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Abstract Ray-object intersection is an important element in ray tracing that takes up a
substantial amount of computing time. In general, such spatial data structure as kd-tree has been
frequently used for static scenes to accelerate the intersection computation. Recently, a few variants
of kd-tree traversal have been proposed suitable for the GPU that has a relatively restricted computing
architecture compared to the CPU. In this article, we propose yet another two implementation
techniques that can improve those previous ones. First, we present a cached stack method that is
aimed to reduce the costly global memory access time needed when the stack is allocated to global
memory. Secondly, we present a rope-with-short-stack method that eases the substantial memory
requirement, often necessary for the previous rope method. In order to show the effectiveness of our
techniques, we compare their performances with those of the previous GPU traversal methods. The
experimental results will provide prospective GPU ray tracer developers with valuable information,
helping them choose a proper kd-tree traversal method.

Key words : real-time ray tracing, kd-tree traversal, stack structure, ray-polygon intersection,
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Triangles | Triangle Of.fSEt I ncxeased' Construction | Max tree Node leaf empty leaf | empty leaf |max triangle
number in | triangle ratic] . . . .
eaf node in leaf node time{sec) level |(innertleaf}] node node ratio in leaf node
Chox 996 2,359 236.84% 0033016 58 2,251 1,126 461 40.94% 8
Sponza | 66,454 271,313 408.36% 3.684146 72 209643 | 104,822 26,620 25.39% 33
Sibenik 80,479 317,981 39%5.11% 5.015748 70 211,297 105,649 18492 18.44% 27
Adv cbox| 83,763 469334 523.41% 7.061467 54 456,513 228,257 36,217 317 20
Kitchen | 101,015 414134 409.97% 7.810624 57 308277 | 154139 38427 24.93% 61
Room 117,855 842,658 714.99% 10.186898 74 649139 | 324570 79,083 24.36% 134
Café 171,425 1,410,079 822.56% 16549731 86 960,561 480,281 95,414 19.86% 32
Fairy 174,117 1,546,463 888.17% 20.520823 2 1,113621 | 556811 139,984 25.14% 50
Conference| 190,947 2,136,322 1433.02% 23506568 80 1,377,297 | 683,649 98,606 14.31% 129
Bathroom | 268725 2,095,631 779.84% 2800563 95 1449125 | 724563 | 185209 25.56% 595

¥ 3 7 Ao gid kd-EF &4 e A% Bla dAFE2E rope ol 71 #E A5S HAFh 640 %

480 i =olA FHA(primary ray)el sl AFE&

85t (99 Mrays/sec)

Chox Sponza Sibenik | Adv chbox | Kitchen Room Cafe Fairy Conference | BathRoom
kd-restart 76.16 2025 3299 8085 2743 28.95 2408 1389 3396 21.01
kd-restart stack 1 | 7870 27 3774 81.39 3031 3211 2717 1476 36.59 22.73
kd-restart stack 2 | 80.20 .70 4329 83.18 34.18 3%.20 30.39 16.28 38.37 25.66
kd-restart stack 3 { 8203 2784 4600 8324 3H.29 3750 3340 1804 4077 2761
pushdown 7375 2044 33.64 873 26.85 30.10 25.03 1457 34.98 2214
pushdown stack 1 7543 2220 37.00 82.03 29.89 3167 2126 16.32 3640 2341
pushdown stack 2 | 7645 24.85 42.69 8247 3313 3450 29.38 1838 389 2490
pushdown stack 3 | 8252 2125 4579 83.10 3457 36,90 32.26 2014 3998 26.90
local stack 64.14 23.39 3993 6292 3069 33.39 24.55 1750 3642 3111
cached stack 1 64.13 2351 3827 6457 2957 32.49 2341 1673 34.96 30.14
cached stack 2 66.14 23.84 39.00 6557 32.56 3348 26.32 1735 3561 3105
cached stack 3 66.88 2528 4048 66.22 3370 3452 30.80 1803 36.89 31.80
Tope 76.76 32.85 4956 81.44 41.69 41.99 3846 26.74 41.72 3858
rope with stack 1 75.34 33.02 49.00 80.49 40.75 41.12 37.80 2592 4211 3871
rope with stack 2 76.10 3186 48.36 81.97 40.22 40.40 37.06 2521 4098 3775
rope with stack 3 75.80 2974 47.09 80.21 40.20 39.87 36.28 2472 40.80 36.86
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Scene Traversal method Memory usage for rope Scene Traversal method Memory usage for rope
rope 1.09 rope 25.76
Chox rope with stack 1 0.90 S rope with stack 1 2192
rope with stack 2 0.72 ponza rope with stack 2 1847
rope with stack 3 0.59 rope with stack 3 15.80
rope 13,78 rope 16.00
0. rope with stack 1 11.28 rope with stack 1 13.47
Sibi
benik I be with stack 2 9.2 Adv ebox e with stack 2 1107
rope with stack 3 7.71 rope with stack 3 9.31
rope 17.75 Rope 20.34
. rope with stack 1 14.44 rope with stack 1 16.52
Kitch -
tehen I ope with stack 2 1153 Room ™ e with stack 2 13.29
rope with stack 3 9.38 rope with stack 3 10.90
rope 40.56 rope 32.81
Café rope with stack 1 33.66 Fai rope with stack 1 26.54
rope with stack 2 2783 any rope with stack 2 2124
rope with stack 3 23.30 rope with stack 3 17.29
rope 55.17 Rope 49.31
Conference 1o with stack 1 4458 Bath rope with stack 1 39.82
rope with stack 2 36.16 AL OO T ope with stack 2 3175
rope with stack 3 29.79 rope with stack 3 25.85
90Mray/sec A kd 45Mray/sec Ackd

