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Abstract: In this paper, we propose an efficient ray tracing method based on divide-and-conquer approach.
Previous divide-and-conquer ray tracing (DACRT) methods subdivide intersection problems between large
numbers of rays and primitives, by recursively subdividing the problem size based on the distribution of
primitives only, until it can be easily solved. To subdivide the intersection problems, the lack of considering
the distribution of rays can decrease the rendering performance, especially for high resolution images with
antialiasing. To address this problem, our method exploits the distribution of rays for subdivision of inter-
section problems, construction of acceleration data structure, and determination of ray traversal order. To
accelerate ray traversals, we have derived a new cost metric which is used to avoid inefficient subdivision
of the intersection problem where the number of rays is not sufficiently reduced at the cost of expensive
intersection tests between rays and bounding volumes. The cost metric is easy to calculate and hence easy
to implement. Our method can accelerate the tracing of many types of rays by a factor of up to two. In
addition, we show that our method can reduce the number of intersection tests between rays and bounding
volumes compared to the state-of-the-art DACRT method.
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Fig. 1 A flow of a single problem partitioning step (partition-
ing a set of triangles, intersection tests between a set
of rays and bounding volumes of the partitioned set of
triangles, filter rays that intersect each bounding vol-

ume).
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3. Divide-And-Conquer Ray Tracing
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Algorithm 1 2 RFEDT IV T) X4, RIFVAES, T
E=AES, b ld T OK=MAFO AABB OE.LZ UE
$5 BV Thb. § 3HFEILEEFOBIE, VIEBY, N
3T TNV LA D THA. NaiveRT 1352 57z A4
BLEZAREAGDOTRTOMAERIIOWTRENELXIT)
METH 5.

1: procedure DACRT(R, T, cb)

if |[R| < g or |T| < ér then

3 return NAIVERT (R, T)

4 end if

5: K -1 180558 Of S Ty 5, Tr 5, Vi,j, VR,j, cbrj, cbr
6: v B cn,cr,nL,ng «— 0
7.

8

9

for each %+~ 7V L 1 r do > LAY s
INTERSECT(r, Vi, VR, cL, CR, L, MR)

end for
10: Cmin <« Ooyjmin —1
11: for j=1to K —1do > EINLE ORI
12: ar,; —cr,;/Ns,ar,j < cr,j/Ns
13: & (2) 2EVax b C EEE
14: if C < Cnin then
15: Jmin < Jy Cmin — C
16: end if
17: end for
18: if np ... > NRj.., then > SEERIEFE D PL5E
19: (Oéo,To,Vo,Cbo) — (aLyj1n1,n7TL5jmzn ’VLyijn?CbLyjnn,n)
20: (a1,T1,V1,¢b1) “— (AR, jmin s TR jomin s VRojmin 'COR i)
21: else
22: (@0,70,V0,¢b0) “— (AR, jrinsT R jimin s VRijmin 'COR jin )
23: (Oél,T1,V1,Cb1) — (OlL,jmm ’TLyjmzn ’VLyjm11L?CbL1j7n1n)
24: end if

25: if g > —C— then

NehitaCenitd

26: DACRT(R, Ty, cbo) > LA BB 2 A
27: else

28: Ro +— RN Vo DACRT(Ro, Ty, cbo) > L 1 4EE%45E]
29: end if

30:  if a1 > —%%— then

31: DACRT(R,T1,Cb1) > LA EG5E % B
32: else

33: Ri — RNV DACRT(R1,Ti,cb1) o LA HEE&%55E
34: end if

35: end procedure

ZZT, Vi, VRIEBVTHBV OF/ —FOBV, Cr i
LA &BVDOREHEIAN, CrizL A E=ME0sE
HEI AN, pr, prI& VL, Vi & LA DXEMMR, Ni,
Nr &V, VR NIC&EEN=AOKTHL. (1) %
AHiT 5121, Vi, Vg & OXEMR pr, pr DLETH 5
A5, WEOLA L —3 » 7 TIE BVH OREEERIZIZL A
DFFENRAN R 720 pr, pr lEIRATHSL. TD2DH, L
A DHAE—FTH B EREL, pr, pr %, Vi, Vg DE
WL, V OFRHEEOEETELL 72 SAH (Surface Area
Heuristic) = 2 b EIEAS—f 9IS ST 5 [17).

