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Tém tit. Cay bat phan (octree) 12 mot cdu triic dit liéu c6 nhiéu mg dung trong cac linh vuc nhu
d6 hoa mdy tinh, mé phong va mo hinh héa. Trong mo phong dong luc phan tir va mé phong N-
body, ciy bat phan dugc sir dung nhiéu véi cic thuat todn phan cép nhu tree, khai trién da cuc
nhanh FMM (fast multipole method) dé tinh luc twong tic xa. C6 nhiéu phuong phdp va ciu tric
dir lidu c6 thé sir dung dé xdy dung cAy bat phan. Trong bai bdo nay, ching téi sir dung duong
cong lap day khong gian SFC (space-filling curve) dé xay dung cdy bét phan va song song héa
thuat toan xdy dung ciy trén bd xir Iy d6 hoa GPU. Két qua thuc nghiém trén mdy tinh Acer
5745G véi bd xtr 1y Intel Core i3 2.13 GHz, 4GB RAM duoc trang bi bd xtr 1y dd hoa GeForce
310M va mdy tinh dé ban véi CPU Dual-Core AMD Opteron 2216 HE 1.0 GHz, 2GB RAM, duoc
trang bi bo xtr 1y dd hoa nVidia GeForce 8800 GT cho thdy, thuat todn song song do chiing toi cai
dit trén GPU c6 téc do thuc hién nhanh hon thudt todn tudn ty trén CPU tir 2.1 dén 7 14n dbi voi
céc hé c6 tir 2*° dén 10.2*° phan tir. Dong thoi, mitc d6 ting toc clia thut todn song song xdy dung
ciy bt phan phy thudc vao hai yéu td chinh, d6 1a toc d¢ truyén dit lidu giita mdy tinh véi GPU va
téc do thuc hién thuat todn sip xép céc phén tir theo khéa Morton trén GPU.

Tir khoa: cay bat phan (octree), FMM, treecode, m6 phong dong luc phan tr, m6é phéng N-body,

GPU.

1. Mé& diu

MO phong dong luc phan tir [1] 1a mot trong
céc phuong phép phd dung dé nghién ctru cic
hé véat Iy héa hoc véi su trg gitp vé tinh todn
ctiia may tinh dién tir. Trong mo6 phong dong luc
phan tir, viéc tinh todn luc twong tic xa rat tén
thoi gian va thuong chiém trén 90% thoi gian
thuc hién cua cdc md phong. Chinh vi vay, da
¢6 nhiéu giai phdp nham ting tdc do tinh todn
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luc twong tic xa. Cac phuong phédp nay thuong
chia thanh 3 loai chinh: Ap dung céc thuat toan
c6 do phuc tap O(N) hoac O(NlogN) [2-7], véi
N la sb Iwgng phan tr cia hé; sir dung phﬁn
ciing téc d6 cao nhu may tinh song song, by xtr
1y d6 hoa GPU hodc phan cing dugc thiét ké
chuyén dung dé tinh lyc tuong tic nhu GRAPE
(8, 9]; va két hop hai giai phdp néi trén.

Thuét todn don gian va chinh xdc nhét dé
tinh luc tuong tic xa, d6 la tinh lyc tuong tic
theo tung cap d6i. Thuat todn c6 do phuc tap
tinh todn O(N%), thuong chi duoc st dung cho
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céc hé c6 s6 lugng phan tir N nho hon 10°. Véi
cac hé co sd lugng 16n hon, thuat todn nay
khong hi€u qua do thoi gian tinh todn qua 1au.
Nam 1987, Greengard va Rokhlin da phat
minh ra thuét todn khai trién da cuc nhanh (fast
multipole method — FMM) c6 d6 phtc tap tinh
todn O(N) trong khong gian hai chiéu [3]. Dén
nam 1997, thuat todn FMM trong khong gian 3
chidu duoc coéng bd danh diu budc tién 16n
trong viéc tinh todn nhanh lyc tuong tac xa [4].
Tir d6 dén nay, thuat toin FMM duoc st dung
rong rdi va co nhiéu bién thé khic nhau nhu

Anderson [2], Makino [10], Ying, Biros va
Zorin [11].

