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MO DAU

Tinh cap thiét ciia d@ tai

Ddng hanh véi viée ting toc do xir 1y cua cac bd vi xtr 1y, yéu cau vé téc do tinh
todn cua cac bai toan 16n cling khong ngung tang theo. Do vay, ludn c¢6 nhitng bai toan
can toc d6 xir Iy vuot qua toe do xur 1y ctia mot chwong trinh tuan tir. Diéu nay cang dung
trong thoi diém hién tai, khi cac kién trac vi xir Iy dd gan dat dén gi6i han cudi cing vé
kich thudc ciia don vi co s ciing nhu xung nhip tdi da, ciing dong nghia véi viée ting
tbc d6 cua cac mot bo xir 1y don 161 1é€n gﬁp doi sau 24 thang— theo dinh luat Moore® —
sau gan 50 nim nghiém ding di dén tién gan thoi diém két thuc. Do d6, giai phap chinh
hién tai va trong twong lai gan vé mit phan cing cho viéc ting téc do tinh toan 1 ting
s6 15 ctia bo xtr 1y. Piéu nay cang 1am ting thém tam quan trong cua xir 1y song song
(parellel processing) dé mot chuong trinh c¢6 kha nang khai thac toi da kha ning cuia cac
15i trén bo vi xur 1y da 161, nhu 1a mot hudng giai quyét kha thi hiéu qua va it ton kém dé
dap mg cho nhitng nhu cau tinh toan toc do cao.

Nguyén 1y chung cta xt 1y song song 13 chia bai toan 16n (theo sb 1an thuc hién
cac cau lénh hoac theo kich thudce dir liéu hoac déng tho1i theo ca hai) thanh nhiéu phén
con va cho thuc hién mot cach song song cac phan ndy trén cac don vi xir Iy khac nhau.
Nguyén 1y nay khac biét cin ban voi nguyén 1y hoat dong cia mo hinh xtr 1y tuan tu
(sequential processing), thuc hién 1an lugt cac xur 1y, xir 1y sau chi tién hanh khi d3 xong
xur ly trude.

Tuy ¢6 uu diém vé mit toc do tinh toan, md hinh xir 1y song song ciing c6 nhiing
nhugc diém nhat dinh. Thir nhét, xir Iy song song doi hoi phai co nhitng kién triic phan
nén (ca phan cing va phan mém) hd trg. Tha hai, c6 cong cu 1ap trinh khai thac kha
ning ctia phan nén nay dé tao giao dién cho ngudi 1ap trinh c6 thé tao cac chwong trinh
xtr Iy song song. Yéu cau thir nhat duoc dép tng qua cac mé hinh da bd xtr 1y va/hoic
bo xir 1y da 161 (trén CPU va gan day 1a GPU) cung véi cac kién trac mang. Yéu cau thir
hai ciing d lién tuc phat trién twong tng véi cac phat trién ctia phan nén ma dién hinh

nhu cdc md hinh da tién trinh (multi-processing), da ludng (da tiéu tién trinh, multi-

1 Pinh luat Moore lan dau tién dugc cong bd rong rii trén tap chi Electronics Magazine s ra ngay 19 thang
4 nam 1965. Dinh luat Moore (tiéng Anh: Moore's Law) d€ cép dén du doan cua Gordon E. Moore, nha dong
sang lap hang Intel, rang so lugng bong ban dan trén mot vi mach s€ tang gap doi sau moi 24 thang".
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threading), truyén thong diép (message passing) va méi day 1a cac cong cu & mirc triru
tuong cao hon nhu OpenMP, MPI, Map Reduce, Cuda va OpenCL.

Dbi v6i cach st dung da tién trinh mdi tién trinh hoat dong tuwong doc 1ap voi cac
tién trinh khac va c6 khong gian bd nhé riéng. Mo hinh nay c6 wu diém, néu tién trinh
bi su cb s& khong lam anh hudng dén céc tién trinh khac. Nhugc diém ctia mé hinh da
tién trinh thé hién & su phirc tap va téc do thap cia viée chia sé va dong bo hoa dir lidu.
Nguoc lai, néu thuc hién chwong trinh song song theo md hinh da ludng, trong d6 cac
lu@)ng st dung bd nhd chia sé chung, viéc chia s¢ dir li¢u va déng bo dix liéu tré nén rat
don gian, véi tbe do cao, nhung khi mot ludng gip su b giita ching sé kéo theo toan bo
chuong trinh d6 v&.

Tuy viéc 1ap trinh song song vdi cac mo hinh da tién trinh, da ludng da duoc cac
ngdn ngit 14p trinh phd dung nhu C/C++, C#, Java, Fortran,... dap tmg nhung nhiing
ngdn ngit ndy doi hoi nhiéu céng stc cling nhu kién thirc, kinh nghiém cua 1ap trinh
vién. Do 1ap trinh vién phai tw minh viét ma cho nhitng cong viéc trung gian dé tao ra
chuong trinh song song nhu nhu viée sinh ra cac tién trinh, luéng, phan cong cong viéc
cho mdi don vi thuc hién d6, dam bao déng bo hoa dit li¢u, thu thap dit li¢u tir cac don
vi thuc hién song song... Do d6, mé hinh 14p trinh song song can c6 mét cong cu lap
trinh & mirc triru twong cao hon, giup tu dong hoa xir 1y cac céng viée trung gian dé gitp
cac 1ap trinh dé hoc, dé 14p trinh va c6 thé dé dang mang lai hi€u nang cao. Hi¢n tai, hai
cong cu phd dung duge st dung cho hai mo hinh da luéng va da tién trinh 1a OpenMP
va MPI [65].

OpenMP [1] 12 mot API cung cAp mdt mirc triru tugng hoa cao dé viét cac chuong
trinh song song cho cac hé thong sir dung bd nhé chia sé (may tinh st dung CPU multi-
core va/hoic multi-CPU). Bao gdm mét tdp cac bién mdi trudng, cac chi thi va ham,
dugc xay dung dé hd tro viéc dé dang bién mot chuong trinh tuan ty trén ngdn ngir co
s¢ C/C++ hodc Fortran thanh mdt chuong trinh song song. OpenMP sir dung m6 hinh
thuc hién fork-join voi cau triic song song co so 1a ludng. Do sir dung ciu tric co so 1a
ludng, mic nhién mé hinh bo nhé ctia OpenMP 1a bd nhé chia sé, trong d6 khong gian
nhé dugce st dung chung giira cac ludng. Dé viét chuong trinh song song vdi OpenMP,
1ap trinh vién c6 thé bat dau bang cach viét mot chuong trinh tuan tu trén ngdn ngit gbe

(C/C++ hodc Fortran), sau d6 thém dan vao cac chi thi ctia OpenMP dé chi dinh nhitng
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ph'ém viéc nao can duoc thuc hién song song. Viéc chia s¢ dir liéu cling nhu déng bo dir
liu duoc tién hanh mot cach ngdm dinh hodc tudng minh qua céc chi thi don gian. Nho
dic diém nay ma OpenMP tré nén dé hoc, dé sir dung va it ton cong strc 1ap trinh nhung
lai c¢6 thé cung cap hiéu ning cao trén cac kién tric sir dung bo nhd chia sé. Tuy nhién,
OpenMP van chi méi duoc cai dit mot cach hoan chinh cho cac kién trac st dung bd
nhé chia sé do su phurc tap ctia viée cai dit tat ca cac yéu cau ctia OpenMP trén cac kién
truc st dung b nhé khac.

