and (A.54) completes the proof for the specular case.

We now prove the proposition for the case of a boundary path, thatis, xr € B (vs, vy).
Let r € [0,1] be a parameterization of the surface boundary dX" in a neighborhood
M C 90X around xr, such that xr = x (r (vs,vy)).

As in the specular case, we consider the orthotomic curve Q of M with respect to the
point v, [26, 27]. For each pair of points vs and xr € B (v, v4), the orthotomic contains

a corresponding point g » = q (7 (vs,v4)) such that

g —os| = T and  B(qp) L— LY ArTUs (A.55)

lxr =osll — llar—osl’

where # (q ~) is the tangent to the orthotomic Q at q . Additionally, the parameteriza-
tion r can be used to parameterize the orthotomic curve as well, through the mapping
from points of the neighborhood M to Q.

We now consider each coordinate of the vector V, Tr (vs, v,) separately. For the first
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coordinate, and using Equation (A.55), we have

AT (vs,04) _ 9|qF — s

v 90} (A.56)
_ 0l (r (vs,v4)) — os]|
B ov¥ (A.57)
_/ 4(r(vs,04)) —vs 9(q (V(vs,vd))—vs)> -
<||‘1(7’(Uslvd))—vs||' ov% (A.58)
- <HZ§—:ZZH’% (r (vs,v4)) W — [1,0,0]T> (A.59)
= ( Ar—% or (vs,04) [ 45— s T
— <mr% (7’(’05,"001))> 505 <||q;—vs||'[1’0'0] >
(A.60)

In Equation (A.60), the vector g, (r (vs,v4)) is parallel to the tanget (g ~) of the ortho-

tomic Q at g ». Therefore, using Equation (A.55), we can write

. . X
oTr (vi,vd) X (Us;vd) B < 97 — s [1,0,0]T> __r-o) (A.61)
90} 90} laz =il lx7 = vl

Exactly analogously, we can prove that

0tr (vs,v5)  (xF —0s)! and 0tr (vs,v5)  (xF —vs)"

— = — . A.62
90! o7 — v 907 o 6P

Combining Equations (A.61) and (A.62) completes the proof for the boundary case. [

A.8 Proof of Proposition 10’

Proposition 10'. Let a point xs € S (vs,v4) belong to the specular set. Let E (Ts;vs,v,) be
the corresponding osculating ellipsoid. If K,,iy, Kinax are the principal curvatures of X at xg, and
Amins Amax the principal curvatures of E (ts;vs, v4) at xg, then:

* If 15 is a local minimum of T (x;v4,0s), then Ayip < Kyin.

* If 15 is a local maximum of T (x; vy, vs), then Kmax < Apax.

Proof. We consider first the case where 75 is a local minimum of 7 (x;v;5,v4). Then,
there will be some neighborhood N (xs) C X of xsg on X such that, for all points
x € N(xs), T(x;vs5,v4) > ts. Equivalently, all of N (xg) lies outside the ellipsoid
E (ts;vs,v4), and is tangent to that ellipsoid at the point xs. Therefore, the curves on

N (xs) passing through xg in all possible tangent directions are also tangent to and
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outside of the ellipsoid E (ts;vs,v;). Consequently, all normal curvatures of X at xg
are greater than the smallest normal curvature of the ellipsoid E (7s; vs, v4) at xs. From
the definition of principal curvatures, we conclude that Apyin < Kmin.

The case when 75 is a local maximum of T (x; v, v;) proceeds very similarly: In this
case, all of N (xg) is inside the ellipsoid E (ts;vs,v4), and tangent to it at xs. Therefore,
the curves on NV (xs) passing through xg in all possible tangent directions are also tan-
gent to and inside of the ellipsoid E (7g; vs,v4). Consequently, all normal curvatures of
X at xg are smaller than the largest normal curvature of the ellipsoid E (ts; vs, v4) at x.
From the definition of principal curvatures, we conclude that xmax < Amax.