Khi thuc hién cdc md phdng dong luc phan
tir véi hau hét cac thuét todn trong d6 c6 FMM,
cic phan tir thuong duoc phan bd trong mot
hinh 1ap phuong véi canh cé do dai 1 trong
khong gian ba chiéu. Dé tinh toan lyc tuwong tac
xa gitta cic phan ttr, thuat toin FMM tinh toidn
twong tac gitta cdc nhom phan t, sau dé su
dung khai trién Taylor va khai trién da cuc dé
tinh xAp xi lyc tic dong vao cdc phan tir voi do
chinh xdc dugc xac dinh trudc. Hinh 1 minh
hoa y tudng cia thuat toan FMM.

Hinh 1. Minh hoa y tudng cta thuat toin FMM. M2M: Biér} d6i khai trién da cuc — da cuc,
M2L: Bién d6i khai trién da cyc — Tay lor, L2L: Bién ddi khai trién Taylor — Taylor.

Dé thuc hién dugc cédc bién d6i M2M, M2L
va L2L, FMM st dung chu tric dir liéu cay bat
phan. Cay bat phan trong thuat toan FMM dugc
xdy dung can cur vao vi tri cua cdc phan tir trong
hinh 1ap phuong nhu di néi trén. Nit gbc cua
cdy bat phan chinh la hinh 13p phuong chira
toan bd céc phan tir. T4m niit con ctia mdi niit
trong ciy bt phan dugc tao bang cdch chia déu
nit cha thanh 8 hinh 13p phuong béng nhau.
Mot phan tr cé vi tri nam trong mot hinh 1ap
phuong s& dugc gan cho nit twong tng véi hinh
lap phuong d6. Qua trinh tao cdy bat phan dung
khi cay dat dén mot do sau [ dinh trude.

Khi thyc hién thuat toan FMM, cdc bién ddi
M2M duoc thuc hién trong qué trinh duyét cay
bét phan theo chiéu rong va tir 14 dén gbc. Cac
bién d6i M2M duoc thuc hién cho toan bd céc
nut & muac [, sau d6 cho toan bd cac nit & murc
I-1... cho dén muc 0. C4c bién d6i M2L va L2L
duoc thuc hién trong qud trinh duyét ciy bat
phan theo chiéu rong va tir gbc dén 14. Boi vay
tde do duyét cdy bat phan va viéc xac dinh céac
phan tir thuoc nhirng niit ndo trong cdy & mdi
mirc sau c6 anh hudng 16n dén hiéu nang cua
thuat toan FMM.
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Danh séch tuong tac cua C

Danh séch lang giéng cia C

Nut C cua cay

Hinh 2. Danh séch ldng giéng va tuong téc.

Trong qua trinh thyc hién FMM, tai cac pha
M2L va pha tinh lyc cta thuat todn ching ta bit
budc phai tinh toan danh sich ling giéng va
danh sich twong tdc ctia mdi nit trong ciy bét
phan tai mdi muc do sau. Mot niit duge xem 1a
lang giéng ciia mot niit & cing d6 sau néu hai
nut nay cé tiép xiic v& mit hinh hoc — tirc 12 ¢6
thé ¢6 tiép xdc vé mit, canh hodc dinh. Mot nut
dwoc xem 13 nim trong danh sach tuong tic cta
mdt nit & cung do sau néu hai nit cha cia
ching 1a lang giéng. Hinh 2 minh hga danh
sdch lang giéng va tuong téc trong khong gian
hai chiéu (cdy t&r phan). Trong khong gian hai
chiéu, mot nit ¢6 nhiéu nhit 8 ling giéng va
trong khong gian 3 chiéu, mdi niit ¢6 nhiéu nhit
26 lang giéng.

Vi cic yéu cau tinh todn khi duyét cay bat
phan nhu mo ta & trén, cu tric dit liéu dé qui
truyén théng dé biéu dién cdy bét phan 1a khong
thich hop va lam gidm hi¢u néng cua qud trinh
duyét ciy dé tinh toan céc bién doi M2M, M2L
va L2L do phai tim kiém dé xdc dinh cdc danh
sdch lang giéng va tuong tic [3.4].

