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Diffuse Optical Tomography (DOT
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Light pulse
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Our research target

Our target
No Radiation X e v
Sharpness v (V") X

Scattering No Yes So much

Method Radon trans. Ours PDE by FEM
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Computer vision approach
to the inverse problem

minimizing observations and model prediction
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Vision / CG approaches

No scattering Smoke only
Gregson+ 2012TOG Hawkins+ 2005TOG

Dobashi+ 2012TOG  Gkjoulekasj+ 2013SIGGRAPHAsia

reconstructed

Hasinoff and Kutulakos 2007PAMI

Narasimhan+ 2006SIGGRAPH



INTRODUCTION TO
SCATTERING



Scattering model

* Volumetric scattering @

Participating medium
(fog, cloud, smoke, etc)




Types of Phase function

—% Isotropic scattering ii/)

Backward scattering

Forward scattering

Output distribution
Phase function



Scattering model

®

Phase function



Rendering for CG




Light in participating medium

Absorption

G

Out-scattering
In-scattering
Multiple scattering @ ‘* @D

Emission
(—.(0
Usually ignored —»— @D

Attenuation




http://www.sciencekids.co.nz/pictures/humanbody/braintomography.html

Absorption

(;;"-\_539 < o

o L+ dL L
CT: estimating | Lo L;
X-Ray absorption T
(Microscopic) Beer-Lambert Law dL = —o, Lds
Inte on Absorption coefficient Infinitesimal
from Oto d
path length
(Macroscopic) Beer-Lambert Law optica\l depth
Lj d A
log — =o0sd or Lo = Lie % | Lo = Lye~ Jo oa(s)ds
O . . When o, is
Exponential attenuation
not constant




Out-scattering

L+ dL
Lo Ly
ds
(Microscopic) Beer-Lambert Law dL = —os Lds
flnte or;l Scattering coefficient Infinitesimal
FOMESELO path length
(Macroscopic) Beer-Lambert Law
L
log =L =o4d or Lo = Lie ¢
Lo

Exponential attenuation



Attenuation = absorption + out-scattering

T —e S
L +dL L

LO E L[

ds

Absorption dL = —o, L ds
Out-scattering dL = —os Lds

Attenuation (], = _(ga + 0‘8) Lds
dL = —O0¢ Lds

Exponential attenuation \
Lo = Lie ot? Extinction coefficient



Emission

Emission dL = o, L. ds

- / \ Emitted light

Absorption coefficient
(Emission of absorbed energy)




In-scattering

L +dL

Integrating all incoming lights over the sphere

dL(z,w) = oy(z) ( /Q p(a;,w,w’)L(a;,w’)dw’) ds

(w - V)L(;,rw) LY—M_Y_)

Phase function Incident light
(from w’ to w at x) (from w’ at x )
(usually common for all x)



Rendering equation

L&

w

L +dL

ds
Light transport equation

Volume rendering equation (differential form)

dL(z,w) = —o¢(x)L(z,w)ds + o4(x) p(z,w,w)L(x,w)dw | ds
\ Y J | (/Q Y ) }

Attenuation term In-scattering term

A A
( |

(w-V)L(z,w) = —0(x)L(z,w) + os(x) Lp(a:,w,w’)L(a:,w')dw’




DOT with Diffuse Approximation

PDE solved by FEM
—V - D(x,t)VL(z,t) + o4(x)L(x,t) +

AN

OL(x,t)

ot — Q(CB,t)

Problem Main assumption

z,w,w
AR
scattering L(zx,w")
@ Diffuse Approximation

(first order spherical ‘ 8 ‘
Blurred results harmonics approximation)

http://commons.wikimedia.org/wiki/File:Harmoniki.png

Time-resolved Attenuation term In-scattering term
observation I I

ga“fgtw’t) + (@ V)L(@,w) = —01(2) L(,w) + 04 (x) /Q P, w,w) L, ) de!

Y




Rendering equation

T+ sw
W /

0) L T
o

@ L(z,w) | L(

L+ sw,w)

Light transport equation
Volume rendering equation (integral form)

L(z,w) = e T@&TFI (1 4 g0 w)
\_Y J
) T+Ssw )
Attenuation _|_/ e—T(ZIZ,LC )O_S<x/) </ p(xl,w,w/>L(x/,w/)dw/> d:lfl
x Q

term
S

Attenuation of In-scattering term
scattered light

—
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Light Paths:
from light sources to cameras

Light source

Camera / eye

N




Light Paths:
from light sources to cameras

Light source

Camera / eye

N




Path (Ray) tracing:
from cameras to light source

Light source

Camera / eye




Path integral approach

i i 7 Ph.D thesi e
introduced by Eric Veach (199 thesis) _/Q;XO X3V
http://graphics.stanford.edu/papers/veach_thesis/ ‘ o
Pixel value of pixelj I, = | fi(z)du(z).