O

A.9 Derivation of Incident and Outgoing Pathlengths (Equa-
tions (2.47) and (2.48))

Let the light path vs — xr € & — v, be a Fermat path. We use TJ(Ti) and ’L'](_-r) to denote

the incident and outgoing pathlengths, respectively,

W = |lxz — s, and ) = |jog — x£| - (A.63)
@

The point xr is T, away from v, in the direction of W :

x]::vd+T](_-r)w]:. (A.64)
Plugging it into T](_i) yields
Uy Hvd—i—T](_-r)Zb]:—’vs (A.65)

Noting that the total pathlength equals 7 = TJ(;) + T](_-r ), we have

(r)

Hvd+1’}- wr — vl =7 — . (A.66)

Taking the square of both sides and noting that ||@r||* = 1, we get
2 2
||Ud - vst +2 <Z)d — Usg, ZAU]:> T_g) + T](_—r) = T]:Z — 2T_7:T_§_r) + T_g_r) . (A.67)
Canceling out the second-degree terms, and rearranging the rest of the terms, we have

) _ 17— |oa— v’
7 2(’(]:—|-<‘0d—vs,ﬁ)]:>)’

(A.68)
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and then )
(i) (r) _ T}'Z—I—Z(Ud — ZJS,ZAU]:> Tr + ||Ud — USH
T]_— —T]:—T]_— = —
2(tr+ (vg—vs,Wr))

which completes the derivation of Equations (2.47) and (2.48).

, (A.69)
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Appendix B

Appendix to Chapter 3

In this appendix, we provide more details for the proof of Proposition 11.

B.1 Proof of Proposition 11

Proposition 11. Assume that the BRDF of the surface X is non-zero in the specular direction.
Then, for all x € F (v), the transient I (T;v) will have a discontinuity at pathlength T (x;v).
Ifx € S (v), then I (T;v) will additionally have a vertical asymptote at T (x;v).

Proof. Let Sph (p;v) be the sphere of center v and radius p. Let C (p;v) be the inter-
section of Sph (p;v) with X, parameterized by ¢ € [0,1]. Then, we can use (c,p) €
[0,1] x [0,00) to reparameterize X. We note, however, that this parameterization is
continuously-differentiable only locally, separating the surface X into submanifolds M;
within which this condition holds. These submanifolds are separated by occluding con-
tours or surface boundaries (including surface discontinuities). We can then express the

transient I (7;v) as

c, 1
I(t;0) = A; /Mif (50) 6 (=7 (%0)) |74 ()] dA(ep), (B.1)

where (p, q) is the parameterization of X' 7, ((pc’; )) (x) is the Jacobian of the transformation

(p,q) — (c,p). We also consider the transient produced by each submanifold,
-1
I (t9) = [ fo)o(e—t(wo)| Tt ()] dAp), (B2
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Within each submanifold, the parameter p has a range p € [Omin, Pmax)- Recognizing that
at each point x € M;, p (x) = 7 (x;v) /2, and from the definition of the boundary and
specular sets, the extrema of p will occur either at points on an occluding contour (in
which case the corresponding value of I, will be zero), at boundary points x € B (v),
or at specular points x € S (v). In the boundary case, the corresponding transient Iy,

will be discontinuous at T = 2p:
* If p is a maximum, then Iy, > 0as T — 20—, and I, =0as 7 — 2p™.
* If p is a minimum, then I, > 0as 7 — 2p",and I, =0as 7 — 2p".

Consequently, the transient [ will also have a discontinuity at the same point.
We now consider the particular case of a point xg € S (v). Recognizing thatp (xs) =

T (xs;v) /2, we have from Equation (2.20) that V(,, ;)0 (xs) = 0. Consequently,

_ 9 (xs) I (xs) _ 3p (xs) e (xs)
dp g 9q op

= 0. (B.3)

Then, from Equations (B.2) and (B.3), at T = 7 (xs;v), the corresponding transient Iy,
and the total transient I converge to infinity, resulting in a discontinuity. As in the
boundary case, we can distinguish whether I converges to infinity as T — 2p (xs) ™ or
T — 20 (xs)" depending on whether T (xs; v) is a minimum or maximum, respectively.

[

We note that the discussion in Section 3.2.1 about identifying the type of stationarity
of a discontinuity follows directly from the above proof of Proposition 11.

We additionally state and prove the analogue of Proposition 11 for the non-confocal
case.
Proposition 11'. Assume that the BRDF of the surface X is non-zero in the specular direction.
Then, for all x € F (vs,vy), the transient I (T;vs,v4) will have a discontinuity at pathlength
T(x;05,04). If x € S(vs,vy), then I (7T;vs,v,) will additionally have a local maximum at

T (x;05,04).

Proof. Let E (7;vs, v4) be the ellipsoid of foci vs and v, and pathlength T. Let C (7; vs, vy)
be the intersection of E (7;vs, v4) with X', parameterized by ¢ € [0, 1]. Then, we can use
(¢, T) € [0,1] x [0,00) to reparameterize X. The rest of the proof follows exactly analo-

gously to the proof of Proposition 11 for the confocal case. O
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Appendix C

Appendix to Chapter 4

In this appendix, we provide the proof of Proposition 13.

