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Specular light transport is important

* Caustics, a typical effect caused by specular paths




Path tracing

[Kajiya 1986]

- Camera

Hard to connect to the light source



Path tracing

[Kajiya 1986]

- Camera

Incident radiance: near-delta distributions



Photon mapping

[Jensen 1996]

Bias due to spatial relaxation



Rendering sharp caustics is difficult!

Path gmdmg [Muller et al 2017]

. Extremely slow to converge




Specular path

* Local sampling fails to reach a
* Specialized methods connect endpoints with

e Problem: How to connect? o

Diffuse




Specular constraints 0
Xk+1

* Specular vertices satisfy the reflection/Snell’s law

* Just solve the equations!

* 2k variables
* 2k equations

. . C ’_*, — O
e Difficult to solve! (%0, %5, Xje41)




Recent advancements

Point Manifold Manifold NEE Manifold Manifold

. Exploration [Hanika15] Sampling Path Guiding
samp li ng [Jakob12] [Zeltner20] [Fan23]
\ Spindle Test Path Cuts Specular Bernstein
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Other works
Analytic GGX integral [Loubet20], Path-cut-based guiding [Li22]

Large jump for manifold sampling [Jhang22], Specular path reuse [Xu23], Neural manifold sampling [Yu23]
Photon-guided sampling [Lee24], Single-bounce dimension reduction [Granizo-Hidalgo24], Position-normal manifold clustering [Wu25]



Manifold: deterministic init.

* Manifold next event estimation [Hanika et al. 2015]




Manifold: uniform stochastic sampling

* Specular manifold sampling [Zeltner et al. 2020]




Manifold path guiding: motivation

* MNEE finds , resulting in energy loss
* SMS samples the seeds, which leads to high variance

* Goal: find paths that are not only admissible but also “important”
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Fitting

Data-driven Modeling

Manifold path Guiding for Importance Sampling Specular Chains

ZHIMIN FAN', State Key Lab for Novel Software Technology. Nm,.np,Umwnny China
PENGPE! HONG" . University of Utah. United States of America

JE GUO?, State Key Lab for Novel Software Technology Nanpngunwrmly. China
CHANGQlNG ZOV, Zhejiang Lab and State Key Lab of CAD&CG, Zhejiang University, China
YANWEN GUO*, State Key Lab for Novel Software Technology. Nanjing University, China
LNG-Q! YAN, University of California. santa Barbard. United States of Amerka

r "

cane involving chaleng= Nt paths with altipht Camaiut v specdlar ounces The long specular chams U § i (i swene)

Rederenes

Fig | Remdernd 2 comph

cate grust chataches 1 cxisting path sampling agarthema, whis

tha proposed manfold path gunhng mathod sddrasses thit S8 (aithfully reproduding
high frequency castes and noticeably dcing e varimoe. Hers: & compare o methed it Path Tracing (PT) Practical Path Gusting PPG) (M
2010, Waler ot o8 300 | and o extenson (wppertot armus chan types) o specular Mandd Sampling (SM5"} (Zeftnet ol

a1 the saeme enierng

L. Cuaantitative @rvor yorens of MSE & reported for ench omup

Comphex vosaal effects

such as coumtics ase ofien produced by Bg pathe wnuu—c.\.ll\tmn!nl of imgortance smgling and convergs 10 admmaibl
e cuLive P wlat vertees (dutbed peenler chasns) Jhans theonah anifedd walks We verify that unportasce sampling 1
which pose & challeng abased eatimation i Mente Ca

Leed chain in the contine>t apace vemches e gosd of mmportance sas

chas work we study Yght trumepout behaviot within & s e discrete e speculat chaie Based o6 these cbaervastiort
comprised of 8 speculas chain and two non st Ve e P ol theorstical analyses + progressive pipeiee reanifeld path guiding
st the speculat P e foumed by aH 1 sl pothe coul designed sl Jmplementod 10 (e aBenging paths festot

rovide coherenas among wb puths. By pocanstiuctnd contimeous eeTEy g, ooy speculss chaims To o pest knowhedi® i is e st genwral
Wsteibutions from Tastoneal and cohwerent wub paths yood chains can be Gramework 1€ mport st aamplind. ducrete peculat s 0 regular
Monte Catle endering Extensve expermenii Jemontrale that out method

