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MO DAU

OpenMP 1a mét API ¢6 muc tiéu 1a bd sung kha ning 1ap trinh song song cho cac
chuong trinh gdc dugce viét & ngdn ngit C, C++ va Fortran, chay trén kién tric sir dung
bd nh¢ chia sé (mdy tinh c6 nhiéu CPU va/hoic CPU da 15i). OpenMP don gian, dé
hoc, d& dung va cung cip hiéu ning cao nén nhanh chéng tré thanh chuén 1ap trinh song
song cho cac kién trac nay. Tuy nhién, OpenMP khong chay duoc trén cac hé thong sir
dung bo nhé phan tan (nhu cluster, grid). Diéu ndy dan dén mét ¥ tudng va dong luc
cho nhiéu nghién ctru dé chuyén d6i OpenMP Ién cac kién trac sit dung bd nhd phan
tan. Thuc hién ¥ twong trén, trong nhiéu ndm qua, di c6 nhiéu nhom nghién ciru co
gang thyc hién viéc dua OpenMP trén hé thong may tinh sir dung b nhd phan tan bang
cach xay dung cAc trinh bién dich dé dich ty dong chuong trinh OpenMP thanh chuong
trinh c6 kha nang chay trén cac hé thong nay. Pong thoi véi viée xdy dung cac chuong
trinh bién dich, mot s tiép can con doi hoi phai xay dung mét nén tang (platform) bd
sung cho hé théng dé c6 thé chay duoc cac chwong trinh di dugc bién dich. Tuy nhién,
ngoai trit CAPE [12]-[19], chua c6 cOng trinh nao thanh cong trén ca hai mat 1a twong
thich hoan toan véi OpenMP va c6 hiéu nang cao. Mot s6 cong trinh nghién ctru ndi bat
c6 thé nhic dén nhu SSI [6]; Cluster OpenMP [11]; SCASH [7]; st dung mé hinh
HLRC [24]; bién dich thanh MPI [8][9]; st dung Global Array [10]; libMPNode [30]
cai tién SSI; OMPC [34] sir dung trinh bién dich riéng. Hién tai, OpenMP noi chung va
phat trién OpenMP trén cac hé thong st dung bd nhé phan tan néi riéng 1 cha dé chinh
cua chudi hoi thao quéc té hang nam IWOMP, véi 14n thir 19 s& duoc to chire tai Pai

hoc Bristol, Anh vao thang 9 nam 2023 (https://www.iwomp.org/).

CAPE (Checkpointing Aided Parallel Execution) 13 mét tiép can dya trén k§ thuat
chup anh tién trinh dé cai dit API OpenMP trén cac hé théng mdy tinh st dung bd nhé
phan tan. CAPE do GS. Eric Renaut phat minh. Phién ban CAPE thir hai do TS. Ha Viét
Hai, TS. Trin Van Long phat trién d3 cai tién ro rét hiéu nang cua CAPE, lam cho no
tiém can v6i hiéu ning cua MPI 14 phuong phap c6 kha ning cung cip hiéu ning cao
nhat cho 1ap trinh song song trén cac thong phan tan. Tuy nhién, & ca hai phién ban cia
CAPE, c4c may tinh tham gia trong hé théng déu dugc khai thac theo quan diém sir dung
cac bo xu Iy don 161, do d6 chua khai thac dugc hét cac kha nang cua cac b vi xur ly da
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18i 1a trudng hop phd bién hién nay. Piéu niy dan dén viéc 13ng phi tai nguyén khi six
dung CAPE trén hé théng mdy tinh c6 CPU da 15 rat phd bién hién nay. Pé khic phuc
duoc han ché nay, mo hinh hoat dong cia CAPE can phai duogc td chure theo hudng cho
phép chuong trinh chay song song trén tirg nat phu (song song mtc thir 2) dé khai thac
t6t hon tai nguyén hé thong va tir 6 tang tdc do tinh toan. Pay chinh 12 dong luc dé luan
an dé xuat mo hinh hoat dong CAPE m&i nham khic phyc nhitng han ché chua khai thac
tai nguyén hé thong may tinh sir dung CPU da 16i. B¢ thuc hién muc tiéu ndy, nhiing
van dé sau can duoc tiép tuc phat trién: (1) Phat trién mot moé hinh CAPE méi dé song
song hoa mot cach hiéu qua cac doan ma tinh toan trén tirng nat nut phu (nut tinh todn);
(2) Phat trién k¥ thuat chup anh tién trinh cling nhu giai quyét van dé chia sé déng bo
dir liéu cia CAPE cho phu hop véi cac mo hinh thyc hién dugce song song hoa 2 muc &
muc trén.

Tir nhitng trinh bay trén, dé tai “Cai tién mé hinh CAPE cho hé thong tinh toan
da 16i” tro nén c6 tinh thoi su va cip thiét dé dap ung nhu cau cung cdp mot giai phap
cai dat twong thich hoan toan OpenMP va c6 hiu ning cao trén céc kién tric st dung
bd nhé phan tan.

Muc tiéu nghién ctru ctia luan an 13 phat trién mo hinh CAPE trén hé thong tinh
toan da 161 dé nang cao hiéu nang hoat dong ctia hé théng.

Cu thé:

*  Muc tiéu 1: Nghién clru va dé xuat mo hinh hoat dong cua CAPE trén h¢
thong tinh toan da 13i.

*  Muc tiéu 2: Nghién ctru va xay dung phién ban k¥ thuat chup anh da tién
trinh pht hop véi moé hinh CAPE trén hé thong tinh toan da 15i.

Muyc tiéu 3: Nghién ciru va dé xuét giai phap chia sé dit liéu cia CAPE trén
hé théng tinh toan da 15i.

Muyc tiéu 4: Phat trién h¢ théng phan mém twong ing v6i mo hinh CAPE
moi dé xuat va danh gia hiéu nang cta nd so voi md hinh CAPE trude d6
va véi MPI (ky thudt cung cip hiéu ning tot nhat hién nay trén cac hé thong

phan tan).



CHUONG I : TONG QUAN NGHIEN CUU

1.1. Tinh toan hi¢u nang cao
Tinh toan Hiéu ning cao (High Performance Computing (HPC)) thuong dé cap dén

viée xtr Iy cac phép tinh phirc tap ¢ toc d6 cao trén nhiéu may chu song song.

1.2. Tinh toan song song

Tinh toan song song (Parallel Computing) hay xt ly song song (Parallel
Processing): 1a qua trinh xtr Iy thong tin trong d6 nhan manh viéc nhiéu don vi dit liéu
duogc xir Iy dong thoi boi mot hay nhidu bo xir 1y dé giai quyét mot bai toan.

Hé s6 Tiang toc (speedup) : hé s ting toc cta chuong trinh song song 1a ti s6 giita
thoi gian thuc hién trong tinh hudng st dung chuwong trinh tuan ty va thoi gian thyc hién
cling cong viéc do cua chuong trinh song song.

Theo luat Amdahl [36], du doan vé hé sé tang toc do ti da ctia chuong trinh xir 1y

song song dugc tinh theo cong thirc sau:

1

S latency = p
1-p)+ "

Trong do

Slatency: hé 6 ting tdc 1y thuyét toan cuc

p: ti 16 co thé song song hoa ciia thudt toan tuan tir

s: 14 s6 bo xur 1y song song.
1.3. May tinh da CPU, CPU da 16i va da ludng

Céc hé thdng may tinh xir Iy song song c6 thé dugc chia thanh hai loai theo cac
cach t6 bd nhé khac nhau, mét loai sir dung hé théng bd nhd chia sé (shared-memory)
va loai kia sir dung hé thdng bo nhé phan tan (distributed memory). Déi véi hé thong st
dung bd nhé chia sé, c6 cac kién tric thong dung 1a mdy tinh da CPU (muti-CPU), may
tinh str dung CPU da 13i (multi-core) va loai két hop ca 2 kién trac nay.

