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Fig. 1. Schematic overview of differentiable rendering. Best viewed in color. The top part shows a basic optimization pipeline using a differentiable
renderer where the gradients of an objective function with respect to the scene parameters and known ground-truth are calculated. The bottom part
shows a common self-supervision pipeline based on differentiable rendering. Here, the supervision signal is provided in the form of image evidence
and the neural network is updated by backpropagating the error between the image and the rendering output.
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BNB LTS H O, RVRIEREIEZ AR EZ X, B LA 2O T 8 RS 2 1] A A R
AL FRATH DR BRI TR ZEE R~ K HIUKZE: mesh, voxel, point clouds, neural implicit
representations:

FABEVTE 7 ohLiE gy, BROYBORIEZ OB T A0 P fh 22 P 28 R R 22 ST E B, A2 T ol i e g 2
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TABLE 1

Overview of the representative differentiable rendering methods. They
are classified by the four main underlying data representations.

Data Repr  Type Literature
Analytical derivative  [16], [17], [18]
Approx. gradient [19], [91, [20], [14]
Mesh Approx. rendering [21], [22], [23]
Global illumination [24], [25], [26], [27],
[28]
Occupancy [7], 291, [30], [31]
Voxel SDF [32]
Point cloud [33], [34], [35], [36],
Point cloud [37], [38]
RGBD image [39], [40]
. Occupancy [41], [42]
Tmplicit o vel set [43], [44], [45], [46]
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2 1.1 BEMENTSH (Analytical Derivative)
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2 (B 2(c)s (d)), RJaHHBIGERAE (B 2 P (b)), REEIBFRATHrH, BOEATEE I 6 55
FERESRRAR LI . SRG, B AAR AT LR N = AT AL . AL THEE (18 2(a)) 2 RAE (AT

) RAMERE R TE R, TR 2R B R AR L 22 8] P i = AN TR AR BER TSR (I 2 /9 (d))
AU, A5 FR AL A T RV 2R 1) 3 R O = A T T s b 5 SR JSRRIYE 1] i) S (R BBURT o % S 0

BIREY, 25 e M AR B S50 DL AR R AR R &, T DM SR BTHEG R Bt (B 2(e)) . W4T
B 3474, 4 Phong. Lambertian A1 Spherical Harmonics # 2RI LA RIL, T DUENTHHREAG RIRE
FE AR T NS0 T
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Material ~» () RGB

Fig. 2. Several operations that are performed inside a rendering function,
given a pixel, its corresponding triangle and material defined on vertices
of the triangle, camera parameters, and light configurations. The green
boxes represent inputs and the yellow boxes represent outputs. Best
viewed in color.

EbRAEE R, EHEMEEREFE N AR A NEEE, Xl fes SEtiibm 8. 5,
IEFRATB EE— N H— DA B ATEMRA RO = AR5, WE 3 Fiw. TEEE o =1, o2 = 0.
i F O ARFR w; T2 v, = > wol H > w; =10 v, RPIORHEE ¢, = Yo wicyw = 1o A, Co, 5
v F b BEEES 0.

Fig. 3. An image of 10 x 7 pixels that shows a scene composed of three
triangles. The vertex colors of one are white and its vertex positions are
denoted by v}". The vertex colors of the other two are black and their
vertex positions are denoted by v?.
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2 1.2 JE{ARY%EE (Approximated Gradients)
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1, SR GHAE KM v, TTOLHATHIERE (HoAn Sobel filter) Kit5r. #urifud, (S, Zmy = o,
BT RN AL T v, A WILRER MM HEE 7, Prelal ASEEE o 4.
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J (intensity) (X558 DAERAR G RIBEOAED, ATNAZER oy SR, 5 H AR IneReEE, 341
WA BIE . B, BN AAZTWER, MEEFMETI. BT OpenDR 1 H KA Z IR BEHER
PIRRRE, A SRAEH TOLIA FBREE, BRI e 7R 4 R IR AN L B2 (loss-aware gradient flow) (2
g il, XEEEEREREA AR ABAG K, ER T R EETEE KN, AT RERE R IF AN fe A SOt ie
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Genova 5 NE A = ABARN TRAME R O ARR T BB S 8. A TAG T =Mkl iRtz
SN ER BB AR SINDUE,  DUSE RGBS ANESEE . B A IS = AR IRAT (triangle identifiers) Jf
KO ARR, W LR R, B RUEIE S 2RI, AEPLA T A2 OB, IRl vy
HE 2 R )

2 1.3 A{AAYEZ (Approximated Rendering)

HATTEA R i FE CRRIEAUEG R, Wi E B et (R #e), DMERERS 1A
FHRIBEE o

Rhodin %5 N\ BRI S B IR AT . O 1 B IEBEN RiILFAL (hard object boundaries) [
AEGNE, X REHELSHOE X, SZSBAEN RO RARERKAOAZEIN, JFEDFLZESFEN.
R, VEGedt RInA SR B, A RSP RGIARA (sharp corners) TR AT

Liu NKRH TR, FF5EH T —Fi 28 Soft Rasterizer HIVEAL#s. bR 7 BRI 246, &
i HEZTTVEIAL T vanilla rasterization I FEH LT z-buffer =ML, EMETES, BEAE
# p EWEA=MIEADL —E PR ST B S, RE RGNS T RNME R BT B
Ko R, MR RO TR NS A AT AR BB B, FF HaZig J & v it . A E 2k
T 2D BRI R Rm M =M IR S, DUKAHBUR =M 2 [BIRE G J7 R I RE e . DRk, B2 DA
M T AN B ERBEE, 1 OpenDR XM AHAEE ZR S AL #E BT A, NMR AU [ A& #& A7 T
[min(obj, ), max(obj,)] M [min(obj,), max(obj,)] WHHUERIIBEE . EEE, BB ETA TTEA R
XTHT AR RR R, BROAEATE E R 2Bl m A .

Chen FE A#2H1 7 DIB-R, EMAZHIRET BEHKIPIANAFEXE: ARG EZmE fE R, isgEg
B2 MANRES, BREBEAEAEMARES. ~ 784 Soft Rasterizer FIBIIH, DIB-R & 106
B SRR R b 2, A6 A T 3 T R M ) B OB T3 . B3 BAZRALT Soft Rasterizer 77 A
HRFIHEEN2R/AREERA (distance-based aggregation of global face information) KBk S4 &R
THRBEE

2 1.4 #£FH}XER (Global Illumination)

IREEROR AR R A AR E Qe P A RS [ (iR S 1D .
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Li 8 NG5 — T SE TR E R & B BRSO TR e A LR S5AE R A S 5
A FE AR B 7P T SR RIS IRER I BEN LT %, 1205 A THE Z DB a8 A 7 AR 20 A0
FEo BT RGNS AR FRAES, R T3 9 I AN SE o X TR R B e 8 2
KH T ARG B a3 XIERAE (area sampling) o X T ANES KA, I T — R LG R TTIE RS
PEBFAL AL o ABATTRI VAN 1 R B e RS I8, AT mOEIR, AT SE A B SN I i, 37
FOERF AR Zhang S ANSEH T —FARRABIRN D%, 5 Li S NRITREANRE, MATRIT5 R 7SR =
TR AL, I SCHREXAR (volume) FITMIY e IXEET5 95 M PIAS E BB m R B Qe FER AL TR R AR T 22, 1K
& T FRITH AL G AT R AL 55 R PR, X HEF DA

