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Abstract: Intensity model with blur effect is widely employed to accurately simulate the imaging process of star
simulator used for attitude determination and guiding feedback. It imposes great demands of computing power for
realistic domains, and modern Graphics Processing Units (GPUs) have demonstrated to be a powerful accelerator
for this kind of computationally intensive simulations. This paper presents a parallel design and implementation of
the intensity model applied to large-scale star simulators on GPUs using the compute unified device architecture
(CUDA) programming model. The study analyzes the double parallel nature inherent in this model and use the
CUDA framework to efficiently exploit the potential fine-grain data parallelism. Two versions of simulator are
designed and studied: One is sequential simulator used as the baseline simulator, and another is parallel simulator
using CUDA. In parallel strategy, model, and GPU implementation level, the study employs specific optimized
strategies to efficiently improve the parallel performance. Finally, two benchmarks corresponding with the double
parallelism are developed to fully evaluate the performance behavior of our simulators. The result analysis
demonstrates the efficiency of the CUDA simulators and also illustrates the restriction and bottlenecks presented in
this simulator.
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Fig.1 The effect of star brightness on image gray in different scopes: In the left part of the figure,
every star scatters its brightness into the whole image, even out of the bound,
which is very time-consuming in calculating the distribution; in the right-side figure, the distribution scope is
restricted in a square, i.e. ROI. Most of the star’s energy constrained in ROl area
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Fig.2 Two parallel computing modes: S\i)xel centric (a) and star centric (b); ((:)) shows four stars’ ROI overlaid at
one pixel. So each star contributes its brightness to this pixel, and there are many other star whose ROI excludes
this pixel; (b) shows that one star contributes its brightness to each pixel in its ROI
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First parallelism

Star 1 Star 6 B(0,0) B(1,0) B(5,0)
(O} [Of -+ (O] e
Star 7 Star 12 B(O.1) B(LI) BB
o G
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< > (0,1)[(1,1) (2,1
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IA A Ao parallelism | P 4
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Fig.3 Parallel star-centric intensity model with Gauss blur effect. It configures a specific model:
The stars num is 36 and ROI size is 3x3; First parallelism exists in block per grid and star per image,
second parallelism exists in thread per block and pixel per star’s ROI
B3 BT m o B A v AR N — AN R AR S 4 TE AL EH Dy 36,
S ISR R (RO K AN Ny 3x3; 58 L J22 JRAT ML BE A7 LR T LR I e o 2 e 54 1 T - P L
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1. for (ifrom 0 to starCount)

2. mag «— starArray[i].mag; /* read star magnitude™®/

3. starPos3{ « starArray[i].posX: /* read star x-coordinate */

4. starPoSY « starArray[i].posY: /* read star y-coordinate */

5. integer pixelX;

6. integer pixelY;

7. for (pixelY from starPosY-MARGIN to starPosY-MARGIN) /* determine pixel y-coordinate®/
8. for (pixelX from starPosX-MARGIN to starPosX+MARGIN) /* determine pixel x-coordinate®/
9. if (pixel™ & pixelY locate in the range of the image)

10. starBgt «—calculate star brightness:

11. imagePixel Array[pixelY*img_width+pixelX] +« calculate pixel gray contribution

12. end for

13. end for

14.  end for

Fig.4 The loop inherent in CPU version: One-Loop way in identifying the star and
two-loop way is used to iterate the pixel in each star’s ROI

4 CPU V& EREFFHIM R0 — R IR IR E R e B v 50,55 2 IRIRIAXT Y

PR B2 ) 50 PR A DX I B 3R o R ) 75

The kernel Pseudo-code of parallel simulator

Inpurt: Integer: image width, image height. starCount; star*starArray:

Ourput: float* imagePixel

7. starPosX « shareMem[1];

starPosY <« shareMem[2]:

8. if ( pixel¥ & pixelY in the range of image)

{ grayDistribution <«— compute the star’s contribution on this pixel;

9 return imagePixel:

