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Figure 1 (Color online) Some rendering examples, including a car, a house, a game scene and a human face
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Figure 2 (Color online) OpenGL pipeline: vertex shader, shape assembly, geometry shader, rasterization, fragment
shader, tests and blending
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Figure 3 The vertex shader does coordinate transformation for vertices, where modeling matrix, viewing matrix and
projection matrix are calculated from the scene, and perspective division and viewport mapping are processed according to
the size of the window. Rasterization calculates every primitive’s related pixels (for a triangular mesh the related area will
be a triangle). The fragment shader assigns value to every pixel by interpolating barycentric coordinates to obtain a pixel’s
attributes, combining with global parameters such as lighting
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Figure 4 (Color online) Workflow of OpenDR. According to chain rule, 5 partial derivatives g—A, 517 57 5&» o heed
to be calculated to obtain f’s derivatives of V, A, C'
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Figure 5 (Color online) During back-propagation, if a triangle’s color is unrelated to the vertex position being differen-
tiated, standard rasterization passes no gradient flow to the vertex (gradient is almost constantly 0). In order to maintain
a gradient flow, a smooth approximation for rasterization is proposed. Its gradient around the vertex’s current position xg
is decided by gradients passed back by the target function instead of constant 0, which allows back-propagation. The left
part demonstrates smooth rasterization when the pixel is originally outside the triangle, while the right part shows when it
is inside
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Figure 6 (Color online) SoftRas’s rendering pipeline. Inside the vertex shader, each vertex’s color is calculated separately,

which is naturally differentiable. Rasterization is changed to obtain probability density distribution. The tests and blending
stage are changed to add up probability density
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HRIMAR.

XFHEANZMIE ¢, TAMG I EER Y BRI D;, M TENMEER p, BATEX ¢; £ p; b
RNE=R A ,
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LA A AN
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1. FEEXBSHMRN/), HRURBERILRRIER

Figure 7 (Color online) A single triangle’s probability density distribution and barycentric coordinates under different
parameters. RGB represents that barycentric coordinates times probability density distribution. As o decreases, results
look more similar to that of traditional rendering

IEHE S, W T =MIBANE R, BOARPREIE] [0,1] FITSEN. W& 7 FiR, RGB (R O AAE.
AT E LA b (B T PR A5 B = AR R R _ BB C.

AR T T = MIBAE R ERIMER MG 25, BATR e AR E N, XA R R I RIR
58, BRI I = AR BA 1 B E A MR (R, X TG Z-buffer 53k, Hf
BOEMI=MIERCE Y 1, HAB=MIERCEHR N 0). XMEFEMER ps KIED=MIE t; KIBGE wi:

Diexp(—*)

wh = " : (4)
>, Dexp( k) + exp(£)
AFAELE I w):
1= Yuo 5)
7 Y Diexp(ZE) + exp(€)

Horh 28 =S 5 FEBR pe KA IREE, e NRIFIRBDLHSE,  NRRBINBAEZ S,
BRI BUE > A RCR I 8 B, JATAT LA T A SRR R

I(p;) = wiCy+ Y _wiCi, (6)
J

H ¢, NREDEEUE. 7T LLE B R BERTH R R 5E A nT R, B RS AT DML R I RN
4.4 HrsE
RO L VELIAGA T 3 Bl W AT R S 071k, A/ N5 T A4 LR HAth 1) w] Bl G 7 3.
TF Mesh Renderer 19 FIA&E )38 Gt [H], 4 2 O AP E T AR MR RG R PTG, Bids
MR ERIE =M, A EOAARRTHRE 2, £ =MBANRERIET TS, X T =MEME
7, R AR B O AR, IR RO VEAR S TR R A AT, R S ) S A — A AL SRR
b, 0T B G BRI A HLECE D RS AR R A U M AR RS SR A AR IS A S
DIB-R M6 5 57 5 A 5o TR, X T4 20— AN = M S B R ORI, S F3a 1
=MIEBEHEINBERNE S MRS, © XM TF Mesh Renderer 9 35U 53, T8 Yeid AL Gt
(RO G ), SR 5 5 P B S0 (1) = TR I B AR, 6T 95 5, "B 0t TIE 417575, Fl SoftRas 9]
Pk, & FME A AT AL = AT = TR AR, s /NG 3R B = AT R B B A OG, T8I X e 5y
W FEAT THEAS B AR 1 Alpha {H. X THTSRARER, EOR B AR R R BT E = M BTG AT 5%
B, BB AL R R R — N TR
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¥¥Y¥

y=10 y=1

¥

y=0.1

B8 (MEFEFE) FTESHTIRBRESMEBNNER. HPIa=AMRERN 0, EE=ALREN 1, c BEH
0.001. ~ #u), IEEXARBIALE, & v - 0 B, AERIEN=AFRES], LEFESER Z-buffer EEFTL2HERE
BRI