MPI (Message Passing Interface) [4] 1a chuan giao tiép trong cic ing dung tinh
toan hiéu ning cao (High performance computing - HPC) cha yéu nhdm dén viéc lap
trinh song song trén cac may tinh phan tan, st dung da tién trinh véi mé hinh bo nhé
phan tan. Mot trong nhitng dic diém chinh cta cac chuong trinh MPI 14 14p trinh vién
phai ty minh té chirc chuong trinh song song theo kién tric ciia MPI ciing nhu viét cac
ciu lénh tudng minh dé trao ddi va dong bo dir liéu giira cdc tién trinh trén cac nit
(node/may tinh) cta hé théng. Piéu nay gitp giam dung luong dir liéu giao dich trén
mang va 1am cho MPI tr& thanh méi truong lap trinh song song ¢ hiéu ning cao nhat
trén kién trac bo nhé phén tan. Tuy nhién, MPI lai doi hoi 1ap trinh vién phai ton nhiéu
cong strc 1ap trinh hon vi phai viét cac ciu 1énh tudng minh dé t6 chirc chuong trinh,
trao d6i dit liéu giita cac tién trinh. Lap trinh vién ciing phai thiét ké mot cach tudng
minh cu tric ctia chuong trinh song song, mot diéu kho hon so véi thiét ké mot chuong
trinh tuan tu.

Ca OpenMP va MPI déu c6 wu va nhugc diém riéng. Uu diém 16n nhat cia
OpenMP 1a tinh dé hoc, dé sir dung ddi véi 1ap trinh vién va c6 hiéu nang cao trén cac
hé théng st dung bd nhd chia sé con MPI 13 kha ning cung cap hiéu ning cao trén hé
théng bd nhd phén tan. Nhuogc diém cua OpenMP 1a chura duge hd trg hoan toan trén hé
thong bo nhd phan tan, trong khi ciia MPI 1a tinh khé hoc, kho va tén cong sirc khi 1ap
trinh. Diéu nay din dén mot y twéng va dong luc nghién ciru dé chuyén doi OpenMP 1én
céc kién trac sir dung bd nhé phan tan nham phat huy wu diém va khac phuc nhuoc diém
cua chung.

Thyc hién ¥ tuéng trén, trong nhiéu nim qua, da c6 nhiéu nhom nghién ciru cb
gang thyc hién viéc dwa OpenMP trén hé théng may tinh sir dung bo nhé phan tan bang

céch xay dung trinh bién dich dé dich tu dong chuong trinh OpenMP thanh chuong trinh
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c6 kha ning chay trén cac hé théng nay. Pong thoi véi viée xay dung cac chuong trinh
bién dich, mot sd tiép can con doi hoi phai xay dung mot nén tang (platform) b sung
cho hé théng dé co thé chay dugc cac chuong trinh da dugc bién dich. Tuy nhién, ngoai
trir CAPE [12]-[19], chua c6 cOng trinh nao thanh cong trén ca hai mét, twong thich hoan
toan voi 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]; str 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 néi chung va phat trién OpenMP
trén cac hé théng st dung bd nhd phan tdn ndi riéng 1a cha dé chinh cua chudi hdi thao
IWOMP, véi lan thir 19 s& dugc to chire tai Pai hoc Bristol, Anh vao thang 9 nam 2023.

CAPE (Checkpointing Aided Parallel Execution) 13 mot tiép can dya trén k§y thuat
chup anh tién trinh dé cai dit API OpenMP trén cac hé théng mdy tinh st dung bo nhé
phan tan. Chup anh tién trinh (checkpointing) 1a mét k¥ thuét co ban duogc sir dung chit
yéu trong viéc phuc hoi trang thai chuong trinh & cac thoi diém chay trude d6. Ky thuat
nay duoc thuc hién viéc nay bang cach luu trang thai chuong trinh dang chay ¢ nhiéu
thoi diém khac nhau vao céc file anh tién trinh va st dung cac file anh tién trinh nay dé
phuc héi lai trang thai chuwong trinh da chay trude d6 khi cdn ma khong can phai ton thoi
gian chay lai chuwong trinh tir dau.

Nguyén 1y hoat dong cta hién tai CAPE sir dung don vi song song co s& 1a tién
trinh (process), thay cho ludng (thread) nhu trong OpenMP nguyén ban dé c6 thé van
hanh trén cac hé thong nhd phan tan. C6 thé hiéu khai quat nguyén 1y hoat dong cua
CAPE nhu sau: 1) Trang thai va két qua ctia chuong trinh chay trén hé diéu hanh duoc
thé hién thong qua trang thai bo nhd va trang thai thanh ghi ciia chwong trinh va trang
thai nay c6 thé theo ddi, luu giit duoc nhd ki thuat chup anh tién trinh; 2) CAPE s
dung mé hinh phan bé theo kién tric chinh-phu (master-slave) véi quy trinh cin ban
nhu sau: ddi véi mdi phan chuong trinh song song OpenMP, nit chinh phan chia cong
viéc thanh phﬁn cho cac tién trinh & trén cac nat phu trong hé¢ théng; cac nat phu nhan
nhiém vu tir NGt chinh va thuc hién cac cong viée tinh toan, sau d6 guri két qua & dang
anh chup tién trinh vé cho ndt chinh; ndt chinh nhan két qua va tich hop vao khong gian
nh¢ cua ndt chinh va xem nhu da ¢ trang thai hoan thanh doan chuong trinh tinh toan

song song.



Dong luwc nghién ciru

CAPE di duogc chimg minh qua cac két qua nghién ctru 1y thuyét cling nhu s6 liéu
thuc nghiém, trong d6 chimg to hé s6 tang tdc ciing nhu kha ning md rong (scale up)
d6i véi cac chuong trinh song song ciia CAPE rét tét [13][17], ¢6 thé so sanh v6i MPI
— k¥ thuat cung cap hiéu ning cao nhét trén hé théng b nhd phan tan. Tuy nhién, trong
md hinh thuc hién ctia CAPE hién tai, mdi nit phu thuc hién cac cong vi€c tinh toan chi
chay mot tién trinh thuc hién mot phan nhiém vu song song do nit chinh phan phdi.
Diéu nay tré nén lang phi tai nguyén khi sir dung CAPE trén hé thong may tinh c6 CPU
da 151 rat phé bién hién nay. Pé khic phuc dugc han ché nay, mo hinh thyc hién cua
CAPE can phai dugc to chic theo hudéng cho phép chuong trinh chay song song trén
ting nut phu (song song mirc thir 2) dé khai thac tot hon tai nguyén hé thong va tir d6
tang toc do tinh toan. Pay chinh 1a dong luc dé luan an dé xuat mo hinh CAPE mdi khic
phuc nhitng han ché chua khai thac tai nguyén hé thong may tinh st dung CPU da 16i
da tré nén phé dung hién tai. Pé thyc hién muc tiéu nay nhiing van dé sau can duoc tiép
tuc phat trién:

« Phét trién mot mo hinh CAPE méi dé song song hoa mot cach hiéu qua cac doan
ma tinh toan trén tirng nat tinh todn (nat phu);

« Phét trién k¥ thuat chup anh tién trinh ciing nhu giai quyét van dé chia sé dong
bd dir liéu cia CAPE cho phu hop véi cac m6 hinh thuc hién dugc song song hda 2 mirc
& muc trén.

Néu céc yéu cau trén duoc thuc hién tot, du doan hé sb tang tdc ctia CAPE c6 thé
tang v6i mot hé s6 tuyén tinh voi sb 16i cuia cac bo xir 1y trén cac may tinh toan trong hé
théng. Diéu nay c6 nghia c6 thé ting kha nhiéu dbi véi cac bo xu 1y véi 4 dén 8 161 hién
nay va nhiéu hon cho xu thé s6 16i ctia cac bo xir 1y dugc ting déu trong tuong lai gan.