Loubet 5 NEWHEFSHA AR, BIHERIE ERERB D, MARKE TRk A
EANE R AR T 5 2 B s L, BRI ENT AR 7 3 2 J AR B DA B AR 1 . 2R
WS HAL SOVE I RSO I AN S EANE S (2 (8] AT ARy, I HLAR R X AN Sk 2 AR - it
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SR RS B R IAR L T LUERE B Zh ki 5. 281, BB E R AL S, MR AL
PR TS st . T B PIZAN I, NimierDavid 558 N H 7 — B BUWBE EEVH S T57%. AEABATI I 77 2%
t, ERSE A SRR MR, R FEERRE R, BAREEERDCR AP, I ELBE R R
ekl . SR, (XA ITIEIACEIE RA SRR ER,  Ext Gon] AR R ARt & A el iy 1, I H
FE S AL R A AN RE AT LA

2 2 Voxel

FEARTT A, FAVEN DA AR LR B K T E Qe ik . R = 4E R A AL T AR OR . &
LIS EAN N 4EmfE, ZinE S KT 3D ZFEH S8 RS S LA IS . Gl ek 2
s P B A P AE R R R T 5 ) (occupancy) (88 Claj BB YW Lefr BARZKAE AN 0)
BEAT G o

X HN S (occupancy) W (FRINMREEA BARRE AN 00, M H A7 R P, €
[Pmin Pmax)o BE S IR SEEEAR, W] PLLAHRE 77 U R EAT, DB G EAT 2 14 301 a] Ok
FEAI it . FERXAMEOLS, MR P, FRoRBT AT — Rl GEWIRD . #MUE B A At .

TEAR AT PLER IR A RN R B 0 B SR T I e A0 BE &5, T A2 A7 occupancy. fEIZRRNH,
MER BT BC— MR R (DF). B R LA SR 7, SERREREOSHENRA
FRE AN, DUERAE TS B 4 (SDF). B(#, Al (truncation) "] LLN T SDF, LUK RN A
FFo PR A (TSDF), FT-H8LL A B SR I PR 295 BAR 2L N A

FEEGUR RN, K &SRB R TR . Bl Cef UM I LR IGE 45 RGBT
. TR 3D FE P A BB ER, ARG RN A IS 2.1 3Pk i R & oo i)
KRS IR RR B2 e @ OB S A e AL A R R VE B RR R 55— 2P . Tulsiani 58 A Jiang &8 NAETH 545
[ rp HEATIX A ERAE, T Yan 58 AM! Henzler 55 NREU T AN T % AATTRE A 3R A A S 243 (] 552 21 i
) EHMANSED, HPATERIT 20288 (Spatial Transformer) XM RFE, XETHE LS
. Lombardi NI VEBIRAE. MAT7I N TH MMM E (EPBRIE (template volume) Fl%i H {4
(output volume) Z [AIFJMRE ), DLIR SRR, WABAERENIRZE) (jagged motion) KM
(grid-like artifacts). flitt & [a] warp fH, FF{E warped FATEBIMRIE (template volume) #ATKAE. HT A
BB B IE TR R T8, B S ©ATE i R 2 vl il 1

ARG RERRZERIENE =P, Yan FANE HHMEBESGMEEMH KR ZELET
MABRILE L WA A SR AR R B AT RAE TR I8 8 o5 MR i S AR R ORTESE Y . Tulsiani 28 A THELSS
AL — R AT IR RS, AR BUR KA . ATV BII0 2B 1 IE G R R R oh, i RE
TE YR B A EIMR . Henzler 55 Nt —H 5| N T KW (emitting material) YRR & H-RUL (EA)D
TeHRS A (light radiation model), PALKZRALT Tulsiani 55 NBALGEAE5E (visual hull, VH) FIAE I
(absorption-only, AO) #%. Lombardi & Nilid WEEME R EL, ARG IHHEAC R RB A AE Y]
FEMEE, KA HROEL1THE (differentiable ray marching). 435 528 AN IZE B BEAE 1) S ARAE B i KAE
W, K EFERRIAEE, CABT ) LB i gt — 2 5

5 ERINEAF, Jiang S NACHFRIRAF SR RAUAR . AR RIS, HRE G ER
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2 3 Point Cloud

RN S R S EE S . EAE 3D o BAATE, BUNEATREN LAHXHHK A7
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IR FERY], s Al DL AR i BIER FEph 22 N 2 v, DU TR 25 PSR BRIK) 3D I . T Ay B i)t IR
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W=, ARSI 2 EX RHAT, DIREBRERRAHIOE. ORI TR — BRI LR 7.

BEZTHE L R TR pl, MRS — MR, AMX A e S8 — SR ER CF
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PUZn i, Yifan 5 AFEH T RUT Kato % AT LA THIERE (invisible approximated gradient) .
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BRI AHR XA TTEAE SRS . Lin 55 N@id ik £ 8555 45 € AU 3R Sl 1 mORME I AN ], H 23X
BELIE T 3% 3844 21 (occluded points) FIARAL (BOERS S AEMLALRS, RIReAr BR8N LGS 7 o] WosD. Li 55
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TIRLEAT itk 32 2] = R 2 A A R 7). Wiles 558 A4 AR HE A ML FE B AL 4&#8 3D 1, ik
EE R 10 LAl CGRLT Li %8 A7t Soft Rasterizer [FHFFT).

Insafutdinov N KM T —ANHEF 7%, AT R S48 3D 1%, 285 F A Tulsiani 55 Af77
TEARIE G LR Z, 1% 07155 T T (0 U B85 i (R0 7 7 25 25 R) SR AR s B AR AN [

—HIRE GRS ER R R s B SR 2. R G B b — = Hs s BonT
LEEH TR E LT 55 2 B = M# 5 (triangulation between points) ffE R . H—77TH, PHHRER K
22 3D AR, s (point density) 5 H & a R LI /N GBI BT, —AME 27 5 130 [t
B, BN ERE SR —A R B2k 7 SRS AR o MR EMGAE R — ML
A ABEARN f o vE R R R I Ol 7E IR R BEAL THIY B B 5= 20 vh, ARt UG RAG VHAE R B,
FLE N B TR AR B REAUAH LA A

2 4 TImplicit Representations

BT, NATTRHE R R 28 T AS A 77 AR T LRI SRR BB G o 138 5 9 PR A neural implicit
representation. fERXFIEM A, —A 0 Pl e R LS REEMEM e F(PL,) B RER. ik
THREOTTEAR, ERAERT, WA T E PR EER . Kk, wJLAUTCIR o # E
i, mASSHEZHNAF.

HIEFERIINERM, A =Rk & UER. 5%, & P, Bk 53 (HRimZse it
Yotk EECE RN DD RIBER T LB ML M2 FOoRERL. 255E Pl AL ground-truth SHER, 5225
F RS T — A Zonsr K@, IF HAESCER AT T A . Bk, F AT BRI A p AR IE W
FEBATEE . XFOTER L T RRFE N R, U L EPN R G MR, 5=, W
PR T BLE ORI F(P,.) =0 IRl Pl RS, XPFRAKTFETTE (level-set method). JEH
F(P},.) & X B HbRRELFWHEE, MHA TR P, AR NG AN

HHAMER—FE, T ESAH R E, SR ESL 3D TMRE F & & vt A T RER . N T R RIX
AN, S TARR WG 2D B (DOREREZ MR BB IERD, IR RES . SETHRRMTT
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TABLE 2
Comparison of differentiable rendering methods for voxels and neural implicit functions.