Trong bai bdo nay, ching t6i sit dung bd xu
1y db hoa GPU dé cai dat thudt todn xdy dung
cdy bat phan trong thuat todn FMM vd&i cic
muc tiéu chinh 1a ting toc do xay dung ciy bat
phan, tang tdc do thuc hién viéc duyét cay theo
hai chiéu tir 14 dén gdc va gbc dén 13, ting tbc
d6 cac phép tim kiém: Tim nit cha va nit con
cua mot nut trong cdy, tim danh siach hang xém
va danh sédch tuong tic, tim nit chira m¢t phan
tr bat ky. Cic phép tim kiém nay dwoc thuc
hién nhiéu lan trong thuat todn FMM. Céc phén
con lai ctia bai bdo dugc td chic nhu sau: Phan
hai m6 ta tém tit vé GPU, phan 3 trinh bay vé
ciy bat phan céc cdu tric dir liéu lién quan va
phuong phdp xay dung cay bét phan trén GPU
ctia chiing t6i. Phan 4 13 thao luan, phén tich
hiéu nang va cudi cung la ph?m két luan.

2. Bd xir Iy dd hoa GPU

B6 xir Iy d6 hoa (Graphics Processing Unit
— GPU) 1a bo xir Iy chuyén dung duogc thiét ké
danh riéng dé thuc hién céc tac vu dd hoa trong
mdy tinh nhim ting téc cic tng dung dd hoa
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n6éi chung. T nam 2007, nVidia [12] — mot
trong cic hang di dau vé san xuat GPU — da
gidi thidu cic bo xir 1y dd hoa GPU c6 thé sir
dung dé thyc hién cidc bai todn thong dung
(general-purpose computing) bén canh viéc xt
1y céc tic vu dd hoa truyén thong. Véi kién tric
da nhan, cho phép 1ap trinh theo m6 hinh song
song dir li€u (data parallel), GPU da dan tro
thanh mét cong cu tinh toan hi¢u nang cao vai
gid ré va dugc sir dung nhiéu trong linh vic tinh
todn hi¢u nang cao.

Dé ¢6 thé st dung GPU cho tinh toan hiéu
nang cao, nguoi 13p trinh chi can c¢6 mot b
GPU c¢6 hd trg tinh toan thong dung (general-
purpose computing) [13], mdt mdy tinh cé cai
dat phin mém diéu khién GPU (goi tit 1a may
cht) va bd phat trién phin mém véi GPU. GPU
nhén I¢énh, dir liu tor may chu; tinh todn va tra
lai két qua cho mdy chi. Téc do tinh todn cia
GPU thuong nhanh hon mdy chu c4 nhan thong
thuong tir hang chuc dén hang tram lan [14].
Hién tai c6 hai loai GPU thuong dugc su dung
cho tinh todn thong dung, d6 1a cic san pham
cua cic hang nVidia va AMD [15]. Trong bai
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bdo nay chiing t6i st dung GPU do hang nVidia
san xuat dé cai dat thuat todn xdy dyng cdy bat
phén song song.

3. Cay bat phan va dwong cong lap day
khong gian

C6 nhiéu phuong phdp cai dit cdy bat phan
su dung céc cAu tric dir liéu khdc nham lam
tang téc do cua qué trinh tao, duyét cay va tinh
todn cdc danh sich lang giéng, twong tac cua
mdi nit. Mot trong céc cu tric dir liéu thuong
dugc sir dung 12 dudng cong 1ap ddy khong gian
(space-filling curve - SFC) [16], nhim mo ta
cay bét phan dudi dang chu tric dit liéu khong
dé qui — chinh 1a cdc mang mot chiéu. C6 nhiéu
SFC nhu Morton, Hilbert-Peano,
Siepinsky. Dé d& hinh dung, ching t6i minh
hoa dudng cong Morton trong khong gian hai
chidu va mdi quan hé cia né véi cdy tir phan
trén Hinh 3 (twong tu nhu ciy bat phéan trong
khong gian ba chiéu).
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Hinh 3. CAy t& phan va duong cong lap day khong gian Morton ¢ mtc 1, 2.
Céc s0 bieu dien thtr tu cua cac nit trong SFC tuong ung.