4. RBRE®
TNVITY AL, WEFZOT VT ZL0OHEM T —F

EART. TAVITY RN, VAEER, ZAREST, =
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BV % 5 MICEHEZETEFE L2 EOKKMDOZ &
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& Trj, Trj &, Ty, Tr,; 88T 5BV Thd Vi,
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DS EEIE TS, 2F D, TNEFTOMILTEHEL
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EEPOWY) B LELEOL A TREHEZITY, LAE
BV MOERE T 5. T LT, ZOEHRT EICHEE
WTaA MEBEFMEL, A MARANE % BT RN
T4, RIS, LAY T v TR RE I, 5ES
N7/ —=FDELL 2RI ET L0 2RET L (Vy, W
DIETHRT 2). BRI, /— FE VA EAGTRENE
A7) HEEIT, LA ORI OWTHEY A X &2 K&
CHIRT & 2Wiai, LA BEEDGE Z1Th 3 ICHFL
Ay, Thbibg, @EEBY LI EEOGEETV
PRI A T 5.

4.1 LAy TULY

LAY T 7%, VA DOSREFETL-01247) .
LAEEPOWY I LA EDO L AT, KoEfEfo BV
DR LT E%24TH) 2T, LA & BV MO
REMHET A, 22T, BMERETA27.008KE LTHE
FHNP K -1 OB cp, cr, np, ng ©HET S, cp,
crj 3 Vi, Ve EXELIZY YTV LA DI, np i, nrj
BV, & Ve, THY TNV LADRELSICE DiEVL R
T HODBDTHE., LAY Ty 7IEa A MY
WDz, LADEA 1,000 KL EDE EDAK, 100 K
DLATULAY YT ¥ T2 7, 1,000 ARG & &1,
Afra DR L7 DACRT 247> Cw5b. 7z, B 7)) >~
THEIOWTIE, LAESGEREMNL T35 % —E [’
fCY 7)) s a5 hEZHCTwA, B, Y7
YIREN VT v TR EZ THIERER AT - 720,
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Algorithm 2 %> 7V L A4 r L BV TH5 V,;,Vg,; T
ZHEHE 4T . INTERSECTP(V, 7, b, 1) 1R 72 L
1L BV ORFEHERZIT)BEBTHY (18], r & V 25E
FT5%HE [ty t] KKELTWAHEOXEZMAALTHE
AR

1: procedure INTERSECT(7, VL., VR, cL,CR,NL, NR)
for j=1to K —1do

3 dL,j,dR,j — o0

4 if INTERSECTP (VL j,7,tn,tf) then
5: crj < crL;+1l,dpj—tn

6: end if

7 if INTERSECTP(VR,j,7,tn,ts) then
8 CR,j < CR,j + l,dRyj — tn

9

: end if
10: if dp ; < dgr,; then
11: ne,j <—'I’LL’]‘-|—1
12: else
13: nRj < NRrj; +1
14: end if

15: end for
16: end procedure

FREONRY = HOWIE R RERPE SN TS, L
AH 2T TOMBOEY T — FE2T L TY XL 212
Y.

TVITYAL2TE, F¥ TN v &N LA rk Vy,
Vi, CRAENEEITV, ZELTWAEHd e, cr; &
18535, LA L BVOREAEICIERIICEHRS
TWAE 8] #HT 5. 2O ETIIRZEHE OB
T, LADIEEPS LA & BV O T COMMEEt, 5T
Y270, CORBAEHLT VL, & Ve, TELLH
IoHrIvrLisEereflEss. ZLT, Vi N
WG ngj, Ve PRV EEng; 2 1T,

4.2 X MEHE

Afra (3T A NMEE LTSAH 2 A MBZMHH L T
% [6]. SAH 2 A ML, BV & LA O EMRELY, Z
D/ —FOBVOEKEEE, $1/— FO BV OXMEDOE
HTEMLTWS, LADBY—UIZhblzo T—HIZo M L
TWAEEIIRWEM TS 575, DAdMR-> TV AEHAET
i, BVl vz v, ZhudEdfb T — s ke L
A ML=V Y M T > TOLRGAIREET SRR nwE
L7275, DACRT Tl I b % [FIFIZAT D 7200 2 ORTEIE
RS HZENTEDL, LAF YT Y TBV ERXET
TNV A DR e, cry ZRIELTBY, ZOfED
5 BV L OREMEE ar, j, ap,; FRITHTE L. KEME
apj, ar; EHH L7232 PEKIEDTORE 2 5.