Operation Approach Voxel Neural implicit functions
. Sampling along a ray [29], [31], [32] [42], [43], [44], [45], [46]
Data collection along a ray (Re)sampling in 3D space [7], [30] [41]
Approx. occupancy: taking the maximum value  [7] [41]
Data aggregation along aray  Transparency: taking a weighted sum [29], [30], [31] [42]
Level set: taking the value at a hit point [32] [43], [44], [45], [46]

Liu B 3 B 7E A s Je b A H a2 Ba A28 (I8 3C:Learning to infer implicit surfaces without 3d
supervision) , N JHRIENUEEK p., BIEHHBERE, N p., HEHL R RJ5, EFEEEHZL R BA&K
occpancy MERIEM) 3D K payzo WG puo B MR T pyy. KIME. ERFEAEFLERES, po., B
FEAEAE D TCLS pryeo MEEZT, Mildenhall 8 NHRH T #H2I7E B FER AT TuE Gy MRS, BEA{E
SE IR I ARVE J RN G EE b A KA s AT IR TR . Rtk BREESRARIZ AR, XA ERENR
o R4 Liu 5 NUSCRHFCERE S, {2 Mildenhall 5 ASCRHE SO E S RGB K4 . Mildenhall 4§
NITAER Sy — AN EEITH 2, MATE T BB EER I8 TR T, Bk SR SRR, st
TR S -

K H P2 B R B LI AR AP TR R R L, o MM R IR, DL RIE
T 2 [A] A2 m R AL B R T R B o 28 XAk B 2 A2 X 286 TR SRR IR o R B AR T 22 s 2 5
ANgeiE autodiff HEZETHEL, (Hn] DLE AT THE . XDV TETRIE vl il 5y silhouette (BYEZ, ZRALT
HRmER BB, FOYTH G ER0, BIRMAEER 2RI . Bk, v 7 £ B 0 [F AT
oAb, T8 53 A0 HT S A S AR A AR % B0, Niemeyer 55 N B F|#53H silhouette A
EFHYE (false positive) I, F/MEAE XIS A, 4352 N EIIYE (false negative) I, f5 KT S 21
BENLA S H

T RETARRMNITIERY, ERZ R AIRE S, By T 3D MBS acE T, W& BA—4HfA
PRI R. WTHERAER, & EALREAN A, RS ERSIRAPRANE . AR OX A [ B0
W DL IR 72 X AL AR AT BEALDL SN BRI s AT KA o 53— M5k 3D 73 [l H (R BEATL AU AT KA,
IR EEANENLNAE X, SiEG 2 MLEN, R EINE . N 720, VP2 0780 5 4
SR FH MR 2140 FR) KA AR 32 55 BRI P B B SR

2 5 Neural Rendering

Eslami 58 NN EE & 27 S E G 7, AR FahE WiHER Gy . XM iRl g oyt 208
Geo GH, IR R R ZE R I A I SR A 287 RS 3 5 A R 2 R e R 2%

HI TR R e, M E QA R LR BRI EE, TR T2 N, Wi s AL
B TE SRR ARE A S AR I, A B B AU e A S A . BART I
BUE A A B A HE I AR B 7, (EE e A LS S A Ml v 22 2, MRy e ml DUAE R St 57
ToEIX 7 B R

O, HET RIS INGEE AR SR, TR 2 AR DR 4 37 5 R
B ARIE I RE TR A IR b2 G — MR AHE U7 F 208 3D RGN i % (inductive
biases), JAHIE QBRI LE . PRI, KSR T U0 22 B W] e e ds SR iE A 45 AR 2 — A R
I 7T U o

2 6 Summary

PATFEE T3 DUM Bl Ron R D AR P RE RO BIR . RR . ma MRS K4 3T
XEERIR:
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Voxel Polygon mesh Point cloud Implicit function

Fig. 4. Differentiable rendering algorithms differ in how the geometric in-
formation along a ray is collected and aggregated. For voxels, collecting
geometric information is done by checking intersections of a ray and
each voxel. For meshes, unlike non-differentiable rendering, multiple
polygons have to be associated with a single ray. For point cloud, there
are several ways to measure the influence of a point to a ray by pseudo-
sizing. For neural implicit functions, various sampling techniques have
been proposed for efficiency. Aggregation methods mainly depend on
whether geometric information is treated deterministically or probabilis-
tically, and how occlusion is handled.

AR 0 B R U R

ST MRS HIERT B N =38 TR UTBIE G e R o 1 T B0 Fo ¥ e ORI v o B 1) el
e, RN S AE T TR BB . IEGGL AT RE & BB 1 (BB IRPTA B B N AR %
T 2RI BRI 7 E G B SOSe RS 2 (R e e, (Hh T E TR, BT A ER T
IRFEPHE N 2%

BT HERNINRE S, BRESZHNFMSE. IR HEBEERNERERR, D7 ERANE
RE, RETHRRENINENEZEXAR . REZREAR S EER, (G PEAER T /N7 SR H
#o T SDF HIMRRTIIE SCVF EEEE T 5 A% (0 7572 B P s o R i .

BT R BT EAE T /B (15 00 R S0 T BRI S A . RV 2 I RAE R ik 1 A 2Rk
B, POvEIffH 2T 3D &G, EREmMitERmRmE . ABENHLT, B
MK PREEGAR R KBTI AR . DR T AR 75 IR AR PR IX L ] L

BT UL Mz« AR AR AT B AT 58 (HAER I AR f T AR e R Hod
AL BB | 375 B B 3 i P R SRt R = 4k R LA T AR LP- T R AR 2 A IR A fi 2 A
REGR] 2 . REAREI A, (AAERA EREMIR TR TR ZERE S, DU i 47T R i 2
FERHE R _E X2 I 28 AT Al 1T

R 3 SR T AR R ANTE e 7 15 1) 56 P AT BR 1] 1 470 22

TABLE 3
Comparison between different algorithm types.

Representation  Type Strengths Limitations
Analytical derivative Usage of advanced forward rendering  Local minima in geometry optimization
Mesh Approximated gradient Usage of advanced forward rendering Handcrafting gradient calculation
©s Approximated rendering  Auto-diff support Not precise rendering result
Global illumination Realistic rendering outcome Computationally too expensive
Voxel Occupancy / transparency  Simple, easy to optimize Excessive memory consumption
Signed distance function Efficient ray trace Not suitable for transparent volume
Point Cloud Point cloud Easy to render and differentiate Pseudo-sizing, lack of surface
© N RGBD image Ordered point cloud by default Point density reduces with the distance
Implicit Occupancy / transparency  Simple, easy to optimize In'sigie and outgidfe is ambiguous
Level set Clear object boundary Difficult to optimize

2 7 Open Problems

2 R AT GTE R VR BOR i R — B )

Br T 3D XHitEfl (3D adversarial examples) FIXA&ITHE (style transfer) 2 4b, V2 NHEF, W
3D JEARflTH AN 2SN, I f METE e UGN H bR B TR B 22 SR I SRt 2 X 2% . FEIX R 4,
VEL Y bR HSORT R LB eR B 2 B TF R K . DR, PR R AN e R P A S i BIE G e B P R E ) 3D

I

=0 o

SR, EATAT L —EHRE . 158 2.1 Tk, AlilsmiE 4 H BA R S BERG B Bh B2, 2 3R A7 B
TOACHIRRE . X 0] LLEIE R A 3D A ATH AR 2D EIME B AT fl ) 7E e AT b4 pR 2 (differentiable render-
and-compare function) RIZHL, TMAZEFKH 3D B84 BRI A] s G sk 2. X A7 I\ B —Fh 72
X5 3D BARJEIR (3D template shape) T s AH SCIR I SO B8 sl HEAT FTUIRBE AN LA . SR IX MO 12
€ TAESS Y, R AT DUB I A TE e A B ELA R B 51N 3D {3 BokHE . X EfE BB S TR 2 —1