Da ludng (Multi-threading) 13 kha nang xur Iy nhiéu luong cung lic caa CPU. Khi

¢6 nhiéu nhiém vu khac nhau, CPU c6 thé lam viéc véi chung mot cach song song



(parallel) d6i véi CPU chi c6 mot 16i hodc 1am viée dong thoi (concurrent) ddi véi CPU
da 15i. L&i 1a noi thuc hién cac nhiém vy va mdi I8i chi chay 1 nhiém vu tai mot thoi
diém. Chinh vi li do nidy ma c6 cang nhiéu 16i thi CPU cang thuc hién duoc nhiéu nhiém
vu cing luc. Cong nghé siéu phan ludng cia Intel sé& cai thién hiéu suat xir Iy CPU Ién
to1 30% [75].

Hau hét cac phién ban hé¢ diéu hanh pho bién hién nay nhu Windows, phién ban
phan phdi ctia Linux déu hd trg cho CPU da 16i cling nhu da ludng.

Muc tiéu va pham vi nghién ciru cai tién CAPE cua luan 4n nay huéng dén ap dung
cho hé théng may tinh str dung CPU da 16i. Can luu y rang CAPE, tuong ty nhu MPI,
13 ngdn ngit triru twong bic cao cd bao gdm thu vién runtime & tang tng dung, khong
can thi¢p diéu khién truc tiép phén cung cua CPU da 161 ma st dung lai cac dich vy ctuia

hé diéu hanh cung cap dé chay chuong trinh.

1.4. OpenMP

OpenMP 1a mét giao dién 1ap trinh (API) cung cip mot mirc triru tugng hoda cao
dé viét cac chuong trinh song song cho cac hé thong tinh toan hiéu ning cao véi uu diém
dé hoc, dé sir dung. Dé viét chuwong trinh song song vdi OpenMP, 1ap trinh vién c6 thé
bit dau bang cach viét mot chuong trinh tuan tu trén ngdn ngit gbe (C/C++ hodc
Fortran), sau d6 thém dan vao céc chi thi cia OpenMP dé chi dinh nhiing phan viéc ndo
can duogc thuc hién song song. Viéc chia sé dit li¢u cling nhu déng bo dit liéu duge tién
hanh mét cach ngdm dinh hodc tudng minh qua cac chi thi don gian. Vi cach tiép can
nay, OpenMP rat dé hoc, dé sir dung, doi hoi it cong stc 1ap trinh. Tuy nhién, OpenMP
van chi méi duge cai diat mot cach hoan chinh cho cac kién tric sir dung bd nhé chia sé
do sy phiic tap cua viéc cai dat tit ca cic yéu ciu cua OpenMP trén cac kién trac sir
dung bo nh¢ khac.
1.5. Cac cong trinh ndi bét vé chuyén d6i OpenMP I1én hé thong sir dung bd nhé
phéan tan.

Céc cong trinh noi bat vé chuyén d6i OpenMP 16n hé théng bd nhd phan tan c6 thé
liét ké 1a: Phuong phap str dung SSI lam bd nhé chung cho tat ca cacludng; Phuong phap
anh xa mot phan khong gian nhd cta luéng; Phuong phéap st dung mé hinh HLRC;



Phuong phap két hop v6i MPI; Phuong phap dya trén Mang toan cuc (Global Array -
GA); Phuong phap CAPE don ludng.
1.6. Tong hop danh gia vé ciac phwong phap chuyén ddi OpenMP trén kién tric
b6 nhé phan tan

Luén 4n d3 téng hop, danh gia wu nhuoc diém cua cac phuong phap va chon huéng

tiép tuc cai tién CAPE theo hudéng song song hoda phan viée tai cac niit phu ctia hé thong.

1.7. Phwong phiap CAPE don ludng

Trong nhitng phién ban CAPE duoc tién hanh & cac nghién ciru trude luan 4n nay,
cac phﬁn viéc thuc hién tai cac nut phu dugc dam trach boi mot tién trinh don luéng. Vi
vay, trong luan an nay chung t6i goi chung CAPE & cac phién ban trudc la CAPE don
ludng.

M® hinh hoat dong cia CAPE duoc minh hoa trong Hinh 1.6.

Slaver 1 Master Slaver 2
Sequencei . ' I

fork

rn
parallel
code

Parallel

resulty

join

Sequence i ; i i
1 1 1
1 1 1

Hinh 1.6. M hinh hoat dong ciia CAPE don ludng

Quy trinh bién dich ma tir OpenMP sang CAPE dugc mo ta trong Hinh 1.7.
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prototype

executable
code

OpenMP CAPE CAFE
pregram Tul compiler program

C/C++
compiler

Hinh 1.7. Quy trinh bién dich chuong trinh OpenMP thanh chuong trinh CAPE

Trong quy trinh trén, chuong trinh OpenMP ban dau dugc trinh bién dich cia
CAPE dich thanh chuong trinh ngudn dang CAPE, trong d6 cac cdu triic song song cua
OpenMP duoc thay thé bang cac ham CAPE (¢ dang ma C) nhd cac khudn dang chuyén
d6i ciia CAPE. Sau d6, chuong trinh & dang CAPE (khong con chira cac chi thi OpenMP)
duoc tiép tuc bién dich thanh chuong trinh thyc thi bﬁng mot chuong trinh dich C/C++
thong thuong.

Hinh 1.8 trinh bay mot khudn dang dé chuyén ddi cau triic omp parrallel for cua

OpenMP thanh chuong trinh ngudn dang CAPE.



#pragma omp parallel for
for (A ; B ; C)
D :
v  automatically translated into v
1 if ( master () ){
2 start ()
3 for ( A ; B ; C){
4 create ( before )
5 send ( before, slaver; )
6 ¥
7 create ( final )
8 stop ()
9 wait for ( after )
10 inject ( after )
11 if ( ! last parallel () ){
12 merge (final , after )
13 broadcast ( final )
14 }
15 }
16 else {
17 receive ( before )
18 inject ( before )
19 start ()
2e D ;
21 create ( after; )
22 stop ()
23 send (after;, master )
24 if (! last parallel () ){
25 receive ( final )
26 inject ( final )
27 }
28 else
29 exit
30 }

Hinh 1.8. Khudn dang bién dich ciu tric omp parallel for trong CAPE don
luong

Ky thudt chup dnh tién trinh dp dung cho CAPE don luéng

Chup anh tién trinh [35] 14 k§ thuat chup va luu trit trang thai ciia mot tién trinh
dang van hanh sao cho n6 c6 kha nang khoi phuc lai trang thai & cac thoi diém sau do.
Khi mdt chuong trinh duoc chay, trang thai cia n6 dugc thé hién qua céc gia tri trong
khong gian nhd (memory space) cta tién trinh, gia tri trong cic thanh ghi va trang thai
cua h¢ diéu hanh.

K thuat chup anh tién trinh day d sé luu toan bg thong tin ciia tién trinh vao trong
mdi anh chup tién trinh. K§ thuat chyup anh tién trinh gia ting chi luu mdi anh chup

nhing gia tri d3 dugc thay doi so v6i anh chup ngay trude né nham kich thude anh chuyp.



Pé phuc vu mét cach tdi wu cho CAPE, K§ thuat chyp anh tién trinh gia tang roi
rac DICKPT (Discontinuos Incremental Checkpointing) di duoc phat trién vao nhitng
nam 2009-2011 [13]. K¥ thuat nay dya trén co sé k§ thuat chup anh tién trinh gia ting
va cung cap thém kha ning chup anh ting phan riéng biét tuong tng véi tirng doan ma

ro1 rac cua chuong trinh khi n6 dugc thyc hién.

Chwongtrinh
duoctheo déi

Monitor
1 fork

i
1
start i
i | Khéa bd nhé chuong trinh
—— |
SIGSEGV | i
i_-_—_-__—'_'__—'__“‘) Doc trang nhé
i(’/_/J Mé& khoa trang nhé
| | ~—+{ bb d&m
SIGSEGV | ——
! | Poc trang nhé
L_’/’/—, Mé& khoa trang nhé ‘
save | i
:\)l Taockpt R
i Xda bd dém
""" | khéabd nhé chuongtrinh
stop | —
i j Mé& khéa bd nhé chuong trinh
! Xoa bd dém
exit I(j/

wait_pid
Hinh 1.12. Nguyén tic hoat dong cta cua K thuat chup anh tién trinh gia ting roi rac
Céu tritc dir ligu cho anh chup tién trinh
Anh chup tién trinh do DICKPT tao ra chia hai bo dit liéu: a) gia tri thanh ghi -

tire 12 tt ca cac gia tri thanh ghi tai thoi diém chup, va b) khong gian dia chi ctia chuong
trinh duoc giam sat - tic 13 tit ca dir liéu cua chuong trinh dugc giam sat co sira ddi so
v61 chup anh trude do.