Figure 8 (Color online) Results under different parameters. Red triangle has a depth of 0. Blue triangle has a depth of

1. o equals 0.001. As v decreases, occlusion becomes more apparent. When v — 0, only the triangle up front is rendered,
which achieves the same effect as the traditional Z-buffer approach

DEODR 491 7E 34 5 b i F il AN S50 H R (discontinuity-edge-overdraw) 2 $7E 4L 4
BRI TR A, e — ARl B A U B D7 2, TR I A A T S A VRS W ) = A TR A S T =
G, 113 2T i sl I E Ge RIS, R REANE Qe B2 AT, I HLAT DA BB 4210 5 1)
AR5 R BRI AR, T3 150 5% K R R B2 VAR T ARG B b A% 3 [ N

Versatile Scene Model #7 $&H T —M G IR R R, B2 7 —FafEE ST, B FIES)
EHYTE AN, ALRLT SoftRas. ‘BAEYAR IR — R 5 & [H [F1E ST (Gauss) 7040, BN w7
A & BRI, FRE R ARG 1R BB QAR R AR G 7. XA ek B AR, TE
Ger i AR T AR B8, VE S 45 R BO BRI 1B .

4.5 AEFFEZIERIFSEL

H5E, AN R IR QT R T R R, (B IR AR, IR R
NS EOH T S A 76 101832 55— SR T AL I Qe 2 b P IR, (EAHE NS T v e (19, 45~47),

M E R TS QeI VA R G2 R, A AT LS B 7k ©-18:52) [y el RORME SHiE G 7 ik
45 FAR IR, (R P s T B D7 iR AN RE SR A T 4407 3, RSk 18] R RESCHriZ T s it S s ik
A, T 25 1RGP BRI T i, Egeas R — S ML SEiE G AN H. DIB-R M) [y Jedh RAe i 5t
AR GE G R, £ S LSO RE S E A, Ef —ERE Y EL; DEODR Mo e Je4h
SRAE A EE L GEE G R, (EAEE R S B B IDGHE SoftRas 1) AOTE JL45 REAEAF =ML HIET
CRELE I, WE —EREVEAREROR, EREE Y] EEANE & R URIESHOR I, S8
BORIY, EMMEGERA PR ZER, USHEUIMY, EROELGE RIS R, Versatile Scene Model 7]
RE e f SR 2 PR, AUIGOT B R (50 7 — s R, FRATIFE IR 9 th R T 3 Fhridk [19:32:45) [y
RAERMIRFESFE

ARG & H I, ANF T AR GHE e, AR ATREER HUE R R, A 73R AT RER
B EL, MR TR A THR, RTENA (— 8ot MU ) Jiifs By (EHE RN
SR VA SOR RS T ) S 2, A B TIRAL IR ). BRI A5 K R B B FE R BE W AL 4R Iml Far N, 47
SRR, P UL R AT R R AR R bR 2, BERE R B RES IR PR FR Il N, 2 S
RENS IERA I 5] 550 A 1 14 K bR B SE AR AR 77 1] 2038 3N 1) 7 22485 5 N B AR 70, AR B A
AFRTR, SRR EIE AT LS5 o 61, PRI 7 5. X B IAT B b — S AR TTER
FEVRIAT Y. 1 S T Abl T i) 0y v 1918320 IR 3y T A% Gl L iy ik 10461 e AT B I g

1052



FHEB FEEREE BB BT

oy ~

i B

Gq;i '*l:
ad

SoftRas SoftRas SoftRas Neural 3D DEODR
o=107 o=10" o=107 Mesh Renderer
y=10"* y=107 y=107