10. end kernel

1 _ shared__ float shareMem[3]:
2. threadX <« threadldz x. threadY « threadldx.y. /* identify thread index in a thread block®/
blockId <« blockIdx x + blockldx. y*gridDim x /* identify block index in thread grid */
3. if ( blockld = = starCount) return:
4. magnitude < starArray[blockId] mag;
5. iff threadX = =0 && thread¥= =0} /* compute and store star’s brightness */
{ shareMem[0] < calculate the brightness of starArray[blockId]:

shareMem|[l] « starArray[blockId].posX:

shareMem [2] « starArray[blockld]. posY: }
6. __syncthreads(): /* synchronize all threads in this point®/

pixelX « starPosX — MARGIN +threadX /Fcompute each pixel position in each star’s ROI =/
pixelY « starPox¥ — MARGIN +threadY /* MARGIN is the length of ROTI */

atomicAdd(& imagePixel[pixelY *image width+pixelX]. grayDistribution); }

/* using PSF method =/

Fig.5 The kernel pseudo-code of parallel simulator on CUDA: Each emphasized
keyword in black bold type indicates a core technology or key step in designing the kernel

FI 5 CUDA EJFATBEDLES 1P iy FR I I 6 B 1R 4 P R T o 0B 2 RS B B 1

AT 55 035 52 0 P P A4 5 0 2 52 5 lockel i 1 6 81 50 52 10 PE 1 PR 09 47
DA, A5 LR Y 0 AT AP0 4 0 25 T R 1 0L 605 P (80 600 T A6, 1 R 1 A
S S5 05/ 2 3645 2 RS PE A, T L 056 Dk 0 554 140 38 A e P2 0 A L B 1R 2%
PRI 3150 A7 {8 36 0 S 1 FEIN1FL2 0S8 S50 3 2 5 LA 2 6 650, K R R A/ SR S 8 7
BLAEAT U2 0 S 608 £ L4247 A GPU L J6 52 i 77 (shared memory). i B, 7 45 7 — 26 5 4
R L P A B L 05 G 03 PSR LA/ B O30 1 BV 1 I FLHO o
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W43 AT GPU 1 5 B2 7 (19 438 0 38 AT I T (WL 38 1) 2 S5, BT mT LA 31 p A% AT ) (1) i o510 22 4 B fd9 388 K ) 28
T P A A T RE R B AR IR A, FUAT /NI (K77 83X DR R 2T Fermi 2R K4 (¥ GTX480 $24it T 1R
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) CPU-GPU F1 DRAM FJIl A% 7 5, 384 0 £ 0 52 5008 S A A iy 5 68/, 91 BB AR = 3L I /MR REAS
AR R I A% i i RE 1R A8 Ak AN B35

7 4 TAEDRR 2 FREHLES (1 ST B B8 DU 2 AN TG A S DX I K, LB 32x 323X AN XK I 1) K
HERmY B BREH RN T A SRR BN H &R 1 024,31 X1§45 ROI M+ K /MR HITE
2. /AL E R A H W oh 8 192, BN REANZEFE WA A3 8 192 A2 R B[R] i, 5 K /N oh 1024x1024.
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Fig.6 Simulation performance for sequential, parallel simulator: Test 1 (ROI’s size is 10x10)

K6 HATRIIEAT A ILEE FORL L M AR 1(ROI K/ 10x10)

Table 1 Breakdown of execution time on GPU for parallel simulator: Test 1

R 1 GPU _EJFAT AL &8 % & 20 SAAT I 180900k 1

Star
Time (ms) 25 26 27 28 29 210 211 212 213 214 215 21() 217
Kernel 0.05 006 007 041 047 029 054 104 204 403 802 1603 32.03
Memory 243 243 243 243 253 259 264 265 253 266 262 28 273
transmission
10000
B Simulator 1
[ Simulator 2
1000

100

Milliseconds

2 4 6 8 10 12 14 16
Length of ROT's side

Fig.7 Simulation performance for sequential, parallel simulator: Test 2 (stars=8192)