FETBH A 725008

YT HE T R R R B ) T TR A T R AR R R, TR AR RO S AT O B R g SR R . e Ab,
2R B T IERT T GR P 2 N 28R BEORNE 1o 39— 7T, FEUER 51, S yE Qs ik i ik R e Al
FHTE R A Y PR AR R BRI O VB e i & L BUE O T B SR, TERT BRI = N, XHEZ
[ P DX 33 v R AR R o AR AR T B 2R B SEVE S T7 0, AN B SR RIS L, & — b g R 24l 0 77
%, (HE R EER R U T RE et — MEB IR R A B AT M. 7SI — 5, T2
WA E G SRR AR EE AL (LA E BN IERZ D . #R b, Nz aT DO A 5 s 5 nT iy £
WL 2% (differentiable physics simulators) A5 & 10 & 2k, (H W ARSAT S5

TV S — M B R R AR i MG, DRI o SR A B AT AR A St FR 2 TR AR K 22 7, VB G4
EURK RAFA L. S —J70, MEEgeny DL A4 m BOE 1 i R, RS LA ) B R A7 5
SR, XA Z BB R A B P RE 2 = AR i R B T T G . lan, FERPEETE S, KR AR AT DA
FRHEAR SRS [F ARk o EH AR 22 I 288 T % R0 AN S5 I BB BEARUEAS [ s 2 T R TR — Btk . B8R
T P EE U 44 P LGN N VR G I TR B, (E R T2 ST T RN AT T et R (15 7%
Bo AN, AT DB T R I b PR AR 1 ok T AR Ak . X RhRE ) i Tl 2 A, mAR T
HORW RN R IME . Bk, Xz > n] DU RS 5.

BT A TE A S SO RAE  (1 BME 2 o X 877 VELE 5318 G A 1 ] B4R B
A A,
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= Evaluation

AL 2 D7 R B PPAS AN & — AN A R TE B ), RUOAZ Rl — DR AR R EATT R, JRATT R
T VPSR E WAL, PR T e TR . — R R R T VA R R PEAL

XFRETF RPN, SEEB AR DT G RIA 5 B, AR R TR A
— AN TR . T B AR TR AT IR R L, DA A PR ZE 2 T R B FEE /RN ground-truth.
SR, H T oz H TR R E AR, DRI G Rk AT 8 BTG .

F—I7 M, R TR R A R AR A TR B . BRI AL, BREEX TR A
S, AT IERN . B TXANRE, HRZESAGHT ground-truthe EATT R Tl T g IE#H 12
¥, A REAE H T4k . Loper 1 Black A 1) 77 v v S A6 FE 56 BR 22 40 1 H B B EAT T LBAR,
AR H LA . AT, A BRZE e — NFH epsilon H 04GR oA BRERTER
1E HAs R BRI RE A, TAALES . O EIR ground-truth) Ff 40 HSSARER 2 5y — Fp F T4 110 5 v

TR I =SB IR R W R — Mok, T Ek= T p s AR, S8R IR SCEME
H B CEIRSERIHME B P20 CA R BEENAN 3D IS4, eI M2 T AL E 3D
XPREE, RS HEARE.

THEIS [ — AN EE B EbniE, JOHRR TR T ORI ERE G T % B, A JUR RSO HE
I TR A PPl 5 R —53

TEVPAY R AT 4 R SR AU, nTUE BRI A EEE R X T2RME, B THEENE 2 Eig
FriEH (analytically-correct) HIBEREE, KIMATRZES T LUHAE ground-truthe XfFJm iR, H K2 ITE)
HHRMPIEE, FHRAEHIEE R (optimization results). SR, EXPMELL T, BT 6= 3H 5
£, TIEMNARMEIEAT AP R . —Mal e £ 2008 —4 toy problems, X&) #in] -+
VAU BT GRS E) S8 . B, A DERNAERTE R A #ERAE =
ST B PPl 77
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4 Application

FRTE G O TR SIS AN T AL 2 & Al 3D AL fEAS T, JATIEIBT 1 ATk
EIHINH, JF e TENRRRTE. % 4 857 DR BAERIER .

TABLE 4
Applications and representative literature of differentiable rendering.

Application Literature

3D object reconstruction [9], [20], [71, 8], [68], [22],
(23], [69], [38], [41], [43],
[62], [70], [71], [30], [72],
[73], [74], [45]

Body shape estimation [11], [10]

Hand shape estimation [13], [75], [76]

Face reconstruction [77]

Object/camera pose estimation  [78]

Object part segmentation [79]

Material estimation [17]

Light/shading estimation [80], [81], [82], [83]
Adversarial examples [84], [85], [86], [87], [88]
Auto-labeling [46]

Teeth modeling [89]

41 Object Reconstruction

FALE 3D X g @R AR A EURAETE N S8 3D TEARIAES . 54 2 AN BRI 2 B SLRfE
NG, RTUESS el L a8 5 > A UG TR i) . BT VA RES I\ B ARG 2 ) i i i
ff7 3D Hik, WK 6 Fron.

Fig. 6. Single-view 3D object reconstruction by Kanazawa et al. [90].
The leftmost column shows input images, and the rest are
reconstructed objects.

ALK 3D X RE L — M B TTVE R L 3D JRARAEAT I 2] o B o) TR 5 R
B2 3D MAIRBEAT IR, IXAERS (8] A1 TAR 52— & st R, i 2D R 3D 7ERE, wLd
WX R E BRI — Al BT AR A PR R M 3D RS
S R AT TG B R BN 2R AL &l 3D X R AL, W&l 5 Frr.

Inference Rendered images . Multi-view images

Differentiable
rendering

+ Camera Reconstruction
| parameters | loss

Fig. 5. Standard training pipeline of learning single-view 3D object reconstruction from 2D images. Dashed rectangles represent training data.

HHIR) TR AR5 (non-differentiable) 1] OpenGL & Jea% 5 T SR B& A6 B 5L 34T ML 3D
XPRE . SR, EEE N — AR TS AT B AR . FE TR R IR T WA T s
T AR R B T s G D BB T R .

REE S FHE LRV SRR 3D MRER, HEAWDSELRB. 558, RENRKZE.
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FSH AR BB R AT RER), BUE ARG . Hk, A RS H (CWAENIANLT G BIEAER bR
¥ (annotations) X ANFERK IR A

AN R — NPT R AR TR T S RAE A X B A BUR A 2 Z AL G . SR, BT HANE
SEVERT, BAEVN SRR A S AR, 3D TR 1) AR A8 (ambiguous). A 1 i 1IX — ki, Kanazawa
HNEVEA RS S 3D F8 (B RH05) BE OOCHE /i 1) LR R Z A N B 25 B A5 -
[FFE, Liu 58 A$2H LB B 07 8 S G 7 B R 22 . R R 2 BT VEH A G IR SR 34T
##45, {H Henderson F Ferrari BHfi NG JEAE AE Jeds ASMaI N, LS & Gk B B/ H Y 3D T
RIBDIPE . Kato F1 Harada Z U X il 250K B 8 AT AR A G #0E 1 1TEAR

T AR R, — Lot TR I B B D S AL S EOE B R 75 2. Tulsiani % A\ Insafutdinov
Dosovitskiy. Henderson 1 Ferrari $& HA4 AL S 8UAl v 28 52 BB TR A v 2 v, 488 FH ) 2> 45k
ITIESR, MAREH ground-truth Z24{. Henzler % NIZR HA A 248 mE R, 1M 2Z08% B
RIEGGEREMR . 55—J70, Yang AL 7 —FH T2 IS E0 R E .

