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WHY WE NEED DIFFERENTIABLE RENDERING? @

SIGGRAPH 2021

* Inverse rendering
Differentiable

. . C L - - iacti
- Enabling gradient-based optimization 2 renderer Objective
Scene parameters Image
A\ )

Gradient descent

* Machine learning

i N 0 0 00 rorward 0290

- Incorporating light transport simulation 8 8 88 Differentiable . 8 Q00
: - O 00 <—  renderer +— O O O O -

- Backpropagation through rendering <§ 8 §/ 8 8 PO

Backward

THE PREMIER CONFERENCE & EXHIBITION IN
COMPUTER GRAPHICS & INTERACTIVE TECHNIQUES



PRIOR WORK IN DIFFERENTIABLE RENDERING @

SIGGRAPH 2021
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Our method addresses
{ those challenges efflc:lentIyJ

\

\Loubet et aI 2019 Bangaru et. al. 209
A differential theory of radiative transfer (DTRT)

Surface-only frameworks [Zhang et al. 2019]
Cannot handle volumetric light transport Cannot handle complex light transport effects (BDPT)

Cannot handle complex geometries
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OUR CONTRIBUTIONS

’ﬁ dx

Generalized differential path integral

Monte Carlo estimators

@
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Complex geometry Complex light transport
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PREVIEW OF OUR RESULTS

SIGGRAPH 2021
Validation Equal-time comparison

DTRT

[Zhang et al. 2019]

Reference
(Finite difference)

Complex geometry

Ours

(high sample count)
Ours

(low sample count)
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PREVIEW OF OUR RESULTS @

SIGGRAPH 2021

DTRT

[Zhang et al. 2019]

Reference
(Finite difference)

Complex light transport

Ours

(high sample count)
Ours

(low sample count)
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@ SIGGRAPH 2021

PRELIMINARIES

ON PATH-SPACE
DIFFERENTIABLE RENDERING

‘4
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PATH INTEGRAL

1= 1@ du@
(9)

Area-product
measure

Path space

Introduced by Veach [1997]

Foundation of sophisticated Monte Carlo
algorithms (e.g., BDPT, MCMC rendering)

@
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Light path X = (-, X;_1, X, Xj4+1, ")

Object surfaces M
Path space Q = UJ-,; MmN+l
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EVOLVING SURFACE & PATH SPACE @
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Evolving surface M := M (0)

0O = UMN+1
N=1

y ” .
ard to differentiate » 9-dependent path space Q = Q(9)

the path integral wrt. 6

THE PREMIER CONFERENCE & EXHIBITION IN
COMPUTER GRAPHICS & INTERACTIVE TECHNIQUES



MATERIAL-FORM REPARAMETERIZATION @
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Material-form

Path integral (Material-form) path integral
reparam. d,u (f)

[ = (%) du(x) I = f f(f)| — |du(1_9)
() > y) du(p)

| |

Dependent of 6 Independent of 6



RECAP

MATERIAL-FORM DIFFERENTIAL PATH INTEGRAL @

Material-form path integral

SIGGRAPH 2021

Material-form differential path integral

Differentiate

m— e e e | LR W)

Interior integral Boundary Integral

du()| = _

1= | relgiss| e

o
X0

N

X2

- Similar to the ordinary path integral

- Integrate over the material path space

- Differentiated integrand
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MATERIAL-FORM DIFFERENTIAL PATH INTEGRAL @

Material-form path integral
Differentiate

= [ roESlee =)
oy

x4 lies on the visibility boundary with respect to x,
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Material-form differential path integral

ﬂ:j (ra )\d“( ))du(p)+fﬁg(1_9)dﬂ(1_9)

dé

Boundary Integral

+ Different from the ordinary path integral
- Integrate over boundary path space
- Unique to differentiable rendering

- Exactly one boundary segment
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SUMMARY

Path integral

Material-form
path integral

Material-form
differential
path integral

d/

de ~ Jg

@
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I = fﬂf(f) du(®)

(Material-form) reparam.

I = jﬁf(f) \jﬁ—g\ du(P)

Differentiation

[ Gr@lie))w®+ [ @i
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@ SIGGRAPH 2021

OUR TECHNIQUE

‘4
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OVERVIEW @
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Path integral Path integrall = f f(x) dy I = j f(x) du(x)
Q) Q

] _ (Material-form)  »ararfMaterial-form) reparam.
We generalize this

frameWWerriLQform”y Materlal 'u( ) —
support rathlinteg@tric  path mtegral j fx )‘d I= j flx )|d (p)‘dﬂ (p)
light transport
Differentiatic~ Differentiation
Material-form dMaterialjfo d dJ d _1du(@) B o
differential # fX |5 5= 3/ |[7—7=|)due®@) + | g(P)du(p)
platﬁrier:c;;ral _?o!atrerFe egl(';l ‘d dg jﬁ d@( ‘du (p)) faﬁ
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GENERALIZED PATH INTEGRAL

* Generalized path integral [Pauly et al. 2000]

I = jﬂ £ du(®

Path space

— Similar form as Veach’s (surface-only) version

- Allows volume vertices x € V (capturing
subsurface scattering)

- Path space Q = UY—{(M U 1T7)N+1

Volumes

@
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Volume
vertex

OUTLINE

Path
Integral

Reparam.