B 7 BATFIIRAT AL AR AR B DA 2(stars=8192)

L REH N L REHCH B NN GPU. ACAS A HAT IN 1) S 15 U, — BT A 0 GPU B 4 o5 I8 4
PAT I ) B 7 2 RE DBl F S e MR I AR 2 K b UL 8 2 MR TR 1 34T T3 180 1% ik bL. B AR Bt
F RO R4 K 545V 189 22 FH VL PR T 6 084 0 428 i 2 0 11 8 0 Pk 58 S b, 68 75 RS F) 4T 2 R B ik
TR SEIR T 504 GPU - & B & AN E 2 RIS AT IR (] (M3 2), AT r] LUE 21, 9 AZ AT (I (] BE 4 RO )
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8 T (R 22 484 0K, 4R100,CPU 5 GPU ] YA Vi B 45 4R DR FFFS U AR A 322 R LA R 0 H FIAG T T 32 5
AR AR, L B2 N A7 5 CPU 2 Jm) A A7 1 A AV R B A DR 3F — MRRUE IRPIRAS EUR (AR R B 2
2 1N A 2 1) FR 38 A5 AR SRATDNS T AR AT 5 SR8 v e ol i A 2 R 50 Y AN I 3 L A8 58 B . PR b, E A0
AN RS () L 25 UG (UL S5 A 0~27),CPU H AT P28 L AT A e 1 M B A0 34, TR b I B 1 GPU 19 9F
AT BRI BAR L o A T TR ISP SR 1 T S b AR e S A5 AR 2
Table 2 Breakdown of execution time on GPU for parallel simulator: Test 2
F 2 GPU L JFATBEALLE 8 20 AT IR )00 3K 2

. ROI
Time (ms) 2 2 6 8 10 12 14 16
Kernel 0.27 0.35 0.81 1.26 2.04 2.95 5.02 7.87
Memory transmission 2.43 2.46 2.41 2.53 2.47 2.50 2.44 2.55

4 ZieEREE

AT RV T B 25 R A P R B 8 5 1 PR ge (Bl 8% 1)FE T CPU - & SR AT HUT 1 ok i
IR BEVH AR A H SRR 50 2 PPl gs (B8 2)°RH CUDA 4415 1H 3T GPU [ IFAT Ll 2% BRI 2% 2 #H
PEASAUAS 1 Sk A8 Tl 270 (510D b S 50 45 R W, i T 2K FE o OB AR 5 B R I 1 — 4 s o147
B e, 9 B GPU V- & AT LR G M it AT 2 B K BE LR TT 5158 12 B00d 00 3 FA TR0 BE A7 1501 1l f e 2 22 1) e
.7 CUDA ZFELEH IR HE 2 JZ AT BEAETE T4 MU IE AL 10 B R A DI A5 38 ), B0 P T
CUDA H I £E PR P N ZR F2.

SR, T AR 0 FRAT AR % 2 B S H02 B GPU R W U5 BR I (% 4% A 7,GPU 55 CPU 15 %8). I
AR /INBR I T BT T TR ) TE 2 2 H .CPU-GPU T8 5 FE 9% 320 520 T CPUIGPU S3 44 22 45 1) . FH R ) 1 .
7 B 1) AR o 6 a3k — 2098/ INSTRLT 5 P A7 R0 AR A A LU R A8 b B B K 1) B RIS, e 3R A9 B8 4 g ke
B EUAR GPU L3R4 T ARG I FRAT U SR 55, GPU. 4R HF BB M8 42 43 58 vy FRAT R BE 1 $AAT 24705, BRI FRA 1 350
TR IATHRL A Y R F 2 GPU b, LLIRIFIE 2 PN A7 P AT 25 AR5 4 (1 1 .

gt %3 H AR E K SR AN K E (863 K1) (2009AA01Z303) 1 [ 5 [ 4R B2 4 (60303020) [ #F
B A, AT 1) Jose M.Cecilia Ak il 3 1 1 T4 LA X A SC T AR K 8 A B LA .
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