Chiing toi da st dung SFC dé cai dat cay
bat phan [17-19], tuy nhién qud trinh tinh toan
céc danh sich lang giéng va tuong tic chwa dat
dwoc hiéu qua cao; dong thoi qué trinh xay
dung cy va duyét ciy van thuc hién hoan toan

trén mdy chd do dé hiéu nang xdy dung cay bi
han ché. Trong bai bdo nay, ching tdi khic
phuc cic han ché néi trén, déng thoi cai dat
thuat todn xdy dung cdy béat phin song song
trén GPU.
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3.1. Puong cong lap day khong gian Morton va
cdy bdt phan

Dé biéu dién cay bat phan béng duong cong
lap ddy khong gian Morton, ching ta cin tinh
todn khéa Morton cho mdi niit ciia cdy, dong
thoi can bién ddi dwoc vi tri cia mdi phan tir
trong hé phan tor can mo6 phong vé dang mot
khéa Morton.

Viéc tinh toan khéa Morton cho mdi nit cua
ciy tuong d6i don gian. Xudt phat tir nit gbc
v6i khéa Morton 0, ching ta xdy dung khoéa
Morton cho cac nat & mic 1, 2 nhu mo ta trén
Hinh 3. Déi véi viée tinh todn khéa Morton cho
mdi vi tri cua cdc phdn tir trong hé cin md
phong, ching ta anh xa vi tri cua (x, y, z) phan
tr vao khéa Morton twong ting theo céch sau:

- Xac dinh trudc do dai k cua khéa Morton
va k thuong dugc nhan gia tri tr 16 dén 21 bit.
Nguoi ta thuong xac dinh & can ctr theo do dai

clia tir mdy (32 hay 64 bit) va s6 luong phén tir
trong hé can mod phong. Gid tri k cang 16n thi
kha nang trung 18p khoéa cia hai phan tor khic
nhau cang nho, nhung thoi gian xay dung cay
bat phan va b nhé danh cho ciy bat phan cang
16n.

- Tinh khéa Morton m,, m,, m, tuong Ung
cho mdi toa d6 x, y, z.

- Ghép céc bit ¢ cung vi tri cia ba khéa
Morton riéng 1¢ m,, m,, m, dé tao ra khoa
Morton chung cho vi tri phan tr (x, y, z). Do
hién nay d6 dai tir mdy cao nhét 1a 64 bit nén dé
tao dugc khéa Morton cho (x, y, z), mdi khéa
Morton riéng 1é chi c6 thé ¢6 nhiéu nhat 21 bit.

Viéc tinh todn khéa Morton cho céc niit cia
cdly va cho vi tri cdc phin t (ham
particle_mortonkey) dugc cai dit trén ngdn
ngit C nhu sau:

unsigned long mortonkey(unsigned long x, int keylen)

for (i=0si<keylensi++) { // for each low bit i-th from 0..keylen-1

tmp |= ((unsigned long)1)<<j; // then set bit i*3 to 1

{
MORTONKEY tmp = 0;
int i,
j=0;
if (x>>1) & 11// if the bit is 1
j+=3;
}
return(tmp);
}

unsigned long

particle_mortonkey(double *pos, double rscale, unsigned long offset, int keylen)

{
unsigned long  x[3];
int 1
for (1i=0;1<3si++){

x[i] = (unsigned long)(pos[il*rscale+offset);

}
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return((mortonkey(x[0],keylen)<<2) | (mortonkey(x[1],keylen)<<1) | (mortonkey(x[2

1. keylen)));
}

Khi di tinh toan dugc khdéa Morton cho cac
nit ctia ciy va cdc phan tir, ching ta c6 thé dé
dang xdc dinh cic ddi twong sau ddy néu biét
trudc khéa Morton m cia mot nit & muc i:

- Nut cha cua nit nay & muc i-1, cé khéa
Morton 1a m dich phai 3 bit. D phuc tap cua
tac vu tinh todn nay 1a O(1).