8: kdrestartstack ! B: kd-restart stack |
B0OMray/sec £ kelorestart stack 2 40Mray/sec £+ vorestart stack?
70Mray/sec D kd-restartstack3 35Mray/sec D kd-restart stack 3

€: pushdown £ pushdown
60Mnylsec F: pushdownstack t 30Mraylse{ TR . pushdownstack |
50Mray/sec G: pushdownstack2 25Mrayfsec G: pushdown stack?

H: pushdownstack3 1 :pushdown stack 3
40Mray/sec (: giobalstack 20Mray/sec |- glabalstack
30Mray/sec |+ cached stack ] 15Mray/sec §- cached stack |

K. cached stack2 K cached stack2
20Mray/sec L: cached stack3 10Mray/sec - L: cached stack 3
10Mray/sec M: rope SMray/sec M:rape

N: ropewith stack | N:ropewith stack {

Mraylsec i O repewith stack2 Meayfsec -+ O ropewith stack2

Chox 640x480 {sampling 996 Tri Kitchen 640x480 isampling 101,015 Tri }
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I 6 A AT W 3 Chox(2HHE 4+ 996)$} Kitchen(Z42H8] 4= 101,015) A9l e z+ whEe] A%

Hla 2z I MRS AEE 29 I d9EFE ¥ 2 4%S B9ED Kitchend} o] B
2 gl daME 29 dito] Aoz e vFS ARG Wi 28 4 glo] viE AHEE
=EE Fold & % rope ol Hojgd A% RAFAW Choxe zo| 1vadt Add tsjas 2
g Aol Hs) A =28 Zohily] 9% A4t wigo] By Hr) e Aider mgHx £§

2ne HFm Yok

st} wulstA DA HE v B 45 B3 B GPU 7€) shiel HE] Z2 M AdA 2567]9] 28 =xt
# vlRel suel QoI 19F ZNDSE rope F o] BASEA B 29F P59 Asbh Byse B
Mo A% W AMEFE 20%M ZATL & & W 2A=T M TR ARt ohpl Huz
Ak 7 Zole] Tf vixy 2dHg I & A @k o]
AvkAel FA FFYPe FHE olgd © 1YxR A% E 5o} #o] cached stack HH-E & Zlo]
95 Ok Aatel ¥dEng agtE AMEHE ) 9] restart with short stack WHET o F& A%
A=) f7h kel "k adEz 2h-ow wHsl = rope with short stack WHE A



184 CLELEEER R ETP

AA 2L #He A 16 E A 2 3(20102)

5 7 Ade] digte] 28 A28 72 AR AL cached stack WP restart with short stack B4 {9

e vl 7ad FAL AT URES A$ cached stack ol HIIE 2L AL HAFEth 640 x
480 A =olA FF M (primary ray)ol s A¥S FHsrAch (B9 Mrays/sec)
Chox Sponza | Sibenik | Adv cbox | Kitchen { Room | Café | Fairy | Conference | BathRoom
cached stack 7 65.19 21.87 34.24 65.07 27.03 29.01 | 26.25 | 16.33 30.29 26.78
kd-restart stack 7 | 77.24 14.77 25.24 73.04 20.71 2229 | 1856 | 11.22 26.50 20.18

rope RO <13 AEEHe Wz o 0%E
4 Al "ok

24

5 A=

=2 =

£ =EdXe GPUAAY &343 #H F
T do] AN a4 FA-hAY w d
A kd-EF disf 24 e 7@ 780
HEg 53] GPUY T/ v A9 vizg AdA
9 29 F¥ A 5&FQ FAIE 9% TAHY 29
T2 B AFI s AdFezA FH Wy 49
Ho) 718 29 ZolE 40% ol /MY + A,
AY vy "o A vrde HZ I+E Yo
2 ASE & 20% FIAE = dRed, GPULA
Agste TH WEHE AUz AeFgoesn AY
& 43 71E 29 7k dh) Bl
F4E 45L& HAFE cached stack W 2 %9
Ase HAZS vizg AHES 29 4 UE rope
with short stack BHE AASHHE 3-5).
EF AE ARJS &4 HHES gt 548 R
AAE AdolA 71 AJE 24 s A%
ZE B3 o2 Fo7 FHY kd-Ede] EA
2 FHo A4S U3 <+ Je B g Ay
RS AABGC ol FF AH=E GPUY A3
f Wiz 77, NY/AY WEs g2 72 A5
o taiNE 3ol L= HAe g whyo] &
WY g ulE NEE AT F YL Aot}

o
oot o XN 8 &

[1] T. Foley and J. Sugerman, "KD-tree acceleration
structures for a GPU raytracer,” Proc. of the ACM
SIGGRAPH/EUROGRAPHICS Conference on Gra-
phics Hardware, pp.15-22, 2005.