Josmt st sushhics

outpetforms state-of-the wtt anbaased scdetiont with up to ¥0* v

ok was dene SN
ek st

g Unbrveity

roduction, P Jally in typacsl seenes contaiming oy apesulat chuains and

shinmes Zaamin o e33O el €0 Sate Koy hab
mebsgy, Nosgmg L N agpes Hhong,

o Amsaricn; o Gue
g L

CCS Conerpts + Computing _.Wn- + Ray tracing

Ty of Vish, Sah Labe COF Uited S8
s Sune Ky Lok 0 St Seltare Toshmelogy
1w

Additionsl Key Wosds i Phaases Specslst i, lamgportane® ampling

Nasging Chons Changgurg 2o ng I Lab aml Sae Camlics
Ko 12b of CADACU. Bepete v Chama, Yoswwn G vpedd ACM e l
wou sdabn State Sy L 128 Noreed Sod Noapnt ry Nyt cremen Format . i
Chuna, Ling Qs Yo Mg algornm, Seats Pohars Seris Touaman Fan. Pengpet Hore Yae G Changing 208 Yumwen Gua and Ling
Rarhours, Ungl Sastet A Qs Yam 30 74, Manifohd Path Crsling o€ Import s Sampling Speculst
Chains. ACM Traw Graph 42,6, Astske (December 202, 14 P tps
ol ot hoard ¢ o o st ol the G guesored o€ Tt

o woek ¢ o than the \ INYRODUC“UN
o el To copy eher «
L P Monte Carlo (MC) integration ussng stochastx samples has Jong
e permusss oo <= onipacm <t been the de facto solution 1% the problem of physscally-based hght

o

transport semulation (¢ hristense R and Jarosz 2
. Keller et al 2015). Oves the p-m.ku.k‘ great efforts have

016, Fascione et al

ACHM Tuana Gragh Ve 2 N b Asnde reblacatess dale Dresmbee 35

13



Manifold: importance sampling

* Manifold path guiding [Fan et al. 2023]




Results (4 hours)

Unbounded variance / Newton solver’s local convergence
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SOlVing

Analytic Modeling

Specular Po\ynomials
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Why Polynomials?

* Root-solving with global convergence

* Root isolation by computing derivatives recursively

* Eigenvalue: QR/QZ decomposition

* Key idea: derive (1D) polynomial formulations



Specular Polynomials
* Multivariate polynomial constraints F(u;_q,u;, u;11) = 0

Uitq

* Rational coordinate mapping u;,; = f(u;, u;_1)




Resultant elimination for two polynomials

* The necessary condition of ( n _
* the existence of common roots of a(u1, 91) — Z ai(”l)”i = 0,
* two polynomials i—0

* Bézout’s resultant n
1"(01) = detR(Ul) b(ul,vl) = Z bf('ol)ui = 0.
| \ i=0

min(i,n—1-7j)

R;j = Z (ai—k(Ul)bj+1+k (v1) — bi—k(Ul)aj+1+k(Ul))
k=0

Only in v; now!



Deterministic search for specular paths

* Select triangle tuples first (focus in Fan et al. 2025, also using SP)

* Then find solutions using Newton’s method or polynomial solvers
[Walter et al. 2009] [Wang et al. 2020] [Fan et al. 2024]
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Bounding

Analytic Modeling
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Bernstein polynomial basis

fO) = ) bxi -0
=0

Components Sum

Ll




Bounding the range of polynomials

n

fO) = ) Blxi( -0

(=0

(x f(x)) falls in the convex hull formed by {(— bf) ‘O <i< n}

0.8 1 -—-—____
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Bounding the range of rational functions

. b _f@ b’

min;_,, 7 700 = < max;_,—— 3 (g(x) #0)

l

[Narkawicz et al. 2012]
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Bernstein bounds for caustics

* Represent caustics with Bernstein polynomials

* Obtain their bounds using the bounding property
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Summary

* Fitting distributions for the constrain solutions (23’)

* General
* Needs training/initial distributions, suffers from outlier cases, so...

* Reformulating constraints into polynomials (24°)

* Solving (24°)
* Resultant elimination | Root isolation/QZ decomposition
e Too slow due to enumeration, so...

* Bounding (25’)
* Bernstein polynomials | Regression with remainders
* Producing an approximated distribution of the constrain solutions

26



Open questions

0.00
Performance
R R
““*“"w/o Remainder Var. w/ Remainder Var.
° Slab Time 0.31x Time 1.00x
We focus on 0.0012% invalid 0% invalid

* a theoretically sound solution
* and accurate modeling

* Allow violations/approximations to be more efficient
* How to strike a balance?

27



Homepage
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Thank You!

zhiminfan2002@gmail.com
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