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A7) A% AFE Az AFBALIDS Agste]l AR, = 2= A G R4 d3ss 6 e
o wolFul, Fat 1e Vo g a3 ASLE AN A9 wEod FeAEe Y Axgol
Ne A Agelm  dE ASES AMsE W AR oW A £E 4d@

xl,](lzol 1/ .“/1’”_1/]‘:n_N,n—N+1/...,n)L
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a a . . a ]
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A

Uad @ Agsofor s #UT HolEE ol

AYe Ba 2okl PO SuPF] 4H Aol F b AMoR F4E 4 9ee WAL e A%
A5E AN W 4G ok Axde 44 A Zola thE shit A Amge Adsts el

A obal Axele] 7 A

o4 1=, B Ve A7) old gom @ shbel FEAm PHEAW, 4P Fi ol Y5
EagNe]
-

Zztom ofe] Y FANES AT W 9F Aol 8
3

2 oje] FIES FAHE WL WIS A3 % o] wAE et AEG. e qF AFES AR
@ Saelnt. M el ol Y5 Aztow TAE FIHAE Folh. U3, A% At 8 E s
ghal ZHgskd & it = 0, 1, ..., mmDE FAE W FEHEL (olth(E 4 Fx). o7k M1l Fe
PIH Aoz Sueldd u olel@ £ E] F5Y 5 An

ga oo 2 gow TR FHNEL A 9 g AFES ANtE U AEHE FIHE
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i FeAEe £ 4@, o F oul) Wit o 43w Fo 9T v

F N, N E TS HAg ok o, A7 dolH AE: 2014 222t ~2HER dojE AEo|tk. 2Rt
mjd UERRA] @F7) el 2014 el AHED dlolE] AEdE 20 o4kl o]zt glom wia Ful )
o] el X| 7k girk. Ak Fol7] sl W] o AelA 100719 MEE FehMd Aol skl

E gt ol A4 N whE WE A5 WE noEd. WE A$EL vjele] dolHdA m=A A
100 AEe] B WE AEEolv bpp(FA @ WE S SHAY. bz A= FE 9, 10, 11 2 129] 47)e]
@ o] gl oo A4 o ehelel 54 UE a9 B I RS Aashe 449 )

g Uehiv, 57 MR SAe) £AE Aa WE ASEolth. 49 ek HA) NE 11011 19 Bt Ao N
Wol2k AL % 4 Sloh. el BF A= AEEL Hisee 4& NE AT A9 59l HIE e
Aol ofelm Al WA Folth. N = 1€ 599 B WE AEEL H259
B 2014 oue A=Y dolE 4Ee] o AFmA N = 110] A}%gq,

5= 8bis I 8adt MISHAINE e.me} AHEY ouxe] 7 o B o] o] FAH=AE ofshz Nl
e HE {%%ﬂ HskE woErh Mol disl 1, 2, ..., 109 107H4 ghol gtk vide] WE AEES H
shebs A Ao N2 gEXR 5] Hit WE AdFES Hadhehs NS 7o)ghs e & 4 k. 2014 22w
2AEY o] H Aol N=70] AFE-FTH

M=l o wfde] MIE AEELS &= 8be 7 FollA A WA folols wrE A mAEG. A& ME AP
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o HE dF
dEERY oF 0.17bpp ¥ A4, AipHom, ergf AFET oju|x|9] 7t o of

7 M=1 & wjeo] BE AL E xlo]= 0.1 bpp ©]AFelA 0.2 bpp o]Foln, M=1 ¢ u] 599 H
= O E Z
= Aol el fasithe A28 E 4 Sl

= 8ew 27He) 1T AR T R TE AAsks Toll €3 vE AdEEe] wEks =AY, VhR A2 A% 0,
5,6, ..., 150l= 12709 gkol lth. T=02 fi7Algte] flow BE AA7h wigl svS ARSstel ladd 2o
g AE dekdo, o] HE AEES Aastehe HHe] Te vEAN, 71 139 W 599 v vE A
8O HAxglol BAE: A& & ¢ Sk wheb 2014 e e A ER dolEe] ofFd T=130] AEE A
ofth. EF, T=001M wide] WIE WEEE 7} el A WMA dolohE ket A FAIET. T=0041¢] 1]
E Aol 7 #le] A WE AFERT A3, T=0 I © 549 Fit HE dFFo] 5] A& Ht HE
AEFRT oF 0.06bpp Atz 2= o 7 Avh. wEbA, 1EES f1F ol ARk WS s et