C(V — VLJ,VR,J‘) =Cr+ C](OLLJ*NLJ‘ + OARJ*NRJ)
(2)

ZZT, Npj, Nr; 3 Vi, Ve, C&EINE=AROK
Thhrb. THIZLY, EBOLA DS %#E L7 BVH
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Fig. 2 An inefficient case of partitioning set of rays. In this
case, since most of rays intersect the bounding volume
Vb, the number of rays is not sufficiently reduced by
subdividing the set of rays. The number of rays in-
tersecting Vy is estimated by a * nrqy, where o is the

intersection ratio.

DREEEZAT) ZENTE S,

4.3 FRIEF

BN R LA M IN=HIVEIT) )T, /— FOBER
EFRERELEZD1DOTHA., LADEHEPL LA L
SMIBORET TORMED, LA DEEP»SL 1L BV O
ZHETOWBEL VNS, 20/ — FIZIEL A DR
WEDIEWL A EZHEORTEIFIE L 2D, 20
)= ROBEPAREL L0 06THA, FOn, Lk
W — R LEEREITH 2 L, FHEROEREICD %)
5. Afra BERIEFZ 1RO LA ZHHL THRELTY
7206 LADIk—L Y ADFEEIT/NIVIHEIEIINT
LR WA, EH Y FILADEIHIZ, T—L AN
GUHAELTWAE L) LA DOEERIATSTHY, LA
ERTIERE TRV — FERICERTIUIKE 2B ED
BELTLES. 22T, LA ) Y FBRICEHELTE
Wwizng i, nr; C, EVHEOREIVED ) — FELIHER
T5., THIZED, XVBEORCERIEFOIEEZIT)
ZENTED.

4.4 LAEENEDEM
LAEAZSET 51213 BV & O EZI7\v, BV
LR ET B VA RFETHLENH L. UL, B2 IR
FTEIIE, LADOGAICLoTIIEFLEALDL AN BY &
ZHLTOLGENSH L. TOHELAEEORE H53E
TR, LA L BV OZGEHEDTZO DK E atHE
BEPLENDETTHL. LoTIDL) BEEE, 5%
HEZITDTICIRTOLAPZELTND EREL, X
DB D JF AR & 70 B SSHEHIE % AW L7 B
ORIDFENZE 3 IR T. REETIE, LAY T ¥
TCIRT AR o R L CORMBEEHET 5. DT
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Fig. 3 A case of skipping partitioning set of rays. In this
case, the number of rays is not reduced, and n,qy rays
are used to perform intersection tests between rays and

bounding volumes of child nodes.

X, L1 & BVOREHNEXITIBAEDIANE, LAL
BV ORZEHEAITOEVEED I A MIOWTHL,
ol 70BN 2 AT ) A BT 5.

LA LBV OZENEZITIHED I X MZOWTHHN
§ 5. BV EZGEHEEAT) LA DEE nygy, VA LBV
DEFEHETRA M & Cpy ET DY, Ny DL A L BV TK
FEHIEEAT) TA M Npgy * Cppy L%, TIT, BV &
BETBHLALAOBIE, LAY YT v TR L A
Bab axngg b EFHRINL. RIS, &LV
11345%, T/ - FEBZEHNEERT)LENH L T7-0,
Copita VA LT/ = FEDZEHEITADN, nepig &1
= ROBET DL, axng DLAE ngua DT/ —F
THRAMEZAT) B D I X ME (v npay * Conitd) * Nenid
b, EoT, LA EBVOEEHAEETHIHGDIA
b Cing ZUTOATRE SN S.