9 (MEMEE) BRT 3 MARKIELRNG A ETEESHAAML (SoftRas) M0 FF/BAISMLIEIN
5% (Neural 3D Mesh Renderer) *2, DEODR [ fig 4t R{ftigE 5%, HeP Neural 3D Mesh
Renderer B2l RETIHMSHHN—XTE, ENELERMEGIELMER. SoftRas ') Wi LERAINTARE =1
EHBEREE—E, HE—ENEREMESYR, ERNEREMREURATLURBSHREE, S5HRAH, E
FMEGELERREER, YSHE/M, BEEEGELNESR. DEODR 9 fiELERENBIIELELHER,
BEEEOF ESEMAR

Figure 9 (Color online) Three differentiable rendering methods’ results for reference: probability distribution based
rasterization (SoftRas) (191 smooth approximation for gradients (Neural 3D Mesh Renderer) (321 and DEODR/[5]. Neural 3D
Mesh Renderer [32] represents a group of methods that use approximated gradients and render images similar to traditional
renderer. SoftRas 19 mixes different triangles’ colors and produces translucent or blended effects, the extent of which

is controlled by a parameter. When the parameter is relatively bigger, rendered results diverge further from traditional
renderer. DEODR [45] are similar to traditional renderer except that it produces smoother occlusion boundaries

FeAh B FAL I =M, NREE IR BIPEER N =M, JFHBT RBE TIREZ RGBSR R, A%
FEIRERI KNG RIE, B AR BEE 2Oy P _EOUAGARER, AT TR B2 AN BEAL IR BIR B2 A5 BRI IR
FE 2. SoftRas M9 i FHIRFEAS ERIR G AN FIRBE I = AT, P DABE FE AT DAL 3R 2B 1 = %, tn]
PIMRAKIREE; Versatile Scene Model (471 ffi FH TR SRR IR 5, R S T TR R R, BT LA nT DA fb
WIZ. X T 20y ~Fii _ERARRR, TR LT RIS A (B2 RN ARAE LA A BRI At 2 5 R H ),
DL FA T RO IR 73, AN R T 92 1) X ) B AT AN TR 7 92 B SR SR BB ), STk (18] A5 FH )
PSR AR B2, Jir DA FEAR /1, SCHR [32] A5 FH 6 I 57 i 2 ) AR 90 BRI ABUH B2, STk [45] 4567
T EEAESIEOR, B DUREN G 2 5K SCRR [9] X M0 A 1 PR R A, BRI NS AR,
B ICIEAR T S N EEAS I T SCHR (19,46, 47) A IR 20 A R F R S BB G 75 55, T DU 28k 1A
Jr, WERAL BRI . X T BARRE EERAE 2Oy P B A e 4%, B 10 IR T ANFJTVE MR E XTI
FUBEBE. T B AN ZH, T AR IR e SR 772800, By BARR BER AT D9 BB AH
Aok, I HLBR B BOAT Ay B AIE L7V 5K

5 EFSBARERNTHER

AT T 2R AR A T RE . £ GEH) OpenGL VE Y4/ 28 S AR 45 L e 2 1A 7T foleEd e il
FH A2 =5 B0l R AR i e =3 ' RS AR RT3 B IR R AT AR K X, AR T JR A e A R B I &R 2 (H
REVE G S0 A FR I EE R AR IR S 53 3R T A R G IR A I s 07 vk 148.49-54) Bk, L
FT 50 RI& (Monte Carlo) J7 KA ERERE MRS HIOGLL, X1 MARES R H8—HOGL, f£3 5
BRI K, AR RIIR R, MR 2 — A7 AT SO sl i, ELRERDEIR, Bl
¥t P BIA B GEACREL. AR AL MR AR 2T A T R R A, B Ja IRAE DTk AT ARy, 3X
FisE G i A AT ) A RO IR G R ml DS B B SR ITE Qe 45 1. N4 3 Rl i
FRERERI 42 R e I AT RGE R 77 B T I RAR I SR RIS BRARERER T 75 18] B S HUL A B SRR
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Horizontal

gradient
or
ox,

Original shape

Vertical

gradient
or
o,

TF Mesh Neural 3D Mesh
Target shape OpenDR Renderer Renderer SoftRas
B 10 (MERZE) GBS vi(r,y) BBENENRT. HRT 4 #ARNSE, 252 OpenDR ¥ (5