e, wjde] Hyt HE AEES oF 5.8bppell A oF 7.2bppE AA W F ASE & F Avk. olE 2z}
ZEg x3ste]l Bdglel Walshy] Wieltt. & la ¥ = 1bE vig d2oE e 4 F Ao

e =2kQl DPAN fare] S5 ARk o= Al Alrke] GPU -3

2291 DPON ATl FANA A A7ke] Bol At BEL dF AFe Al ot 72 fae 45 A5}
AP 84 Asue EFUA Qolxy] miEolt, w9, AL 2kl olng, Ymri EF 2 FAl
Y@ S ArES And Bast dvh " a3 Arse ANe AEsder s ® el e Ul
A% AFY 715e Hea

ok 22RE, oZ AFEY A Fo B4 @9 g4 9 A9 opageld. weha o Aue]
A BRAE o] F @Al FHS FAW 1 Aol thg ABS golshl 87 $lskel (PU Zzaege] 2 7}
A A A 27lE

GPUE 71t ReFdel el E3tEo] Qdul. GPUL] Lz 2de CUDAolx X =z21d <loji= CUDA Colt}.
C &b Hl=stA T GPUClA AdlE= AE 52 diatR Aks Agstr] 9l Wi 4% 71¢] ClbA
Y=o o HolEo] AAHEY. NVIDIA(GPU 3Ab)+= o] ol7|€lx& SIMT(Single Instruction Multiple
Thread) & A 3T},

Ad e P BE AP=EE 245 18E FRE "N, g5 2dgEr 28E 558 g4gsta o
Fo 2= BFc A¥E =g P, Y= agEe BRE A= BF IV FdsY. ~¥=E &
23 2= = EF 19, 239 Ee ALY 4 b & 9 s FRE AYsie 9
HoZoh, A= agl=e] A7|E 3 x 20]3 7 AHE B9 37 4x30]th. ZE kY] &4 AL A=

EE sYs BEe Qdzolr),

CDA ==z me] dukdel A &52 vy 2ok, (1) AT doJHE E2E(CPU wXEZ])olA fnfeo]x~

(GPU Wim2) 2 HAlsth, (2) AY 45 Al&ste] PUolA HolHE At (3) AyE tnlo]roA &

2ER EAlgty. w3 CDA TR A% % mEy FPo] vk, T HEIY=

23 "R el AqM o] A 9 Z¢ ol gl F= Ao wme] Apo]Fo] WAl
= o

=
ARt 24 Ao, =3, o MR s AdUE £50 BE

i

sl WS ol &% A C'of col FAIS CUDA T

e

g4 FALS CDA Z2aefyolA dukdl o)y w2 A 3= ).
(cuBLAS)& CUDAE $13+ A W4 714 holrgg|2 g 4 ¥ o g
9% 5 Arh. #3424 Y Cot Cel B 7 AAS ASSke o wastel, 7 eme 29E olnA
o= 10241024 FAo] vk, e} #Y C o} €8 FAIS cuBLAS lolB s Algae] A
o @ ol 2707 wARel YA 8] dEolth. e Feka) 5ol =AW ueh 2ol =T Halel A wl

il
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Aolth, e ez oa A2 cz COmn) oo gome e, $ALEAl, @ ml olde wE o
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74]4 igoﬂ A7he 4@ w3 Rolth. mekd, B wgo A o BA1Z Asy] 9ste] 4 9} o FA

HolFE o & uolFth eze QLRERGE
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x1f8, S, Azelol s Aez Anan. (W18 C(28) g Clask 2z 3o =

=

73 ik =
x1,8, X2,8 2l X3,8 o We @y = vehya, € (x1,8), C (XZ,S) m (JT(XS,8% 7} 7+ C(x1,8),

1

Cl2s) o COs8) o) mar ax o, g CO8) g = ge gn aggse 08z gaag.

Cos o) 54 e % Aol ol omet olvlAe) @ 00w GBS Hekin B4 we A5 4ol o
CX3

—~

o 9ee e, vz CO28) o e gqu ga 08 o Clse g 8k g7y A
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al,
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CT(x38) C(xzzg) CTy,8Co,8 + CT1,8C18 + CT28Ca8
3. 38) 51 38) o Fe s A1, 828 o

4 T 75
Cr(x28)C(x2,8) + Co8Cap Axg 2 o, 49 - (Xm,n)ﬂr Clmnly mme we xo g

o oz WakE I o (’Cmn)c(xmn)% Z8k4 6ol Z|AE whel 7ol CT(xm—l,n)C(xm—l,n)J—,+
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T 75y T
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754 6