Tir nhitng trinh bay trén, dé tai “Cai tién mo hinh CAPE cho hé théng tinh toan da
16i” tr& nén co tinh thoi sy va cap thiét dé dap ing nhu cau cung cap mot giai phap cai
dat twong thich hoan toan OpenMP va c¢6 hiéu ning cao trén cac hé thong bo nhd phan

tan.
Muc tiéu nghién ciru

Phat trién mo hinh CAPE trén hé thong tinh toan da 161 dé nang cao hiéu ning

hoat dong cua hé thong. Cu thé:



- Nghién ciru va dé xuat md hinh hoat dong méi caa CAPE trén hé thong tinh toan
da 101;

- Nghién ctru va xay dung phién ban k§y thuat chup anh da tién trinh phu hop véi
mo hinh hoat dong moi duoc dé xuét trén hé thong tinh toan da 13i;

- Nghién ctru va dé xuat giai phap xir ly cac van dé chia sé dit liéu cia CAPE trén
hé thong tinh toan da 13i;

- Phaét trién hé thong phan mém twong tng véi md hinh hoat dong cua CAPE méi
duoc dé xut va danh gia hiéu ning cua CAPE méi so véi md hinh CAPE trude d6 va
véi MPI (ky thuat cung cp hiéu ning tot nhat hién nay trén cac hé théng bo nhé phan
tan).

Poi trgng va pham vi nghién ciru

- Poi twong nghién ciru: CAPE, OpenMP, phuong thirc hoat dong ciia bo nhd
a0 ctia h¢ diéu hanh, CPU da 18i.

- Pham vi nghién ciru: CAPE ap dung trén cac cluster vai cac may tinh ca nhan
st dung bd vi xu 1y da 161.

Phuong phap nghién ciru

Luan an str dung hai phuong phép nghién ctru chinh:

Phuong phdp nghién ciru 1y thuyét: Téng hop cac cong bd lién quan dén cac mo
hinh, phuong phap chuyén d6i OpenMP sir dung trén hé thdng méy tinh véi bo nhd phan
tan. Phan tich, danh gia uu va khuyét diém cua cac dé xuat di cong bd dé 1am co s cho
viéc cai tién va/hodc dé xuit mai.

Phurong phdp mé phong, thue nghiém. Phat trién hé thong phan mém tuong Gng
v&i md hinh dé xuit méi. Thuc nghiém viéc cai dat, chay thu phén mém da phat trién
duogc trén cac bai toan mau, thu thap va phan tich két qua nhdm nhim dénh gia tinh ding
d4n va hiéu ning tinh todn cia mo hinh dé xuét.

Céu tric luan an

Luan an bao gém phﬁn mé& dau, bon chuong noi dung, phﬁn két luan va danh muc
céc tai liéu tham khao. Cu thé:

Chuong 1 “Téng quan nghién ciru” gidi thiéu tong quan cac 1y thuyét, khai lién
quan dén n6i dung nghién ciru; tong quan tai liéu huéng nghién ctru chuyén d6i OpenMP

1&€n h¢ thong bo nhd phan tan tir d6 chi ra dugc cadc nhiém vu can giai quyét cua luan an.



Chuong 2 “CAPE trén hé thong tinh toan da 16i” day chinh 1a phan trong tim
ctia luan 4n, trinh bay dé xuat méd hinh CAPE méi - CAPE song song hai mirc da luong
(goi tit 12 CAPE da ludng) - va két qua thuc nghiém sir dung CAPE méi khai thac
dugc hi€u nang cua CPU da 1061.

Chuong 3 “K§ thuét chup anh tién trinh cho CAPE da ludng ” trinh bay yéu t6
ky thuat cot 16i cia CAPE, phat trién k¥ thuat chup anh tién trinh 4p dung cho CAPE da
ludng.

Chuong 4 “Xir Iy cac van dé chia sé dir liéu ciia CAPE da ludng” trinh bay viéc
chia s¢ va dong bo dir liéu cia CAPE da ludng.

Phan “Két luén va hwéng phat trién ciia luin 4n” néu nhitng dong gop cua luan

an va hudng phat trién trong tuong lai.



CHUONG1 TONG QUAN NGHIEN CUU

Chuong ndy s& gidi thiéu tong quan vé cac 1y thuyét, khai niém lién quan dén dé
tai nghién ctru Va cac cong trinh nghién ctru lién quan vé viée cai dit API OpenMP Ién

cac hé thdng str dung bd nhé phan tan, hudéng nghién ciru ma luin an dang theo dudi.

1.1 Tinh todn hiéu ning cao

Tinh toan Hiéu ning cao (High performance computing (HPC)) dé cap dén viéc
téng hop sttc manh tinh toan theo cach mang lai hi¢u suét cao hon nhiéu so véi may tinh
thong thudng hodc may tram (workstation ) dé giai quyét cac van dé 16n trong khoa hoc,
ky thuat hodc kinh doanh.

HPC thudng dé cap dén viéc xur Iy cac phép tinh phirc tap & toc do cao trén nhiéu
may chu song song. Cac nhom may chii d6 duoc goi 12 cum va bao gdm hang trim hoic
tham chi hang nghin may chi may tinh da duoc két ndi thong qua mot mang va thuong
duogc goi 14 siéu may tinh. Trong mot cum HPC (HPC cluster), mdi may tinh thanh phan
thuong dugc goi 1a mdt nut.

Céc cum HPC chay hang loat tinh toan. C6t 161 cua bat ky cum HPC nao 1a bo lap
lich, duoc str dung dé theo ddi cac tai nguyén co sin, cho phép cac yéu cau cong viée
dugc gan mot cach hiéu qua cho céc tai nguyén may tinh khac nhau (CPU va GPU)
thong qua mang nhanh.

Mot giai phap HPC dién hinh c¢6 3 thanh phan chinh:

+ Tinh toan
+ Mang
+ Luu trr dix ligu

Céc giai phap HPC c6 thé duoc trién khai tai chd hodc trén “dam may”.
1.2 Tinh toan song song

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

1.2.1 Cic hinh thirc tb chirc
May tinh song song dya trén bo vi xir Iy: duoc thiét ké voi rat nhidu bo xir 1y 6

toc do vura phai.



Song song vé dit liéu (data parallelism): 1a co ché str dung nhiéu don vi xir Iy thuc
hién cung mdt thao tac trén nhiéu don vi dit liéu.

Song song diéu khién (control parallelism) : 1a co ché trong d6 nhiéu thao tac khac
nhau tac dong lén nhiéu don vi dit liéu khéc nhau mot cach dong thoi.

Day chuyén (pipeline) : 12 co ché chia cong viéc thanh nhiéu ching nbi tiép, mdi
chang dugc thuc hién bo1 mgt by phan khac nhau. PAu ra cua bd phan nay la dau vao
ctia bo phén tiép theo.

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 chuong trinh tuan ty va thoi gian thyc hién
cling cong viéc do cua chuong trinh song song.

AN v ~ ttt
Hé so tang toc = —

tSS
Trong do:
ti : thoi gian thuc hién trong tinh huéng x4u nhét cia chuong trinh tuan ty nhanh
nhat:
tss : thoi gian thyc hién trong tinh huéng x4u nhat ctia chuwong trinh song song

dang xét.

1.2.2 Cac muc dp song song

Gia str ¢ 10 cong viéc tirng d6i mot khac nhau dugce giao cho 10 may thuc hién,
ta c6 mirc song song cao nhit, va chung ta goi 1a mirc chwong trinh song song. Mdi cong
viéc ta lai chia thanh c4c cong doan (Task) va c6 thé thuc hién song song, ta goi murc do
song song nay la murc song song chuong trinh con. Mdi chuong trinh ciing nhu chuong
trinh con lai c6 hang loat cau 1€nh, ta c6 muc d song song cau 1énh, trong cau 1énh lai
c6 hanh loat thao tac (operation) => murc do song song thao tac.

Theo luat Amdahl [36], du doan vé hé s6 ting toc do ciia chuong trinh xir 1y song

song dugc tinh theo cong thire sau:

1
S latency - p
1-p)+ s

Trong d6

Shatency: hé 6 ting tbc 1y thuyét toan cuc
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p: ti 16 co thé song song hoa ciia thudt toan tuan tir

s: s6 bo xtr Iy song song.