Phan 16n dit liéu cta anh chup tién trinh 1a tap trung ¢ bo dir li¢u luu trir dir li¢u thay
d6i ciia chuong trinh.

Phén t6 chue va xir Iy dit liéu ctia anh chuyp tién trinh 14 word (tir) (4- byte kich thuéc
bd nhé dé luu trix 1 tir). Trong [12] di dé xuét 4 cach t6 chirc bd nhé tdi vu kich thude

ctia anh chup tién trinh: Cdu triic don tir - Single data (SD); Cdu triic dir liéu lién tiép -



Several successive data (SSD); Cau triic so dé ma trdn - Many data (MD); Céu triic
toan trang nho- Entire page (EP).

Céc két qua cia chuong nay duoc cong bd ¢ cong trinh [CT1].

CHUONG II: CAPE TREN HE THONG TiNH TOAN PA
LOI

2.1. Nguyén ly chung
M6 hinh hoat dong hién tai cuia CAPE don luéng dugc trinh bay ¢ Hinh 2.1.

1 1
Ving - NGtE1l NGt chinh ! L ONGt2
g .

Tuin -
Ickpt 2 Chia

caitién

- ! lckpt1
Vung cén i
1
i
i

Hop

Vang
Tuin .
i i

wo !

Hinh 2.1: M6 hinh hoat dong ctia CAPE va viing can cai tién dé khai thac
kha nang cua cac bd xur Iy da 161
Dé tang duoc hiéu ning cua chuong trinh, 16 rang trong khoang thoi gian thie hién
tinh toan & cac Nt phy, can song song hoa cac doan matwong tng, tirc 13 phai tim cach
dé n6 dugc chay boi da tién trinh hodc da ludng (song song murc thir 2). Trén Hinh 2.1,
ving khoanh t6 mau nén dam hon chinh 1a viing can cai tién. Dya theo nguyén tic hoat
dong ctia CAPE hién tai, c6 3 phuwong phap c6 thé thuc hién diéu nay: 1) Sir dung da
tién trinh trén mdi nGt phy bang cach cho thuc hién song song nhiéu 1an chuong trinh

tmg dung trén mdi nat (Phuong phap 1); 2) Sir dung song song trén mdi nat phu bang



cach cho thyc hién song song chwong trinh mg dung trén cic may 4o, tao nhiéu may ao
trén tirng may that (Phuong phap 2); va 3) Song song hoéa doan ma tinh toan trén nit
phu theo mé hinh da ludng, nghia 1 song song 2 muc: murc 1 lién quan dén phan chia
va chay dong thoi cac tac vu trén nhiéu may, trong khi mire 2 lién quan dén viéc st dung
da ludng trén mdi nat phu dé chay song song phan cong viéc duoc chia cho nd (Phuong
phap 3).

Phuong phép 1) di duoc thir nghiém va cong bd két qua & [64] voi két qua 1a da
tdng dugc hi€u nang hoat dong nhung h¢ théng hoat dong khong 6n dinh. Luén an nay
d3 thue hién nghién ciru va thue nghiém ca phuong phap 2) va 3), véi chi tiét duoc trinh
bay trong cAc phan tiép theo.

2.2. M hinh CAPE song song hai mirc dya trén phwong phap sir dung nhiéu may
ao

Luan 4n d3 cai dat va dang gia thuc nghiém theo hudng nay. Tuy nhién két qua vé
mat hiéu nang la khong nhu mong doi, thoi gian thuc hién trong trudng hop s dung
nhiéu may ao ludn 16n hon thoi gian sit dung mot méy vat 1y don ludng (CAPE don

ludng).

2.3. M6 hinh CAPE song song hai mirc da ludng®
2.3.1. Y twong thuc hién
Nguyén tic cin ban cua phuong phap nay 1a cai dit cac cdu trac song song cua

OpenMP qua 2 mtc nhu minh hoa & Hinh 2.7.

! Pa ludng (Multithreading) 1a kha nang xir Iy nhiéu luong ciing lac ciia CPU. Khi ¢6 nhiéu nhiém vu khac
nhau, CPU c¢6 thé 1am viéc voi chung mot cach song song (parallel) dbi v6i CPU chi c6 mot 181 hodc lam viée
déng thoi (concurrent) ddi v6i CPU da 16i. Ldi 1 noi thuc hién cac nhiém vu va mdi 16i chi chay 1 nhiém vu tai
mot thoi diém.
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song song murc 1

song song murc 2
Parallel —< = I e e e s e

Sequence -

Hinh 2.7. M6 hinh hoat dong song song 2 cip ciia CAPE da ludng

2.3.1. Khuén méu dich ciu triic omp parallel trong CAPE da luong

Nhu trong Hinh 2.8, doan ma song song ctia OpenMP, theo md hinh CAPE song
song hai murc da luong (goi tat 1a CAPE da ludng), duogc bién dich thanh mét tap hop
c4c 1énh thudc dang ngdn ngit C/C++ chira ca chi thi OpenMP va CAPE. Piéu nay cung
cap kha niang chay ¢ 2 mirc song song. Mirc 1 lién quan dén phén chia va chay dong
thoi cac tac vu trén nhiéu may, trong khi mirc 2 lién quan dén viéc str dung nhiéu luéng

trén moi nit phu.
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#pragma omp parallel for
for (A ; B ; C)
D ;
$ automatically translated into $
1 if ( master () ){
2 start ()
3 for (A ; B ; C){
4 create ( before )
5 send ( before, slaver; )
6 ¥
7 create ( final )
8 stop ()
9 wait for ( after )
10 inject ( after )
11 if (! last parallel () ){
12 merge (final , after )
13 broadcast ( final )
14 }
15 }
16 else {
17 receive ( before )
18 inject ( before )
19 start ()
20 #pragma omp parallel for
21 for (A; ; B; ; C;)
22 D ;
23 create ( after; )
24 stop ()
25 send (after;, master )
26 if (! last parallel () ){
27 receive ( final )
28 inject ( final )
29 }
30 else
31 exit
32 }

Hinh 2.8. Khuén mau dich cau tric parallel for trong CAPE da ludng
2.4. Phan tich hiéu niing hoat dong ciia CAPE da ludng
2.4.1. H¢ 56 tang téc Iy thuyét theo ludt Amdahl

Dbi v6i CAPE da ludng thi doan ma song song nay thudc dang mét tién trinh da
ludng. Do dé, s6 mirc song song tbi wu s& bang voi sd 16i cia CPU va khi d6 kha ning
tang toc t0i da ctia phan nay s& xap xi v6i sb 16i theo luat Amdahl, néu bé qua cac chi

phi lién quan dén viéc déng bo dit liéu, to chirc va thue hién tién trinh da luéng.

12



2.4.2. Két qud thwe nghiém va dinh gid
2.4.2.1. Hé théng thwe nghiém va bai toan thwe nghiém

Céc thyc nghiém di tién hanh chay chuong trinh nhan hai ma trin vudng c6 cac
kich thude 1an luot 13 96009600 va 6400x6400, v6i sb ludng tai cac nit slave bién
thién tir 1 dén 2 trén hé thdng 1 (cluster gdm 16 nit slave); va 1 dén 4 ludng trén hé

thong 2 (cluster gdm 8 ndt slave).

2.4.2.2. Két qua thwe nghiém va phén tich, danh gia
2.4.2.2.1. Két qua va danh gid theo thoi gian thuc hién

- «=—@=——CAPE (s) =<@= MPI(s)
3000
2500

2000

1500

1000

500

9600 9600 6400 6400

Hinh 2.9. Thoi gian thuc hién trén cluster 16 may bién thién theo s6 I8i sir dung
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ms e CAPE (S) == g = MP] (s)

6000

5000

4000

3000

2000

1000

1 2 3 4 i 2 3 4

9600 9600 9600 9600 6400 6400 6400 6400

Hinh 2.10. Thai gian thuc hién trén trén cluster 8 may bién thién theo sé 16i sir dung

So sanh giira CAPE da ludng va CAPE don ludng

Dbi v6i ca 2 hé thong va 2 kich thudc bai toan trén d6 (9600x9600 va 6400x6400),
thoi gian thyc hién chuong trinh ciia CAPE da luong ludn bé hon cia CAPE don ludng.
Diéu nay chimg minh mot cach rd rang mé hinh hoat dong da ludng da mang lai hiéu
ning thuc hién t6t hon mo hinh don ludng trude day.