T2 AT Fo A 3 AL HE 7 2 S0 3D X R AE AR, @R 3D CAD B E 2 g 5 b IR
e, DASASE R T fvE ek AE ] 3D B IR TR At T AR

4 1.1 Limitations and Open Problems

IS RN AR BRI R E AR R — AR A T . REATE 3D W (3D
supervision) &M EGHZEIHRSH 2 —, (HE BRI R Z . XFEEUE £ E 20
IR AE R, TSR RAPIESY, EUREIEE &, R B LT A

SR, FEILSEHE SR, X SR A A AL, XA AR A B S A8 A6 T 2R Sk AN Y)
SEPR. A RS 2 — 72 ShapeNet, {HHAR 77248 FH M S BOK B B AR EUE SR 4, anhn i 3 T4
i UCSD Birds-200-2011 1 PASCAL #47)I1Z%. T v AR R FE A BRG], TR SRR R T %
FKRE. WA T, BONAANLSE, T 7R ZE O bRy . AR T B SRR P8 5 14 A2 S bR R FH 1) 5%
o BFE, MWSEI FOTRIAS B 2 SRR — AN EA PRI B 1 R . N S 2 AR A AT T R IR 5k
2] 3D HEE, HAEE AL EA B XA B D, HIRK R —AMES IR R A S .

4 2 Human Reconstruction

4 2.1 Body Shape and Pose Reconstruction

AR TEAR AN 2 35 B 2 A AR S — AN R R, BN E )2 B St 58 TR 7 nl R B
SRE T AL EE R 5 B AL S (alternative sensors). EIE)F41 (image sequences) B2 RN (multi-
camera views) [P S, XIS 7 2ERKT), HET 2D 3| 3D B REMITE (ambiguity), 5
FEHHREME (monocular images) R F 13t g 52 2 1 R .

AT G 1 R i e A VI ) ) T RS T 3D TR B SR 58 R IR SR MR pUX MO 1 . FRAT TR A
R ZHOTEHRH T SRR 2, DA IR AR EF i BB A1 5GHE 2D GO0
Z [ —5t . Loper 5 NH&H 7 SMPL, X & —Fhde T R KT A A Y (skinned vertex-based model),
A DA AR A AT AN ARTEAR AR G, DU SR B N AR E 3 ) @ 2B AR S — Bl AT 1 8 T AR R S 1Y
(statistical body shape model), R —/NHZSH, Al DK B IR NKRL A PR S FAR,

Bogo SN 7 — P BN EUR TG AR50 3D WIS 71, # DS g, S RoCTiiia
FEMEEE, "TUARKETZR. AT 77548 M Pischuilin 8 AP 77 3100 2D 23 8] H )8 1A & .
SRR SMPL @, LA A 23 MR E SRR B KR SR S5 5 TR AH X e
AT AT IRE 3D AR, 2ok MG T AN B B ARk g AR, H TR
TR S AN A S, —ABIRZeSe, H TR SMPL &R — i, D& —MRED, HTIE
SMPL K5 2D FGTH TR 2 M EE R . Kanazawa 58 AAEAVE AT 3D AniEpIfE LT
B E A NETIR .

Pavlakos &N (& 7) AL [ AARBIFIRHA R THR . AMbAseth 7 — P2, EixE b, BHRm
25 W 285 4 )1 R TN 5 P e OB S AFN B R #E BR AT A4 ] (silhouettes and heatmaps). %45 B T 5 214
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BATARIEL, IXLESEIG R B B AR RS AL Rl ds (JE T SMPL) o, B KRR A BRSSO 2500 5 P
ST AT — o BRI B BB 2D JEREZ B — B, WIRorE S s gt — k. Lassner 4%
N RIREAE FHAC R AT B . i ) — L8 TAF il L render-and-compare & 2k E# N IEAR SRR, 1M
Tﬁﬁﬁ&ﬁ%ﬁﬂ%ﬂ%&%ﬂ%fﬁ’]ﬁ@z

Fig. 7. Human body estimation trained with silhouette and keypoint
supervision by Pavlakos et al. [10] .

Deng %5 Nk 1 0B H = 4E NAKERGL 73 F )@l o 1207 VAR T — MR, i AE L £ (parts) 5
AEHUFI AT AR TE = A TE A% (deformable triangular meshes) )¢ 20 TIUE AL EE’] #73 (pre-defined number
of parts) HATSH . MHAMLIESEARII 3 H G FIAEFK) 3D B Er, DASRAFRRE L3R R
3D B, SRIE, EAEFTE G L I TVEN R A S EOAT A . EHERLE R, KR T 3D B2 Ah, iEW]
LUE X S0 (AL EAT R RAS R AP ) L 5

4 2.2 Hand Shape and Pose Reconstruction

TENG B B A By R LAt A 7 T A AN D TAE, IR AL A s .

Oberweger % ANF TAERZM 2D EG 52 25] 3D FHRA MRz —. AT S L H08 T
A IR BEVE Gy, X R I 2R 2 X 28 SEILE) o B LA AN [A) B AR A P Al o ek S alix — B .
Baek %5 N4 tH—/NRoRx 3D AR TE AT F S 1) S BB AR X Se Bk . AR 7 — AMRFAE
PRIES, ZIRIERES S T FMSHAMERE S, CLECRABRAEGIEHMGTHS . 2GR — P H TaEd
IEAOCA I FE [0 5 T35 Pk B T A L 38 . VR IR A VI SR AR 38 A B 5 TE 44 1Y) 2D mask
1 RGB EMEAHXS L 3D MRS SRPATEARY 7. Zhang 5 N RECT RN 7%, Kb 2D e e
XFREfF) heatmaps 78 4B E S, H T 3D FHREEKISE. @M% (Qualitative experiments) R,
RIS 7E ™ # P71 2E (occlusions) HMEOLT, ARATII T AR RS HERH MK T IR AR AL 3

Zimmermann ¢ NHREFR, FILALHEE IR0 ISR EERE FRIMR L, (HIEARZHE 3]
HAnHAR AR SIS R b . TSI N T — D2 TFHEEEE, JEA 3D BRAMT IR, L —
Fh VAR IS BE 230 T TR AT R bRy 1 7 1 1‘@4]]5’]7:7/2&@@*@%%5’] 2D JCH R, FFdih g e AR Y
PFBERNE R ZME E, NS B E 1A #] mask. AT AT ME 4 3D F L3 A
TEAR, TSR 3D FLIBAGTHN LS o FEHERRET, 228 P R AR i B0 b i3 S5 R B 1) BLAS 1S 0o
X o VF N CARVE AR I I AR 5 AN B A B0 F000 36 30E JHL A RO >R 45 48 I (1)

4 2.3 Face Reconstruction

F R AN Z) AT SEBR A, HARAE B ET AR EE . Genova FEASEH 7 — M E 1 H
NGRS ER AN, ZEM N EHRR R BAS0E 3D AR TS A (28 AT A T TR 0 X 2 PR RPAE 5
FLSA RS B TR EUR XS TS GE T TR Y () S B0 AT 101 o ] s G T OR A B 2 TR KRR A
—EE, AW RN IS8 A S AR T AR R OR R — B, TR ORI 2% BES IE R R L S

Wu N T —Fg 2T B 777, AT MANREG S NRER, 2775 T A 3D
AR NG (3D morphable face models) (B 8). BUAZHIAHNLARZS . IRE. JEHEAT albedo it 4%
I H 5245 Bk S i ground-truthe ARBIEIR K 2 B0l 73 & 0 R, TUIASE S R S0 A 265 K ik
b 3D JURTTAR BORSERIE -
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Fig. 8. Unsupervised 3D face reconstruction by Wu et al. [114].