) = OT(Qjm—Ln,) O(ZUNL—l.n) + OTm—LnO
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Atk
>24¢] DPCM &are]Fe] WY 74 A
(DA =2l A, g Sest Ae Za@d dgat 49 Zead o) F= vaeld, E 18 &
2hQl DPCM dare]=e] ¥HE 7+d 9 279 AE &l tigk A AR BolFEH. speedup M E AIZEl O
S AW wa A0 0SS et 7 gRe] A7e AR 2 wee] deleleld e HEE 10079)
oma} 2By ojuAe] BF Agro|),
F 1
;\""\'——-\llp‘plementatiﬂn Serial Direct Serial Decomposed Parallel Time SHeadi
Data e Time (s} Time (s) (s) P P
20140328 869.16 3.75 0.19 19.7
20140404 872.56 3.74 0.21 17.8
20140425 872.28 3.74 0.21 17.8
20140629 872.24 3.74 0.21 17.8
20140705 872.12 3.74 0.21 17.8
20140718 869.67 3.74 0.21 17.8
20140730 870.48 3.73 0.21 17.8
20140827 872.68 3.74 0.21 17.8
—

A walr FA

21 20 AR A&t slojar, " =
A7) E-AE wAs A4 ALteke ot oled A™W s
ExQlnt. A" A4 Ao Ad Az oF 870%0]H, o=
Ao adez, & 9l 28 U2 S5 AS dska g2
o, 8E FEL TITAN X GPUAIA H2EHATE. & 104 ¥4
Z o2 dolg 3 Al AR 4 Forng 7 o=
o B AIZke Aok 4 gl

%16 ANE WY e BE AW §5el da

g ojEeAclHY 5 A
A

T
B2 74 Che 2 ga-ug g C X Dge

=4
T8 ANE aEskA o 37 #E a4
I

ntel Xeon E3-1240 v3 CPUolA] E|2

9 ol pEel 3.74%9 A A7u YA
ARV Aok S gl vl ZIEQl Pgel

20140514_133241

20140923_155500

Time Ratio (%) Time Ratio (%)
CTCMulKernel 10.820 ms 5.71 10.759 ms 571
CTCBlockPrefixKernel 11.920 ms 6.29 11.857 ms 6.29
matrixInverseKernel 137.29 ms 7241 136.42 ms 72.36
memcpyHtoD 191.24 us 0.10 194.25 us 0.10
memcpyDtoH 161.32 us 0.09 161.32 us 0.09

C'OMulKernel & %= 156 A 7Ag &<=o]1, C CBlockPrefixkernel (%= 12 2

SolA] W@ F7b Fe AN A% AW Feln,

AYLS AAtstr] 9 AG Folvh memepyHtoDE SAEOA Tiupo] a2 o] dlo]E

tufo] 22 HEEojol dH= FUT
TAEZY folE A%,

o
o

Bpmz

Azke] oF 0.2%% Ao R

ATt

o % olth. Wk A
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&% 9o %, achieved_occupancy 2 gld_throughput¥} o] CUDA T2 AT S A UE HEZHL
tl. o] & nvprofdEls CUDA BH <l 2o 93] A)Fwr}t. achievement_occupancys ~E#W &
E|Z 2 A (S 9] /&S SH3te o A5, gld_throughput> A HWEE 2= A& &Folr}.

- ] B T T )
X 32 29 o= omAEe] gk Al 7FA AYE ¥4 C(MulKernel, CCBlockPrefixKernel H
matrixInverseKernel ] achievement_occupancy ¥ gld_throughputs HojF=t),
# 3
20140514 _133241 20140923_155500
achieved_occupancy gld_throughput achieved_occupancy gld_throughput
CTCMulKernel 87.06% 5.43 GB/s 4.61 GB/s
CTCBlockPrefixKernel 94.88% 321.91 GB/s 310.63 GB/s
matrixlinverseKernel 99.63% 183.53 GB/s 183.21 GB/s

o] Al 7FA AY T4+E9 achieved_occupancy: W-% 31, matrixInverseKernel® achieved_occupancyd-<
99.63%9)S <& 4 v}, gld_throughpute] A% C'CBlockPrefixKernel ¢] A FS  300GB/s ©o]Aolx
matrixInverseKernel® A2 180GB/s ol4elm], CCMulKernel®] Agek& ok 56B/solt}, o]AL
C.

T. .
of Cin u Cing gae gyea,

COMulKernel (% 150] E=AE)o|A] 2+ 2g= B2 e pAs= A
A9 NHIF1 845 (% 509 Z=Ag)o] 4 wwale 2aAlsy] yiolt, Agdoz A wxale] Axxst
A Eo]E=1).