Véi hé thong cluster 8 may, biéu do ¢ Hinh 2.10 cho thay do dbc ting toc tir
chuyén d6i 1 18i thanh 2 1i ludn 16n hon d6 ddc khi tang tir 2 18i 1én 3 151, cling nhu tir
3 15i 1én 4 15i. Piéu nay c6 thé 1a do cau trac CPU Intel(R) Core(TM) i3, tuy dugc xem
1a ¢ 4 161 nhung thyc chat chi c¢6 2 15i vat 1y va mdi 16i chira 2 siéu phan ludng.

So sanh giira CAPE va MPI

Trong tat ca cac truong hop, thoi gian chay chuong trinh theo MPI ludn nhanh
hon hon CAPE, nhung v&i mot ty 18 tuong dbi 6n dinh, thé hién qua d6 thi cta chung
gan nhu song song v6i nhau. Piéu nay ciing ching t6 CAPE véan hanh 6n dinh trong
truong hop ting hodc giam sb 16i CPU sir dung. Hon nira, mtrc chénh 1éch thoi gian

chay chuong trinh cia CAPE va MPI chi ¢ muc x4p xi 8%. Mtc chénh 1éch nay 1a
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khong cao va co nguyén nhan tir viéc CAPE ludn tén chi phi thoi gian dé thuc hién viée
giam sat va chyp anh tién trinh. Vi muc chénh 1éch nay, co thé noi CAPE d tiém cén
dugc v6i phuong phéap 1ap trinh song song trén hé thong st dung bo nhd phén tan c6
kha ning cung cip hiéu nang cao nhat 1a MPI. Két hop véi dic tinh ndi bat cia OpenMP
1a tinh d& hoc, d& st dung, tiét kiém cong strc va thoi gian 1ap trinh, c6 thé n6i CAPE
c¢6 kha niang cung cip mot cach thirc 1ap trinh song song wu viét trén hé théng sir dung
bd nhé phan tan.

2.4.2.2.2. Két qud va ddanh gid theo hé sé ting téc

Két qua tinh toan duoc biéu dién trén cac Hinh 2.11 va Hinh 2.12.

Linear speedup 9600*%9600 - MPI —@— 9600*9600 - CAPE
6400*6400 - CAPE 6400*6400 - MPI
2.5
2
o L5 /
]
el
(]
[ -
1 o
0.5
0
1 2

number of cores

Hinh 2.11. Hé s6 tang tdc theo s6 18i CPU sir dung trén hé thdng 16 nit phu
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Hinh 2.12. Hé s6 tang toc theo s 18i CPU sir dung trén hé thong 8 nut phu

So sanh giira CAPE da luong va CAPE don ludng

Trong ca hai hinh trén, d6 thi cia CAPE don ludng chi ¢ 1 diém duy nhat twong
g v6i trudng hop sir dung 1 16i. Béi sanh voi cac truong hop CAPE da ludng sir dung
2 dén 4 16i, ta thay chung gan nhu tao thanh 1 dudng ting tdc ting tuyén tinh. Mot cach
chinh xéc, toc do tang tdc ciia CAPE va MPI cao hon trong truong hop st dung 2 13i
1a 1,90-1,95 1an khi so sanh véi truong hop st dung 1 18i. Pong thoi khi st dung 4 18i
ctia CPU (thuc chét 14 2 16i thuc va 2 siéu phan ludng) thi hé sb ting toc vin cao, co thé
1én t6i 3.16 so voi truong hop st dung 1 16i CPU. Cac dudng ting tdc nay gan nhu tiém
can v6i duong tang toc 1y thuyét 1y tudng & trén cing, ching té hé s6 ting toc nay 1a
rt tot,

So sénh giira CAPE va MPI

Céc duong gap khuc cua CAPE gan nhu gan sat véi cac dudng cia MPI thé hién
CAPE c6 hé sb tang toc 6n dinh va xap xi vdi MPIL. Khi kich thudc ma tran nho hon hé
s6 tang toc thap hon do thoi gian phéan chia cong viéc va dong bod hoa dir lidu chiém

mot ty 1€ cao hon so vdi thoi gian tinh toén.
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Luu ¥ lai mot 1an nira, MPI 1a phuong phap cung cap hiéu ning cao nhat cho viéc
lap trinh song song trén hé thdng str dung bd nhé phan tan. Do d6 hé sb ting tdc clia
CAPE nhu trén da la rat tot.

Céc két qua ciia chuong nay duoc cong bd & cong trinh [CT2] [CT5].

CHUONG III: KY THUAT CHUP ANH TIEN TRINH CHO
CAPE PA LUONG

3.1. Khai niém K§ thuét chup anh tién trinh
Khai niém va nguyén 1y co ban ciia K§ thuat chup anh tién trinh da duoc trinh bay

trong phan giéi thiéu vé CAPE don ludng.

3.2. K¥ thuit chup anh tién trinh gia ting
K§ thuat chup anh tién trinh gia ting s& khong luu toan bo dir lidu trang thai tién
trinh vao mdi anh chup tién. Thay vao do, mdi anh chup chi lvu nhiing gia tri da duoc

thay d6i so véi anh chup ngay trudc né.

3.3. Phit trién K§ thuat chup anh tién trinh gia ting roi rac cho CAPE da ludng
3.3.1. Ky thudt chup dnh tién trinh gia ting roi rac

K§ thuat chup anh tién trinh gia ting rdi rac dua trén co so k¥ thuat chyp anh tién
trinh gia ting va cung cap thém kha ning chup anh timg phan riéng biét twong (g voi

tirng doan ma ro1i rac cua chuong trinh khi né dugc thuc hién nham tdi wu cho CAPE.

3.3.2. Chon lwa khong gian phdt trién trinh chup dnh tién trinh

Trinh chup anh tién trinh (Checkpointer) c6 thé dugc phat trién ¢ trong Khong
gian nhan (Kernel space) hodc trong Khong gian nguoi st dung (User space), véi nhitng
wu va nhuoe diém khac nhau.

Két qua thuc nghiém so sanh hiéu nang cta hai k¥ thuat khoa ving nhé ¢ khong

gian nhan va khong gian ngudi str dung dugc thé hién ¢ Hinh 3.10.
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Hinh 3.10. So sénh hiéu nang cua hai k¥ thuat khoa vung nhé khi &p dung cho CAPE

Ca hai phuong phap khoa/md khéa déu cho hiéu suat vé thoi gian twong duong
nhau. Do d6, chung t6i da chon phuong an sir dung khong gian nguoi st dung dé phat
trién trinh chup anh tién trinh cho CAPE da luong, nham don gian héa mdt phan cong
viéc.

3.6.2. g‘dc thach thd"c khi chuyén tir trinh chup danh tién trinh don luong sang chup
dnh tién trinh da luong

Théch thirc thir nhdt: Sw khdc biét dia chi gita cdc luong khi dong bg dnh chup
tién trinh.

Thach thuee thir hai: gioi han ky thudt cua hé diéu hanh trong viéc mot tién trinh
thuwe hién gidm sdt mét tién trinh tién trinh Khac.

Céc thach thirc ndy di dugc chung t6i giai quyét mot cach tron ven.

3.6.3. Két qud phat trién Trinh chup dnh tién trinh méi cho CAPE da luong

V61 nhitng nghién ctru, phan tich, thir nghiém dugc néu & muc trén, trinh chup
anh tién trinh m&i cho CAPE da ludng duoc xay dung dudi dang mot thu vién cung cap
cac ham cé chuc nang tuong nhu cac ham cia DICKPT monitor va DICKPT driver
trong trinh chup anh tién trinh cia CAPE don ludng trudc day.

