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A Parallel Method of Surface Flow Dynamics Simulation based on CUDA
WU Qianjiao, CHEN Yumin®
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Abstract:Simulating the surface flow dynamics is of great importance in disaster prevention and mitigation,
which could benefit the land remediation, regional planning, environmental protection and water resource
management. Therefore, in this paper the Compute-Unified- Device- Architecture (CUDA) is embedded into the
TIN-based surface flow dynamic simulation algorithm to get a parallel method for simulating the surface flow
discharge. The aim of this study is to rapidly and accurately perform the surface flow dynamic simulation at any
position and any time to meet the actual application requirements. First, the proposed algorithm extracts the
critical points and drainage network from a high- precision Digital Elevation Model (DEM) to generate a
drainage- constrained Triangulated Irregular Network (TIN). Second, the flow direction of each triangular facet
over the TIN is calculated by the coordinate data of the triangular facets. Third, the flow path network is traced
by the flow direction and rainfall source points. Fourth, the flow velocity of rain dropsover the flow paths is
obtained by the flow velocity calculation kernel function based on the manning formula. Finally, by combing the
flow velocity with the pre-set time, the algorithm can rapidly simulate the flow discharge at any location by
usingthe flow discharge count kernel function. The specific paralle lization process consists of the transmission
mode of data, partition model of thread and implement ation of the flow velocity calculation kernel function and
flow discharge count kernel function. Data transmission in the paralle lization process includes the input and
output of data. It inputs the data of the DEM, rainfall source points and flow path network from the CPU to GPU
and outputs the data of the flow discharge calculated by the above two kernel functions from the GPU to CPU.
The two kernel functions are parallelized by the flow paths. Each thread handles a single flow path. As a result,
flow paths are divided by the partitioning method to obtain numerous thread blocks and the number of the thread
in each thread block is allocated by the computing power of the GPU. The Black Brook Watershed (BBW)
located in the north-eastern of New Brun swick was selected as the study area. To validate its accuracy and
efficiency, the proposed method was compared with TIN-based surface flow dynamic simulation method. The
experimental results demonstrate that the proposed algorithm can greatly improve the simulation efficiency

while maintaining the accuracy simultaneously and its acceleration ratio can reach up to 11.2. In addition, the
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parallel algorithm was compared with the Soil and Water Assessment Tool (SWAT) model to verify its precision. The
experimental results indicate that the Nash coefficient of the parallel method is increased by 88% and the
correlation coefficient is increased by 5%.

Key words: Digital Elevation Model (DEM); Compute-Unified-Device-Architecture (CUDA); Triangulated Irreg-
ular Network (TIN); surface flow dynamic simulation; flow discharge; flow path; flow velocity; acceleration ratio
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Input: number of the flow lines (e.g. flineNum), the location of the
flow line (e.g. flineTrackSize[]), the break points of the flow line (e.
g. flowTrack[]),range of the DEM (e.g. xMin, Ymax), the resolution
of the DEM (e.g. dx, dy), the width of the DEM (e.g. imgWidth),
the runoff of the rainfall source points (e.g. rVal)

1: idx = blockldx.x * blockDim.x + threadldx.x

2: idy = threadldx.y

3: id=idy*(gridDim.x * blockDim.x) + idx

4: ifid>flineNum

S:  terminate

6:ifid > 0

7: Calculate the index of the flow line over flow track network (e.
g. flineStart = flineTrackSize[id-1])

8: Calculate the start point of the flow line over flow track network
(e.g. sP = flowTrack[flineStart)

9: Calculate the column and row of the start point (e.g. col = (sP.x-
xMin)/dx, row = (yMax-sP.y)/dy)

10: Calculate the runoff of the start point (e.g. pRVal = rVal
[row*imgWidth+col])

11:ifpRVal> 0

12:Calculate the flow velocity by the Manning’s equation

13: Calculate the discharge of the start point’ s location after time
interval (e.g. fVal[]=pRVal)

Obtain: the discharge of all of the start points after everytime inter-
val(e.g. fVal[])
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Input: number of the flow lines (e.g. flineNum), the location of the
flow line (e.g. flineTrackSize[]),the width of height of the DEM (e.
g. imgWidth, imgHeight),range of the DEM (e.g. xMin, Ymax), the
resolution of the DEM (e.g. dx, dy), the width of the DEM (e.g. img-
Width), the discharge of all of the start pointsafter every time inter-
val(e.g. fVal[])