4 2.4 Limitations and Open Problems

T K 2 B8 FH #R L Se AN MG L 3D FORIETF . b F AR EHE, nTLME ST
K SRR I R GEAR 2D F| 3D BRSO, AR Ja5e it 2 Hlul i T flE et AT Ak

SR, A AR B A B 55 22 ) LR SE AR B 1) 2 RE 4k, A EAT TR AR T i N B AT I 2R 10
Hesse 5 N PR, BT SHRLLEIAE, 7 i R0 ) LA T 17 B0 b 4 75 B AR A5 B I AN e = AR U IR 45 2R
FREULEAS [F) A7 58 R0 B A LU A9 2 TR 3R AT RS 1 5 R ATD AR & — AN BT R R BRI FE 1] R A P A 2R 5 4 4
BEoFRER, BomIa TS ARSI /SRR . B 2 P RAE R R SOE AR, (H T &5t 3D
FEAX B ) 8 DA B N ZRAE T 0 B oo DAOE Rt ar, WSO e 2R 5 EL A Bk Rk

FAT A 1K 2 Bk B @ VA S AR AL & 3 2D BT A& (joint locations), V8
Yoo JIE 5 0] B VLI 28 AT LR . AR, T BN REGRAIE P2 AR i R 4 T, D5 R A AR AE . B
G FIBIE (interpenetration) A& AR H A ETINE 55— Mk, —L TE@EE/E H s ER 5N —1
TETIA W B MR ZE TR IOX N 8. SR11, XF A SRR A BB iE, A TR E T,
JieAA 2 T LART B C T A o 8 Gt 2 i N 2 T B 1) 20 SRR 35 B i AN 1] RBATY SR A — AN T TR 72
A o

FEBNEAERRAT L, VR E B 5 B S — DA PR ME TS5 o T3 D3 W S R 20 3 T i ik
SFR A G, BRI E W R AL A A2 ¢ BB . Bhat 25 A\ FH Sk 28 22 3 AR B SR AR TR AN ) B, %
FHMLERER B AR IC, DR BB PR A TR E . P AL A SR — s, HAIER 7L iE
T 2D FRF IREBUR A PEREG . Tk, TV RS O SRR B3 mTR A TR ) v 14 A
B SCRTFRBEPERITE J7 0 SR, R A AR AL 2 34 R4 B T T iy e ) 28 AR AT 98 2 — AN Bk T AR L1
AIF 8 1]

4 3 3D Adversarial Examples

TR SE T I VE 2 WL 87 SIS 5 2 B P By, Wt Bei o SO EATLSE_EAN AT 5450 148 5)
AN, BEMEMAR IR K. GRS H T HERETRARG ), (BEAERBEGERKFR, X
R ENIAE G B A e N, BONBGE Tk MR R R E B

N T R RR R 1, I KT F AR SR P AE S BhYA TL T S5 M A S B S 80 ). Liv S8 A 5E ) T
—MRBNIS FOCHI T, W ROGHERIR A BERIENE B, DU SEAS PRI S B, R fe VE A T S 8.
—J71H, Zeng FFENMENG T/ RIONES . BUGORE 1)IX LA IR BIONE S EART 5800, DL
2D Xt 57Kt . Xiao S NSRBI RI AL, A F A EEIATES:, PAIT T IIESS X 8. Alcorn
N AR 3D X REIAZEREIKT 6D 23, I o0 B iR BE b 22 0 258 a0 n] 0 3 b AN 31 B0 TC B2 A L S
KBS A 1 22 SR I Bty o e e t T AR T 5 R 3 2R T0 G 1. W 58 AN AEAIL 8 BRER (1 15
5 N4 T Siamese networks IR 1EE AERR, XEFREZZOAHPIETS 73 (similarity score). R5ZH &
i (cosine window penalty) FIAXFRXIHIL I INES (asymmetrical region proposal network) ik B 4K it
KRl 7 VAR BUPE U . AATIER T — MBS LR, T 3D X RA ARSI SR, R Th RS T ER
BEREIE, HLEERERATA .

4 3.1 Limitations and Open Problems

FH T AT FH AN SR8 s G PR Bl 0w [ 48 28 25 [A) I SR 46 3003, — S8 [ R 7 bl LAt S R 7 B8 25 5 52 B L
Wity flan, Alcorn & NfRFFK, ImageNet 7038 Hbnic Tk 6D LREZS AN 3.09%, FHXT1F 2 A K
IR AR R UR BT 18R 98, [RIG, A8 A B A B g B8 T R R 28 1) ] 2V SR B o I
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Kot il e B TR A O 22 . RV IR HSRIBGE RV I RIRTE (s 5.3 Tipnd), (Afi
P T P TR ) T Al SRR 2R e 1 5 (R S MR A AR )

4 4 Other Applications

JE T E e B RE] 3D X5/ K BRI E 2o, (HA L TAEEE T AR E
Al

Zakharov SE N3 —Fh HENAREE L, ZE L TINZRRIBLK 2D FRIN G AT B0 & S8
WEIRZER) 9D B3 CFR. ik, 40 . AN 7 —MIET SDF G5 M NOCS (H—
RS G ARRR A 8] BT R AT IR ARTE SR o R4 58 52 ST AR SE RIS DL T, TE AR BT LT A B 2
HOATIAL . Beker S5 NGHIEF ] H HER A THANACHE 3D Xy REg, #t—Ditm ME (AMETROLE
BERD. B9 2pI1UH] T iX Lk,

Fig. 9. Automatic generation of 3D object detection labels via rendering
by Zakharov et al. [46] (upper) and Beker et al. [125] (lower).

—EETAELET AR P TO6IR. Nieto 55 NIREIES €351 RGB HIAFE EBEHIGE I T, HE
e G AUI EG 2 1B 6 BE R 2 (photometric error) P& 2 fk. 5 RZE LRI TAEAFE, 7EAkT1HEEH
A RSB BIRY, ARN1E7T1EEE T Blinn-Phong SRy,

73—, Azinovic ZE AT T = NS DG AL E AU G BRI EAMER] 3D Hodls A A Bl
Z > RGB Wt, DLRARRLAINLES,  IFE Al S R s iE Qe RO AR NS4

AR et T LR R B 2 AL L 2o, DUHEWTINL S o s SR i A, s & sl fLi® (& 10D,
Fig. 10. Novel view syntheses by Mildenhall et al. [42]. Ground-truth

object (first image), cropped ground-truth (second and fourth), and
cropped synthesized images (third and fifth).

BeAl, RIS AR EREE H AT TR @ AR T Ui, 5 B S, RS LR EEE R
%, BAMHTE 3D R RAE S, LS, UL I reli. B MBIRS . Al e Yext
T v e G A B 3D BRI AR A A (& 11).
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STYLE IMAGE MODEL WITH OPTIMIZED TEXTURE

Unfold Texture

Styletransfer of "Kandinsky's On White" onto the 30 model "Stanford Bunny" by Greg Turk & Marc Levoy.

Fig. 11. Style transfer of a 3D model by Mordvintsev et al. [126].