Do di gop ca phan monitor va driver vao trong cuing 1 thu vién DICKPT library,

nén hoat dong cta cac ham cling da don gidn di kha nhiéu. Mét khéc, vi dugc phat trién

18



& dang mot thu vién lién két tinh nén sau khi trinh ing dung da dugc bién dich xong thi
n6 c6 thé duoc chay trén nén tang CAPE ma khong can ¢ san thu vién nay nira.

Véi viéc chuyén hudng xdy dung trinh Gng dung sang ¢ mic khong gian ngudi
st dung, nguyén tic hoat dong cta trinh chyp anh tién trinh trude day cling c6 sy thay
d6i nho, trong d6 hoat dong cua trinh tng dung va trinh chyp anh tién trinh duoc thuc
hién trong mot tién trinh duy nhéat. Tuy nhién, su thay d6i nay khong lam thay doi
nguyén 1y hoat dong cua CAPE.

Trinh chyp anh tién trinh méi da dugc str dung dé thir nghiém CAPE v6i md hinh
hoat d6ng méi — CAPE da ludng — v&i cac két qua duge trinh bay & Chuong 2.

Céc két qua ciia chuong nay duoc cong bd ¢ cong trinh [CT4], [CT5].

CHUONG IV: XU LY CAC VAN PE CHIA SE DU LIEU CUA
CAPE PA LUONG

4.1. Sw khac nhau ciia mé hinh chia sé dir liéu cia OpenMP trén hé thong b nhé
chia sé va CAPE trén hé thong b nhé phén tin

CAPE chuyén md hinh chia sé¢ dit liéu déng b6 tré bo [2] ctia OpenMP 1én [&n hé

thong bd nhd phan tan.

4.2. Danh sach cac chi thi va ménh dé chia sé dir liéu ciia OpenMP
Danh sach chi thi va ménh dé chia sé dir liéu cia OpenMP gdm: default
(none | shared), shared(list), private(list), firstprivate (list),

lastprivate(list), copyin(list), copyprivate(list), reduction(list,
ops) .
4.3. Xir Iy cac ménh dé dir liéu chia sé ciia OpenMP trén CAPE

Nguyén tic xir 1y cic ménh dé chia sé¢ cia OpenMP trén CAPE da dugc dé xuat
trong [13], bang cach xay dung cac khudn dang chuyén d6i méi hodc bd sung vao cac
khuon dang chuyén doi da c6 cac cu lénh dé thuc hién cac ménh dé chia sé dir liéu.
Nguyén tac nay duoc trinh bay & Hinh 4.2 va va Hinh 4.3, trong d6 ¢6 bo sung cac cau

1énh dé xtr Iy cAc ménh dé dir liéu chia sé ctia CAPE.

19



#pragma omp parallel for clause
for (A; B; C)
D;

before block
#pragma omp parallel for
for (A; B; C)
{
enter block
Dy
exit block
}
after block

Hinh 4.2. Khuon dang tong quat viéc chuyén doi cau tric parallel for vdicac
ménh dé dit li€u chia sé

0 init ( x ) ;

1 if ( master () ) {

8 stop () ;

8a init ( update_list ) ;

9 wait_for ( after ) ;

9a merge ( update_list, after ) ;
9b receive_reduction ( x ) ;
9c merge ( x, after ) ;

15 } else {

22 send ( after; , master ) ;
22a send ( x , master ) ;

Hinh 4.3. Khuon mau chuyén dbi cia CAPE cho ménh d¢ reduction

4.5. Luin giai tinh diing ciia co ché chuyén ddi cAc ménh dé dir liéu chia sé ciia
OpenMP trén CAPE da ludng

Dbi v6i phién ban CAPE da ludng dugc dé cap trong luan an nay c6 thém diém
moi 1a cac it s& chay da ludng tuy nhién nhu di dé cap trong 2.3. Luan an d luan giai
dugc tinh dung cia ciia co ché chuyén ddi cac ménh dé dir liéu chia s& ctia OpenMP
trén CAPE da ludng.

Vé cai dat chuong trinh CAPE thyc hién cdc ménh dé chia sé dit liéu cta OpenMP
trén hé théng bd nhd phan tan, nhom nghién ctru da cai dat thanh cong cac ménh dé

threadprivate (x), private(x), firstprivate(x), lastprivate(x),
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copyin (x), copyprivate (x), reduction vdéi két qua chay chuong trinh giéng
v6i chuong trinh gbc OpenMP. Toan bd chwong trinh dugc cong bd dudi dang ma
ngudn md GitHub truy cap truc tuyén nhe & PHU LUC 1.

Céc két qua ciia chuong nay duoc cong bd & cong trinh [CT3]..

KET LUAN VA HUONG PHAT TRIEN CUA LUAN AN
KET LUAN

Luan an da thanh cong trong viéc md rong mé hinh hoat dong cia CAPE trudc
day dé khai thac t6t hon kha nang ciia cac bo vi xur 1y da 1i trén cac ndt tinh toan. Mo
hinh méi d4 b sung thém mot mirc song song khi thuc hién cac doan ma tinh toan trén
cac nlt nay, lam cho viéc thuc hién mot cau 1énh song song s dang OpenMP duoc tién
hanh song song theo 2 mirc: 1) Cac nUt tinh toan thyc hién song song ting phan S; cta
s trén cac ndt tinh toan (i dai dién cho s6 nut tinh toan); va 2) Tung phan S;: tai mdi
nit duoc thuc hién mot cach song song theo dang 1 tién trinh da luong OpenMP. Céc
két qua phan tich 1y thuyét cling nhu nhitng két qua thuc nghiém da chimg minh mé
hinh méi da gitip hiéu nang hé thong khi ap dung CAPE ting tuyén tinh véi s6 15i caa
cac bo xur ly trén cac nat tinh toan.

Viéc cai dat moé hinh thuc hién maéi doi hdi phai xay dung lai cong cu can ban va
quan trong nhat ciia CAPE 1a cong cu chup anh tién trinh. Sy thay d6i so véi cong cu
trude day la rat 16m, mang tinh cot 151, dé co thé xur 1y duogc viéc chup dugc anh cac tién
trinh da ludng tai cac n{t tinh ton. Luan 4n da phat trién thanh cong k¥ thuat chup anh
tién trinh phii hop véi CAPE da ludng, chay & mirc khong gian nguoi st dung, thay vi
chay & khong gian nhan ctia hé diéu hanh nhu trude day gitp 6 wu diém 1a tinh 6n dinh
cao voi cac phién ban khac nhau caa OS do chi goi lai cic ham thu vién phd théng cua
OS cung cép.

Két qua cua luan an da dat dugc bao gém:

1. Phan tich va thuc nghiém cac hudng mé rong mé hinh CAPE trén hé théng may

tinh CPU da 18i va chon giai phap kha thi dé thuc hién [CT1] [CT2].
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2. Tong hop va phan loai cac ki thuat chup anh tién trinh- k¥ thuat nén tang 15i ap
dung cho CAPE- tir d6 dé xuét ap dung k¥ thuat chup anh tién trinh pht hgp cho CAPE
da luong [CT4]

3. Pé xuat mo hinh hoat dong mdi CAPE da ludng, xay dung va thyc nghiém thanh
cong hé thong phan mém CAPE da ludng 4p dung trén hé thong tinh toan da 1561 véi hiéu
nang co thé so sanh dugc voi MPI - cong cu ¢6 kha ning cung cép hiéu ning cao nhat
trén cac hé théng nay [CT5].

