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ABSTRACT

A posc estimation process from medical images is calculating locations and orientations of objects
obtained from Computed Tomography (CT) volume data utilizing X-ray images from two directions. In
this process, digitally reconstructed radiograph (DRR) images of spatially tanstormed objects are gener-
ated and compared to X-ray images repeatedly until reasonable transformation matrices of the objects
are found. The DRR generation and image comparison take majority of the total time for this posc csti-
fmation. In this paper, a fast DRR generation technique based on GPU paralle]l computing is introduced.
A volume ray-casling algorithm is explained with brief vector operations and a parallelization tech-
nique of the algonithm using Compute Unified Device Architecture (CUDA) is discussed. This paper
also presents the implementation results and time measurements comparing to those from pure-CPU

implementation and open source toolkit.
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Fig. 1. Stereoradiometric analysis.
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Fig. 3. Image to screen ransform.

SFRCAD,CAMES] =¥ 3

213k CUDA 7Nk 312 DRR A4 78 g7

Wzt 94 2 Hfle olFWE, re g o)r| 7
Falo| FC2l A4 ol RS st =7t 6o
olulx12] =7j7t YABES dte olFHSlolTh
Fig. 304 @A Mg TRT 29 oo} A5
vheue] 742 vhle e M°l 016}1 7)& A
FRkel AMEE 29 2399 AAE yehdd

S AN 750 S %‘ﬁcﬂﬂ ojrzie) g
27t gy, r)elon, B 2 (spacing)ol (s, 5 )2,

£ 2FPL ohE gl 498 4 Aok
S-sR IR +0. (0ss5<1,0s121) M

where,
0=1[0,0,0] M,
Ry=[(n.-1)s.0,0lM-0
R=00,(rn-1Ds.0lM O

3.2C0T 7|8 &8 Ho|HAE
2.1 BER U0 EDE
‘s Aozl el sl M= 43 B
lon ¥ olz] ApLofi] o Ago]e] |
< Mg Eote] AP WY E AAST il\:%-.
Fol A 7428 Axkibgel A5er] sk
FA-5le Bt vy ok HA AL 9%
stitel] FE& 7ol Z1Edh
CT dlolel 2t dold Birdlolels B4e] o
¢l w2 s, o] B 1Y AE WEA
ARar] $iste] 3D T7HEe] 715 Ao 4
A At xR e = Azl HEe B we)
Elo) AR AR WEslo 74]’#?‘?}11 rig 48} 7ka] ¥}

(._I
o o
‘E o M o 4
[ no w2

l

sig}s} 29 LRde] AR LI, 67HFE 93
AE(T, T, T R, R, Ry 245} ﬁ’zﬁlc =79
23 771 Fold o, vidEl i xd AR 7.

AABL Asto] Lol ATAL 71T HolS
>4 34, dolvt At 292 o 4% 4 T2
% 9.

World coordinates

F]g 4. __, -;3 f}‘ig 1“ /] 'xf' Q'E

Aled A48 20113 8Y



288 Fs AR, Y

B g sy 0 By E}]a’iv‘:’}—-lﬂ B4 FEq
SJsl DRRE B9 zelFe chet Dok 2

8 ¥ &F HAEA 71Wmi “WLE of ARE-#rh
Algorithm VolumeRaycasting
Input.
Voxel array v]w:h:d] with spacing (sq, 5, $1)

Volume transform T,
Calibration information;

C.=CT.’,
M. = MT. ",
S.=sR,T. '+ RT+OT,"
Ouput:
DRR image d|/:m)

ForO0<i</and Q<< m,
s =ilw t=jlh
Pioy Tou = intersection_ points(C.S,(s,1), v)

n = calculate_step(tia, Vo, (5o, $10 52))

sum =0
For0 <% < n,
u=kin

P = (l-w)r+ u Foy
ide=p/ s, 51, 5]
sum = sum + v{idx)
End for &
d[i, /] = sum
End for i, j

E}_ 2SN mersection_poimse AR} vhed

AR-E 3= Aol culculate step
73}‘] 7H-°~} %@_}% Z]
‘—4‘: A5

20 T3
8 5 %i% AT Agel 2
Askshe Zoid.

322 B& HOIFHAEL gt
BI2)E WolumeRaycasting|X &

Q}E% Tt Mo 8 Sy

& 5 Qo ol 21zt #lel7t HYSH R sk

D)7} Ht} CUDA A9 A e iz 229 255

g olm)2]9] &)