4 4.1 Open Problems

A FH AT By e mT DA S TR AL LA 0 R . R ELHE F R EE (hand tracking). 3% =32 A AR
(fabricating translucent materials) G4 i FEHL (refractive caustics) BN EHBL TR — 7 KL
HHE (daylight). id = 2 5 g AT FMG AL 38R W] Tl e i) — Folr R F

JE BRI TAR R T35 55, (BT AR = i etk g, A PG AR 25 FLAth 4503 ) DA
SGRNIEIE SR/ I E

17



TABLE 5

Comparison between existing differentiable rendering libraries

PyTorch 3D Kaolin TensorFlow Graphics Mitsuba 2
. . C++/CUDA
Core implementation PyTorch/CUDA PyTorch/CUDA TensorFlow /C++/GPU Python bindings
Triangle/quad mesh
L Triangle mesh Point cloud Triangle mesh Triangle mesh
Supported primitives Point cloud Voxel grid Point cloud Custom
SDF
Differentiable renderin, Soft Rasterizer NMR
- 8 Soft Rasterizer Analytical derivatives Loubet et al.
algorithms (extendable) DIB-Renderer
Rendering Method Rasterization Rasterization Rasterization Ray tracing

3D operations

Graph convolutions

3D transformations
Point Cloud Operations
(Umeyama, ICP, KNN)

Primitive conversions
3D transformations

Graph convolutions
3D transformations

3D transformations

Hard /soft Phong
Hard /soft Gouraud

Shader support Hard flat Phong Phong Wide range BSDF
Soft silhouette
Area
Point
s Point Ambient Point Spot
Lighting support Directional Directional Spherical harmonic Constant environment
Environment map
Directional
) E{l;zr}:liegg[e)lstance Chamfer distance )
Loss functions Laplacian smoothing Directed distance Chamfer distance Not supported
- Mesh Laplacian
Normal consistency
P ) P . Perspective ?e_mplecrtil':? lens)
erspective erspective . pinole, thin lens
Camera support Ortographic Ortographic Drtogra}?hlcl . Irradiance meter
Quadratic distortion Radiance meter
OBJ OBJ
Data I/O support PLY External External PLY
ShapeNet ScanNet
Data support R2N2 ModelNet Not supported Not supported
ShapeNet
DIB-Renderer
PointNet
PointNet++
. GResNet
Architectures Not supported 3ID-GAN Not supported Not supported
Pixel2Mesh
GEOMetrics
Occupancy Networks
Other functionalities Heterogeneous batches M_odel_ zoa TensorBoard (mesh) Scene ifﬂe support
Visualization Extensible by plugin
Version 0.2 0.1.0 1.0.0 200
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fi Libraries

FEARTH, BATEANHIA R AT ROE R RATE R Z AR T ATHAERE, FOVENTA B
AP, ATLAR S AT R AR R e . FATIEDT 18 1 JR BRI AR SR 1) el JRATH P il v G e
5T XONSCRFRABE AT OrE G SCBLT SiE g2 — R 2 e . 75 A fh 4 I 25 4
ZRERPIF BT AR B AT AT ™ FE KT BR A o BRATTRE BN B ) S DLHERR A i e SCI Y B2 A

5 1 Differentiable Rendering Libraries

HZE 2020 5B FE, W LT HM P RUESPEA TensorFlow Graphics. Kaolin. PyTorch3D Fl
Mitsuba 2. AT 5 FRIEDNREIAT 1. HT AWK, BIASRRER, IhReslRA T §eSs 3]
7.

5 1.1 TensorFlow Graphics

TensorFlow Graphics AR, IS0 — . el n a5 K E W B UTEHEZS G
MM 5 55T TensorFlow IFE ML SERIEE N, R, & R SCHFES 2.1 5l (1 vE B b S 40
AT AT WALAR A E o 2P SCRFR T AN PR VR I ASE . HAT ROGURAN R 6 BRI BAAE i T 1) Phong
SR BTEERS R A BE i % (Chamfer distance loss). ‘B3 FLVFAE TensorBoard H 2 FAHL
AR RS . eAh, IBFRHE T Levenberg-Marquardt FyESHATICAL

5 1.2 Kaolin

Kaolin i NVIDIA F&, 3T PyTorch IRE ¥ SJHERL . B 7 ANFEFERIIRRAL, IR AR &F 3D
LRSI, LA 3D X R =T/ IIATE M. s RERMIER SDF R0 FE. w20
SEHLEH model zoo XHF, % model zoo NEEASEIIRME T ZRIALE . Kaolin R T HA Al fHUE R
ERRLESEI, H o &R S S U AR B T 328 . N T A 5 SA R I EHEE R RE R
T RVPAE S PR OB 2 (AT 4

5 1.3 PyTorch3D

PyTorch3D Hi Facebook JF&, 7T PyTorch IR >JHESE . #0oTE G a0vd: S HL BT Mg o i iod
CUDA sKELEAT T, F T RIATET AR o VE QY 2 el a5 A tas L AL . Dutih a4 3D AHAIL
A H A AR 145 7 KB ARIE AR . WIS A S = . e 305G (B 0, 2R DI, difE
SUR IR R ST RS, AFEE /X Phong. 1 /3K Gouraud. f#-~FHARFCEIHR, UAl@R&LRE. Bk
TIDEGYE 2L, PyTorch3D B 3CHF LA 3D R BREL, BB MEE R . RS IL S AR s hr e
AT RANERS — SR, PUEER . AF A — B4 ) Th R, PyTorch3D F LASCRE 3D 4l i e ka b Ak
P (heterogeneous batching), X 50 VFE F A [F /NI A AR 9 TE GL a8 IS o« IXFE B D et T AN R 231
4R AR 3D S G DU N . 2 T0 RO AN 5 57 B 2 ) )~ 47 2 28 SR B S

5 1.4 Mitsuba 2

Mitsuba 2 2t 7 —F BA H3)IX 7 DhRE R s B0s PR RETE e 77 1% ERB A — s . g
AT RS IT, ATHT2MME. BT ER, SR JIT) ik R GPU _EREIERRF S
7. Enoki FEWSZRF HBIMIT. Mitsuba 2 UEB] 7 HAEME I EA B L i 1 78U 1 A9 ROvEAn 55 ik 5
IR RBESRE K'Y (MCOMC) T8 GBAR T T AH TR 2R I 5006 % DA DR SEAR AUACEI, 30— 1 o
R56 - E T (gradient-index optics) HITTVE, ZOG AT NS IR BREBIER D, DA—MATNZ
MG EEFES 5N T SE 7%,

HHABEAR], Mitsuba 2 F 2l =AME S FE N OGEEEFMAZE: LHEE (no duplication). ANE K
(unobtrusiveness) ML (modularity). EHATHFFIEH, KAEIRIE (evaluation of a kernel) FEiR
PR BT Y1k X THET B KENE, Pra TR AR A AME A ORAEAE N AR . Rl T AR
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B R, XF TR T ORERI AR, X PR T TE G MR I ORI — kAT UL EEL ) 3D X R 2 I
Bo AT FMRIXANEE, Mitsuba 2 ERFIR JIT Ja i3 2 5748 FH 003 B A 1 A 5

B T S SELAN B4, Mitsuba 2 3888 1 PRI MCMC J7 %, #1414 5 (Coherent Pseudo-
Marginal)MLT 12 5 %4 (Multiple-Try)Metropolis. AT Dhid it MLT HiEE T MBS B br k% o i
TR, ZERRE r 2HBRETTIREE f SEE G BRI R XM IR IR AR
AT, IR A TG R A A7 G 10 B A% B2 I (15 L R B = A7 A 4 U7 W . Multiple Try
Metropolis (MTM) &2 /i TAEMMEIRA, E¥ MTM EREIREMKN MTL #. #ii MTM HikfE
FEOGEACU AL —H N ARG, A RAL S B .

5 1.5 Comparison

FI A P o d@ R FE 2 S HE AT AL, IR EEHESS 2 N Python #£47 CPU/GPU ANA] &g ig M
AL, BEAENEE X C++/CUDA ViR BTk . Mitsuba 2 2ME——ANET H @ X HE sh 2 7
Enoki ) . 'EibAE C++ 02 IR Python 455, 1 HARZE W52 248 T Python #1 PyTorch/TensorFlow
FE B 31X 7 DiRE .