1: idx = blockldx.x * blockDim.x + threadldx.x

2: idy = threadldx.y
3: id = idy*(gridDim.x * blockDim.x) + idx
4: if id >flineNum
5: terminate

6: Calculate the index of the flow line over flow track network (e.g.
flineStart = flineTrackSize[id-1])

7: Calculating the index of all of the raindrops (e.g. runP=
flowTracks[flineStart+rainldx[]])

8: Calculate the row and height of all the raindrops(e.g. col= (runP.x-
xMin)/dx, row= (yMax-runP.y)/dy)

9: Calculate the discharge of all grid cells (e.g. pOutDis[]+=fVal[])

Output: the discharge of all grid cells (e.g. pOutDis[])
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Tab.1 The accuracy of TIN under different
thresholds on the BBW

B {E/m 05 10 15 20 25
FHE SRS 10859 4295 2149 1268 822
TIN ZF I = A AEOR/ 23348 11079 6854 5139 4285
RMSE/m 0.17 031 045 058 0.73

B AT L, 1S S T ] 4 FR AT EHE N Y TING

SRJE XS m ) DEM % i 47 8 R A, 23 BIAS
F]10.15.20.25 F130 m [ R U5 U8 E , T ZRASAS
[vi] B (L AN (] 88 e 5 RUBE R PR R 4% . S T
T K LR RS TE T AT UL, 181 6 S T 1 4 v £ (A pE Py
BE A 0.5 m, AN [R]RE R IS RUEE T A I 7K 6 9 45

5543 9% 2 T TIN (% b 36 7K 2h 25 4400
AL CUDA IRk Sh S BII A T i 45
2001 4% BBW ik i H 7= i & , S B4R % 0
BN [R) (L A7) B2 R R 50 RUBE T+ K AR A8 HAI

Nl =N
it
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XF3EF TIN (K S SRR R FISE T CU-
DA [ #b 7K ) 2L 47 07 45 B B A TR] B
AN TR) B3 T R S RS AR a2 SR A RS B A
Wz 2 FiR .

AN
XIS

F 2 2 AT AT, 36T TIN 4 2 /K sh S0 50k
FI%EE T CUDA [ K sh S BRI T 7 ik AL
S5 RS 3, RN Nash 250 HHE R EAK -
i Z AR 3 1 B 0 (B {EA 0.5 m, & Y I
MO R 30 m) T AL i, 5 SWAT A5 AU FHUL I
SRR S T T AR IR i 7 B
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Fig. 5 TINs on the sub-region under different thresholds

P61 47 DB AN [ i 90 RUBE T B AL /K 2 9 2% (I ) 0.5 m)
Fig. 6 Flow pathnetworks on the sub-region under different scales of the rainfall points (threshold is 0.5m)
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Tab. 2 Accuracy comparison of simulating the flow discharge at the outlet of the BBW
B ff/m ik e PRI m
10 15 20 25 30
0.5 FET TIN B2 N 0.77 0.77 0.77 0.77 0.77
IR BB R 0.91 0.91 0.91 0.91 0.91
B 1.30 1.31 1.31 1.30 1.30
LT CUDA (b3 N 0.77 0.77 0.77 0.77 0.77
IR BN IFAT I R 0.91 0.91 0.91 0.91 0.91
B 1.30 131 131 130 130
1.0 LT TIN Ay N 0.77 0.77 0.77 0.77 0.77
P ST R U ERPR R 0.91 0.91 0.91 0.91 0.91
B 1.31 1.31 131 131 1.31
JLF CUDA b3 N 0.77 0.77 0.77 0.77 0.77
IR BN IFAT I R 0.91 0.91 0.91 0.91 0.91
B 1.31 131 131 131 131
1.5 FET TIN i N 0.77 0.77 0.77 0.77 0.77
TR B AU R 0.91 0.91 0.91 0.91 0.91
B 1.31 1.31 1.32 1.32 131
JF CUDA 1yt N 0.77 0.77 0.77 0.77 0.77
IK BRI T Ik R 0.91 0.91 0.91 0.91 0.91
B 1.31 131 132 132 131
2.0 FET TIN iy % N 0.77 0.77 0.77 0.77 0.77
TR B AT R 0.91 0.91 0.91 0.91 0.91
B 1.31 1.32 1.31 1.32 1.31
JET CUDA i N 0.77 0.77 0.77 0.77 0.77
IKNEBAIFAT Tk R 0.91 0.91 0.91 0.91 0.91
B 1.31 1.32 131 1.32 131
2.5 FET TIN 2 N 0.77 0.77 0.77 0.77 0.77
IR R 0.91 0.91 0.91 0.91 0.91
B 1.31 1.31 132 1.32 132
T CUDA [ N 0.77 0.77 0.77 0.77 0.77
IR BN IAT I R 0.91 0.91 0.91 0.91 0.91
B 1.31 131 132 132 132
600 000} F3 SWATREREEIFMN 4 R(DEM 30 m)
500 000k J St Tab. 3 Statistical factors utilized to assess the precision of
. ‘ SWAT SWAT model (scale of DEM is 30 m)
mﬁ 400 000 — R AR
&5300 000} N R 3
" 200 000} | SWAT 0.41 0.87 0.96
100 000} [
LA ) [ REU R 0.77 AL REII R 0.91, K i P R A
1 29 57 85 113141 1;;%?; 225253 281 309 337 365 £ 1.31 2245 1/ N B Py e 5