Mat-form
PI

Diff.

Mat-form
Diff. PI
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GENERALIZED (maATErRiAL-FORM) REPARAMETERIZATION @
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* Both and volumes V may be controlled by some 6

OUTLINE

Path
Integral

- Example

Objective:
Making the path space independent of 6

Reparam.

Mat-form

Solution: =

Parameterizing and volumes V

Diff.

Mat-form

Diff. PI

- The path space O = U-;(M u V)N*1 also depends on 4
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GENERALIZED (maTEriAL-FORM) REPARAMETERIZATION @

SIGGRAPH 2021

* Both and volumes V may be controlled by some 6

OUTLINE

Tr,
ans/as; Path
s AT EEEEEES mm—_————— = a
y >y flon 1% Integral

E O i X(VO' 61) O Reparam
i E‘ @ '
: ! Mat-form
| Refvome Vo 1 x(h0y,6) X(V0,6,)
- “ : D,

____________________

! Smooth, one-to-one mapping X X( 92) Mat-form
’ Diff. Pl
Independent of 6
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GENERALIZED (maTEriAL-FORM) REPARAMETERIZATION @
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OUTLINE
Volumes Path space
Path
V() 0(6)
4 4 4
. : Reparam.
Mat-form
v, Q
Reference Material Diff.
volume

P = ("'rpi—l yPirPi+1, )
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, path space Mat-form
Diff. Pl
Ref. volume P,




MATERIAL-FORM GENERALIZED PATH INTEGRAL @

X( ) 61)

Xi+1

X(Vy, 61)

HXi—1, X X410

1_9 — (

Ref. volume P,
yPi-1,Pi»Pi+1,

)

)

Generalized
path integral

I = f () du(x)

Q)

= f(‘)[ e fau @)

Material-form
generalized path integral

SIGGRAPH 2021

Domain of integration

OUTLINE
Path space
Path
_Q, (8) Integral
4
Reparam.
. Mat-form
b
Material Dift.

path space Mat-form
Diff. Pl
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MATERIAL-FORM GENERALIZED PATH INTEGRAL @
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X: = X . 0
x; = X(p;, 0) ) .l (i, 0)
P, 2 < U OUTLINE
&2 i
dA(p;) i
ﬁ . dA(xi) - 1_[‘% ‘ ‘% B dV(xl.) Reparam.
dpl dA(pl) ; dpl dpl dV(pl)

Mat-form
: PI
Capturing volume stretch

[
I = jﬁf@ﬂiﬁ—%‘ du(p)

Mat-form

Capturing area stretch

Diff. PI

Material-form
generalized path integral
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GENERALIZED DIFFERENTIAL PATH INTEGRAL @
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Material-form Material-form
generalized path integral generalized differential path integral

I = f f(x)‘dﬂ(p)‘d P) :> j—é: j@%f@)du(ﬁ)_"jaﬁg(l_’)dﬂ(ﬁ) OUTLINE

_ Differentiate o Sl

4 Interior integral Boundary Integral Il
f (p)
- : Reparam.
* Interior integral: Ordinary light path
. Mat-form
- Over the same material path space X0 Pl
as the ordinary path integral
> Diff.
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GENERALIZED DIFFERENTIAL PATH INTEGRAL @

SIGGRAPH 2021

Material-form Material-form
generalized path integral generalized differential path integral

Path

~ Differentiate Integral

dJ/ d . B B _ o OUTLINE
I—ff(x)‘dﬂ(p)‘d (P) > i ﬁ@f(p)du(p)+jaﬁg(p)du(p) -

Boundary Integral

f (1_9)

 Boundary integral:

Boundary light path

Mat-form

- Unique to differentiable rendering PI

- Over the boundary path space B

- Exactly one boundary segment
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BOUNDARY SEGMENT @
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4 types of boundary segment:

OUTLINE

Reparam.

Diff.

Diff. PI

Path
Integral

Mat-form
PI

Surface to surface Volume to surface Surface to volume Volume to volume

[Zhang et al. 2020]
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BOUNDARY INTEGRAL @
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1= j = P)du() + ja A B) v(pi) di(P)

Q OUTLINE
Boundary Integral

Path
* Two key terms

- Af(l—)) Difference in f(l_)) Boundary light path Reparam.

Mat-form
PI

across discontinuity

boundaries
Diff.

- v(pg): Evolution “speed” of

Mat-form
Diff. PI

discontinuity boundaries
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DIFFERENCE OF MEASUREMENT CONTRIBUTION @

dé

Discontinuity curve

Visible

Non-visible
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d d . A
1= | 2/ @U@ + | @ v @)
Q

J0)

OUTLINE

Discontinuity surface

v Path
Visible Non-visible  *x € V(6) Integral

.\ XK N Xk Reparam.
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Mat-form
/ P|

Diff.