EBIEPLSHE755E), TF Mesh Renderer 1 (EIEFER ELLIRITE S ), Neural 3D Mesh Renderer 2]
(BEBEHAMLIELS%) f1 SoftRas 9 (RTFHERNHAAML). TILESE TF Mesh Renderer [ 3 F
8, WHEN R AR, SoftRas 0 BAIESEEIR A

Figure 10 (Color online) Pixel’s derivative to vertex, including four different methods. OpenDR [18] (local approximation
for gradients), TF Mesh Renderer (9] (directly use barycentric coordinates for gradient calculations), Neural 3D Mesh
Renderer 32! (smooth approximation for gradients) and SoftRas 191 (probability distribution based rasterization). TF
Mesh Renderer 9! produces an overly smooth effect with bad handling of occlusion boundaries. SoftRas 19 has the largest
perceptive range

BR BT A 14O) RN A% 22 A ) T i e ).
5.1 BT OREFHNFEFFIEBEIRER

BT RAE B SR RIS B AR BRER D7 V5 81 m] DL A ANB BORBEAR, 26 1 BB R 28 P8 ] LA,
FE Bt F B IARAE, AL TR ISR 28 2 B Bt 74 e B ] WAk, wT DAL BB S A0 4 Ry
JEHE, XN BT RS RIS, 75 = 4E 25 AR, 38 75 EAE BIRS W (0 B0 45 H ok b B 5
FeTE L, (5 32 2 AR AL

EEE 1 B E B RS A, H R BB AR E 0 KT e AN 2 B R iR S 8, o HAt S 501
i T nT DLd i 2 A — S R AR P R 40 3R . FRATS B AR R R SRRV S EAME R T 1Y
YN W

1= [ #e. @y, (7)

Hr o NS ERLKISEL, f(2,y; @) AR BT R — BB A, — ek
SRR IORM TR AR AT H BRI B R 1 X753 5 o 13K, Estedl f A
SEX IR SE @ AT, PrUlBATEIEEN S0 RIS AT RAER BT S 8. X RAGHZ T
KA ESEN, E=MAIBRA T RE S A ARG A R, H AR F B AN B 25 T B 2R AR
AR A I AL B R A R AR, IX AR G IR AT SR I 4518 . 205 %O B AR R AE AN L
1A EREATREERIER, XT3 (FERRZE) HATH a:(z,y) RERIZFIDPERELE, €T
ST 23 AT T, AT BB ER R K 0 A (7):

=y / / 0(cu (2, 9)) fi (@, y)dady, (8)
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I = AT R [ R A TR [, 3 LR R
v [ [ ttaste. )t doay
— [[ saste ) Vaite. ooy
+ [ [ otaste, )V hitw pandy, 9)

b 6 JymteR . 2K PR oY, BEASER S T LA A SRR AR A T 2 1 S
R, AE= ML EAEE, BRI A EGERI IR ), IR A T 2 2 S A e e
SEAMIE, RAAIE R R T ERBEEE, R hESERI 2y, AL ST BURFER M T, N i
AR AT _BIR S 1 AR AT A 1T

A3 (9) HIEE 1 AR5 bR 5, FRATTHE S b el B 1R BT XS AN B 5 i R )
R, BRI R =ML EAEE, BATERZ LT E S R 7

b
J[ st ) Vaste ) it sy = - [ Faiw) ity (10)
Soob 1, WAIKIE, 5 WD BHL, (0,5 RECRDTEGETHA WA, 0< 0 <s <b<
UM U, FUUR B ST BURRE, T (IR,

5.2 ESHUTELERIWIRERL
AL B AR ER R AR 0 U0 T P

I:/Xf(:c;(l))dx, (11)

Forbr X R IR, — O AL BRI B AE AT MR AR ARG ARSI S, IF BANELL AL B IR AR
[FEARH), BN FEEH @ AR —MESHEUAESEMBPAREOTE ) YEet, sl EHZ
B AR IRESIR ), RASES N BN RS HR R EHBRAES ). HAZ 0 B
O [IARIR U (@) WIKEI—NSHAR T - Y x U(D) — X REFHHE I