- Danh sach céc nit con cta m: Goi n = (m
dich trai 3 bit). Khi d6 m c¢6 8 niit con & muc
i+1 c6 khéa Morton 1an luot 1a n, n+l,... n+7.
Do phuec tap cua tac vu tinh todn 1a O(1).

- Danh séch cdc ldng giéng ciia m: D phiic
tap ctia phép tinh todn nay 1a O(d’), v6i d 1a sb
chiéu cuia khong gian dang xét ciia cdc phan tir,
d thuong c6 gia tri 3; tr 46 dé dang x4c dinh
dugc danh sach tuong tic cia m cung véi do
phtre tap tinh todn O(d°).

Ngoai ra, néu biét vi trf (x, v, 7) cia mot
phan tir, ta c6 thé nhanh chéng xic dinh khéa
Morton m cua nit muc i chira né voi cic ma
Iénh C sau, trong d6 k 1a d6 dai khéa Morton:

kO = (long)(x*((unsigned long)1<<i));

k1 = (long)(y*((unsigned long) 1<<i));

k2 = (long)(z*((unsigned long)1<<i));

m =
(mortonkey(k0,k)<<2) | (mortonkey
(k1,k)<<1) | (mortonkey(k2,k));

3.2. Thudt todn xdy dung cdy bdt phdn song
song trén GPU

Vi cich tinh todn khéa Morton nhu mo ta
& trén va cdch to chirc ciy bat phan theo kiéu
con trd dén cdc mang & timg muc sdu, thudt
todn tuan ty xdy dung cdy bat phan gdm c6 cic
budc chinh nhu sau:

(1) Xac dinh d0¢ sau / cua cdy, sau do cép
phét bd nhé cho cic nit ctia cay: Moi mirc sau i
twong tng véi mot mang c6 8’ phan tir.

(2) Tinh todn khéa Morton cho tit ca cdc
phén tir trong hé can mo phéng.

3) Sép xép cac phan tu trong hé theo thtr tu
taing dan cia khéa Morton bang thuat todn
quicksort.

(4) Can cur vao thtr tu cua céc phan ti theo
khéa Morton, chia cic phan tir vao cdc nit cia
cdy. Do cdc phan tir da duoc sdp xép theo thir tu
cta khéa Morton, mdi nit cta cay c6 chu trdc
dir liéu ghi nhé vi tri cta hai phan tir ddu va
cudi.

Trong céc budc néi trén, bude 2, 3 va 4 déu
c6 thé song song héa dugc theo mo hinh song
song héa dir liéu (data parallel). M6 hinh nay
rét phu hgp véi kién tric phﬁn clrng cua cac
don vi xir Iy dd hoa GPU. Do d6, dé song song
héa qué trinh xay dung cdy véi GPU, ching toi
da xay dung cac ham kernel (thyc hién trén
GPU) sau day:

- Ham kernel tinh khéa Morton
gpu_morton_body cua mdt phan tir dua trén
vi tri (x, y, z) trong khong gian ba chiéu cua
phan tir d6.

- Ham kernel x4y dyng cay bat phan
gpu_octree_calc.

Pong thoi dé song song héa thudt todn sip
xép cic phan tir & budc 2, chiing toi sir dung
thu vién thrust c¢6 trong bd phat trién phﬁn
mém tinh todn trén CUDA trén GPU phién ban
4.0 cua nVidia. Thuat todn xay dung cdy bat
phéan trén GPU s€ dugc md ta nhu sau:
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(1) Xéc dinh d9 sau [ cta cy, sau d6 cép
phét bo nhé cho céc niit ciia cay: Mdi mirc sau i
twong ing véi mot mang c6 8’ phan tur.

(2) Tinh to4n khéa Morton cho tit ca cdc
phan tir trong hé can md phong bang céch thuc
hién ham kernel gpu_mortonkey_body.

(3) Sép xép céc phan tir can cir vao thi tu
ctia khéa Morton bang cdch sitr dung ham thu
vién thrust::sort_by_key kém theo bd phat
trién phan mém véi GPU cua nVidia.