D. R. Hom and J. Sugerman and M. Houston and
P. Hanrahan, "Interactive k-d tree GPU ray trac—
ing,” Proc. of the 2007 Symposium on Interactive
3D Graphics and Games, pp.167-174, 2007.

K. Zhou, Q. Hou, R. Wang, and B. Guo, "Real-
Time KD-Tree Construction on Graphics Hard-
ware,” ACM Transactions on Graphics, vol.27, no.5,
pp.126:1-126:11, Dec 2008.

[4] S. Popov, J. Ginther, H. Seidel, and P. Slusallek,

[2]

[3]

[5]

(6]

[7]

[81]

[91]

[101

[11]

f12]

[13]

[14]

[15]

[16]

"Stackless KD-Tree traversal for high performance
GPU ray tracing,” Computer Graphics Forum,
vol.26, no.3, pp.415-424, 2007.

I. Wald, "Realtime Ray Tracing and Interactive
Global Illumination,” PhD thesis, Computer Gra-
phics Group, Saarland University, 2004.

I Wald, S. Boulos and P. Shirley, "Ray tracing
deformable scenes using dynamic bounding volume
hierarchies,” ACM Transactions on Graphics, vol.
26, no.l, pp.1-18, 2007.

J. Guinther, S. Popov, H. -P. Seidel, P. Slusaliek,
"Realtime Ray Tracing on GPU with BVH-based
Packet Traversal,” In JEEE Symposium on Inter-
active Ray Tracing, pp.113-118, 2007.

T. J. Purcell, . Buck, W. R. Mark, and P.
Hanrahan, "Ray tracing on programmable graphics
hardware,” ACM Transactions on Graphics, vol.21,
no.3, pp.703-712, 2002.

M. Shevtsov, A. Soupikov and A. Kapustin,
"Highly parallel fast KD-tree construction for inter-
active ray tracing of dynamic scenes,” Computer
Graphics Forum, vol.26, no.3, pp.395-404, 2007.

I Wald, W. Mark, J. Giinther, S. Boulos, T. Ize,
W. Hunt, S. Parker and P. Shirley, "State of the
Art in Ray Tracing Animated Scenes,” In Euro-
graphics 2007 State of the Art Reports, 2007.

I. Wald, C. Benthin and S. Boulos, "Getting rid of
packets - efficient SIMD single-ray traversal using
multibranching BVHs,” In IEEE/EG Symposium
on Interactive Ray Tracing, pp.49-57, 2008.

R. Overbeck, R. Ramamoorthi and W. Mark,
"Large ray packets for real-time Whitted ray
tracing,” In IEEE/EG Symposium on Interactive
Ray Tracing, pp.41-48, 2008.

L. Seiler, D. Carmean, E. Sprangle, T. Forsyth,
M. Abrash, P. Dubey, S. Junkins, A. Lake, J.
Sugerman, R. Cavin, R. Espasa, E. Grochowski,
T. Juan and P. Hanrahan, "Larrabee: a many-core
x86 architecture for visual computing,” ACM
Transactions on Graphics, vol27, no.3, pp.1-15,
2008.

NVIDIA. NVIDIA CUDA Compute Unified Device
Architecture: Programming Guide (Version 2.3), 2009.
4=, GPUE AMg3 £#489] Kd-Tree ¥4 ¢
zEE, AddEgn HAE] =&, 20003 14,
AWE, YA, “GPUARAIAMY 341 FHE 9%
Kd-Tree B4 71§ ¥la 847 2009 $§=FFE L)
H23t3 AstE s =3, pp.71-73, 200943 102



GPU& Kd-E& g4 4

Z Y s

20059 89 M7uiga HFE T &
A(FEAD. 20079 29 AMAiElw o g
A AFEHEFE E4(FFHAD. 2007
3E~8A AMAvga dgd AFHT
g} walag. A REoke ARFE a3
Hx AAZ 99y, GPU =g

Q9 4

19859 249 AMedista st s A
At £Q(egAh. 1987d 5€
Rutgers-The State University of New
Jersey eI £ (]34, 1991
d 79 Purdue University 757683t
EA(o)3EAD. 19999 7€ ~2000Q 79
University of Texas at Austin®] TICAM® |4 uF
19939 39 ~3dA M7Aste AFEFs n @Ak
© HFH 22, A5F AN, aAs Ast

o

185