C.1 Proof of Proposition 13

Proposition 13. Let X be planar. Let paths vs — xg1 € X — vz and vs — x5y € X — vy
be two specular paths, and ts1 and Tsy be the ground truth pathlengths, respectively. Assume
the pathlengths ts1 + 1o and Tsy + T also satisfy radiometric constraints (Equation(4.13)).
Plugging Equation (4.14) to Equation(4.13) leads to the following seventh-order polynomial in

terms of Ty : ,
T (TOZ - lz> [Tg + (m1 + mz) To + 12] =0, (C.1)

where | is twice the distance from the point light source vs to X, and mq and my are defined as
follows:

I =2-dist (vs, X) , and (C.2)
m] = TSj —+ <Udj — Osg, ZAUS ('US, Ud]') > ,j & {1,2} . (C3)

Proof. We define the potentially feasible pathlengths with a global offset 1y as

T5; = Tsj+ 70,7 € {1,2} . (C4)

For a planer surface, both principal curvatures of the wavefront arriving at the camera
are
(0 _ (0_ 1 .
) =5y = —,7€{1,2}. C5
Kl] K2] Ts; ] { } ( )
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We can then simplify the global scaled intensity (Equation (4.12)) by plugging in ground

truth E](C) (Equation (4.14)) and the principal curvatures xl9);

1j
~(c) _1(i)2 ~(c) _1(i)2 L ()2 = ()2
s (o) _1(r) (O] N2 N2 N2
‘(1 K1 Tsj ) (1 Koi' Tsj )‘ (1 —Ks)’tf‘;(j)) (1 _ Tri) (TS]' - Tjs(j))
Sj
(C.6)

Substituting the incident and outgoing pathlengths (Equations (2.47) and (2.48)) in
Equation (C.6), we have

7 ;2 ~ ’
) I - <T$j +2 <vdj - vs,wg]-> Tsj + Hvdj — U4

)
I = ek (C.7)
(2 (Téj+ <vd]-—vs,fvgj>> Tg]‘—T‘/sz—f— Hvd]-—vs >

Ignoring I;, the numerator N; can be further expanded:

N; = ((ng + T0)2 +2 <vd]- = vs,ivgj> (Tsj+ 1) + Hvd]- — v 2>2 (C.8)
_ (Tg +2mjT + l})2 , (C.9)
where
mj = ts;+ <Udj — vs,w5j> , and (C.10)
ljz = TSjZ +2 <vd]- — vs,fvgj> Tsj + Hvd]- — U ? (C.11)

One thing to note here is that for a planar surface, I;,j = {1,2} remains constant.
This can be proved geometrically. We use os to denote the mirror reflection of vs about

the plane. We define [ as the distance between o5 and v as:
| = ||lvs —os|| =2-dist(vs, X),j € {1,2} . (C.12)

We notice that 7s = ||vg — 0g||. We denote 7 as the angle between vectors v; — v; and
0os — v;. Then based on the law of cosines in trigonometry, we can relate the sides of

triangle Avsv 05 by
P = 75 — 25 ||og — vs]] cos (1) + o — s

= 152 + 2 (vg — vs, Wg) Ts + ||vg — vs||* . (C.13)
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Therefore, comparing Equation (C.11) and (C.13), we have

l; =1=2-dist(vs, P),j € {1,2} . (C.14)

z>2

- (rg - 12)2 . (C.15)

Similarly, for the denominator D;, we have

. 2
D; = <2 (ng + 10+ <vd]~ — vs,w3j>> Tsj — (TSJ' + TO) + Hvdj —Us

Finally, plugging N; and D; to Equation (4.13) and noticing that D; = D; and are
both positive, we obtain following polynomial:

(8 — 12)2 [(Tg +2my 79 + 12)2 — (78 +2moo + 12)2} =0
=4 (m1 — m2) T (Tg — 12)2 [Tg + (7711 + m2) T+ 12] =0
=1 (@ —12)* [Z+ (m +m) 10+ =0 (C.16)
[
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Appendix D

Appendix to Chapter 5

In this appendix, we cover the following topics:

1. In Section D.1, we provide the derivation of the bias correction term.

2. In Section D.2, we define the total variation function V (-) and the edge map E

used in the regularization terms.

3. In Section D.3, we show comparison results and ablation studies on more data in

our collected Google Pixel 4 dataset.