(4) Chia cédc phan tr sau khi da dugc sép
xép vio cdc nit cla cAy can cir vao vi tri cia
cac phén tr do.

3.3. Moi trirong va két qua thiee nghiém

Chiing t6i da cai dat thudt todn xdy dung
ciy bat phan song song bang ngdn ngit C va
phin mé rong cua C trén GPU; dong thoi thu
nghiém hiéu nang voéi hai hé théng mdy tinh
duogc trang bi GPU. Hé thdng thtr nhét (goi tat
12 hé théng 1) 1a mdy xdch tay Acer Aspire
5745G véi 4GB bo nhé trong, CPU Intel Core
i3 330M 2 nhén 2.13 GHz, duoc trang bi b xir
ly dd hoa nVidia GeForce 330M c6 512 MB
VRAM. Téc d6 1y thuyét cuc dai cia nVidia
GeForce 330M 1a 73 GFlop/s. H¢ théng thar hai
(goi tit 1a hé thdng 2) 12 mdy tinh dé ban tu lip
dat voi CPU Dual-Core AMD Opteron 2216
HE téc d6 1.0 GHz, 2GB RAM, duoc trang bi
bo xur ly dd hoa nVidia GeForce 8800 GT ¢6
téc d6 xur 1y cuc dai 504 GFlop/s. Trong ca hai
mdi trudong thuc nghi€m, ching toi st dung hé
didu hanh Linux Fedora phién ban 14 tro 1én,
chuong trinh dich gcc phién ban 4.6.1 va bd
phat trién nVidia SDK phién ban 4.0 cing véi
chuong trinh dich nvce phién ban 4.0
V0.2.1221 [20].

Ching t6i da thu nghiém hi¢u ning cua
thudt todn xay dung cdy bat phin song song
trén GPU véi vi tri dugc sinh ngau nhién trong

hinh 1ap phuong canh 1, c6 tam tai géc toa do.
S6 luwong phan td N duoc thay dbi tur
1048576=2%" dén 10485760=10.2". Sé lwong
phan tir tir 2% dén 10.2%° 1a khd 16n cho md
phong dong luc phan tir hodc N-body trén mot
mdy tinh cd nhan don 1& [11,19]. Trong tat ca
céc 1an thyc nghiém, chiing t6i sit dung khéa
Morton cé d6 dai 16 bit. B9 siu / cia ciy dugc
tinh theo cong thirc /=loggN. Trong trudong hop
N=10485760, d0 sau cua cay la 8.

Dung lwong bd nhé cua GPU tdi thiéu cin
su dung dé thyc hién thuat todn xdy dung cay
bat phan bao gf")m: B¢ nhé danh cho vi tri cua
cdc phan tir, bd nhd danh cho ciy bat phan (mbi
nit cta cdy bit phan c6 ¢ 32 bytes), bo nhd
danh cho mang cic khéa Morton cta tat ca céc
phén tr va bo nhd danh cho mang chi s6 khéa —
ding dé sip xép lai vi tri ciia cdc phén tir theo
khéa Morton. Trong cic thuc nghiém cua ching
t6i, do cdc GPU ¢ hé thong 1 va 2 chi c6 thé
tinh todn véi sé dau phay dong do chinh xac
don (single precision floating point) nén dung
luong bd nhd GPU tdi thiéu cin c6 duoc tinh
theo cong thtrc:

M = N=sizeof(float) + 32.8"'-1) +
N*sizeof(unsigned long)*2

trong d6 M 1a dung lugng bd nhé tdi thidu, N 1a
56 Iugng phan ta, / 1a d6 sau cua cdy bat phan.
M ciing chinh 13 dung lwong dit lidu tdi thiéu
can trao doi gitra mdy chi va GPU. Trong
truong hop N = 10485760, dung lugng bd nhd
GPU tdi thiéu cn c6 1a M =~ 449.142 MB.