Q
All possible Paths of |
paths of lengthk Q. 5 7 = xox/~" x;

All possible paths 3 G Q
of any length (path spa k=1

Path measure dux(Xo...x;x) = dA(xg) -+ dA(xy)
Product of measures at each vertex

= Monte Carlo I V/59) I TE)
DI -\ Integration p(X) o p(z)
(b) Metropolis light transport with 100 mutations per pixel [the same computation time as (a)].

p(T) dp(z)




Path integral for participating media

introduced by Mark Pauly (1999 Master thesis)

http://graphics.stanford.edu/~mapauly/publications.html

Pixel value of pixel j

I_/fJ )du(z),

]
sensor ¥4 |
. : medium

light source

measure

i (@) = {

dA(-'Uz) Area measure if surface

dV(fB1) Voxel measure if volume
= Le(IEO — .’L'1)G(.’L'0 — :L'l)T(.’L'o A ml) :
k—1
H flxicy =z = 2i41)G (T © Tig1)T(2 © Tigq) -
i

1
We(j) (:L‘k_l — :L'k)



Anders Wang Kristensen, Efficient Unbiased Rendering using Enlightened Local Path Sampling, Ph.D thesis, 2010 URL

Details of paths in participating media

8V surface

Lo(xs, —w) I = L. (Xo —)Xl) G(Xo (—)Xl)
Qy

: ’ :1
Vo inside /
All paths of length k H Su(xim1 %2 %i41) G(x 0 Xi41)

=1
o(Xk—1—Xk) dpr(xo X1/k/).
Y4 L~

BRDF / scattering coeff, phase function
. | fs(xi—ox—x,) if x e oy ) ﬂ
fru(xi=x—x,) = { 0s(X) fo(ximX—%0)  if x € Vo, Geometric term 91— %2) g (x2—3%1)

Camera respons
function

G(x14x0) = T (x1 3% ) yy
cWx x| if x e 0V

1 otherwise.

Cos term

Attenuation g(x—x') =

T(x(—)x’) = { exp [ - T(XHX/)] if ”X - x,” < d(')V(x; wx—)x’),

/ otherwise. /
k
v MZ(A)=/ I] dui..(®) measure

[lx—x"|| B

T(xx') = / ot(X + swx—x’) ds. {} -
| .
T~ dpl (X0 X1 ... x5) = { dA(x;)

o1(Xy) = 0a(xy) + 0s(xy). dV(x;)




PROPOSED METHOD
TO THE INVERSE PROBLEM



Discretization. How?

Extinction coefficient Length that
at voxel b the path x->x,,, passes voxel b
1 N V.
/O Ut((l - S)xi + S$i+1)d8 ~ th[b] d$i,$¢+1 [b] =0y dwi,$i+1
b

Inner product

of sparse vectors
by ihs
X . .
b5 ik, O+ Sparse vector of coefficients
4
o | |
d;,;l.,xiJrl Sparse vector of path length

o || ||
| |
| |

o 1] loiein ol losra
dm,IH-l [bQJ | |

03] 0¢|ba]



Discretization. How?

Extinction coefficient Length that
at voxel b the path x->x,,, passes voxel b
1 N £
/O Ut((l - S)xi + S$i+1)d8 ~ Zat[b] dxi,$7;+1 [b] =0y da)i,$i+1
b

- fol ot((1—s)xo+sxz1)ds

before | I = i 3" Le(xo,a1)"

P |zo — x|
k—1 le— Jo or((1=s)witswig)ds
Ll—Il os(xi) fp(Tiz1, iy Tit1) 171 — T |2
We(xp—1,2r)dpg
> e Tt dag 2y
after | I %ZZLe(xo,xl) T