Thuyc té v6i chuong trinh song song, hiéu ning con anh hudng tir rat nhiéu yéu to:
chi phi thoi gian dé chia cong viéc, giri cong viéc va nhan/tong hop két qua tir cic may
tram, anh huéng ciia phan cing may tinh khi chay nhiéu chuong trinh dong thoi. Ciing
c6 mot sd giai thuat thuc hién hiéu qua khi chay tuan tir trén 1 CPU nhung chay khong
dat hiéu qua cao khi chay song song trén nhiéu CPU vi don gian viéc chay tuan tu khong
mat thoi gian phdi hop gitra cac ludng chay song song va ciing c6 thé thuét toan trong
CPU khi chay don 16i lai phi hop hon véi phan cimg bén dudi hoat dong (CPU pipelines,
CPU cache ,...).

1.2.3 Phan logi cdc kién triic song song

Mot trong nhiing phan loai hay dugc nhic ti ciia Flynn — 1972. Michael Flynn
phan cac kién trac may tinh thanh bbn loai dua trén twong tac giita 1énh va dir liéu :

- SISD (Single Instruction stream, Single Data stream): Kién tric tuan ty Von
Neuman, trong d6 tai moi thoi diém chi mot 1énh duoc thuc hién.

- MISD (Multiple Instruction stream, Single Data stream): Kién trtic nay cho phép
mot vai 1énh cung thao tac trén mot dir liéu

- SIMD (Single Instruction stream, Multiple Data stream): Cho phép mot 1énh dugc
thuc hién d@)ng thoi trén cac dir li€u khac nhau.

- MIMD (Multiple Instruction stream, Multiple Data stream): Cho phép nhiéu lénh

khac nhau c6 thé dong thoi xir Iy nhiéu dit liéu khac nhau trong ciing mot thoi diém.

1.3 May tinh da CPU, CPU da 15i (core) va da ludng

Hé théng may tinh da CPU (multi-CPU systems) va CPU da 156i (multicore
systems) duogc dé cép tiép theo déu thudc kién trac MIMD.

Trude khi c6 CPU da 16i dé tang niang lyuc tinh toan con nguoi di ¢ gang thém stic
manh xur 1y cho may tinh bang cach bo sung thém CPU trén mot hé thong may tinh duoc
goi 13 hé thdng may tinh da CPU. Diéu ndy doi héi mot bo mach chil c6 nhiéu 6 cim
CPU (CPU sockets). Bo mach chu ciing can bd sung thém phan cig dé két ndi cac CPU

sockets d6 vo1i RAM va cac tai nguyén khac.
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Cac hé théng may da CPU ¢o thé duoc chia thanh hai loai theo cac cach t6 bd nhd
khéac nhau, mdt loai st dung h¢ théng bd nhé chia sé (nhu minh hoa ¢ Hinh 1.1a) va loai

kia sir dung hé théng bo nhd phéan tan (nhu minh hoa ¢ Hinh 1.1b).

Core 1 Core 2
(T T : ™
s i ) cPU CcPU ‘ cPU cPU
Local Cache Local Cache .
1 [ ‘ ‘ [ l [Memory J |I'\J'l|3r'nc:r~,|r | \Memory } |I'\.-'Iem¢:ﬁr5|r |
| | | |
Main Memory [ High-speed interconnect ]
1] 1] — =) (o) (&
Local Cache Local Cache (CPU 1 ‘CPU ‘ e _CPU
[ Memory ] | Memory ] | Memory ] [ Mermory |
v
Core 3 Core 4

(a) (b)

Hinh 1.1. Minh hoa h¢ théng may da CPU

Hé thong may tinh CPU da 15i xir dung CPU d4 18i, ¢ nhiéu don vi vi xir Iy trung
tam (liéu 16i) nhung chung van nam gon trong mot khe cam CPU trén bo mach chu, tat
ca déu str dung cing ngudn dién, kha ning 1am mat va phan cing khac. Hinh 1.2 minh
hoa hé théng may tinh CPU da 151, gom c6 2 151, mbi 1i sir dung cong cong nghé siéu
phan ludng (hyper-threading) [75].

Cong nghé siéu phan ludng 1a mot cai tién phan ctng cho phép nhiéu ludng cung
chay trén mdi 16i. Nhiéu ludng hon c6 nghia 13 c6 nhiéu cong viéc dugc thyuc hién song
song hon. Khi Cong ngh¢ si€u phan lué)ng hoat dong, CPU s¢ hién thi hai bdi canh thuc
thi trén mdi 15i vat 1y. Didu nay c6 nghia mot 16i vat 1y hién hoat dong gidng nhu hai
"15i logic" ¢6 thé xir 1y cac ludng phan mém khac nhau.

Hai 15i logic c6 thé xir Iy cc tac vu hiéu qua hon so v6i 161 don ludng truyén théng.
Bang cach tan dung thoi gian khong hoat dong ma trude day 16i chd cac tac vu khéc
hoan thanh, Cong nghé siéu phan ludng s& cai thién hiéu suat xir Iy CPU Ién t6i 30%

trong cac tng dung may chu [75].
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é Core 0 Core 1 :
i Thread 0 Thread 1 Thread 0 Thread 1 :
é L1 32KB L1 32KB L1 32KB L132KB :
i Instruction Cache Data Cache Instruction Cache Data Cache i
é L2 256KB L2 256KB :
i Cache Cache i
: L3 3MB 5
i Cache i
Main Memory

Hinh 1.2. Minh hoa hé théng may CPU da 15i

Véi minh hoa & Hinh 1.2, CPU ¢6 2 I8i (core) ap dung cong nghé siéu phan ludng
tao thanh 4 ludng. B6 nhé dém (cache) trong CPU dam bao cho cac ludng co thé truy
cap dir liéu véi tée do cao. Co hai loai bo dém L1: L1i - luu trir chi dan diéu khién va
L1d - luu trit dit liéu. Cac ludng khac nhau trong ciing mot 16i chia sé bo dém L1 va L2
va cac 18i khac nhau giao tiép thong qua b dém L3. Cung mét ludng chi co thé chay
trén mot 161 CPU tai mot thoi diém.

CPU va 16i 1a yéu t6 phan ctng, hé diéu hanh 13 yéu t6 phdn mém hé thdng giup
cac ung dung tang trén giao tiép véi phan cung. CAc tién trinh/chuong trinh (process)
khac nhau chay trén hé diéu hanh duoc cip phat ving nhé dé chay chuong trinh tach
biét nhau. Mot tién trinh s¢ hitu mét hodc nhiéu ludng (thread). Ludng c6 thé duoc xem
1 tién trinh con ndm trong tién trinh. S6 ludng trong mot tién trinh c6 thé khong ¢ dinh.
Tién trinh c6 thé huy hodc sinh ra ludng méi khi can thiét. Cac ludng nam trong ciing
mot tién trinh va diéu nay cho phép cac ludng doc va viét 1én ciing mot khong gian bod
nhé chung, do d6 cac ludng d& dang c6 thé giao tiép d& dang véi nhau. CPU diéu khién
c4c 16i thyc hién cac ciu 1énh trong ludng. Tai mdi thoi diém, mét 18i chi 1am viée voi

mot ludng va chi xir Iy mot nhiém vu (task) cta ludng do.
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Da ludng (Multithreading) 13 kha ning xir Iy nhiéu ludng cung luc cia CPU. Khi
¢4 nhiéu nhiém vu khac nhau, CPU c6 thé 1am viéc mot cach song song (parallel) nhiéu
ludng d6i voi CPU chi ¢6 mot 161 hodc 1am viéc dong thoi (concurrent) ddi véi CPU da
16i. Li 1a noi thuc hién cdc nhiém vu va mdi 16i chi chay 1 nhiém vu tai mot thoi diém.
Chinh vi i do ndy ma c6 cang nhiéu 16i, CPU cang thuc hién duoc nhiéu nhiém vu cing
lGc. Nhu d trinh bay ¢ doan trén, Cong nghé siéu phan ludng ctia Intel s& cai thién hiéu
suat xir Iy CPU 1én t&i 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 13i ciing nhu da ludng.