/ f(: ®)d = / F(T(y, ) @)|det.Ir|dy, (12)
X y

b Jp T BPHERTEE (Jacobi) JEFE. v 1 ARMIE G L FTHR, SERHAERE DT RS
O TONEAEAR. SHCRHAA Y T — MO R IR, 1207 8 S H A e, (AR R AN S
ff B ABE 7 R 2R T AL,

NHERAIN A AT RIX A SECR S, T HREHS RS I X Y BALERE 52 Tk,
s A R EAE AR /N EE R, LU RGN ARSI SEAR S, XA AR 73 AN ESE 3 Ty SR
FEDR VIR R b, USRI DL BR D ) e e R A S ot AN IE SRR R A3 30, KX A3 A 2
RAEILRE L, ANIHRH P fs2m. IR OLT, BOAAE — s R(w, ®) 15 f(R(w, ®); ®) £
w BUEMME A @ 4L, Shi AEn] ELAERERIAT PRI XHED 1. TSI IR A ZRE IR
AL T UREERE R, N T ERIIES S S NS TR B S AR R, SCBL EAE A LA EORR
FEXANRACE. X R ZEAEERALAR D M5, 2B RSB0 eI S i, X
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MRS H T LB B e I R T — G, R e BT e 2. R — S,
TR EFT AT ERZ R

fdo = [ [ rk(nwdpdo, (13)
S2 S2 JS2
Sooft b NERTE LB, RHEAT w W02
[ Honwpn =1, (14)

EANERERAEASBCRTE G SR, Ha i 5 S5 2. g sCH A £ = 1000 ) von Mises-
Fisher 73 {E W& 4.

5.3 HRETEMAHIER

TEB AR 25 (A B AR AR BEAT A o B ik A (%O AR HE S U B AR R A =X, il X AR
oA — R SRR RISk b i THE R E (SR RE) MHMEE RS, BT E
HE S T2 2%, AN RAAK0 I ERZ O E 1.

WWHFN M(n), 7 NHRSE, — K MTREBIIREE W ER RN & = (20, 21,...,2n), T N >
1z, € M(m), RN Q = U_,Qn, Qv = M(n)N 1 BER ST LLRR N

1= [ r@au. (15)
N=178n

Ho du(z) = [0, dA(z,) NIRRT, SRR dA(z,) BRI, f(z) RXFREHRE
PIREE, EREAN S v, BRS040 (bidirectional scattering distribution function, BSDF) £ F#4%
o RS SR A L SR B g (21 @y @—1) HITEAR IR AL

AR T XSRS H m KoY, 85 R WAL S PIIE, XAS oy RSO A A a0, —F
2B (spatial form), 73 —FRZ WK (material form). BTSSR RIEEMH 2R
WIE, HAVX ES HEMER. RAOTE L ENASHEA)R (reference configuration), & & —MHAR
W —4ERIE B, MR EMSE A4 — D B 2 M(m) BUS, 7T s R 2 Heaa). 20
HARES A L5

O [ Y@+ [ Ao Vs ow o) "

HAEs 1 BUR NI, 55 2 BURIAAI, Q RIS © KRMESHA R LR ERZ 0, 00 2 H
B AT — AN TS EL R b (AT OB A AR AN IESE) (AR, fORIER MR A28 1A 1 5E X
xS a2 AR R B THE R 8, PTBLH f BT S EUL RS2, XL ) BSDF g R ZHALN g,
V &AM BRAIbREVE M (scalar normal velocity), ABx H—RF § XS pre AESEIH T M
SN0

TS 4R P BRI A I A TR, T IR A IR s AR AR A AR AL, S A BRI A T
DAZE TH SR AR AR S0 I (RIS SRt SRRt R R B A SRR SV A R], 18 S0 SR [ BR AR BRER B, )
AR ER B SR — SRR, BHRAES A1 R — R kAR, I BRER BR AR TH X SR BR AR A BE
B, O TR, WS E T R ST SRR RISIE R R A T S 2 AR A
(multi-directional sampling). H T4 7 w72 B AT H A B 5 — BUSR BUW, Qi) RAEIZAE I 12 F Bg A2 /2 1X
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AT R K AP, R 16 ) B A B B R L — 2D AR AL A R FHRAL T R, D T (Bl AS R, I
RAZ O BARRE: AR SACHAR 2 BN B2y, BT — BORIERDGIRI T #%48, J5— B ERM A
TEAR, AR RS RE R, Je e ST _ERAE — A A — AN ), X AR AN T I LR, P
Ui SEARA B P TIRL, REX AT BR A2, SRFE A S AN B T2, SR Ja WX AN TIR &
KAE AT B4, AR B BR AL N R4, T S R PR SR BR AR ER ERHESE, HorpR
PRI R 22 1A B AR AR S, SRR BT LA 22540 /) L g4 1 HAG 2.