We(xg—1,xk)dps



Addition of Vectorized paths

k—]_ e_at'dm’i’xi-i-l
H 0s(xi) fp(Tim1, Ti, Tit1)

pale lzi = @iy |2

‘k;l \ ‘ —O’t-(é . ldm.m. )
e 7,—0 1 Z+1

k—1
i=0 sz' —$i+1\|2

i=1 Assumed to be known

Everything else

o S
[> I'=) Le(xo, 1)) Hi e
k=1 Qp
[> IZ-Le(xo,l‘l)ZHk e 7D
Q

|
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The forward model

—o+-Dy g
Is,t =L, E Hk:(s,t) e TR
Q

Observation at s,t I
| |
= L. = L. = L.
Source location s Source location s Source location s
x0 x0 x0

Al

®
e -@
x| k-1 x| k-1 x| k-1 K\
. * g S
* x_k s x_k ‘ x_k

Is,t ~ . IS,t </ . IS,t </ .
@‘5‘ Observation Wb‘ Observation \(ﬁ‘ Observation
- 2 »

location t location t location t




The inverse problem

Cost function with constraints

: —o+- Dy g 2
min g [ Is+ — Le g Hiy s € 7k
t

S,t /

observation

Solved by the log-barrier interior point method

min fo(o) subjectto fi(z) <0, i=1,---

Q

N

model

subject to

o; >0

/

Coefficient must be positive

7m7

-

o

repeat

Initial value o

Solve o «+ argrrclritn foloy) + Z —(1/t) log(— fi(oy))

Update t (larger)

m

1=1

Log-barrier functions \

by Quasi-Newton

/




Ideal
Costly in space and time

Target model

/
A
‘AP
¥

v
L G
’

Second option
Less expensive
but still large cost

Layer

<<

1‘(

¢

/

Smallest cost

Rough approximation



Proposed 2D layered model

* Light scatters: a
— Layer by layer

— At voxel centers

— Forward only

* Subject to a simplified
phase function

— With uniform/known
scattering coefficients

S



Enumerating paths

0

: o Diys sy |2
min Yy Loy — Le ) Hy(opy €7 PR
t

s,t Q
Exhaustive (with thresholding) (Bi-directional) Monte Carlo-like
= =
Source location s Source location s

E

—

\_‘\\

|
v

Observation

Observation

location t “;Qj‘ location t @j‘



10

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0,050

0.050

0.050

0.050

0.050

0.050

0050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0050

0050

0050

0050

0050

0050

0050

0050

0050

0050

0050

0,050

0,050

0,050

0,050

0,050

0050

0050

0.050

0.050

0,050

0,050

0,050

0,050

0,050

0,050

0.050

0,050

0.050

0.050

0.050

0.050

0,050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0,050

0.050

0.050

0.050

0.050

0.050

0050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050-

0.050-

0.050-

0.050.

0.050-

0.050-

0.050-

0.050:

0.050-

0.050-

3

4

5

6

7

8

9

10

Different directions

Toru Tamaki, Bingzhi Yuan, Bisser Raytchev, Kazufumi Kaneda, Yasuhiro
Mukaigawa, "Multiple-scattering Optical Tomography with Layered Material,"
The 9th International Conference on Signal-Image Technology and Internet-
Based Systems (SITIS 2013), December 2-5, 2013, Kyoto, Japan. (2013 12)

Vertical

estimates

0055

0050

0050

0054

0059

0046

0055

0057

0,048

0042

0039

0041

0046

0053

0.062

0.056

0.056

0.056

0.078

0.076

0.054

0.043

0.043

0.056

0.056

0079

0157

0075

0.054

0.043

0.044

0055

0058

0048

0039

0046

0053

0063

0056

0045

0,055

0.050

0.047

0.046

0.047

0,049

0.059

0.048

0,049

0.048

0.048

0,049

0.050

0.050

0.051

0.051

0.051

0.054

0.047

0.050

0.050

0051

0.051

0052

0052

0048

0048

0049

0049

0050

0050

0051

0051

0052

0053

0.048.

0.048.

0.049.

0.049.

0.050.

0.050.

0,051

0.051

0.052

0.052

0.044

0055

0,055

0.044

0.06

0.051

0052

0077

0077

0053

0051

0.047

0.047

0.047

0.047

0.018

0.085

0.045

0.048

0.047

0.048

0.048

0.048

0.047

0.041

0137

0137

0.041

0.047

0.048

0.049

0.048

0.049

0.047

0041

0.041

0.047

0.049

0.050

0.049

0050

0049

0.044

0.044

0049

0050

0051

0050

0051

0051

0065

0065

0051

0051

0051

0051

0052

0.055

0,05

0051

0051

0.054

0.055

0052

0053

0052

0.053

0.059

0.062

0.042

0.042

0.062

0.059

0.053

0.054

0,053

0.056-

0.050.