Muc tiéu va pham vi nghién ciru cai tién CAPE cua luan an nay huéng dén ap dung
cho hé théng mdy tinh sir dung CPU da 16i. Can luu ¥ rang CAPE, ciing twong ty nhu
MPI, ngon ngit triru tuong bac cao, bao gdm céc thu vién runtime ¢ ting tng dung va
khong can thiép diéu khién tryc tiép phan ctng ctia CPU da 16i ma sir dung lai cac dich
vu cua hé diéu hanh cung cép dé chay chuong trinh. Vi minh hoa nhu ¢ Hinh 1.2, hé
diéu hanh hd tro CPU da 15i s& cung cho cac ung dung va ngdn ngit lap trinh ting trén
ctia may tinh c6 CPU 4 16i, viéc lap lich diéu phdi xir 1y truc tiép ¢ CPU da 16i do hé
diéu hanh quan Iy.

1.4 OpenMP
1.4.1 Gigi thiéu vé OpenMP

Nhu di duoc gidi thiéu ¢ Phin Mé didu muc Tinh cip thiét cia dé tai,
OpenMP 13 mét giao dién 1ap trinh (API) cung cAp mot mirc triru tugng hda cao dé viét
cac chuong trinh song song cho cac hé thong tinh todn hiéu ning cao voi vu diém dé
hoc, dé st dung va it tdn cong suc 1ap trinh khi so sanh véi thu vién 1ap trinh khac nhu
MPI, diéu nay dugc minh hoa rd trong vi du vé chuong trinh nhan 2 ma tran duéi day,

v6i ma ngudn dau tién duoc viét bang C va OpenMP; ma ngudn thir 2 bang C va MPI.

#include <stdio.h>
#include <omp.h>
#define N 100000
int A[N][N], B[N]I[N], C[N][N];
int main () {
int i, 3, k;
for(i = 0; i < N; i++)

for(j = 0; j < N; j++){
A[i][3] = rand()%10;
B[i][Jj] = rand()%10;
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#fpragma omp parallel for private(j, k)
for(i = 0; 1 < N; i++)
for(j = 0; j < N; j++)
for(k = 0; k < N; k++)
C[i][J] += A[il[k] * B[kI[J]);
return 0;

Hinh 1.3 Chuong trinh nhan hai ma tran viét bang OpenMP

O Hinh 1.3, chuong trinh OpenMP, dé dang nhan thay day 1a mot chuong trinh C
binh thudng (tuan tu), chi dugc bo sung thém 2 dong lién quan dén OpenMP: 1) dong
#include <omp.h> & dau chuong trinh, c6 chirc nang khai bao viéc st dung thu vién
OpenMP; va 2) dong chi thi #pragma omp parallel for private(j, k), €O
chtic ning chi dinh vong ldp for tiép sau do s& dugc xtr Iy mot cach song song, voi
nhiing thong sé song song mic dinh ciia OpenMP va hai bién §, k bién cuc bd trong
mdi ludng. Tét ca nhitng cong viée khac dé thiét 1ap moi trudng thuc hién song song
nhu tao cac ludng, phan phdi cong viée vao cac ludng, ddng bo hoa cac ludng,... déu
dugc thuc hién boi trinh bién dich va thu vién OpenMP.

Dudi day chuong trinh nhan 2 ma tran nhu trén, dugc viét béng MPI.

#include <stdio.h>
#include "mpi.h"
#define N 100000
MPI Status status;
int A[N][N], B[N][N], C[N][N];
int main () {
int processCount, processId, slaveTaskCount, source, dest, rows,offset;
struct timeval start, stop;
MPI Init (&argc, &argv);
MPI Comm rank (MPI COMM WORLD, &processId);
MPI Comm size (MPI_COMM WORLD, &processCount);
slaveTaskCount = processCount - 1;
if (processId == 0){ //Master process
for (int i = 0; 1i<N; i++) {
for (int j = 0; J<N; J++){
A[i][j]l= rand()%10;
Bli][j]l= rand()%10;

}
rows = N/slaveTaskCount;
offset = 0;
for (dest=1; dest <= slaveTaskCount; dest++) {
MPI Send(&offset, 1, MPI INT, dest, 1, MPI COMM WORLD) ;
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MPI Send(&rows, 1, MPI INT, dest, 1, MPI COMM WORLD) ;
MPI Send(&A[offset] [0], rows*N, MPI DOUBLE,dest,1,

MPI COMM WORLD) ;
MPI Send(&B, N*N, MPI DOUBLE, dest, 1, MPI COMM WORLD) ;
offset = offset + rows;

for (int i = 1; 1 <= slaveTaskCount; i++) {

source i;
MPI Recv (&offset, 1, MPI INT, source, 2, MPI COMM WORLD, &status);
MPI Recv (&rows, 1, MPI INT, source, 2, MPI COMM WORLD, &status);
MPI Recv (&C[offset] [0], rows*N, MPI DOUBLE, source, 2,
MPI COMM WORLD, &status);
}
if (processId > 0) { // Slave Processes
source = 0;
MPI Recv (&offset, 1, MPI INT, source, 1, MPI COMM WORLD, &status);
MPI Recv (&rows, 1, MPI INT, source, 1, MPI COMM WORLD, &status);
MPI Recv(&A, rows*N, MPI DOUBLE, source, 1, MPI COMM WORLD,
&status);
MPI Recv(&B, N*N, MPI DOUBLE, source, 1, MPI COMM WORLD,
&status) ;
for (int k = 0; k<N; k++) {

for (int i = 0; i<rows; 1i++){
C[i][k] = 0.0;
for (int j = 0; j<N; J++)
Cl[i][k] = C[i][kI+A[1i]1([3] * BI[J]l[kIl;

}
MPI Send(&offset, 1, MPI INT, O, 2, MPI COMM WORLD) ;

MPI Send(&rows, 1, MPI INT, 0, 2, MPI COMM WORLD) ;
MPI_Send(&C, rows*N, MPI_DOUBLE, 0, 2, MPI_COMM WORLD) ;

}
MPI Finalize();

Hinh 1.4. Chuong trinh nhan 2 ma tran viét bang MPI

Hinh 1.4 trinh bay chuong trinh viét bang MPI. Chuong trinh nay doi hoi nguoi
1ap trinh phai xac 1ap mot cach tuong minh tit ca cac van dé bao gdm ciu tric cta hé
thong (bao gdbm céc tién trinh chinh va phu), to chtc phan chia cong viéc, giri nhan di
liéu, déng bd hoa cac tién trinh, ...

R rang, MPI doi hoi o 1ap trinh vién kha ning, cong strc 1ap trinh nhiéu hon nhiéu
1an so véi str dung OpenMP. Vi thé, du MPI ¢6 kha ning cung cip hiéu ning cao nhat
trén cac hé thong may tinh b nhé phan tan, viéc dwa OpenMP 1én cc hé thong may
tinh bd nhd phan tan 1 mot van dé rit c¢6 y nghia thuc té trong linh vuc phat trién phan

mém.
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1.4.2 M6 hinh hoat dong ciia OpenMP

OpenMP st dung mé hinh fork-join ciia qua trinh thyc thi song song. Nhiéu ludng
(thread) thyc thi thuc hién cac tac vu dugc dinh nghia ngdm hodc tudng minh boi cac
chi thi OpenMP. OpenMP c6 muc tiéu hd trg cdc chwong trinh sé& thyc thi chinh x4c ca
dué6i dang chuong trinh song song (nhiéu ludng thuc thi va mot thu vién hd tro OpenMP
day du) nhu cac chuong trinh tuan tu.

Mot chuong trinh OpenMP bat dau nhu mot chuong trinh don ludng, ludng nay
duogc goi 1a mot luéng ban dau. Mot luéng ban dau thyuce thi tudn tu, véi cac vung song
song tiém 4n trong toan bd chuong trinh.