Cint = Npqy * va + (Oé * Mgy * Cchild) * Nehild (3)

RIZ, ZEHELZAWET D560 A MIOWTHHT
A. BV EXEHERITDRVOT, UBOAT v 7TOH
LADEIE npoy DETTHEH, ZAEHEIAMIOT
Hb. F\NT, Npay DU A E nepig DT/ — FTERZEHE
EAT )Y B O AA M (Nray * Cenita) ¥ Nenita TH 5. £ o
T, REHEXBWMT DHEDITA L Oy ZUTORT
IS,

Cskip =0+ (nray * Cchild) * Nehild (4)

X (3), 4) &b, V1L BVORENEERTIHEDT
AN Cupy 75, LA L BVOREHEZITTOLRWEED T
AN Cspip £V KEL R DEAEFEG a ZNT DM THE
b,

Chw

a=l- Cehitd * Nchild 5)

REEEG o R (5) OF&tFEWI-THAE, LA L BV
DEEHERTDTIE, TRTOLAPLELTWD LR
L. SR X RVEAE, LA L BY OXEHEY
19, Zo&BERIHEVL A EEOGEIEITH) 2 LT, JE
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Sibenik DN y Jf
[LIES N (b) FOLGIE (c) HGIE

5122 415ms/295ms (1.41) 281ms/183 ms (1.54) 374 ms/255ms (1.47)
1,0242 1,520 ms/1,003 ms (1.52) 1,130 ms/700 ms (1.61) 1,430 ms/860 ms (1.66)
2,048 5,992 ms/3,759 ms (1.59) 4,656 ms/2,647 ms (1.76) 5,730 ms/3,164 ms (1.81)
4,0962 27,300 ms/14,700 ms (1.86) 19,772ms/11,330 ms (1.75) 22,269 ms/11,491 ms (1.94)

M4 Sibenik ¥ —> (ST 75K) TOREENO Afra DT L HEEO LM O It
B A OB BRI & 5 Bk E 2

Fig. 4 Comparisons of Afra’s method with our method for different image sizes of the

Sibenik scene (75K triangles). The number in the parentheses is the acceleration

ratio using our method.

R VAEEOSE R RT L ENTE D, 22T, BV
W) — R ThHALGEIL, T/ — FOE nepuq 13/ — NI
EINBEMILELRY . Copig EEMLE L A OZZFEHE
TANELR L, BVDHEE — FTRWVWEEE, T/ —F&
LA EDRFEHED AN Coping 1 Chyy &7 0, BVH 752
BRDOEGE nepia 132 £ 50T, X (5) U TR
LS 5.

a>05 (6)

5. f&R

REFOFETHERZR 4, B 5, M6, K7IRT. FE
1T8%51%, CPU 7° Intel Core i7 2.67 GHz, AE" 6.0GB
RAM DO PC T, 1 ALy FOARTETLTWS. &8, i
WEFRZ T RTO LA PO = A x5 T 5 £ To
BT, LADER, Yx—F1 v 7OEMIZED TV
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Fig. 5 Comparisons of Afra’s method with our method for different image sizes of the

Sibenik scene and the Sanmiguel scene (7.9M triangles). The number in the

parentheses is the acceleration ratio using our method.
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Fig. 6 Comparisons of Afra’s method with our method for different image sizes of

the Conference scene (331K triangles). The number in the parentheses is the

acceleration ratio using our method.
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1,0242 2,298 ms/1,428 ms (1.61) 2,213 ms/1,471ms (1.50) 8,288 ms/7,066 ms (1.17)
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B AN OBTIIIRRIE L B i LRz £y

Fig. 7 Comparisons of Afra’s method with our method for different image sizes of the

Sponza scene (262K triangles). The number in the parentheses is the accelera-

tion ratio using our method.
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Fig. 8 Acceleration ratios for (a) different image sizes and (b) different bounce numbers

of rays.
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Fig. 9 Acceleration ratios for different ray sampling methods.
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Fig. 10 Reduction ratios of the number of ray and bounding volume intersection tests

for different bounce numbers of rays, compared to Afra’s method.
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