0.057.

0.040.

0.040.

0.057.

0.050.

0.056-

0.054.

0.055.

6

7

8

Horizontal
Estimates

10

S

Averaging

0.046

0,049

0.053

0.058

0.057

0.051

0.047

0.050

0,052

0.046

0051 0052

0054 0052

0050 0.062

0059

0.058

0047 0080

0048 0.062

0050 0051

0055 0045

0051 0045

002

0052

0,060

0,079

0.061

0051

0,046

.06

0.052

0,041

0.047

0051

0,056

0.053

0.047

0052

0.047

0.068

0.068

0.045

0.049

0052

0,055

0.049

0050

0,049

0,048

0057

o058

0,049

0051

0051

0051

0052

0,089

0.052

0052

0.050

0.050

0052

0,053

0052

0052

0052

0.050

0,053

0.055

0.046

0.06

0,056

0,055

0052

0,053

0,053

0.052-

0.049-

0.053-

0,04

0.045.

0.054.

0.050-

0.054

0.053.

0.083.

4

5

7

8

10




Joint optimization
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Bingzhi Yuan, Toru Tamaki, Takahiro Kushida, Bisser Raytchev, Kazufumi Kaneda, Yasuhiro Mukaigawa and
Hiroyuki Kubo, "Layered optical tomography of multiple scattering media with combined constraint
optimization", in Proc. of FCV 2015 : 21st Korea-Japan joint Workshop on Frontiers of Computer Vision, January
28--30, 2015, Shinan Beach Hotel, Mokpo, KOREA.



results of numerical simulation

Ground truth

o
i i
Estimated results
d i
e 20x20 grid of 20[mm]x20[mm] * Fixed 742 paths for each s,t
» Extinction coefficients: between 1.05 and 1.55 [mm™] (exhaustive with th.)
* Scattering coefficients (known): 1 [mm] * Joint optimization with

* Phase function (known): a simplified approximation interior point method



Shepp-Logan phantom O
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Comparison with DOT

Ground
Truth

Ours

152
Laa
1.36
128
120
11
1.04
0.96
152 -
L 1.44
u m =
136
i |
. 120 1 n
112
-
108
0.96
1.52
144
136
128
120
112
1.04
096
1.52
144

DOT
(Primal-Dual interior

136 136 136
128 128 128
1.20 1.20 1.20
112 112 112
104 1.04 1.04
0.96 0.96 0.96
152 152 152
144 144 144
136 1.36 1.36
DOT 5128 128 128
1.20 1.20 1.20
(Gauss-Newton)
1.04 1.04 1.04
0.96 0.96 0.96
152 152 152
144 144 144
136 1.36 1.36
128 1128 128
1.20 1.20 1.20
.

112 112

- - - - - -
e o B N N @ PO e 5 L B N W 3 @& e 5 b N N @ B i e 5 B N N w B @
& &8 & 8 B 8 & ¥ & 88 KB B8 B &8 & B & ® & 8 B 8 & B & &8 K& 8 B 8 & ¥

* 24x24 grld of 24[mm]x24[mm] e With EIDORS (Electrical Impedance

e 24x24x2 = 1152 triangle meshes for FEM Tomography and Diffuse Optical Tomography
Reconstruction Software)

e 16 light sources and 16 detectors around the square eidors3d.sourceforge.net



Accuracy and cost

|

0.026602 0.021442 0.051152

Ours 0.007662 0.01244
0% — 0.4 (0.730%) (1.18%) (2.53%) (2.04%) (4.87%)
MSE DOT (GN) | 0.053037 0.060597 0.7605  0.059534 0.0855
(5.05%) (5.77%) (1.53%) (5.67%) (8.14%)
DOT (PD) | 0.052466 0.0626  0.081081 0.066042 0.080798
(5.25%) (5.97%) (8.11%) (6.60%) (8.08%)
Ours
S 257 217 382 306 504 X
Computation) o GNy {0397 0390 0407 0404 0453
time [S]
DOT (PD) 111 1.09 1.14 1.08 1.15

Our implementation: MATLAB



Summary

Optical tomography for scattering media

Observation model: path integral

Least-square approach with constraints

. —0+Dypis |2
min g [ Is+ — Le E Hiy s € 7k
¢ s,t Q

Solver: interior point method

Experiments: numerical simulation

Future work: a lot

U