Khi mot ludng cua chwong trinh gip mot cu trac song song, s& tao mot nhom
(team) cuia chinh né c6 thé gdm khong hodc nhiéu ludng bod sung va trd thanh ludng
chinh (master) cia nhém méi. Mot tap hop cac nhiém vu ngadm dinh, mot nhiém vu cho
moi luéng, duoc tao ra. Ma cho mdi tac vu duoc xac dinh boi ma bén trong cAu trac
song song. Mdi nhiém vu dugc giao cho mét ludng khac nhau trong nhém va cé rang
budc quan 1y bai ludng ma né duoc gan ban dau. Ving nhiém vy cia tac vu dang duoc
thuc thi boi mot ludng trong nhém gap phai tinh hudng bi tam ngung thi cac ludng khac
trong nhom van co6 thé tiép tuc thuc hién nhiém vu ngém dinh cua ching. Mot rao chin
(barrier) ngam dugc dat ¢ cudi ving song song dé dong bd hoa viéc hoan thanh cong
viéc cua cac ludng néu khong co diéu khoan nowait (khdng can doi) duge chi dinh. Chi
ludng chinh tiép tuc thue thi sau phan cudi ctia cdu tric song song, tiép tuc ving tac vu
d3 bi treo khi gdp ciu tric song song. Bat ky sd luong ciu triic song song nao déu cé thé
dugc chi dinh trong mot chuwong trinh. Cac viing song song ¢6 thé duoc 16ng vao nhau
mot cach tuy y.

M6 hinh hoat dong nay dugc minh hoa trong Hinh 1.5.
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Hinh 1.5. M6 hinh hoat dong cia OpenMP
Nhiéu trinh bién dich OpenMP da dugc phat trién cho Linux, Windows, MacOS,
Solaris, FreeBSDTHER [3]. Tuy nhién, lién quan dén mé hinh da luéng va mo hinh bd
nhd chia s¢, OpenMP khong thé chay trén céac hé¢ théng st dung bo nhé phén tan. Do do,
viéc 1am sao dé c6 thé dua duoc OpenMP 1én trén cac hé théng st dung bo nhé phan tan
tré thanh mot chu dé dugce nhiéu nhém nghién ctru thyc hién. Luan &n nay cling nam
trong pham vi ctia vin dé trén, vi vay trude hét, phai tién hanh hé théng hoa va khai quat

hda c4c nghién ctru d3 va dang thuc lién quan dén hudng nghién ciru cta dé tai.

1.5 Céc cong trinh néi bat vé chuyén doi OpenMP 1én hé thong b nhé phén tin
1.5.1 Phwong phdp sir dung SSI lam bj nhé chung cho tit cd cdc thread

SSI (Single System Image) 1a mot hé thong cac may tinh duogc lién két voi nhau
(40 héa) tao thanh mot may thong nhat véi bo nhé chung. SSI cung cap ¢ muc triru
tugng mot bo nhé chia sé trén nén kién triic bo nhé phan tan vat ly. C6 nhiéu giai phap
dé thuc hién tao ra hé théng SSI nhu Kerrighed [21] va OpenSSI [22]. Cai dat OpenMP
trén kién tric SSI duoc tiép can mang tinh tryc quan nhat va c6 kha ning tuong thich
hoan toan vé&i chuan OpenMP. Tét ca ca cac yéu td cla OpenMP nhu m6 hinh thyc hién,
phuong thirc quan 1y bd nhé va co ché dong bd déu co thé dé dang cai dat dugc. Tuy
nhién nhuoc diém chinh cua phuong phap nay 1a hiéu sut khong cao. Viéc truy xuét
mé rong bo nhé trén may tinh khac cé6 mot mot do tré nhét dinh, déng thoi cling yéu cau
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co ché ddng bd nira. Ca hai yéu t6 nay 1am anh hudng chung dén hiéu suit cua toan
chuong trinh. Do d6, cac nghién ctru va phat trién trén Kerrighed va OpenSSI khdng con
duogc tap trung nghién ctru, va cho dén nay phién ban cap nhat cubi cling cua Kerrighed

va OpenSSI 1an luot vao cac nam 2010 va 2013.

1.5.2 Phwong phdp dnh xa mét phin khong gian nhé ciia luong

Pé giam bt anh huong cia viée anh xa toan bo khong gian nhé cua cac ludng trén
mot ving nhd o chia sé chung, cach tiép can nay chi 4nh xa mot phan ciia ving nhé
can thiét trén ving nh¢ chia s¢ (Distributed Shared Memory - DSM). Theo d6, viéc dong
bo dir liéu chi thuc hién trén mot phén vung nh¢d chia sé va nho vay giam thiéu duogc
thoi gian truy cap 1én cac viung nhé con lai. Van dé con lai phai lam thé nao dé chi dinh
duogc cac bién chia sé¢ dé 4nh xa 1én ving nhé chia sé. Pa c6 mot sd cong trinh nghién
ctru dé giai quyét van dé nay.

Céch tiép can ddu tién, md rong thém API ctia OpenMP, ching han nhu cong cu
Cluster OpenMP cua Intel [11] di thém cac chi thi méi dé chi dinh viéc chia sé dit liéu.
Céc chi thi méi nay sé dugc cac lu6ng st dung trong viéc chia sé dir licu. Mot s6 bién
dugc chia sé tu dong boi trinh bién dich (compiler) nhu viéc cip phat stack va truyén
céc tham tri chuan cia cac ham con. Mét s bién can phai dugc lap trinh vién chi dinh
cu thé tudng minh, vi du nhu file-scope (nhu 1a bién toan cuc) trong C va C++. Nhiing
diéu nay lai dan dén viéc Cluster OpenMP khong con twong thich hoan toan véi API
OpenMP gbc. Hién tai Intel ciing da dimg phat trién Cluster OpenMP.

Céch tiép can khac, str dung mo hinh SCASH [7], mé hinh nay dugc dé xuat boi
Mitsuhisa Sato va cac cong su trong d6 st dung mot trinh két hop véi trinh bién dich
chuyén d6i ma Omni [22] dé chuyén chuong trinh OpenMP chuyén sang chuong trinh
mi C. Ban chit cuia SCASH 1a thu vién 1énh cho phép thuc hién truy cdp bd nhé tir xa
nhu [énh doc ("shmem get") hodc 1énh ghi ("shmem put"), voi yéu cau thu vién
SHMEM duoc cai dit san trén cidc may tinh sir dung da duoc két ndi mang voi nhau.
Trong mo hinh nay, khong gian dia chi dung chung phai dugc khai béo twong minh va
dugc cap phat dau tién khi chay chuong trinh. Dé bién dich mot chuong trinh OpenMP
sang md hinh SCASH, chuong trinh dich phai bién dich ma cip phat bd nhé toan cuc
sang ving nh¢ chia sé tai thoi diém chay chuong trinh. M6 hinh SCASH c6 thé tao dugc
hiéu qua cao cho chuong trinh OpenMP néu dit liéu can thiét ciia mdi ludng duoc to
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chtrc trén bo vi xtr 1y cia ludng dang chay (trén cung may vét 1y). Dé tao ra dugc moi
truong nhu vay, Omni mé rong tap chi thi cia OpenMP dé cho phép lap trinh vién co
thé chi dinh khong gian dia chi viing nhg chia s¢ va can bo sung thém chi thi lip dong
bo dé 1ap lich dong b dit liéu cia cac thread can chia sé dit liéu véi nhau. Tuong tu voi
Cluster OpenMP, viéc thém cac chi thi riéng cia minh da lam Omni khong con tuong
thich hoan toan véi API OpenMP nguyén gdc nira.