Ixm ..,T\.E_‘ﬁ_ }:ﬂ\.-‘i

2 1o o

7 2H TS AYSEE Shte) 25 16x16719)
2A=E 7 EE s a2lse] 27 O& 24
HeE geolg 4 vk

gridx = {/ + 15) mod 16
gridy = {(m + 15) med 16

ol¥A FoHE 1Az BE sy ALE §

#=-CAD,/CAM3Y] =53 A16A A4% 2011d 8Y

s U CUDA CY YES] AFLE ol&slq 7
zte} 71ge) H2lafior & ghe) i AH2E AN
F 9ew zhzie] dolrt *E*éfﬂM: g DRR 34
q, ool thaf Hgdojug AP =7k 5ol
A HEs) 2¥o] 7hesln) AgelA FaAlH = A4
EE A A P Ey] o] Zeade]
Hell 2de{A] ¢ FFT7T oFd CUDA C7} A&
£ < QA gheol e djole) Ble) ZweR A3
Fasolo} shedl, 249 %TeEe] WE dis
& 25 A EE ¢ 2dvk

478 % Y AT B2Y

4.1 78 % JY #Z

2 dre) FEeME DICOM 42 T vieolEfeh
Axgo} o] RS Ho{ENM CPUE ©l&% Wu}
CUDAS o83 4t 235 ﬁ1m}91dr CT diojg
§ 9 BFoRYE FXEE FE] M L
3 22201 VTK(Visualization too}kxt} 5.6.081% AHE
312 CUDA 82 9al4 CUDA Toolkit 3.15 AF
it ZRaY 2ae CHE PFEEA Visual
Studio 9.0 SP1 #7314 x64 =2 HH) Ak

zegPe) das v 23e 6 GB Wuash
Intel Core 17 CPU(3.07 GHz)Z 7I% Wi2=F PC
A+2] Microsoft Windows 7 Enterprise K 64bit -2
AAAANA o)ZAHOH CUDA 43 E NVIDIA
Quadro FX4806(1.5 GBYS AF&-351vt.

g

Fig. 5. @ 2] ¢} DRR o] WA 8]k,



L2934 S 918 CUDA 719ke] 2 DRR 44 71 289

428 5}

Fig. 5% £ ¢d+8 53 +8+¥ DRR 4439 4%
o} o5 BoFil ok ¥, okl 3L 71zt AP
{Anterior-Posterion?t ML(Mediolateral) %3S .o
Tz} o] X AL 7|5 Ao oulr] &
% 42 7y Helay zsolr), a2y
DRR o]u]x]7} <2 ole} e x| A= 2HH
W Hold, o) BH2 HEle] & J8NE A&
et A8l FE oz s Aol wHE Yys
AHE-3 Zoln),

Fig. 5] Q8% eht oju]xjEL
2] 3718 78 CT Hlo|§ 24 E] 4
Tk 512x512 =
ot}

o5 olmixZ

2 512x512x81
s HoNz e
=7]2} DRR ojulA 2 Mg A

A7) Y5te] AR Bg
W WS 247 Cpu vINEE CUDA Zinkei v
S AP 8E ML SEFe] Sheletel w3 DRR
A 8 A7HE F4Eo) RS, VTR Al LS|
=B Y 7FEE T i oE pulsly Al
HE FAsIG o ol AL Table 1o el
ek,

ol R E

©;

Table 1. DRR A3 Al 7Hmilliseconds)
Mecthod AP W&
CPU 315.6
CLDA R.96 (14.3) | R.15 (22.1)
¥k VolumecRayCastMapper 69.6 Hol

MI. vaf
93363

vtk VolumeTextureMapper3[D 228 383

2

Tahle 194 CPUR #A]8 &
h 2 THEE ﬂoml CUDAE 1*1
A3l CUDA AJollx F3ldl Hoje}. o}
- VYK A] 228l dlo)7)~8 7%
[H], vikVolumeRayCastMappers= CPU
} YL ol&ale] wolawe g

GPUZ]

-

o 41 of -2

1‘1

< r[o

& 1 ol
i
PL‘.