5.4 LB

BIR 3 FTy ik 184954 RGBT — RN R T AR SRR AR BRER AR AR AR, IREE R TTVAE R AR
R AN IESE B 70 B R, FEANIESE 1L AT RBER U AR AN SR B0y, £ ESE (1 0
P& G RUR A, S AL VR B BEAT SRR e, A KA I R rpANE SR 7 B ANBE 7
S BRI AR AN AR 25 8 R P AR AT B AR AR T (A Bl i A S SN S T T, 73 ) B A
AV SR R IEHEAT i Th. iR R i R S T IE R RS, B DUE 9 3 802 58 2R
(), (HEXT 54T — € MR ANME B, B AN mOEIR; ESBUL R 2oR A R B 3 4, I Hox
FoLLd7) 5O AREARI MU SCHRF, SRAF A S BCA MROR IR B84 22 ) AR R B e A AR B AR BRI R B,
I ELAo> 13 P2 1 2 PR AT IR ER I AE S, 7 #6847 2 [A] SRAF BR AR AR 2 10 (K T dhm £ -

6 FRMAHIERTIA

CAA LI RIE Y T B, i DEODR 1Y SoftRas ['912), OpenDR [1813) DIRT %14,
PyTorch3D P91%) Neural 3D Mesh Renderer 326 TF Mesh Renderer ?)7)| Tensorflow Graphics5718), DIB-
R 14619 Redner [“48110) Mitsuba2 (9110 25 EATMFREE R 1 FioR, HH DEODR, SoftRas, OpenDR,
DIRT, Neural 3D Mesh Renderer, TF Mesh Renderer, Tensorflow Graphics, A1 DIB-R 1 F ff) /2 Ja i o'
MY Redner 1 Mitsuba2 i F A2 4 ot BB L 4L 1) &5 B B0 e I St 7L, 4 N 9 B sk
T FL R IR B AT RE A B AT RCR, (HIN AT < 56K, 1 B S 308E 2 S AE 4. JLrP SoftRas,
DIB-R, PyTorch3D 1 Neural 3D Mesh Renderer & T & 2% SJHESL PyTorch; TF Mesh Renderer, DIRT
FETFVRE 22 2IHEZE Tensorflow; Tensorflow Graphics #& Tensorflow FJEEEE; DEODR #1 Redner [AJHY
6 H TR E 22 2IHEZE PyTorch Al Tensorflow; OpenDR #& Python FJfl; Mitsuba2 /& C++ HIE, WF
RIS 22 STHESE PyTorch H# M. HA DEODR, SoftRas fl Redner {17776 B A 58 4 Al i 1E [A) i
T2, FrPLRE SR HAG A1 #5230, OpenDR, DIRT, Neural 3D Mesh Renderer A1 TF Mesh Renderer f# A~ [A]
B 775 SEAT AL, 1A 2R VE Ye i 1E [ i FE; TF Mesh Renderer #1 Tensorflow Graphics Joik1R
U b AR PRI RS0 B S, A — E R PR YE; Redner 1 Mitsuba2 {3 F /2 45 R Y6 IR AL BE 6% %) A] 4%

1) https://github.com/martinResearch/ DEODR.

2) https://github.com/ShichenLiu/SoftRas.

3) https://github.com/mattloper/opendr.

4) https://github.com/pmh47/dirt.

5) https://github.com/facebookresearch/pytorch3d.
6) https://github.com/hiroharu-kato/neural_renderer, https://github.com/daniilidis-group/neural_renderer.
7) https://github.com/google/tf_mesh_renderer.

8) https://github.com/tensorflow/graphics.

9) https://github.com/nv-tlabs/DIB-R.