Két qua thyc nghiém dugc md ta trong cic
bang 1, 2 va 3. Ta c6 thé thiy riang thuét toén
xdy dung cy bat phan dwoc ting toc tir 2.1 dén
3.3 1an trén hé théng 1 va tir 4.7 dén 7 1an trén
hé théng 2. Trong bang 3, chiing t6i trinh bay
két qua thyc nghiém vé viéc phan tich thoi gian
thuc hién cua cac budce chinh khi xay dung cay
bat phan véi hai hé théng 1 va 2 trong truong
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hop s6 phan tir N=10485760. Két qua trong bang 3 dwoc phan tich & phan 0 ctia bai béo.

Bang 1. Thoi gian thuc hién thudt toan xay dung cdy bat phan trén hé thong 1

S0 lugng Thoi gian thyc hién trén mdy Thoi gian thyc hién trén Ty s0 tang toc GPU / mdy
phan tir chu (gidy) mdy chi c6 GPU (giay) chu (lan)
1048576 0.81 0.38 2.1
2097152 1.72 0.76 23
3145728 2.57 1.02 2.5
4194304 3.41 1.24 2.8
5242880 4.28 1.45 3.0
6291456 5.10 1.67 3.1
7340032 5.94 1.88 3.2
8388608 6.79 2.10 3.2
9437184 7.63 2.35 32
10485760 8.47 2.57 33

Bang 2. Thoi gian thuc hién thudt toan xay dung cdy bat phéan trén hé thong 2

S0 lugng Thoi gian thyc hién trén mdy Thoi gian thyc hién trén Ty so tang toc GPU / mdy
phan tir chu (gidy) mday chi ¢6 GPU (giay) chu (lan)
1048576 1.83 0.28 6.5
2097152 3.98 0.85 4.7
3145728 5.90 1.15 5.1
4194304 7.68 1.35 5.7
5242880 9.80 1.40 7.0
6291456 11.57 2.00 5.8
7340032 13.56 2.27 6.0
8388608 15.61 2.57 6.1
9437184 17.70 2.81 6.3

10485760 19.61 3.01 6.5
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4. Thao luin va phan tich hiéu niang

Cén ctr vao bang 3, ching tdi dd phan tich
hi€u ndng cho cic thyc nghiém trén va rat ra
mot s6 nhan xét nhu sau.

Trén hé thong 1, thoi gian trao ddi dir liéu
giita mdy chu va GPU chiém ty 1¢ 8.9% trong
toan bd thoi gian thuc hién thuét todn xay dung
cdy bat phan song song vdi GPU. Tuy nhién
trén hé thong 2 thoi gian trao ddi dir lidu chiém
téi 30.8% lam cho hiéu nang toan bd cta thuat
todn giam di, mic dit mic do ting tdc cua budce
tinh todn khéa Morton va sip xép cdc phén tir &
hé théng 2 twong tng 1a 74.3 va 29 l4n, cao hon
mic d6 ting toc trén hé théng 1 rit nhiéu
(twong Ung 12 5.2 va 1.2 1an). Piéu d6 cho thiy
mic di tde do tinh todn cuc dai cia GPU trén
hé théng 2 cao hon hé théng 1 dén 6.9 lan,
nhung do toc do trao ddi dir liéu cta hé théng 2
cham hon, dan t6i hiéu nang chung cua toan bo
thudt todn thuc hién trén hé théng 1 cao hon

hiéu néng cua thuét todn thuc hi¢n trén hé théng
2. Mic dit GPU cua hé théng 2 c6 tde do truyén
dir liéu cuc dai cao hon GPU trén hé théng 1
(theo dic ta k¥ thuat cia nVidia) nhung do may
cht cta hé thong 2 ¢6 tde d6 bus thdp hon hé
thong 1 nén téc do trao ddi dit liéu chung cua
hé théng 2 thap hon hé théng 1.

Trén hé théng 2, thoi gian sép xép céc phan
tir theo khéa Morton chi chiém 5.9% thoi gian
thuc hién thuat toan. Trong khi d6 trén hé théng
1, thoi gian sip xép cdc phan tir chiém toi
53.1%. Piéu d6 cho thdy thoi gian thuc hién
thudt todn sap xép c6 anh hudng quan trong dén
hiéu nang chung cua thuat toan.