4. Xir 1y cac van dé chia sé dir liéu cia CAPE da ludng [CT3].

HUONG PHAT TRIEN LUAN AN

Tu nhiing két qua dat dugc trong luan an mat sb van dé can duoc quan tam nghién
cuiru trong thoi gian to1:

1. Mo hinh hoat dong ctia CAPE ¢6 dugc phat trién tiép tuc theo hudng khai thac
kha ning song song cta cac card dd hoa.

2. Néu dugc mot don vi/nhom phat trién phan mém hé thong quan tdm dau tu va
tiép tuc phat trién mot cach nghiém tuc, CAPE hoan toan c6 kha ning tré thanh mot
cong cu tot dé dua OpenMP 1én cac hé thdng bd nhd phan tan, twong duong nhu MPI,
mang lai mot giai phap 1ap trinh song song dé hoc, dé 1ap trinh va c6 hiéu ning cao trén
cac hé thong nay. Chung tdi ciing da dwa ma ngudn ciia phan mém CAPE 1én Github —
kho mi ngudn mé ciia cdng dong — v4i dinh hudng cung cip ma nguoén CAPE dé cong

dong cung tiép tuc ciing nghién ctru, phat trién.
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PREFACE

OpenMP is an API whose goal is to add parallel programming capabilities to
programs written in C, C++, and Fortran languages, running on shared memory
architecture (computers with multiple CPUs and/or multi-core CPU). OpenMP is
simple, easy to learn, easy to use, and provides high performance, so it is quickly
becoming the parallel programming standard for shared memory architectures.
However, OpenMP does not run on distributed memory systems (like clusters, grids).
This led to an idea and impetus for many researchers to migrate OpenMP to distributed
memory architectures. Implementing the above idea, over the years, many research
groups have tried to implement OpenMP on distributed memory computer systems by
building compilers to automatically translate OpenMP programs into programs that can
execute on these systems. Simultaneously with building compiled programs, some
approaches also require building an additional platform for the systems to be able to
run compiled programs.

However, with the exception of CAPE [12]-[19] there is no successful work on
both sides: fully compatible with OpenMP and have high performance. Some
prominent research works that can be mentioned are SSI [6]; Cluster OpenMP [11];
SCASH [7]; using the HLRC model [24]; compiling to MPI [8][9]; using Global
Array[10]; libMPNode [30] improved SSI; OMPC[34] uses its own compiler.
Currently, OpenMP in general and OpenMP development on distributed memory
systems in particular are the main topics of the IWOMP annual conference series, with
the 19th conference will be held at the University of Bristol, UK in September 2023.

CAPE (Checkpointing Aided Parallel Execution) is a checkpointing-based
approach to implementing OpenMP on distributed memory computing systems. Prof.
Eric Renaut invented CAPE during the period he worked at the Institute of
Telecommunication SudParis. The second version of CAPE was developed by Dr. Ha
Viet Hai and Dr. Tran Van Long. The performance of CAPE in this version has been
significantly improved, making it close to MPI's performance- the method can provide
the highest performance for parallel programming on distributed systems. However, in

both versions, the computers in the system are exploited from the point of view of using
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single-core processors, thus not fully exploiting the capabilities of multi-core processors,
which are commonplace nowadays. Therefore, there is a waste of resources when using
CAPE on computer systems with multi-core CPUs. To overcome this limitation, the
execution model of CAPE should be reorganized in the direction of allowing the
program to run in parallel on each slave node (second-level parallelism) to better exploit
system resources. This is the motivation for this thesis: propose a new execution CAPE
model to overcome the limitations of not exploiting computer system resources using
multi-core CPUs that have become popular today. To achieve this goal, the following
issues need to be developed: (1) Develop a new CAPE execution model to efficiently
parallelize the computational code on each slave node; (2) Develop a checkpointer as
well as solve CAPE's shared-data problems to suitable for the two-level parallelization
execution models mentioned above.

From the foregoing, the topic "Improving CAPE model for multi-core
computing systems' becomes topical and urgent to meet the need to provide an
implementation that is fully OpenMP compatible and has high performance on

distributed memory architectures.

The research objective of the thesis is to develop a new execution model of CAPE
on a multi-core computing system to improve the performance of the system.

Specifically:

* Objective 1. Propose a new execution model of CAPE on multi-core
computing systems.

* Objective 2: Develop a new checkpointer that is suitable for the new
execution model of CAPE on multi-core computer systems.

* Objective 3: Propose these solutions for shared data which is suitable for
the new execution model of CAPE on multi-core computer systems;

* Objective 4: Develop a software system corresponding to the proposed new
CAPE execution model and evaluate its performance while comparing with
the previous CAPE execution model and with MPI (the technique which

can provide the best current performance on distributed systems).



CHAPTER I: RESEARCH OVERVIEW

1.1. High performance computing
High performance computing (HPC) generally refers to the processing of complex

calculations at high speed on many parallel servers.

1.2. Parallel computing
Parallel computing or parallel processing is a type of computation in which many

calculations or processes are carried out simultaneously.

Speedup factor: The speedup factor of a parallel program is the ratio between the
execution time in the case of using a sequential program and the time to execute the
same job in the parallel program.

According to Amdahl's law [36], the prediction of the maximum speed increase

factor of the parallel processing program is calculated by the following formula:

S
(l—p)+f

Slatency =
with
Siatency: the maximum possible improvement of the overall system.

p: the ratio of the parallelizable code over the total execution time.

s: is the number of processors or the part of the task that speeds up due to the

improved system resources.

1.3. Multi-CPU, Multi-core CPU, and Multithreading

Multi-CPU machine systems can be divided into two types according to different
ways of organizing memory, one using a shared memory system and the other using a
distributed memory system.

Multithreading is the CPU's ability to handle multiple threads at the same time.
When there are many different tasks, the CPU can work on them in parallel for single-
core CPUs or concurrently for multicore CPUs. Core is where tasks are done and each

core only runs 1 task at a time. It is for this reason that the more cores there are, the more



tasks the CPU can perform at the same time. Intel's Hyper-Threading Technology
improves CPU performance by up to 30% [75].

Most popular operating system versions such as Windows and Linux distributions
support multi-core as well as multi-threaded CPUs.

The goal and scope of this thesis's CAPE improvement research are to apply to
computer systems using multi-core CPUs. It should be noted that CAPE is similar to
MPI1 which is a high-level abstraction language consisting of an application layer
runtime library that does not interfere directly with the hardware of multi-core CPUs but

calls operating system services to run programs.

1.4. OpenMP

OpenMP is a programming interface (API) that provides a high level of abstraction
for writing parallel programs for HPC with the advantage of being easy to learn and use.
To write parallel programs with OpenMP, a programmer can start by writing sequence
programs in the original language (C/C++ or Fortran), then gradually add OpenMP
directives to specify the parts of the code that needs to be parallelized. Data sharing as
well as data synchronization is done implicitly or explicitly through simple directives.
However, OpenMP is still only fully implemented for shared memory architectures due
to the complexity of implementing all OpenMP requirements on top of other memory
architectures.
1.5. Notable research works on implementing OpenMP on distributed memory
systems

The notable research works on implementing OpenMP on distributed memory
systems are the following: SSI method which builds a virtual common memory for all
threads; Method mapping a portion of a stream's memory space; Method using HLRC
delay synchronization model; Methods associated with MPI; Method based on Global
Array (GA); CAPE - Method based on checkpointing technique.
1.6. Synthesis comparison and evaluation of methods of implementing OpenMP
on distributed memory architectures

The thesis has synthesized, and evaluated the advantages and disadvantages of

these methods and selected the direction of continuing to improve CAPE technique.



1.7. CAPE-single-threaded

In previous CAPE versions, portions of the tasks performed at the slave nodes were
organized in the form of single-threaded execution. Therefore, in this thesis, we call this
version of CAPE as CAPE-single-threaded.

The execution model of CAPE-single-threaded is illustrated in Figure 1.6.
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Figure 1.6. The execution model of CAPE-single-threaded.

The process of compiling an OpenMP program to a CAPE program is presented in

Figure 1.7.

CAPE
prototype

v

CAPE
Til compiler

OpenMP
program

CAFPE C/G++ executable
program l:nmnllnr code

I

Figure 1.7. The process of compiling an OpenMP program into a CAPE program

In the above process, the CAPE library functions (C code) are automatically added

to the CAPE program.



#pragma omp parallel for
for (A ; B ; C)
D :
v automatically translated into v
1 if ( master () ){
2 start ()
3 for ( A; B ; C ){
4 create ( before )
5 send ( before, slaver; )
6 }
7 create ( final )
8 stop ()
9 wait for ( after )
10 inject ( after )
11 if (! last parallel () ){
12 merge (final , after )
13 broadcast ( final )
14 }
15 }
16 else {
17 receive ( before )
18 inject ( before )
19 start ()
20 D ;
21 create ( after; )
22 stop ()
23 send (after;, master )
24 if (! last parallel () ){
25 receive ( final )
26 inject ( final )
27 }
28 else
29 exit
30 }

Figure 1.8. Prototype to translate pragma omp parallel for in CAPE'ssingle-
threaded.