10) https://github.com/BachiLi/redner.

11) https://github.com/mitsuba-renderer/mitsuba2.
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Table 1 Features of DR tools with open source

Method PyTorch Tensorflow Exact derivative Global illumination
DEODR [45] Vi
SoftRas [19]
OpenDR [18]
DIRT [59]
PyTorch3D [56]
Neural 3D Mesh Renderer [32]
TF Mesh Renderer [

<

X

Tensorflow Graphics [57]

DIB-R [46]
Redner [48]

Mitsuba2 [49]

X <X X X X X X X < <

X
X
X
X
X
X
X
X
v
v

<O XX LR X X L
X <. X < <. X X < %X X

DGR T, (H T 75 G2 B 0 AR HEAT KBRS, THEEAE TN 1A 2 BRI, A Redner SZHFE
F R BRI R RN, R 25 8 T2 AT DA, XA AR AR B 58 4 T Af (9 I ) el AR ARG B 1)
T

PRI ARV G AR B AT ] A 2 A [R] R T U5 B SR B ) SCRf. e DEODR,
SoftRas, OpenDR, Neural 3D Mesh Renderer, DIB-R, DIRT, Redner, Mitsuba2 3¢ 5 7 S0 U5 B i) 7T
WIS, TF Mesh Renderer, Tensorflow Graphics A~ 32 ¢4y SO B Al g 4%, HF OpenDR SR H
Mipmap, Neural 3D Mesh Renderer i FHRFIR 1 4% 5 Co AR AR U5 (] I SCEE, AN = AT & — AN
Jifk.

7 AIIERMINA

AIE R &) 2N, FEEREYE L B8 U EE . MM AL S Eh
THREIESE G T4, anak 2 Bra458~621 B FRATTHEAS [F) 19 A 42 A () R s m] ol e T L
FURT SR A4 7 2K
7.1 K

Y B = A 1 AT S50 T LAE SOR, Ay AR N ) — K B vk R HE SR 2 s I
IR = 4R (B35 LAl . SCRAIM ) CLRARIIAL B 555 B, B ATE e g H 49 278 Je 1%
N XFE G — 5N, &5 & T N R .

7.1.1  JLfAIAGALE L

JUA R 48 KT — MR FE R, — R IN =AM (mesh), XIT EA LKE B —KY)
R, WA SRR LB RIS Sorb R R AR B T R, BEEPAE . e s A s A8 4.
SRR EE N R AT (analysis-by-synthesis), BRI =4S H0E 58 K, 5
BB AT AT B, AT AW R = 4 S5 E B A E. SRR G s T, T IS
X 8% U 75 B K R ok T3 s h AR 1) = bR B 2 A A BRYE, T AT e e T DA R 2= 10 S8R
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Table 2 Classification of applications

Differentiable rendering method Ref.
OpenDR [18] [23~27,40, 58]
Nueral 3D Mesh Renderer [32] [12,14,20~22, 28~31, 33, 34, 36~42, 59, 60]
SoftRas [19] [15,43,44]
TF Mesh Renderer (9] [13,16,17]
Object Ref.
Artifact and ordinary object [12,19,32~40, 40~44)]
Face [5~17]
Body [18~27]
Hand [28~31]
Field Ref.
Semantic segmentation (33,34, 36]
Geometry and posture [7,9,12,13,15,16,18~21,23~28,30~33,38~40,42,43, 58]
Texture and reflectance [10,17,23,35,38,40,43,61,62]
Tllumination estimation [6,7]
Camera calibration [38,43,60]
Image synthesis [14,22,29,37,44,59]
Adversarial examples [41,42]

[ 3k 2 = 4R PR T, DR BRI 2 T DA 52 BRI P AR D dan N, BN B2 5 19 B K — AR AR
B, Bk g B Ty 2= T B2 AT RE.