He-2Ed WS ol§8 eelol DO huelzel W 7
2E meEd s AR 2AWE dutelzd A daHE QA b Aol /1
Yur gov], BE dolEst of ~2EFelA At ofe 2EPL g,

dlolHE O%Eﬁ 7§ €] 148 %‘—ﬁoi v, Jr s 2E

A CUDA A4kel A3S A ]/‘44 *‘ﬁﬂ AlRbe %%1 ? A= Ao =
EdolA CDA 2359l e s Bk BEsiA dishs dojh. 47he] 2ERo] glon 7} AE
of Ad 53k rh. HtoDE E2EoA tjufo]l~=2o o 151 qAEE ‘JrE‘ﬂH DtoH tjnpo] 2
o Hloly HES dEidk. dHeoly AF H Ad B
Hel Al 7HA 8o T3l AES & A

CTCBlockPrefixKernel, matrixInverseKernel &< X&3 RE CUDA AL Ydgo] 22 dojgolal &80
2xpel shre] AdI P2y, e =} H]O]Ei‘:— 7] 3 cudalMemcpy)E AH8-3}4 QH}OV\Oﬂ AR, o F
s 7 ~Edo] Ao duw EﬂO]Ei‘E AEO A furlo]A® B]|E7|H o2 H%7] ¥4 cudalemcpyAsync
O7F efye}, dioje] dFo] ¢x5d w7tA SAEE Adste] 7t ~Edd g3y HolHE A  UEF
gt ol SR HolE7t ﬁﬁmi A=A G2 7 2EH d9EY] witol, A 72t 2E-Y] 3
FE o2 "olE7t TAE A AbHd FH|Eo] X oW 7+ ~AEHLS cydaMemcpyAsync()E 3 W
sto] tiute]zo] g E e met HolHE HAME 4 gtk cudaMemepy()E AHEEte] RS HALEE o] fik H
S5ttt

212 2709 2ER o] 2ERSE AbEets 289l DPON &aE]Fel HE 7de Ad AE HoF.
7y gsto] Ak Zb dao] tlolE oA IEA MEE 100719 LR} ~FEY oln|R| ] HiF A|toltt. V|
2EfS AREstE £e i Lol ueob dlom, oA ExE o] 2ERS ARgsteE o vladts
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¢

ZAoltt. o] Al 7HA Fde] Hl= VEHoR st AS & 5 . o= AAl ARRe] 84% o) ds AHA]

=(E 2) A MY Ad CTC MulKernel , CTCBlockPrefixKernel =2 trixInverseKernel® SM -5 9]
ES-

ma
USRI, e AU SNe AREE HAD v 7] Wielt, WE-sEY Zeadeld, § =Y A
9 BT AR A9 ALS TFsE Sie] R Wi Oe sEge] AW #47 AdE 5 ek, 234 %o
W AY HrEe] 2HHA gone F A A7g Zoltd 7@ & girh,

UE GPU /%S ALES Setel DPOI SuelFel Y

o] GPUR Abeteld 22 e 2 Akt £A4E A2l e Ze a9 AR AEstetal 7F g9 TAE
GPUOl wixEsfef @rh. ®E GPUZE SAlo S8Rz F e Ajgbe] FojErk. o8 GPUE ARgste] 2uel
DPCM &irg]&s 7d8E o AL APE AEstets WHe o] 2EHES AT Wt sdsitt. =, ewet
oA g IR FHoA Ui 7z BES GPUY wiEd. a2 BE AEdo] FU3 GPU uhalg AF-8-8t
T dE-2EY Zaadguy @8 7b Plile AA dEzE 9ok wEba = 203 o] R dHlolE =
cudaMemcpy()E 3 ¥ ZE3Fe] fulo]~g AE=E 4 Qlv). cudaMemcpyAsync()E AR&3Fe] ZF GPUY| &34
Q=g dolElE 7} GPUS] MR R HE3lof s, HE ol FH9 HA& S2EdA ZF GPUY digk tlolg
= vy F8]EE AolXuk, o]AL Ajgte] ] Ak, T3 ZF GPUlA AlAtE b= 72 GPUY wlEE o] A%
=2 cudaMemcpy() ™Al cudaMemcpyAsync()E Al&3le] T2ER dEd ok 3ith. ths GPU T2 44 A
CUDA =7} &= 220 ve} 9