Checkpointing technique applied to CAPE-single-threaded

Checkpointing is the technique that saves the image of a process at a point during
its running time and allows it to be resumed from the saving’s time if necessary [35].
Using checkpointing, processes can resume their execution from a checkpoint state
when a failure occurs. So, there is no need to take time to initialize and execute it from
the beginning. These techniques have been introduced for more than two decades.
Nowadays, they are used widely for fault tolerance, application trace/debugging, roll-

back/animated playback, and process migration.



The checkpointing technique can be divided into 2 types, based on the ways of
saving checkpoints. While complete checkpointing saves all process memory space,
incremental checkpointing only saves the modified data from the previous checkpoint.
The second technique reduces the checkpoint’s overhead and checkpoint’s size.

For optimal use of CAPE, DICKPT (Discontinuos Incremental Checkpointing)
was developed in the years 2009-2011 [13]. This technique is based on incremental
checkpointing and provides the ability to capture discontinuous sections of the program's
running time.
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Hinh 1.12. Principle of DICKPT
Data structure of checkpoints

The checkpoints generated by DICKPT contain two sets of data: a) register values

— ie. all register values at the checkpoint’s time, and b) process’s modified memory



space — ie. all modified data in memory space of process as compared to the previous
checkpoint.

For modified data, the memory granularity is world-level (4-byte word in this
case), So in most cases, a lot of space is needed to store addresses and values of modified
memory regions. In [12], authors have proposed four structures to optimize the
checkpoint size: Single data (SD) with the structure of the data is {(addr, value)};
Several successive data (SSD) with the structure of type {(addr, size, values)}; Many
data (MD) with the structure of type {(addr, map, values)}.; Entire page (EP) with the
structure of the data is {(addr, values)} and the size is identified automatically by the
page size.

The results of this chapter are published in [CT1].

CHAPTER II: CAPE EXECUTION MODEL ON MULTI-
CORE COMPUTING SYSTEMS

2.1. General principles
The execution model of CAPE-single-threaded is illustrated in Figure 2.1.
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Figure 2.1: CAPE execution model and the regions needed to improve to better
exploit the capabilities of multi-core processors



In order to increase the performance of the program, obviously during the
computation time at the slave nodes, it is necessary to parallelize the parts of the
program running on each slave node, by making them execute in form of
multiprocessing or multithreading (2 parallel levels). In Figure 2.1, the area highlighted
in red color is the area that needs improvements. According to the principle of CAPE,
there are 3 methods that can do this: 1) Use multi-process on each slave node by
executing multiple times of application programs on each node (Method 1); 2) Use
parallelism on each slave node by parallelizing the execution of application programs
on virtual machines, creating multiple virtual machines on each physical machine
(Method 2); and 3) Parallelize the computation codes on the slave node in a multi-
threaded model, i.e. 2 levels of parallelism: level 1 involves dividing and running tasks
on multiple machines concurrently, while level 2 involves to using multithreading on
each slave node (Method 3).

Method 1) has been tested and published in [64] with unfeasible results. This thesis
has carried out detailed research and experiments on both methods 2) and 3), which are
presented in the next sections.

2.2. CAPE execution model with two-level parallel based on the method of using
multiple virtual machines

The thesis has experimented with this research direction, but the results in terms
of performance are not as expected, the execution time in the case of using virtual
machines is always longer than the time of CAPE-single-threaded.
2.3. CAPE execution model with two-level parallel based on the method of using
multithreading on slave nodes?
2.3.1. ldea

The basic principle of this approach is to implement the parallel architectures of

OpenMP through two levels as illustrated in Figure 2.7.

1 Multithreading is the CPU's ability to handle multiple threads at the same time. When there are many
different tasks, the CPU can work on them in parallel for single-core CPUs or concurrently for multicore CPUs.
Core is where tasks are done and each core only runs 1 task at a time.
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Figure 2.7. CAPE operation model with 2-level parallel based on the method of using
multithreading on slave nodes

We call this exection model - “CAPE operation model with 2-level parallel based
on the method of using multithreading on slave nodes” - as "CAPE-multithreaded".

2.3.1. Prototype to translate pragma omp parallel forin CAPE-
multithreaded

As shown in Figure 2.8, the parallel OpenMP code, in CAPE-multithreaded
execution model, is compiled into a set of C/C++ instructions that contain both
OpenMP and CAPE directives. This provides the ability to run this code in form of 2
levels of parallelism. Level 1 involves dividing and running tasks on multiple
computers concurrently, while level 2 involves using multithreading on each slave

node.
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#pragma omp parallel for
for (A ; B ; C)
D ;
$ automatically translated into $
1 if ( master () ){
2 start ()
3 for (A ; B ; C){
4 create ( before )
5 send ( before, slaver; )
6 ¥
7 create ( final )
8 stop ()
9 wait for ( after )
10 inject ( after )
11 if (! last parallel () ){
12 merge (final , after )
13 broadcast ( final )
14 }
15 }
16 else {
17 receive ( before )
18 inject ( before )
19 start ()
20 #pragma omp parallel for
21 for (A; ; B; ; Cy)
22 D ;
23 create ( after; )
24 stop ()
25 send (after;, master )
26 if ( ! last parallel () ){
27 receive ( final )
28 inject ( final )
29 }
30 else
31 exit
32 }

Figure 2.8. Prototype to translate pragma omp parallel for in CAPE-
multithreaded

2.4. CAPE-multithreaded performance analysis
2.4.1. Theoretical speedup factor according to Amdahl's law

For CAPE-multithreaded, this parallelization is in the form of a multithreaded
process. Therefore, the optimal number of parallelisms will be equal to the number of
cores of the CPU, and then the maximum acceleration of this section will approximate
the number of cores according to Amdahl's law, ignoring the costs associated with data

synchronization, organizing, and executing multi-threaded processes.
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2.4.2. Experimental results and evaluation
2.4.2.1. Experimental system and experimental problem

Experiments were conducted by running a program to multiply two square
matrices with sizes 9600x9600 and 6400x6400 respectively, with the number of threads
at the slave nodes varying from 1 to 2 on system 1 (cluster of 16 slave nodes); and 1 to

4 threads on system 2 (cluster of 8 slave nodes).

2.4.2.2. Experimental results and evaluation analysis

2.4.2.2.1. Results and evaluations over time

i =—@=——CAPE (s) =<@= MPI (s)
3000
2500

2000

1500
1000

500 e

9600 9600 6400 6400

Figure 2.9. Execution time on a cluster of 16 slave nodes varies with the number of
cores used
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Figure 2.10. Execution time on a cluster of 8 slave nodes varies with the number of
cores used

Comparison between CAPE-multithreaded and CAPE-single-threaded

For both experimental systems and the two problem sizes on them (9600x9600
and 6400x6400), the execution time program of CAPE-multithreaded is always less
than the one of CAPE-single-threaded. This clearly proves that the multi-threading
execution model has brought better performance than the previous single-threaded
execution model.

With an 8-slave cluster system, the graph in Figure 2.10 shows that the
acceleration gradient from 1-core to 2-core conversion is always greater than the slope
when increasing from 2 cores to 3 cores, as well as from 3 cores to 4 cores. This is
likely due to the Intel(R) Core(TM) i3 CPU architecture, which, although considered
to have 4 cores, actually has only 2 physical cores and each core contains 2 logical cores
with hyper-threading technology.

Comparison between CAPE and MPI
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In all cases, the execution time of the program of MPI is always faster than CAPE-
multithreaded, but at a relatively stable speed, as shown by their graphs being almost
parallel to each other. This also proves that CAPE-multithreaded works stably in case
of increasing or decreasing the number of cores used. Furthermore, the difference in
execution time between CAPE and MPI is only approximately 8%. This difference is
not high since CAPE always takes the time to perform monitoring and process
checkpoints. With this difference, it can be said that CAPE-multithreaded has
approached the best parallel programming method on a distributed memory system,
which is MPI. Combined with OpenMP's outstanding features that are easy to learn,
easy to use, and save effort and programming time, it can be said that CAPE is capable
of providing a superior parallel programming method on distributed memory systems.
2.4.2.2.2. Results and evaluation over speedup

Calculation results are shown in Figures 2.11 and 2.12.