Pé nang hiéu ning theo phuong phap SCASH, Mitsuhisa Sato va cac cong sy xay
dung trinh bién dich chuyén d6i ma XcalableMP [23] sir dung mang phdi hop dé trao
d6i dir liéu giira cac nat. Ban chat viéc trao d6i dir liéu gitra cac nut st dung thu vién
MPI véi cac ham MPI Get(), MPI Put(),MPI Accumulate() va MPI
Fence () . Két qua danh gia cho thay hiéu nang cao tuy nhién can bo sung thém céc chi
thi riéng. Hién niay phuong phap nay dang tiép tuc phat trién theo huéng bd sung thém
nhiéu chi thi riéng dong thoi c6 thé phdi hop véi MPI. Phién ban XcalableMP dang cap
nhat dén phién ban 1.4 xuét ban nim 2018.

1.5.3 Phwong phap sir dung mé hinh HLRC

Phuong phédp nay st dung moé hinh HLRC (Home-based Lazy Release
Consistency) [24] dé cai dit mo hinh dong bo tré (Relaxed Consistency) ctia OpenMP.
M0 hinh HLRC str dung co ché dam bao dong bd dong nhat giira cac nit. Bang cach st
dung co ché trang nhé 4o dé phat hién cac truy cap dén bo nhd chia sé va nhimg ndi
dung can dugc cap nhat trén cac ving nhé 4o voi su hd tro ciia giai phap thiét bi phan
ctimg InfiniBand [25]. Cu thé, mdi trang bd nhé trong hé théng HLRC ludn c¢6 mot ban
copy dit liéu cap nhat nhat dugc luu giit trén nat chinh. Khi mot xtr 1y can truy cap dén
mot trang dir li¢u cuc bd cia mdt nut khac chua duge cap nhat moi nhét 1ap tirc mot ban
dir lidu sao chép tir niit chinh s& duoc sir dung dé cap nhat ngay lap tic trang nhé do trén
nGt nay. Nhiéu ndt c6 quyén ghi vao mot trang véi cdu tric t6 chitc dir liéu cho phép
kiém soat dugc su thay ddi dit liéu cua trang. Cac thay ddi déu duoc déng bo dén nat
chinh.

Mac du viéc sir dung mo6 hinh HLRC c6 thé giam viéc thuc hi¢n truy cap dén vung
bo nh¢ chia sé¢ dem lai higu suat cao nhung mo hinh nay ciing gdp mot s6 van dé khac.
Dau tién 1a viéc kho dé chi dinh tu dong tat ca cac bién chia sé vi OpenMP khong yéu
ciu khai bao tudng minh tit ca cac bién chia sé. Thir hai, 1am thé nao dé viéc thyc hién
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chi thi dong bd toan bd khong nhd f1ush va khoi tao cac bién chia sé vai toe do cao
néu khong c6 su hd trg ctia phan cing chuyén dung. Pong thoi, viéc giam cidc ménh dé

va t6i thiéu hoa céc chi thi tao ra su phtrc tap hon khi cai dat OpenMP theo mo6 hinh nay.

1.5.4 Phwong phdp két hop véi MPI

Co mot s6 nghién ctru thuc hién dich ma OpenMP sang md MPI véi muc dinh két
hop wu diém cua ca OpenMP (tinh don gian, d& hoc, dé sir dung) va MPI (hiéu ning
cao) trén hé théng mdy tinh c6 bd nhé phan tan.

MPI str dung co ché bd nhé phan tan theo d6 mdi nit cua hé théng c6 mot khong
gian b nhd riéng, khong duoc chia sé véi hé thong khac. Trong chuong trinh song song
viét theo MPI, lap trinh vién phai chi dinh twdng minh viéc chia s¢ dir liéu gitra cac n(t,
trong khi doi véi OpenMP tat ca cac bién dugc chia sé duge thuc hién ngﬁm dinh.

Dé giai quyét sy khac nhau nay, cac y tuéng thuc hién theo phuong phap cai dt
nay bién dich chuong OpenMP ra chuong trinh MPI [8][26] hodc bién dich ra chuong
trinh trinh chay C++ hodc Fortran [9] bo sung cac chi thi giao tiép ciia MPI.

Ca [8][8][26] déu st dung cac chién lugc va thuat toan khac nhau dé phan tich ty
dong dit liéu can chia sé cling nhu giai quyét mdi quan hé noi guri va noi nhan. Cac cai
dit theo phwong phap ndy c6 danh gia bude dau cho két qua hiéu ning cao. Tuy nhién,
tat ca cac cai dat nay déu chua thé cai dat duoc mot cach tu dong toan bd cac chi thi cua

OpenMP.

1.5.5 Phwong phdp dwa trén Mding toan cuc (Global Array - GA)

Mot cai dat OpenMP trén h¢ théng may tinh st dung bo nhé phan tan béng cach
str dung GA da duoc L.Huang va cac cong su gidi thiéu [10][28][29]. GA moét thu vién
duogc thiét ké dé dung cho tinh toan song song trén hé théng c6 bd nhé phan tan. GA
don gian hod 1ap trinh song song bang cach cung cap cho ngudi dung khai niém caa bd
nhé chia sé a0 cho cac hé théng bd nhé phan tan. Ngudi lap trinh o thé viét chuong
trinh song song trén hé thong nhitng hé thdng cluster, néu can st dung bién chia sé trong
chuong trinh, chi cin chia sé dit liéu tang trén ma khéng quan tm t6 chirc & mirc vat Iy
bén dudi. Nhitng chuong trinh GA phan b dir liéu theo nhiéu khdi dé phan cho céc tién
trinh. Trudc khi mot doan ma duge thuc hién, cac dit liéu can thiét phai dugc thu thap
tir cac tién trinh xir 1y lién quan; cac dir liéu nay dugc phan phdi vé lai cac vi tri vat Iy
ctia céc tién trinh. GA thuc hién truyén dwr liéu dua trén MPI. L. Huang va céc cOng su
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d3 thuc hién hau hét cac chi thi cia OpenMP, thu vién thudng ding va méi trudng bién
dugc phién dich sang thu vién GA hodc MPI & mirc ma nguén, ngoai trir mot s6 thiét
1ap dong hodc thay doi sb luong thread, nhu cac chi thi omp set dynamic,
omp set num threads.Y tuéng chung clia phuong phép 1a bién dich OpenMP sang
GA dé khai bao tit ca cac bién chia sé ctia chuwong trinh OpenMP vao mang toan cuc
cua GA.

Két qua thue nghiém cia mé hinh nay duoc md ta trong [10][28][29] dem lai hiéu
sudt cao. Tuy nhién, han ché chinh ctia mé hinh nay 1a viéc phai yéu cau chi dinh tuong
minh bién chia sé, diéu nay lam anh huong dén wu diém noi bat nhat cia OpenMP 1a

tinh don gian, dé hoc, khong can khai bao twong minh cac bién chia sé.

1.5.6 Phwong phdp libMPNode cdi tién trén phwong phdp SSI

Nhu da trinh bay trong muyc 1.5.1, phuong phap SSI c6 thé chuyén d6i hoan toan
OpenMP 1én hé thong bd nhé phéan tan. Tuy nhién, nhugce diém cta phuong phap SSI
nay 1a hiéu ning hoat dong cua hé thong khi cai dit theo phuong phap nay chwa cao.
Phuong phap libMPNode [30] dua trén nén tang cua hé didu hanh Popcorn Linux
[31][32][33] d4 hd tro tinh ning SSI dé x4y dung thu vién libMPNode hd tro chuyén dbi
OpenMP chay trén hé théng bo nhd phan tan co thé chay tdi vu hon. libMPNode di dé
xuét co ché bién dich chuong trinh OpenMP ciing nhu dong bd dir liéu chia s& cua
chuong trinh OpenMP khi chay trén hé théng b nhé phan tan trén nén tang hé diéu
hanh SSI: Popcorn Linux. Uu diém ctia phuong phap ndy 1a c6 thé chuyén d6i hoan
chinh OpenMP chay duogc trén hé théng bd nhé phan tan, budc dau dem lai hiéu nang
hé théng cao so voi hé théng trude d6 sir dung phuwong phap SSI. Tuy nhién, phuong
phép nay dang trong qua trinh nghién ctru chua c6 thuc nghiém danh gid so sanh hi¢u
nang v6i cac hé théng viét theo MPI (phuong phéap cho hiéu ning cao nhat hién nay).
1.5.7 Phu’o'lrzg phdp OMPC si¢ dung trinh bién dich chuyén d6i OpenMP chay trén

hé thong by nho phan tan wng dung cdc thw vién MPI.