= o229 A WA RES 4 GPUAl A dlelEE FHIskE slolth. nColsPerGPUE 2F GPUCl e 9
Frolt}. dataColsi= 2t GPUZF A5l nColsPerGPU G-& oS3t dl dag de] Foln, PU 05 A9,
°] 212 nColsPerGPUN+M-10]t}k. o= X 5ol mAlg upe} o] z} HAo] oF317] 93] NH-1 o] de] o] &
8317] wjiEelr). kXN, GPU 0°] &% dolE ool dolErt glom, AA AME 7hsg vlolEHE AME
ale] GPU 09] HlolE e 7] B o] o Z¥t}. cudaMallocHost O 4 B ZT2E W2y a4 CDA I
g=o]w | h_auroraDatali]o] 3% ZT2AE vWRIES Y5t o]F+= cudaMemepyAsync()7F ZAE HEYE 1L
e WRYZ o737 witelth., 7 WA HiE2 7} GPUe 22 dHoly H IAE AAsHr] Y3 tute]
HEeE d9sta, 7 GPUdl tigk 2ERS st Zlolth. WA, Z4zbe] GPUYl H8sk 2= dojE= 1L
A $2E WX h_auroraDatali]ZHE Z+ tulelA=2 HlE7|2og2 HAEdtt, 2" o Ad 571 A2

o

%o CCMulKernel CTCBlockPrefixKernel matrixInverseKernel % RE HAYol| Tt FAE A,
upRjuto 2 - Azl 7 gulol Ao A E S AE WEE h_residual ® H]E7|A 02 EaAlHT

270¢) GPUS} 471¢] GPUE A}&3lE oFF GPU 78 &£ 5= I 4o U9 ot ¥ 4= £81¢l DPCOM dagl=e] A
E 9 HE-GPU F+&doll digk A8 A& YEehd Aot

M
N

20140514 20140705 20140827 20140916 20140930 20141017

Serial time(s) 3.74 3.74 3.74 3.74 3.74 3.74

- Time(s) 0.12 0.12 0.12 0.12 0.12 0.12
3PUs

PO e edup 312 312 312 312 312 312

4 GPUs Time(s) 0.06 0.06 0.07 0.07 0.07 0.07

s Speedup 62.3 623 53.4 53.4 53.4 534

zF dmke] Azke ZF JIdxte] dolEoA nEA AeEE 100719 Q22 AFEY olu|x|e] H A|7to|t}. GPU
270 AF8A] Ad AZEL ok (0.1230]3 GPU $7} 472 Z7beld A A7 0.0632 WA 0.07%0]H 15% &

Zeh dlolE F3 AP ART 8 Ak % P4 A7 2 GPU AIRE E 4 GPU Akl tiE AE A7k
Hl&olt}.
T3 skl GPU, 270¢] GPU 2 4709] GPUE Alg38ls &% e = 230 ue} ok, sl GPUE AHgahs

Bee oA AFsgon oAt o MUE AHgsh A% WaEG. MU $8 F 2 S Azl of
Ao Fojsi

AL & = A}, GPU =5 F WiZ =89 ZF GPUAA A sk dlo]E o] Auto g Fof
| Agte] wow raEAE AR A vt ok 34 gradT. o GPU S7h 27}
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//M defines how many equations to build with each row of an aurora image

Conditions: n=8 N=4, M =3

A part of row i (i=0, 1, **, m - 1) of an aurora image:
Xi,0 Hi_ B\m_w&u_ XiAl B..wh u?o_ RG_ H_.\uA

The M equations built with row i

Xi2 Xi3 Xia xij|%| [Xi
Xi3 Xi4 Xi5 Xi6 | xi7] AJ
Xia Xis Xie Xi7)|®| [yia




h\\()}l

2y

-1

N

(n‘nux) V
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i
oS
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U T+N-N-U
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m\moo.u Histogram of an aurora spectral image -
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bitrate (bpp)

—

PP

Nel

bitrate (

bitrate (bpp)