1
o [

O

ri){_t
Sr i
o

plo &£ o 2
>

oA A
Hel2olm wt }.VoluchanlreMappcBD =
ID WA sk 7R AR Aol g 7w
H"“’]L{* o] & 133 2 Fe CpUS v 248
S AREEe] FEERE e2F CPU FEEUE
]’t +L = EOIL]’ (UDAE 03_9_-5]. ﬁ_.,]_o] _s-ll
et A ?1?41-‘ olH 9] A}yl FH] AI7HE EE}
o oAl e Filsled dele AE vER)
™ Fayell FAR A7k W8 389 DRR
AL Wi A8 dolsl A Aoy, &
A% RE L JA4sHEA DRR A S vihet 4

1‘;
o

S % whel Algke] efulgls g Aol ¥k
Table 1efi= viehd 1A BARE VIK é_aﬂ 3

vikVolume TextureMapper3D2] %ol #H= gee
Aoy A7He hE dAr e B4R 2 Hele
o, Ao 2 B§ dolElE GPUQ| ¥ 24 mze
= YASHE TS Fehs Heg $58 4 gl

ol 2lE AEE VelumeRaycastingdl &
el @laiuk 4slA) 7S &2 DRR o]v|Rje] 4t
xot Bgel vl wEEA Fojrhth 28 oA
F ARSE SR dolel 27k ohdil, EE o
ole}7} ARFE #lo] £ HA ] B4 23} 37}
ol ol Il e 2719 dolejeks shile}
of wagoll mpet 4 Aigol Rebick

5. B8

PR aiel 2 Sde) BA AN
wito] Mg WO ML o)r 2w WS kA
s 7]eEke We) daks Azislgct 3 DRR
WA A0S vhERe o EE GPU BE AP LS

=R
ARG 5l

a

- DRR 44 2258 ahehe, Wash
ol mafFolof shs 4SS Heldlsich. 47)
2 Wz dolAay wye) PR ATE CPUTS.
2 8% ZAzst A VTK°1|*1 A Fahs el
¥ 715 st sl

@ 34 DRR A4 HEe Crst o sEol
olg-eh LAl AMZA G AR TRl B§ o]
A A S5 G 78 5 Y% Aol
v} aE z},q]vs,d "}%M-] H] 2 e AAr EEH 8] 3
2 9e|Zor 1A skY, DRR &4 £3 vl
Apzele] HAsoke Aol AFE o] QA
ARe 0%+ 9 ROF AR

ZAlel 2

o] FHE 201045 AR AT 10! A0
o GmeliAe] ABE Wol 44 7 EATAY
A (No. 2010-0001641, 2010-0015897, 2010-0006582).

D02

1. Moeslund, T. B., Hilton, A. and Kriiger, V. A,
“Survey of Advances in Vision-based Human Motion
Capture and Analysis.” Compuier Vision and Image
Understanding, Vol. 104, pp. 90-126, 2006.

2. Selvik, G.. “Rocntgen Stereophotogrammetry: A

SEECAD/CAMSRE] 253 Al o™ A48 20319 89



290 s, A G, 5

Method for the Study of the Kinematics of Skeletal
System,” Acta Orthop Scand Suppl, Vol. 24, pp.
343-352, 1983,

3. Valstar, E. R, Nelissen, R., Reiber, J. and Rozing,
P. M., “The Use of Roentgen Stereophotogrammetry
to Siudy Micromotion of Orthopaedic Implants,”
ISPRS Journal of Photogrammetry & Remote Sens-
ing, Vol. 56, pp. 376-389, 2002.

4. van de Kraats, E. B, Penney, G P, Tomazevig, D.,
van Walsum, D. and Niessen, W. J., “Standardized
Evaluation Mcthodology for 2-D-3-D Registration,”
IEEE Trans. Medical Imaging, Vo. 24, pp. 1177-
1188, 2005.

5. Murphy, M. J., “An Automatic Six-degree-of-freedom
Image Registration Algorithm for [mage-guided Fra-
meless Stereotaxic Radiosurgery,” Med Phys, Vol.
24, No. 6, pp. 857-866, 1997.