Ty 56 tdng téc ctia thuat todn song song voi
GPU c6 xu hudng tang 1€n khi s6 Iwgng phan tu
N ting 1én. Pay 12 vu diém cua thuat todn song
song xay dung cay bat phan vdi GPU do ching
toi cai dat. Su dung thuat todn song song hoda
ciy bat phan c6 1oi khi s luong phén tir N 16n.

Bang 3. Phén tich thoi gian (don vi tinh: gidy va ty 1¢ phén trdm) thyc hién cic budc
trong thuat todn song song xay dung cay bat phan. S6 lugng phan tr N = 10485760.

H¢ thong 1

H¢ thong 2

Cac budc thyc hién thuat toan Thoi gian thuc

xdy dung cdy bat phan str dyng  hién trén may

Thoi gian thuc
hién trén may

Thoi gian thuc
hién trén may

Thoi gian thuc
hién trén may

SFC chu chu c6 GPU chu chu c6 GPU

Giay Tylé Giay Ty 1€ Gidy Ty 1€ Gidy Ty 1¢

Cap phat va giai phong bg nhd 0.12 1.4% 0.13 5.0% 0.55 2.8% 0.67 22.2%

Tinh toan khéa Morton cua tat 345  40.7% 0.66 25.7% 7.49 38.2% 0.10 3.3%

ca céc phan tr

Sép xép céc phan tir theo khéa 2.14  253% 1.37 53.1% 5.17 26.4% 0.18 5.9%

Morton da tinh todn

Gan cédc phan tir cho cdc ndtcia  2.76  32.6% 0.19 7.3% 640  32.6% 1.14 37.7%

cay bét phan

Truyén dit lidu giita GPU va 0.23 8.9% 0.93 30.8%

mdy chu

Téng thoi gian tao cay bat phan 847  100% 2.57 100% 19.61 100% 3.01 100%
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5. Két luan

Chiing t6i da cai dat thanh cong thuat todn
xdy dyng cdy bt phan trén bd xir Iy dd hoa
GPU. Vi sb luong phén tir tir 2% dén 10.2%,
dd sdu cua cdy ¢ muc 8 va st dung khoa
Morton c6 d¢ dai 16 bit, xay dung cay bat phan
v6i bo xir Iy d6 hoa GPU dat téc d6 cao hon
xdy dung ciy bt phan trén may chu tir 2.1 dén
7 1an. Mirc do tang tc cua thuat todn phu thude
vao hai yéu t§ chinh, d6 la toc do trao ddi dir
liéu gitta may chu voi GPU va tdc do thuc hién
thudt toan sép xép cic phan tu theo khda
Morton trén GPU. Viéc tang tdc do cai dat thuat
todn xay dung cay bat phan va xay dyng céc
ham tim kiém cdc danh sich ling giéng va
twong tdc ciia mot nit trong ciy la mdt trong
cic yéu td quan trong trong viéc ting toc do
tinh lyc twong tic gitra cdc phan tur trong thuat
toan khai trién da cuc nhanh FMM.

Loi cam on
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Ban (RIKEN [22]) da gitp d3d, cho phép tac gia
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Parallel GPU implementation of octree construction
using space-filling curves

Nguyen Hai Chau

VNU University of Engineering and Technology, 144 Xuan Thuy, Hanoi, Vietnam

Octree is a hierarchical data structure that plays important roles in many research and application
areas including molecular dynamics simulation (MDS). Construction of the octree is the first and an
important step of fast force calculation algorithms in MDS such as fast multipole method (FMM), tree.
In this paper, we implement the octree construction algorithm using Morton space-filling curve and
parallelize the algorithm on nVidia’s graphics processing units (GPU). Using the Morton space-filling
curve and nVidia’s GPUs, we have succeeded to speed up the octree construction for systems of 2’ to
10.2*” particles from 2.1 to 7 times. Experiment results show that main factors to the speed up of
octree construction on GPU are data transfer speed between GPU and the host computer; and the
speed of sorting particles on GPU by their Morton keys.