w8
T r . i —— 20140328
ok DN 2 —* 320140404
6.90 6.98785 E
b3 6.78087 3——20140705
6801 . 78 3
6.4 6 34-1.862 F—— 20140827
' — —* 20140916
—— Average bitrate
6.2 ]
== +— 6'12#819 of the five days
6.00292
6.0+ i - >~ J
5.84234
L + —k-
5.8 : : . :
9 10 11 12
N
(a)
00— ; : 20140401
7.2-7 19Sé 7.12946 f Pp——
7.017- 1
6.8 7.05144 ] —+— 20140629
0.6.16-58919 +— 20140715
64 6.42026 X +— 20140923
6:2: -24072 T —+— Average bitrate
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6'0_6.041 5.96426
5.83785
5:8 . g : . .
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M
(b)
e —+—20140401
3847 7.11595 —
—+—20140730
7.04 4
6.96347 6.87259 —+— 20140824
6.824 - e ——20140930
6.8+ 6.74611 {—*— Average bitrate
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1 630367 60450 ]
6.0 M
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thread grid \\\ block(0,2)
r thread thread  thread thread
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(0,0) (1,0) (2,0
thread thread  thread thread
(0,1) (1,1) (21) (3,1)
block block block N
(0,1) (1,1) 1) \ thread  thread  thread  thread
R ) , / (0,2) (1,2) 22) (G2
vl \

H \

_30_



10-2021-0126913

5

=

=

o

e
=)

A small part of an aurora spectral image:

- X0,0/%0,1)%0,2/|%0,3) *0,4| *0,5)*0,6) *0,7| *0,8
Suppose the prediction

order N =3, and the M %1,0)*1,1)*1,2)|*1,3) *1,4 | *1,5 ) *1,6) *1,7)
=2.

X0 Xp,1 Xo,0 X3 Xp g Xp5 Xp6 Xp7 X8

X30 X31 X302 X33 X34 X35 X34 X37 X3

C(x5) = X4 Xo5 Xog - ﬁﬁ ; C' (xyq) = ﬁﬂﬂo,L
W [Xos Yo Yo e Ax&vm ?:wv = C':Cna
-Mf Mo.m Ho.m- . c’ ?N_L = qu,m GN.L
C ?\N.mv = RMM RMM RMM = ﬁww ¢ Aam,mv C Axm_mv = mﬂo,mﬁo_m Ll ﬁﬁ.mﬁ:w

c Axgv C Aﬁ,mv w ﬁﬁ,mm,:w

EHI0

| X1,5 X1,6 X1,7 |

X0,4 X0,5 %0,6
*o0,5 Xo,6 0.7 Cy s CT (x35) = Tﬂo,m Clig maN.L

o € Axw,mv @ Aau,mv = ﬂﬂo_mﬁo.m + ﬁﬂ.mﬂrm t ﬁﬂw,mﬁm,m
c’ ?N.mv C ?va + ﬁqw.mﬁm_m

1,8
2,8

X1,5 *1,6 *1,7
X204 X235 X2.6
| X2,5 X2,6 X2,7 |

@
Il
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[teration

0,1, =, 71s the L ]

- 3 Iteration
index of each ! =
element of an array l

Iteration J
2 "l

A4
= 04| [0-5] [0-6| [0~7]

int idx = threadldx.x + blockldx.x * blockDim.x; //the index of the thread in the thread grid
if (fdx<N){ /N is the total number of elements

int value = datalidx); read data from the global memory datalidx]

/fwidth is the size of the thread group that the shuffle instruction is performed on

int width = warpSize; /warpSize is a built-in variable, which defines the size of a warp
int lane_id = threadldx.x % width; he index of the thread in the thread group

unsigned int mask = (dEECEET; findicating the threads parlicipating in the shuffle instruction

for (int i = 1; 1 < width; i *= 2){
shfl_up_sync() returns the value of the value held by the thread lane_id - i
int n=__ shil_up_sync(mask, value, i, width);
if (lane_id »>= i) ealue +=n;
]

datalidx] = value; fwrite the result to the global memory datalidx]
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EHI3
A thread block after prefix
mming inside each warp__. The last
Awarpi[ FIEH] H HITHTHT B ] tementin
= war
Shared memory of \ l Ci»p Y f T j / &
the thread block
Prefix Summmg‘
INLENNN
[ HHTHTHTRHTE
extern __shared__ int sdata[); //dynamic shared memory
int warp_id = threadldx.x / warpSize; //the index of the warp

[/store the last element of each warp to the shared memory sdata

1f(threadldx x % warpSize = warpSize-1) sdatalwarp_id] = value,

__syncthreads(); _C (lp{t_o i
int nwarps = blockDim.x / warpSize; //the number of warps in a thread block
//use the first nwarps threads in warp 0 to compute the prefix sum
if(warp_id == 0 && lane_id < nwarps) | TRTTTTTT

mask = (1 << nwarps) - 1;
width = nwarps;
int warpSum = sdata(lane_id]; ] }
for(int i i 1; i <width; i *=2) | Prefix Summing
__shfl_up_sync returns the value of warpSum held by the thread lane_id - i
intn= shﬂ_up_ ync(mask, warpSum, i, wtdth),
if(lane_id >= i) warpSum += n;

|

sdata[lane_id] = warpSum; //write the result t¢ sdata
}
__syncthreads(); s s e i B,  SE—
int blockSum = 0; dd //the value to be added to each warp
if(warp_id > 0) blockSum = sdata[warp_id - 1]; \91rp does not need to be changed
value += block Sum; _ _w __/{add blockSum to each warp
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each block has nthreads threads

Q:dw EOQA: :35&&

1t of an aurora 1mage

Wi i an aurora in _:,,‘.f.