6. Hamadeh, A., Lavailee, S. and Cinquin, P, “Auto-
mated 3-Dimensional Computed Tomographic and
Fluoroscopic Image Registration,” Computer-Aided
Surgery, Vol. 3, No. 1, pp. 11-19, (998,

7. Guéziec, A., Kazanzides, P, Williamson, B. and
Taylor, R. H., “Anatomy-bascd Registration of CT-
scan and Intraoperative X-ray images for Guiding
a Surgical Robot,” JEEFE Trans Med Imag, Vol. 17,
pp. 715-728, 1998,

8. Bansal, R., Staib, 1., Chen, 7., Rangarajan, A.,
Knisely, J., Nath, R. and Duncan, J. S., “A Minimax
Entropy Registration Framework for Patient Setup
Venification in Radiotherapy,” Computer-Aided Sur-
gery, Vol. 4, pp. 287-304, 1999.

9. Czopf, A., Brack, C., Roth, M. and Schweikard, A.,
“2D-3D Registration of Curved Objects,” Periodica
Polytechnica Ser Elect Eng, Vol. 43, No. 1, pp. 19-
41, 1999,

10. Penney, G. P, Batchelor, P. G, Hill, D. L. G, Hawkes,
D. ). and Weese, J, “Validation of a Two- to Three-
dimensional Registration Algorithm for Aligaing Prc-
operative CT Images and Intracperative Fluoroscopy
Images,” Med Phys, Vol. 28, No. 6, pp. 1624-1032,
2001.

11. Rohlfing, T., Russakoff, D. B., Murphy, M. J. and
Maurer Jr, C. R, “An Intensity-based Registration
Algorithm for Probabilistic lmages and Its Applica-
tion for 2-D to 3-I Tmage Repistration,” Proc. SPIE
2002, pp. 581-391, 2002.

12. Hipwell, I. H,, Penney, G. P, McLaughlin, R. A,
Rhode, K., Summers, P., Cox, T. C., Byme, J. V,
Noble, J. A. and Hawkes, D. J., “Intensity-based 2-
D-3-D Registration of Cerebral Angiograms.” JEEE
Trans Med Imag | Vol. 22, No. 11, pp. 1417-1426,
2003.

13. Russakoff, D. B., Rohlfing, T, Ho, A, Kim, D. H,,
Shahidi, R., Adler Jr, J. R. and Maurer Jr, C. R,
“Evaluation of I[ntensity-based 2D-3D Spine Image

#BACAD/CAMES =73 A16d A435 2001d 88

4.

16.

18.

20.

21

22

23,

24.

25.

26.

27

Registration using Clinical Gold-standard Data,” Lec
Note Comput Sci WBIR, Vol. 2717, pp. 151-160,
2003.

Vermandel, M., Betrouni, N., Palos. G, Gauvrit, J.
Y., Vasseur, C. and Rousscaw, J., “Registration,
Matching, and Data Fusion in 2D/3D Medical Imag-
ing: Application to DSA and MRA,” Lec Note Com-
put Sci MICCAI Vol. 2878, pp. 778-785, 2003.

. Livyatan, H., Yaniv, 2. and Joskowicz, L., “Gradient-

based 2-D/3-D Rigid Registration of Fluoroscopic
X-ray to CT,” IEEE Trans Med Imag, Vol. 22, No.
11, pp. 1395-1406, 2003.

Tomazevi, D., Likar, B., Slivnik T. and Pernud, F.,
“3-DA2-D Registration of CT and MR fo X-ray
Images,” IEEE Trans Med Imag, Vol. 22, No. 11,
pp. 1407-1416, 2003.

. Shams, R.., Sadeghi, P., Kennedy, R. and Hartley,

R., “A Survey of Medical Image Registration on
Multicore and the GPU,” Signal Processing Maga-
zine, Vol. 27, No. 2, pp. 50-60, 2010.

Mori, S., Kobayashi, M., Kumagai, M. and Minohara,
S., “Development of a GPU-based Multithreaded
Software Application to Calcuiate Digitally Recon-
structed Radiographs for Radiotherapy,” Radiological
Physics and Technology, Vol 2, pp. 40-45, 2009.