Linear speeaup
9600*9600 - MPI
& 0600%9600 - CAPE
5400*6400 - CAPE
5400%6400 - MPI

Speed up

number of cores

Figure 2.11. Speedup according to the number of CPU cores used on the cluster of 16
slave nodes
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Figure 2.12. Speedup according to the number of cores used on the cluster of 8 slave-
nodes

Comparison between CAPE-multithreaded and CAPE-single-threaded

In both figures above, the graphs of CAPE-single-threaded has only 1 single point
corresponding to the case of 1-core used. Compared to the cases of CAPE-
multithreaded using 2 to 4 cores, we see that they almost create a linear speedup curve.
To be precise, CAPE and MPI speedup is 1.90-1.95 times higher in the case of using 2
cores when compared to the case of using 1 core. At the same time, when using 4 cores
(actually 2 physical cores and 2 hyperthreading), the speedup is still high, up to 3.16
compared to the case of using 1 core (CAPE-single-threaded). Furthermore, this
speedup line is almost asymptotic to the ideal theoretical acceleration line at the top,
which proves that this speedup is very good.

Comparison between CAPE and MPI

The curves of CAPE is almost close to those of MPI, showing that CAPE has a
stable acceleration coefficient and is close to MPI. When the matrix size is smaller, the
speedup is lower because the time of division and data synchronization takes a higher

proportion of the time of computation.
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Note again, MPI is the method that provides the highest performance for parallel
programming on distributed memory systems. Therefore, the speedup of CAPE as
above is already very good.

The results of this chapter are published in [CT2] [CT5]

CHAPTER I1l: CHECKPOINTING TECHNIQUES FOR
CAPE-MULTITHREADED

3.1. The concept of checkpointing
The concept and principles of checkpointing techniques were covered in the

introduction to CAPE-single-threaded.

3.2. Incremental checkpointing techniques
It was covered in the introduction to CAPE-single-threaded.
3.3. Discontinuous Incremental Checkpointing Techniques for CAPE-
multithreaded
3.3.1. Discontinuous Incremental Checkpointing Techniques

It was covered in the introduction to CAPE-single-threaded.

3.3.2. Selecting the space for the development of the checkpointing
Experimental results comparing the performance of two memory locking

techniques in kernel space and user space are shown in Figure 3.10.
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Figure 3.10. Performance comparison of the two memory locking techniques when
applied to CAPE
Both locking/unlocking methods give similar time performance. Therefore, we
chose to use user space to develop a checkpointing for CAPE-multithreading.

3.6.2. Challenges when changing from checkpointing applied for CAPE-single-
threaded to CAPE-multi-threading

The most important challenges are

The first challenge: Address differences between address memory of threads when
syncing checkpoints

The second challenge: the technical limitation of the operating system in which
one process can monitor another multithreading process.

We have totally solved these challenges to develop the new chekpointer.

3.6.3. New checkpointing development results for CAPE-multithreading

The new checkpointer for CAPE-multithreaded is built in the form of a library
that provides functions similar to the functions of the DICKPT monitor and DICKPT
of the previous CAPE-single-threaded.

Due to the inclusion of both the monitor and the driver in the same DICKPT
library, the operation of the checkpointing functions has also been simplified. Because

it is developed as a statically linked library, after the application has been compiled, it
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can be run under the execution model of CAPE without the CAPE library pre-installed
on the slave machines.

With the change from building a checkpointing application to the user-space level,
the working principle of the previous checkpointing has also changed slightly, in which
the operation of the application and checkpointing application is performed in a single
process. However, this change does not change the operating principle of CAPE.

The new checkpointing techniques were used to test CAPE-multithreading — with
the results presented in Chapter 2.

The results of this chapter are published in [CT4], [CT5].

CHAPTER IV: HANDLING THE DATA-SHARING ISSUES OF
MULTI-THREADED CAPE

4.1. The difference between OpenMP's data sharing model on shared memory
systems and CAPE on distributed memory systems

CAPE changes from OpenMP's relaxed-consistency, shared memory model [2] to
the Updated Home-based Lazy Release Consistency memory model. The principles of
this model are already presented in the thesis of Dr. Ha Viet Hai. However, in this

model, it is necessary to continue to process the data-sharing directives.

4.2. List of OpenMP's data sharing directives
OpenMP provides the following data sharing directives: default (nonelshared),
shared(list), private(list), firstprivate (list), lastprivate(list), copying (list), copyprivate(list),

reduction(list, ops).

4.3. Handling OpenMP shared data clauses CAPE

The principle of handling OpenMP's shared clauses on CAPE has been proposed
in [13], by building new prototypes of translation or adding to existing prototypes the
instructions to perform the tasks of data sharing clauses. Figure 4.2 presents the new
prototypes for the structure omp parallel for with the instructions to handle a data
sharing clause in general case, and figure 4.3 presents the handling for the case of

reduction clause.
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¥pragma omp parallel for clause
for (A; B; C)
D;

before block
#pragma omp parallel for
for (A; B; C)
{
enter block
D;
exit block
}
after block

Figure 4.2. General prototype to retranslate the parallel for directive with shared

data clause
0 init Cx) 3
1 if ( master () ) {
8 gtop ( )
8a init ( update_list ) ;
9 wait_for ( after ) ;
9a merge ( update_list, after ) ;
9b receive_reduction ( x ) ;
9¢c merge ( x, after ) ;
15 } else {
22 send ( after; , master ) ;
22a send ( x , master ) ;

Figure 4.3. Prototype to handle reduction clause

4.5. Explanation of OpenMP's shared data clause translate mechanism to CAPE-
multithreaded

For the CAPE-multithreaded version mentioned in this thesis, there is a new
feature that the slave nodes will run multithreaded process. However, as mentioned in
2.4, the multithreading parts on each node reuse OpenMP code and do not interfere with
the memory area of this code, so according to the proof logic mentioned in this section,

the cases that need to be proven above are enough.
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Regarding the installation of the CAPE program that implements OpenMP's data-
sharing clauses on the distributed memory system, the research team has successfully
installed the following statements: threadprivate (x), private (x),
firstprivate (x), lastprivate(x), copyin(x), copyprivate (x),
reduction Wwith the same results as the original OpenMP program. The entire
program is published as open source on GitHub and available as presented in
APPENDIX 1.

The results of this chapter are published in [CT3].

CONCLUSION

Conclusion

The thesis has succeeded in extending the previous CAPE execution model to
better exploit the capabilities of multi-core computing systems. The new model has
added a new level of parallelism when executing computational code on slave nodes,
making the execution of an OpenMP parallel structure S in two levels of parallelism: 1)
Many slave nodes perform different parts S; of S in parallel (i represents the number of
slave nodes), and 2) Each Si section at each slave node is executed in parallel in the
form of an OpenMP multithreaded process. Theoretical analysis results as well as
experimental results have proved that the new model has helped the system
performance increase linearly with the number of cores of processors on the slave
nodes.

Implementing the new CAPE execution model requires rebuilding the most
important CAPE tool, the checkpointer. This requires many important changes in the
checkpointer, to make it to be able to handle the tasks of checkpointing on multi-
threaded processes at the slave nodes. The author has put a lot of time and effort into
this work and has successfully developed a new checkpointer, which runs at user space
level, instead of running in kernel space of the operating system as before.

Achievements of the thesis include:
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1. Proposing the operation model of CAPE on multi-core computing system;

2. Building checkpointing technique suitable for CAPE model on multi-core
computer system;

3. Propose CAPE's data-sharing solution on the multi-core computing system.

4. Build a software system corresponding to the proposed new CAPE model and
evaluate the effectiveness of this model in comparison with the previous CAPE model
and with MPI.

Future works

From the results obtained in the thesis, some future works are:

1. Continue to develop the execution model of CAPE in the direction of
exploiting the capabilities of graphics cards.

2. If invested and seriously continued by a system software development
organization, CAPE is fully capable of becoming a good tool to bring OpenMP on
distributed systems,  providing an easy-to-learn, easy-to-program, and high-
performance parallel programming solution on these systems. We have published the
source code of CAPE software on Github - the community's open source code repository
- with the orientation of providing CAPE source code for the community to develop

together.
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