N TR G B S B S R JUT B ZE 7 T SRR s, R R B R AR R R R
Jige 133, 38~400 o A7 A5 IR £ UL ) B AL L v ST SO AT B RS B0 R ORI T AR A K 4R
Ak, BT SEAE — SR E AR 55 X A PR A7 A — SRR, Ay — S TR £ A
F T f5 /K O B A R B SR, 3E— 2P A T B RIS B RS, B STk [33] B 38 S
Zr BIFRERL  B Jr AC BT U FE AN G . BRI A, A BRI T BUA A LS IBGE e s, 7E
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AR 2% 25 AE BRI, BB AT REA AR SEBLT 30, AT REAF AL 45 M A0 BRI T I 5
B

SCHR (9] 38 B BT R I Gkt e — R a4, A& B ANJE AR ) — 4R LSRR EAT I 25
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T = 4 N SRR 0 55 M B 0. JLAE A 3DMM. BB R AR, K ResNet-50 (6] SR = ZE A5 71
SR RBESE, RIa BT IR G s R G e BB, %0535 A B AT RN A = T
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Bk [64] E AL

Figure 11 (Color online) The regression network receives images as input and outputs 3D human faces model param-
eters such as geometry and texture. Differentiable renderer uses the produced parameters and re-render face images

which are used to calculate loss and to update the regression network. The reference images in the perception layer are
produced by [64]

i L 8 O % A AR SS AT R BRAL S . SRR [11] AE 52 HH A BRI 25 R0R0 X 2% vy BT PE S B A T
CHEIRET ST SR PN AR YN APt A RS bR (e E S e RN Sib ) [ PN 23 1
ANSRICHI NI 5 045 8, TR e R T AR G5 € (LT AR A A AN R . 5 R AN AR BR A, e )™
A R AR, STk (5] 5 AT G (K = 2\ o A R 4 3 5 e By ) ZE R 4 .
ik Bl S X 2% AN N PR S = A N AR Y, AR 5 40 B S RGE R B AT AR S5 B — 4N B
&, A ARSI R IE, 4SS5 B CIRE I BA B 405 1 B SRR, IL IR
AAH .

7.2.2 AIK

NART UGN — IR e HALE IR — e R i ik, 728 H B R 1F e\ 2UR AR & e
A OL T, I ARAR S B Se 36 R W] AR TR R R RE . N A4 S BR3Py A28 R L3 A R T
i, TS5 E@E R RAAIZR. NARR ST R RIS SO L, I8 S ARt mT LASRAS A2 5
M5 R N AU, HRHE R hRvE, LTI ) = 4E 5535 48 4k L RgHE, AT DLHHREq]
fARE B R BT B L. ST [25]) 7ER T RAE S i, UK R EUE SUAEAH —HERRE BRI OGT L.
SCHR [20] 72N T RE G2 i, B AR 20 B 2K B BUDUE SUAE R AR L.

7.2.3 AF

NTFHE A EO YL T2 BB P AP ST A BE RS ANFRFEE T E R0
TR . BIERS . T SARELA SR I BB R AR ey AR 2 MR AE. HATSRZ A e =Y
PREERIBEESE, PRSI e T T EARE S S AR, — 7 T AT DA AT e A
UERREE I AR, 53— U5 T AT DR I RAE GO 7 A = PR IE 20 W BT AR R AT DL 4 pRIE
FRE R =4EE D, BT DU BCE 2 bR E R, BIEAR R 45 R B AN 2 A RRE RN
S, AR AT PAE A B A R B IR A
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From traditional rendering to differentiable rendering: theories,
methods and applications

Zipeng YE', Wenyu XIA', Zhiyao SUN', Ran YI!, Minjing YU? & Yong-Jin LIU"

1. Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China;
2. College of Intelligence and Computing, Tianjin University, Tianjin 300350, China
* Corresponding author. E-mail: liuyongjin@tsinghua.edu.cn

Abstract In recent decades, with the development of computer hardware, the technologies of render engines in
computer graphics and deep learning in artificial intelligence evolve rapidly. Differentiable rendering is the bridge
of the two technologies, which also develops rapidly in recent years. Many methods of differentiable rendering are
proposed and therefore provide new opportunities for next generation applications. In this survey paper, we first
review the traditional render pipeline and then introduce the methods of differentiable rendering with both local
illumination and global illumination. We list tools of differentiable rendering whose source codes are publicly
available. We also collect the applications of differentiable rendering including those concerning the 3D models
of face, body, hand and free-from object. At last, we point out some future research directions on differentiable

rendering techniques.

Keywords differentiable rendering, inverse rendering, 3D reconstruction, face reconstruction, rendering
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