e HE 0.5 m, BRI 30 mo
17 BBW it K BN B A 25 R0 [
Fig.7 Comparison of the simulated results at the BBW's outlet
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AN, R T RN 4RSS A T %I T R
READL45 R L SWAT A5 A [ A 40045 SR B Jon 4 30 0L
Sl (R SN HE: , Nash 22 5008 T 88% , AH 56 2 5038 Jin
5% , K BT ZR AT T R, EL B 5 AR o AR
BR8N RS EE AT it v, RO SR LA 45 i 132
FEA5%, AT DI A U/ NRAE 5 P B (ke 3R A B
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Tab.4 Computation performance of simulating the flow discharge at the outlet of the BBW (s)
i fi/m ik PRI 2 J< 2m
10 15 20 25 30

0.5 FLT TIN (b FK Sh AR 953.82 42537 278.18 213.77 169.77

JEF CUDA 1 K 2SI A7 71k 93.16 43.49 28.34 2272 19.00
1.0 FLF TIN (W M FK SIS 912.16 407.40 278.21 203.25 159.87

FET CUDA [ K S 2SR IF47J7 1% 86.32 42.75 27.72 21.23 18.47
1.5 FLTF TIN (1 MK SIS ITA 899.07 395.99 267.96 196.33 159.60

FF CUDA B3R K sh A7 712 80.51 41.88 27.23 20.74 17.88
2.0 FTF TIN (1 b FeK SIS T 893.92 396.22 270.80 198.07 159.21

3T CUDA Wy FK s BT 5% 86.14 43.86 28.01 21.39 17.95
2.5 BT TIN (s FK ShASBE 892.59 400.38 260.40 199.60 164.56

T CUDA (b K S I AT 7 85.61 43.60 27.77 20.80 17.29
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K8 AaIRE T AT AN L Fig. 10 Correlation coefficient distribution map of
Fig. 8 Speed ratio under different scales of the rainfall points simulation results
0.81 1.35
0.80 1.34
1.33
= 0.7 ﬁ 1.32
W 0.78 N 1.31 >0 * 000000 o0 o o000
P T .
£ 0779040000000 0000000000 0000 ﬂilﬂj 1.30 .o
0.76 N 1.29
0.75 1.28
074 v v v v e 127 e e
1 3 5 7 9 11 13 15 17 19 21 23 25 1 3 5 7 9 11 13 15 17 19 21 23 25
B B/
&9 HBEILEHAY Nash REM 0 SR £V eSS S e e G
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1k, 153 T —F LT CUDA 1 H K S ST T
D73, DT PR e b 52 A b 7K 1 sh S A4
SR TR L BRI RN U A I 4 it
R SHF -
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ORI B ISR PP AR T R s 22 A b AL RS
% W47, I, A CUDA K I A5 3
REHGIE R s, 15 B K S AT T 5

(2)FE NS R Hr AR S B S P L &R 1) BBW ik,
3 o8 AR AT e i R (R oA R R, X6 L
MHZ A 1 53T TIN () Hb /K shZS B 15 A 5
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SRR I TR HHET TIN (b K 5))
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