Tensorflow Graphics il Kaolin {5 7E18 1S ) B JRAGSEH, KB RIEAE NS = 7 B H gty . 1X Ff
] [F) 86 & BT IR B 1 SR RE I & 1 AR, IR RVPANF L RIS 5 L. SR, B TR fh i
ENEGYE TE S AR AR, BT BRI 2 S 2 22 Fh R TR IR AR 1 L S TE e FE TR 25 5 K.
ARERN, F— 71, PyTorch3D Fl Mitsuba 2 S fEHME—/Nrl el & 2k, H AT UAE Ly
BT DhRE . XM [F] € 1 T e B RV T3 R LA AT R B %, H TR, &
. QUEANR G . BEINXFER R THERE v H P R s iR T e ds AR A Aot se 30 it 7o 480, {Hn
R =TT FRAR ST SE IR AT, TR ERIMA S TR E R EA .

b TR FERE R D) EES, Kaolin 1 RIH ok (A REEHSEIL, LA FIZR) model zoo, F#{K
TEF SR IR AR . A, 5 AT A, B EE A NN AL B D R — AN 9K
3, HB—J51, PyTorch3D Ml Mitsuba 2 #1%f OBJ Ml PLY #aRHAH S REED T 1/0 A xt HoAd 2
HIf&H8i . TensorBoard Al TensorFlow Graphics 2 [B] £ RS FH AT DU FA Ml A4 VE e e o 55— 5 T
Kaolin it pptk ot 7 LA . AR R A S DR .

Fr T Mitsuba 2, #ANFEHE L TOOMME, AR IGLMRE: . XS EAT IR 2 A 15 i
SRR B 5, MO ZARI R 2. & RS rE CRE MR M BB, B H AV, IUA AL
P S AH S A 3 5 N 2 3 T R

5 2 Non-Differentiable Rendering

R ERLHER, BEIFR T I ET AR oL s AL T O ERERTE G e o X TE YLk
ECRL o ot B S S L N AR, BT OUMME I R ik

EATE KR Direct3D. OpenGL 8¢ Vulkan API {5 NG, MAZIEMEH & XL, X API 52
FrR@ A ThEe, W7 ER) GPU Yilal. BEI A MG E B 2 Z2eb XAk, MTsel 17 B CrE B
&, PLARVFIF RN R AT DI Re . 28T, m T ERAE XL APT &7 AL EORBITF A A, BRIt H &
R ds Unity BUREZ) 51 R IRE W . ek 51 4848 T A4 se - D de, JE VB Fi. X fEf57E
GeWAAE Z MR Z A I P AP E TS by, RSB R I& BV 7] APL Wl Re A R E E R . Hib
K IT RN SR R R R el B REAE Ry E N o R ) BRI 5 TR R AT G IS . BhiE 1)
A& HTORAE /MBS B M 1/0 RS VLA T AR AR 5 G B 5138 S 2 Fhm e th
FRMATIP R, XA TS A AR P & 17 ST h 42 e, EATTERME 7 5% T3 BT AL GUI.
AR T I RISAE, o rT A (R g SRR BT RN DU LR IIAT RE R R

TR ERER IR R 18 H R VE G HOGHME T FEE 2 . BRI, 0 A0 o e e Gk i B R S B A
P, BT HLIBEEREREE. Amold, V-Ray Al RenderMan A&JiAT HI3E TG LR EREZ I .

EATEREEE N AL (DCC) TAF, W Maya il 3ds Max, PMRHERZAHM /T GUI Vi, XfF
MBI (4%, RenderMan #2441 /" H OB L #E S RSL, fEAEIE GUI Sl Diae iy . B 1 Mtk
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Ah, XEEEER SRR R A S HO T R A TOIRIEAK . 556l T2k IR FE L T LRMEZE APT,
71 Embree. OSPRay. OptiX l Iray. Embre 1 OSPRay Bl f#i ] SIMD 544t %t 98458 CPU T T
k. AR Embree $&4E 7 RLRIRESINE N, H OSPRay B&HSMAOIAE, WAEL., &RER. 5
GIATIER A AT R BRI 2R EE G SCRE. 53— 07, 22T GPU /& OptiX il Iray 84
MR . BAR OptiX MO NAZThAE, (H Tray 3607 AT 28, RTX f{F3CH:. £ GPU &M
ARG = R REE AN TR .

5 3 Limitations and Open Problems

R T AT B S R R, B 5 BRPE RN AT B8 50 & R 5 ) 75 Bk . FRATIAE R 7 e
E‘Jgﬂ::b

X RN IR EE ) SCRE A BRI o PRG0S T 050 R 008 76 Al B2 JRRD A BE e A IR IS iR A A R g
ITRRHEE . X1 NVIDIA GPU, TensorRT T & H TARAE IS USRI X 4 B HERE FE . SR, FHT
Pt N IR B ) AT e G S K R AT ReATS AR AT PR

YT R N AR AR AERE o A1 B AT S G P A T KT IR S B, S Jk
THE AR LAY R E . ROt HEALE Y R IIRe, BT AR BE Rt X, R — Rl
bt

WA I B A ARG o] s g B N AL SE AT F N A TR ). HATE = A
AT ThRE, 15 DCC TR X =MW BE TR SO R &M g =, imsha& R ER . oo
Bl /AhEE G FRATAE, S0 sk s s AT ML P 75 (0 58 2 DR G Bh T AR BB AR T . tedh, Bl
HHIE (Kaolin BRI FALE R fliE et 7t b i FH M E0E SR 3 LI SRR . X Ok S B 46
BRI EE S, RN T R A .

XECAA R SCRFA IR o F T GZR AR T 4 5 o3 B T B8 v G AL S8k RGB JE 2 0 2, Rl
MR 35 T S 2 BRI P 2 () S GO B SR IR T ARG A BRI, FEHA RS — 1. SRR I B BRI BEAS 1S
L) RGB B MEZ AN, HF UG 1 I EE S rI A,

A7 PR B0 U R A S A o Y T R AR I S T R T R M A R G L WA R A
T H T RN PR EE 5 M /86 = TR CGnRARE) . LT TR o8 G 1 vk B S I A i
R CEMARIT K, Z T H B AR IE G A B v B A .

H BTN T BELEAS [ 2 2 TR L2 A A o SORRIPS 22 N UR B 2 2] PR BB =22 57 — AN PR B3edfn, ONINX
format &I R K, DERRILELSNGRMIEE AT, BT AFREZ RS ZES, AT
FHAEHMERZ RN, R AT AR ES, DMl ONNX $# Hi T .
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75 Conclusion

ARSCRER T AT AR G AR SR —— AT I EE AR R BOR,  DURHAl Fa b I Sk . i
AT DR IMEBORIIR A, i 77 U, a0 3D X5/ B A IRAAE S E . X B3
PRCEOCIRAL T B IF B T LR R T R0 B Tl B S R . a s TR TR M
PR PP A0 R T OV i AL o

JE T B G —ANE OUR, EAE B LE A A T R TR A AT R R BT, e IR R
ROR A 5 22 IR TEN G BES T SR AR e I 28 A, I 2D Rl R B 3D 5 2. DAk, W DA%
FONIHFE R HIVERE, RIS AT LA 5 3D Hdfa e S AR R A 75 5K -

— BRI AT AARE B AN QB0 b, JRATATRE S IHURE B3 TR SE S 7 iR R R S 240 SR 1]
A (I E AR o FATETFFI A NNAT, IREEI L R 2% 1R E 2D 35 B BA Tk vk H W Tl R, B PR A
LA -

B2 3 HR
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