Mat-form
Xg—1 Diff. PI
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EVOLUTION OF DISCONTINUITY BOUNDARIES @
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d d . _ AL o
1= | 26/ @U@ + | 1B v @)
OUTLINE

Reparam.

Y

YK g N
‘\T \ Mat-form
\ A Pl
) [Ga—
N\
N \ Diff.
\ \
\ Mat-form
Diff. Pl

XK-1

v(py) capture the normal velocity
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@ SIGGRAPH 2021

MONTE CARLO
ESTIMATOR

‘4
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ESTIMATING INTERIOR INTEGRAL @
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Generalized d d . f AL o
differential path Integral 4@ dHf @)du(@) + aﬁAf @)vp)di (@)
Interior Integral Boundary Integral
Ordinary | CMentlcal path
light path Different MC estimators

sampling strategies as forward rendering
- Unidirectional volumetric path tracing
»

- Bidirectional volumetric path tracing
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ESTIMATING BOUNDARY INTEGRAL @
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Generalized

differential path Integral _I - J do — f(P)du®) + L Af@)v(p)di(P)

Q

Boundary Integral

Boundary

* Multi-directional sampling -~ light path

- Construct boundary segment

- Construct and subpaths
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SAMPLING BOUNDARY SEGMENT

 To avoid explicit silhouette detection, we
draw a boundary segment by
- Sample xz on a face edge
- Sample ray direction wg

- Sample x4, x, along wgz and —wg

@

SIGGRAPH 2021
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SAMPLING BOUNDARY SEGMENT @
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Case 1 Case 2
fun sampleBoundarySegment(x, w,):
Draw (xz, wg)
Sample distance along wgp, get x;
Sample distance along —wg, get x,
If x;in volume:
. _ If x, in volume: case 1
X1, X, in volume x, on surface, x, in volume Else: case 2
Case 2 Case 4 Else:
- — If x, in volume: case 3
. y Else: case 4
return (xq, x,)
. o ) . :
Yo 2ql Jacobian for the change of variables!
x, in volume, x, on surface Case4: x;,x, on surface
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RESULTS

‘4
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RESULTS

Complex geometry

Reference
(Finite difference)

Ours
(high sample count)

Validation

DTRT
[Zhang et al. 2019]

Ours
(low sample count)

SIGGRAPH 2021
Equal-time comparison
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RESULTS

Complex geometry

SIGGRAPH 2021
Target image
9 9 lter #0 Deriv. Iter #0 Param. RMSE Img. RMSE
o 0.015 -
A
SREAS Ay
O
AR |
© E Nt !
S 0.005 -
o T I T T
0 50 100 0 50 100
Ilter #0 Param. RMSE Img. RMSE

. . 0.017 -

« Optimize rotation angle — 2 -

. , . '
* Equal-time per iteration — R
. o . a A :
* Identical optimization setting
- Learning rate (Adam) 0.015 -
R g 7 0 T T T T
- Initializations 0 50 100 0 50 100
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RESULTS
Complex light transport effect

©
2
®
o Q9
)
O =
%'o
r 2
£
L
N

Ours
(high sample count)

DTRT
[Zhang et al. 2019]

Ours
(low sample count)

SIGGRAPH 2021
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RESULTS

Complex light transport effect

Target image

« Optimize area light position
* Equal-time per iteration
* Identical optimization setting
- Learning rate (Adam)
- Initializations

lter #0

Deriv. lter #0

SIGGRAPH 2021
Param. RMSE Img. RMSE
0.004 -
0.002 A
. . 0.000 . .
50 100 0 50 100
Param. RMSE Img. RMSE
0.010 A
0.005 -
. . 0.000 . .
50 100 0 50 100

THE PREMIER CONFERENCE & EXHIBITION IN
COMPUTER GRAPHICS & INTERACTIVE TECHNIQUES




RESULTS

Joint optimization of geometry and material SIGGRAPH 2021

Init image Target image

Deriv. Iter #0 Param. RMSE Img. RMSE
0-71 0.08 -
0.6
0.5 0.06 -
0.4
0.04 -
0.3 4
0.2
0.02 1
0.1 A
0.0 T T T T 0.00 T 1 1 T
0 25 50 75 100 125 0 25 50 75 100 125
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LIMITATIONS AND FUTURE WORK

» Current implementation: CPU only
— Can not handle large number of parameters (~millions)
- GPU implementation for real-world application
 Implicit scene geometry
- Signed distance field (SDF)
- Topology changes

* Primary-sample-space (PSS)

@
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CONCLUSION @
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- Generalized differential path integral

- Interfacial and volumetric light transport ’ I! § dX

* Monte Carlo methods
- Handle interior and boundary separately
- Complex geometry

- Complex light transport effects (multiple scatterings, volumetric caustics)
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