. Xu, L. and Wan, J. W, L., “Real-Time 2D-3D Medical

Image Registration using RapidMind Multi-core
Development Platform.” Proc EMBCOS, pp. 20-24,
2008.

Grabner, M., Pock, T, Gross, T. and Kainz, B.,
“Automatic Differentiation for GPU-aceelerated 21/
3D Registration,™ Lec Note Compur Sci AAD, Vol.
64, pp. 259-269, 2008.

Shams, R, Sadeghi, P. Kennedy, R. and Hartley,
R., “Paralle] Computation of Mutual Information on
the CPU with Application to Real-time Registration
of 3D Medical [mages,” Computer Methods and
Programs in Biomedicine, Vol. 99, No. 2, pp. 133-
146, 2019.

Owens, J.D.,, Lucbke, D., Govindaraju, N., Harris,
M., Krisger, J., Lefohn, A. E. and Purcell, T, “A
Survey of General-Purpose Computation on Graphics
Hardware,”™ Computer Graphics Forum, Vol. 26, No.
1, pp. 80-113, 2007.

NVIDIA, CUDA Zone, htip:/www.avidia.com/object/
cuda_home_newhtrt, 2010,

Frithauf, T., “Raycasting Vector Fields,” /in IEEE
Visualization '96, pp. 115-120, 1996.

Levoy, M., “Display of Surfaces from Volume Data,”
IEEE Computer Graphics and Applications, Vol. 8,
No. 3, pp. 29-37, 1988.

Danskin, J. and Hanrahan, P, “Fast Algorithims for
Volume Ray Tracing”, VVS '92 Proceedings of the
workshop on Volume Visualization, pp. 21-106, 1992,
Parker, S., Parker, M., Livnat, Y., Slean, P., Hansen,


http://www.nvidia.cx)iii/object/

2129 FHE A CUDA 7|ute] 24 DRR 84 71 201

C. and Shirley, P, “Interactive Ray Tracing for Vol-
ume Visualization™, Visuafization and Computer
Gruphics, Vol. 5, No. 3, pp. 238-250, 1999.

28. Weiskopf, D., GPU-Based Interactive Visualization
Technigues, Springer. 2006.

29.NVIDIA, CUDA C Programming Guide, htip:/devel-
oper. download.nvidia.com/compute/cuda/3_2 prod/
toolkit/docs/CUDA_C Programming Guide.pdf, 2010

30. Sanders, 1. and Kandrot, L., CUDA by Example,
Addison-Wesley, 2010.

31.NVIDIA, CUDA C Best Practices Guide, http://
developer.download nvidia.com/compute/cuda’3_2_prod/
toolkit/docsiCUDA_C_Best_Practices_Guide.pdf, 2010,

32. Kitware, V1K - The Visualization Toolkit, http:/
www.vtk.org. 2010.

g o 5

toogd Fahi S 704 Al 4| Bhat BhAL

200051 FFAE 71 AL AR 4]

20003 - 200351 SN LREAARLS
N M9l

20038 200453 o\rjol EZ A= A4t

20005 SUNER 7] 4 2B vk}

200053 -201088 FLHE L A&
Ard AYATY

200383 el A Al

olEiwat, Wel 27, WY 2

M=

z g

19791 Algstm 77 skt 8kap

19818 KAIST Ajabzghat 4t

19893 Camegic Mellon University 2HAT

19900 1991 KIST CAD/CAM A
R e

200143200291 Ol= FFHEFATL
(NIST) A7

1992 @z FRd gl 7|AFR
w4

T Hel dakwdal, Physically based
modeling. Haptic 714 3-8, £
stelmAl sk Bl

5 d

200053 Mgt F7)Al Sa

20023 M ETHSEE 2 1A I3RS At

200613 Stanford University 7171583
EIPNS

200683200753 Stanford  University
1Al ATl

200753--2000% Stanford  University
o]t Ayl

2000648 FUHNTI 71H4 R =

SHCAD/CAMSE] =5T A163 Al4E 20114 82


http://devel-oper
download.nvidia.com/compute/cuda/3_2_prod/
developer.download.nvidia.com/compute/cuda/3_2jjrod/
http://www.vtk.org