D.1 Proof of Equation (5.5)

In this section, we provide a detailed derivation of the bias correction term. For conve-
nience, we restate here our assumed image formation model. Given an MPI representa-

tion, its corresponding DP images can be expressed as:
i =i Nt (D.1)

where Igl’r} are the latent noise-free left and right defocused images, and N1/} is addi-
tive white Gaussian noise with entries independent identically distributed with distri-
bution NV (0,0?). Our goal is to optimize for an MPI with intensity-alpha layers (&;, &;),
with defocus sizes d;,i € [1,..., N], such that the L, loss Hiél'r} _ Iél’r} HZ is minimized.
We show that, in the presence of image noise, minimizing the above losszbiases the esti-
mated defocus map towards smaller blur values. Specifically, we quantify this bias and

then correct for it in our optimization.
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For simplicity, we assume for now that all scene contents lie on a single fronto-
parallel plane with ground truth defocus size d*, and our scene representation is an
MPI with a single opaque layer (i.e., &; = 1) with a defocus size hypothesis d;. Under

this assumption, the defocused image rendering equation (Equation (5.3))

N N
i =y [(kg"} “(em)) o [T (1—k5" = aj>] (D.2)

= j=it1
reduces to
B =k e (D.3)
Similarly, Equation (D.1) becomes:
i = ke g+ N, (D.4)

We can express the above equations in the frequency domain as follows:
i = ke 4 Al (D.5)

where Iél’r} , K;i’r}, C;,and N {L"} are the Fourier transforms of Ié”} , kg’r}, ¢;, and N{l"},
respectively. Note that the entries of N/ {7} are also independent identically distributed
with the same Gaussian distribution NV (0, 0?) as the entries of Nl

We can obtain a maximum a posteriori (MAP) estimate of C; and d; by solving the

following optimization problem [194]:

arg max P (Ié,l'ﬂé’i, di,(T) P (Ci, d;)

=arg max P (IIO,IZ\Ci, di,a) P(C) . (D.6)
According to Equation (D.5), we have
~ 1 N 2
P (T}, Zy|C dio) cexp |- T HKg,cl- —ze|[] (D.7)
20 v={lr} l

We also follow Zhou et al. [194] in assuming a prior for the latent all-in-focus image
such that:

N 1 .
P (Ci) x exp <_§ H‘DCiHZ) , (D.8)
where we define ® such that
1
@ (f)]P = —, (D.9)
Ci (f)




and f is the frequency. As C; is the unknown variable, we approximate Equation (D.9)

by averaging the power spectrum over a set of natural images {C;}:

_ 1
JelCi(HPr(C)

@ ()] , (D.10)
where y (C;) represents the probability distribution of C; in image domain.
Maximizing the log-likelihood of Equation (D.6) is equivalent to minimizing the fol-

lowing loss:

E (4|Z3,Z;,¢) = min ( > K&z 2) +[lo@;|? . (D.11)
o

d; can be estimated as the minimizer of the above energy function. Then given d;, setting
0E/0C; = 0 yields the following solution of C;, known as a generalized Wiener deconvo-

lution with two observations:

If)K_ﬁli + K,

(D.12)

Y 2 5’
K| K|+ o2 o

{Lr}
d

1

- ) -
where Kjif’r} is the complex conjugate of K;{if’r}, and ‘K = Kg{lflr}K;f’r}'

We then evaluate the defocus size hypothesis d; by computing the minimization loss

given the latent ground truth depth d*, and the noise level o, that is,

I
E (di\Ké*,KZ*,a) =E¢ i o F (di|Ké*,KZl*,a, C,, IO,I{,) (D.13)

. 2 R
=Eero [( {Z}HKd i—Zo )+0<I>Ci||2] , (D14)
v={lr

where E (-) is the expectation. Substituting C; with Equation (D.12) gives us:

E (dllKii*’ Z*,(T)
2

T!KL + T/K, ILKl, + I5K],

SIS

=E¢ 1 1 Y |IKG + ||lo®

4y 2 2 , ;12 2 2
o= || K+ K [+ o2 ) K[+ K [+ 02 ||

(D.15)
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Then substituting Z; with Equation (D.5), we get:

E (dl-|1<;*, ;*,a>

=B at [

2
We now define B = ‘Kéi’ + ‘KZI,

2
o={0r} K[ K

<K£1*Ci +Nl> K_ﬁii+ (K Ci + N") K7,

X (K,

2
+02|®

_ 2
(Kot M) KL+ (K3Ci+ N K, ]

1 2 r 2 2 2
K| K|+ o2 o

E (dl-|1<;*, ;*,a>

- — (KL.Ci+ N7)

(D.16)

2
+ 02 |® |2. We can rearrange the above equation as:

Ci K5, (KK, + KG.KG ) —K3.B| K5, (MK, + N7KG)
:IEC,',NI,Nr B + B
v={lr}
- o - 2
Ci (LK), +KLK ) NKL +NTKT,
cd }3 Y tod i 5 i . (D.17)

Given that the entries of N "} are independent identically distributed with distribution
N (0,02), we have E (N?) = 0,E (./\/ﬂ) = 0% and E (Nl./\/r) = 0, and we can

simplify the above equation as:

E (/KL K, o)

Ci K3, (KK, + Ki.KT ) — K5.B]
:Eci,J\/l,N’ B +
v={lr}
| Tl 7 |12 T = ||?
Ci (KhKG, + KK, ) N'KL + N'KT,
od : I+ || 1 ’
B B
[ | Tl T
C; [k, (Kh.KL + KK, ) — K3.B] L (I1K3? + 02 @)
=Ec, B T B
v={lr}
) — N2
C; (Kh.KG, + KK, ) 2 KL |2 K, |
od B +0o (T(I)? + U¢? .

K, (MK + N'K)

+

A
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(D.18)

2
| yr
H Kdini

(D.19)

B

— N7

2

_|_
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Recall that, in Equation (D.10), we defined ® (f) such that = C, |C; Ci).

Then we can further simplify E ( d; Kl*,Kr*,U as:
plry axr By

(d K., d*,(7>

2 2
o7 [KuKy, - KZ*Kfii’ s (‘Kd + |KG )
=3 5 +) 5 +
f f
i 2
2 Kfliiz—i_(fz’(DF K;iz—i_a 2 KfiiKZi i q)Kéi : q)K‘rii
L B B T2 =g | ||t
(D.20)
1| —Kg*Kgl,jz K, KL 2 e
=y 5 +52)° g 5 +1 (D.21)
f f
2 2
|d)| KY Z*Klliz‘ ‘Kil* + ‘Kr* 2 +0.2 |¢|2
=Y. - g 5 5 - (D.22)
7 ‘Kdi‘ +’K2i 402 |@| LK [ e
1
If we define C; (K{ s D) = lof ,and Cy(0) = 0? ¥ ¢ 1, then Equa-
K, ) +|Kn +02\<1>|

tion (D.22) boils down to Equation (5.5).

D.2 Edge-aware Total Variation Function

We first define a pixel-wise total variation function of a single-layer image I that in
used in both the intensity smoothness prior Lintensity and the alpha and transmittance

smoothness prior £;jpha:

I) = \/17- xg—(Ixg)%, (D.23)

where g is a two-dimensional Gaussian blur kernel:

1/16 1/8 1/16
g=|1/8 1/a 1/8| . (D.24)
1/16 1/8 1/16

111




Each “pixel” in V (I) (x,y) is equivalent to, for the 3 x 3 window surrounding pixel
(x,y) in I, computing the sample standard deviation (weighted by a Gaussian kernel)
of the pixel intensities in that window. This follows easily from two facts: 1) as ¢ sums
to 1 by construction, I * ¢ produces an image whose pixel intensities can be viewed
as expectations of their surrounding 3 x 3 input patch; and 2) the standard deviation
VE[(X — E [X])?] can be written equivalently as \/IE [X2] — E[X]%.

As done in prior work [177], we would like to encourage edge-aware smoothness in

addition to minimizing total variation, so a bilateral edge mask is computed using this

total variation:

22

In this equation, B is set to 1/32 (assuming pixel intensities are in [0,1]). A joint total

2
E(I) =1—exp <_Iz*g—(l*g) ) (D.25)

variation function that takes into account both the original and the edge-aware total

variation is then defined as:

VE(LE)=((V(I))+(1—E)®{(V(I)). (D.26)

D.3 Additional Experimental Results

We show qualitative results on more data in our collected Google Pixel 4 dataset in
Figures D.1-D.3.
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(a) inputimage (b) GT all-in-focus (c) ours (d) Wiener (e) DPDNet[1] (f) DPDNet w/
image deconv. [194] calib [1]

Figure D.1: More qualitative comparisons of various defocus deblurring methods.

(a) inputim- (b) ground (c) ours (d) ours w/ (e) () (g) 1144] (h) Garg (i) Wadhwa
age truth GF Wiener [194] DMENet [100] [53] [181]
Figure D.2: More qualitative comparisons of defocus map estimation methods.
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(@) Input (b) Ground (c)  Ours (d) No (e) No (f) No (g) No (h) No B
image truth full ﬁintensity 'Calpha »Centropy Laux

Figure D.3: More qualitative results on ablation study.
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