Q:Bw mEQAZxZ AZmHOZH -1+block.x-1)/block.x, WIDTH-2);
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dim3 block(N, N); /N is the prediction order, that is, dimension of each matrix C7;.Cix
dim3 grid(WIDTH - 2, HEIGHT - 1);//WIDTH is the width of an aurora image, and HEIGHT is the height
//d_data is the aurora image on the device, d_C7C is the device memory to store the matrices CTisCix
__global__ void matrixMulKernel(unsigned short *d_date, double *d_C7C) {

int col =blockIldx.x + 2; //which column of the aurora image this thread block processes
int row = blockldx.y; //by which row of the aurora image the matrix Ci. iscreated
int cols = col; /lcols is the actual number of columns of C:»

J* rows is the actual number of rows of Cis, that is, how many equations can be built with row row
of the aurora image "/

int rews=1;
if(col > N) {
cols = N;
rows =col - N +1;
if(rows > M) //the maximum rows is M

rows = M;
|
int idx = threadldx.x + threadldx.y *blockDim.x; //the index of this thread in the thread block
extern __shared__ unsigned short sdatal];
J* all the elements of Ci.are from a consecutive segment of row i of the aurora image. The
segment starts from column col-rows+1-cols, ends in column col-1, and the length is cols+rows—1. */
Ifcopy this segment to the shared memory sdata
if(idx < cols + rows - 1) sdata[idx] = d_data[row* WIDTH + col — rows + 1 — cols + idx];
__syncthreads();
//the offset of the current CTiCin in d_CTC
int offset = N * N * (HEIGHT - 1) * blockIdx.x + cols * cols * blockIdx.y;
if(threadldx.x < cols && threadldx.y < cols) { //the actual size of CTi.Cixis cols*cols
double sum = 0.0;
/* each thread is responsible for one element of C%ixCis, that is, the multiplication of a row
of C"inand a column of Cin*/
for(int i =0; i < rows; i++) sum += sdata[threadldx.y + i] * sdata[threadTdx.x +iJ;
d_CTCloffset + threadIdx.y * cols + threadIdx.x] = sum;

dim3 block(N, N); /IN is the prediction order, that is, dimension of each matrix C7;.Ci.
dim3 grid(WIDTH - 2, HEIGHT - 1);//WIDTH is the width of an aurora image, and HEIGHT is the height
/jd_data is the aurora image on the device, d_C'C is the device memory to store the matrices C"i+Cix
__global__ void matrixMulKernel(unsigned short *d_date, double *d_C7C) {

int col =blockIdx.x + 2; /{which column of the aurora image this thread block processes
int row = block]dx.y; /by which row of the aurora image the matrix Ci. iscreated
int cols = col; /leols is the actual number of columns of Cix

J* rows is the actual number of rows of Cis, that is, how many equations can be built with row row
of the aurora image */

int rews=1;
if(col > N) {
cols=N;
rows =col -N +1;
if(rows > M) //the maximum rows is M

rows = M;
]
int idx = threadldx.x + threadIdx.y * blockDim.x; [/the index of this thread in the thread block
extern __shared__ unsigned short sdatal];
J* all the elements of Ci.» are from a consecutive segment of row i of the aurora image. The
segment starts from column col-rows+1-cols, ends in column col-1, and the length is cols+rows-1.*/
//copy this segment to the shared memory sdata
if(idx < cols + rows - 1) sdatalidx] = d_data[row * WIDTH + col — rows + 1 — cols + idx];
__syncthreads();
//the offset of the current C%:»Cin in d_CTC
int offset = N'* N * (HEIGHT - 1) * blockIdx.x + cols * cols * blockIdx.y;
if(threadldx.x < cols && threadldx.y < cols) { [/the actual size of CTi.Cinis cols™cols
double sum =0.0;
/* each thread is responsible for one element of C7ixCiu, that is, the multiplication of a row
of C'yrand a column of Cin ™/
for(inti =0; i < rows; i++) sum +=sdata[threadldx.y + 1] * sdata[threadldx.x +1];
d_C"Cloffset + threadIdx.y * cols + threadldx.x] = sum;
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An aurora image

Stream 0 | Stream 1 | Stream 2 | Stream 3

‘ 1ISE ,"‘ o nt 7‘\7'\77;7' am

cudaStream_t *streams = (cudaStream_t*)malloc(sizeof(cudaStream_t)* NS ITREAMS);
for (int i = 0; i < NSTREAMS; i++)

cudaStreamCreale(&slreams|i]);
unsigned short *d_auroraDala; wmber of pixels i 1 aimag
cudaMalloc ((void™ )&d_auroraData, ql7enf(un<|hned qhml; DATA‘%I?FJ,
short *d_residual; q 14
mdn‘vh]lm((vmd*‘)c\m’ residual, sizeof(shor t)*DATAC,-l?FI

| M 1 to C dUIT 1A
Cuda\riemgpw {d .wmmDnm. auroraData, mzeof(unmgned short)*DATASIZE, cudaMemcpyHostToDevice);
for (int i *0 i < NSTREAMS; i++){
gl rmc I \‘ ( | ] Mpu - -

kemel <f\wr1d block, size of dynamic 5lmred memory in bytes, .-huu'h "]»)(;l auroraData, d_residual);

]

cudaMemcpy(residual, d_residual, sizeof(short)* DATASIZE, cudaMemcpyDeviceToHost);
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// 1. prepare the aurora data needed by each GPU on the host
[INGPUS is the number of available GPUs
unsigned short**h_auroraData = (unsigned short**)malloc(sizeof(unsigned short*)*NGPUS);
//InColsPerGPU is the number of columns that assigned to each GPU to compute the residual
int nColsPerGPU = WIDTH / NGPUS;  //WIDTH is the number of columns of an aurora image
for (int i =0; i < NGPUS; i++){
//all the GPUs except GPU 0 need extra N+M-1 columns of data to process the first column assigned to it
int dataCols = (i = 0) ? nColsPerGPU : nColsPerGPU+ N+ M- 1;
//allocate pinned host memory to store the data for each GPU
J/HEIGHT is the number of rows of an aurora image
cudaMallocHost((void**)&h_auroraDatali], sizeof(unsigned short)*dataCols*HEIGHT);
[/copy the corresponding aurora data to h_auroraData[i]

Pl

// 2. allocate device memory and create CUDA streams
unsigned short**d_auroraData = (unsigned short**)malloc(sizeof(unsigned short*)*NGPUS);
s}*lr‘l"d_residtml = (short**)malloc(sizeof(short*)*NGPUS);
cudaStream_t *streams = (cudaStream_t*)malloc(sizeof(cudaStream_t)*NGPUS);
for (int i = 0; i < NGPUS; i++)(
cudaSetDevice(i); [/set current device
int dataCols = (i == 0) ? nColsPerGPU : nColsPerGPU+N + M- 1;
cudaMalloc((void** )&d_auroraDatali), sizeof(unsigned short)*dataCols*HEIGHT);
cudaMalloc((void** )&d_residualli), sizeof(short)*nColsPerGPU*HEIGHT);
cudaStreamCreate(&streams[i]); //create multiple streams

short *h_residual; //allocate a pinned memory for asynchronous transfer of residual
cudaMallocHost((void**)&h_residual, sizeof(short)*WIDTH*HEIGHT);
// 3. launch the kernels and asynchronous data transfer
for (int i = 0; i < NGPUS; i++){
cudaSetDevice(i);
int dataCols = (i = 0) ? nColsPerGPU : nColsPerGPU+ N+ M- 1;
//asynchronous transfer of aurora data from the pinned host memory to each device
cudaMemcpyAsync(d_auroraData(i), h_auroraDatali], sizeof(unsigned short)*dataCols*"HEIGHT,
cudaMemcpyHostToDevice, streams(i]);
//all the kernel functions are equivalent to this one kernel function
kernel <<<grid, block, size of dynamic shared memory in bytes, streams(i] >>>(d_auroraData(i], d_residual[i]);
[fasynchronous transfer of residual from each device to the pinned host memory
cudaMemcpyAsync(h_residual + *nColsPerGPU*HEIGHT, d_residualli], sizeof(short)*nColsPerGPU*HEIGHT,
cudaMemcpyDeviceToHost, streams|i]);
)
/1 4. synchronize streams
for (int i = 0; i < NGPUS; i++){
cudaSetDevice(i);
cudaStreamSynchronize(streams|i]);
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