Phuong phap nay dang c6 nhitng cip nhat két qua rat méi duoc cong bd trong nim
2022, phurong phap OMPC [34] nay c6 thé duoc phan loai vao nhém phuong phap két
hop v&i MPI nhu da trinh bay trong muc 1.5.4. Tuy nhién, phuong phép nay st dung
trinh bién dich dé chuyén d6i OpenMP chay trén hé thong b nhé phan tan ung dung

céc thu vién ctiia MPI tai thoi diém chay (runtime) nén cd thé xem viéc st dung MPI la
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trong sudt v6i ngudi sir dung. Nguoi sir dung c6 thé d& dang chay OpenMP trén hé théng
bd nhé phéan tan nhu chay OpenMP trén hé théng bo nhd chia s&. Phuong phép nay co
thé chuyén d6i hoan chinh OpenMP 1én hé thong bo nhé phan tan. Tuy nhién do hudng
nghién ciru nay dang trong qua trinh nghién ciru nén cac két qua thyc nghiém ban dau
cho thiy hé sé ting toc ctia hé thdng khi sir dung phuong phap nay chua 6n dinh va hiéu
nang cta hé thong dang con thap hon nhiéu khi so sanh voi hé théng sir dung MPI (dem

lai hi€u nang hé théng cao nhat hién tai).

1.5.8 Phwong phdp CAPE don luong

Pay 1a phuong phap ma luén 4n tap trung VAo nghién ctru dé cai tién nén duoc trinh
bay chi tiét & muc 16n tiép theo, muc 1.7. Dudi su huéng dan cua GS. Eric Renault
(Phép), nhém nghién ciru trong nudc gdm Ha Viét Hai, Nguyén Canh Hoai Puc, Trin
Vin Long va B6 Xuan Huyén d lién tuc nghién ciru CAPE trong thoi gian qua. Trong
nam 2013, nhom da dang mot bai tai Hoi thao Quéc gia vé Nghién ctru va Ung dung
Cong nghé thong tin - FAIR 2013 [20]. Bai bao chimg minh kha ning cung cp hiéu
ning cao cua CAPE bang cach so sanh mo hinh hoat dong va cac mé hinh toan hoc tinh
toan hi€u nang cua k¥ thudt nay véi MPI, cong cu dang dugc danh gia c6 kha nang cung
cap hiéu niang cao nhét trén kién trac str dung bd nhé phéan tan. Trong cac nam tir 2015
dén 2018, nhém nghién ctru nay da cong bd cong trinh & cac hoi thao khoa hoc va tap
chi uy tin vé céc cai tién cua CAPE vé: (i) Cai tién vé cach truyén gui dir liéu giita cac
nut tinh toan tir viéc st dung k¥ thuét socket sang sir dung thu vién truyén dit liéu cua
MPI [16] 1am tang d6 tin cdy va on dinh trong viéc truyén dit liéu; (ii) Cai tién tdi uu
kich thudc va thoi gian thuc hién chup anh tién trinh [17][18][19].

Tir nam 2016, nhom bat dau tién hanh nghién ctru dé khai thac t6t hon kién trac bo
vi xu ly da 161 dé gia tang hiéu nang hoat dong ctia CAPE. Theo mo hinh hoat dong hi¢n
thoi cia CAPE, tai cac ving song song, mdi nut phu dugc giao mot phan cong viéc ciia
doan ma song song va thuc hién trén mot tién trinh duy nhét. Chinh diéu ndy dan dén
viéc hau nhu chi ¢c6 mét 16i CPU duoc sir dung voi ty 1€ cao, con cac 161 khac ¢ trang
thai nghi. Dé tang duogc hiéu suat clia chuwong trinh, rd rang trong khoang thoi gian thyc
hién tinh toan & cac nut phuy, can song song héa cac doan ma nay, tirc 1a phai tim cach
dé ¢ da tién trinh (chwong trinh) hodc da ludng (thread) thyc hién. M6 hinh hoat dong
moi da dugc ching toi dé xuét va thir nghiém nhung chua thanh cong. Cu thé, st dung
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da tién trinh trén mdi nut phu bang cach cho thuc hién song song nhiéu 1an chuong trinh
ung dung trén mdi nat, moi lan thyc hién s€ dugc chay trong mot tién trinh doc lap, co
s6 hiéu khac nhau va duoc phan mat phén cong viéc khac nhau ctia doan ma tinh toan
song song. Giai phap nay da duogc cai dit thir nghiém, véi cluster gdm cac may tinh trang
bj CPU Intel Core i3 (2 15i x 2 siéu phan ludng), toc d6 3.5GHz, RAM 4GB, chay hé
diéu hanh Ubuntu 14.04, két nbi bang mang Ethernet toc d6 100Mb/s (mdy vat 1y). Cac
thir nghiém di cho két qua toc tang tc duge gan gap doi khi cho chay 2 tién trinh Gng
dung dong thoi trén mdi nat tinh toan. Pay 1a mot két qua rat tot va hop 1y vé mat hiéu
nang. Tuy nhién, giai phap ndy gip phai vin dé vé tinh 6n dinh. S6 liéu thuc nghiém cho
thdy tinh hudng céc tranh chap vé mit tai nguyén va IP ciia hé thdng trén cac nut tinh
toan dan dén dimng hé thong 1én dén dén gan 30% trudng hop thir nghiém. Két qua cia
huéng nghién ctru nay duoc cong bo trong [64].
1.6 Tong hop danh gia vé cac phwong phap chuyén d6i OpenMP trén kién tric

bo nhé phan tan

C6 nhiéu phuong phap chuyén d6i OpenMP cho hé thong may tinh sir dung bo nhé
phén tan. Nhin chung, chua c6 phuong phap nao thanh cong trén ca hai mat tuong thich
hoan toan véi API OpenMP va c¢6 hiéu ning cao. Cach tiép can SSI da thanh cong khi
cai dat dugc toan bo cac chi thi cua OpenMP tuy nhién hiéu nang chua cao. Mot s6
phuong phap khac dat hiéu nang cao tuy nhién chua cai dat xong cac chi thi cia OpenMP

hodc cac bod sung thém chi thi riéng. Bang 1.1 hé théng lai dic diém cua tirng phuong

phap.
Bang 1.1. Tong hop so sanh cac phwong phép cai dit OpenMP trén kién trac b nhé
phén tan

S6 | Phwong phap | Nguyén ly Uu diém Cac ton tai
T can gidi quyet
1 SSI Xay dung bo nhd do toan | Cai dat day | Hiéu nang thap

cuc anh xa dén bo nhé | du chi thi caa

vat ly phan tan OpenMP
2 | Cluster Chi anh xa cac bién chia | Hiéu ning St dung cac
OpenMP s¢ vao vung nhd chia sé | cao chi thi riéng,
chung khac voi
OpenMP
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S6 | Phwong phap | Nguyén ly Uu diém Cic ton tai
TT cin giai quyét
3 SCASH, Chi anh xa céc bién chia | Hiéu nang Str dung cac
XcalableMP s¢ vao vung nh¢ chia sé¢ | cao chi thi riéng
chung khac vai
OpenMP
4 HLRC St dung co ché trang | Hiéu ning Can ho tro cla
nhG 4o dé phat hién cac | cao giai phap phan
truy cip dén bo nhd chia ctrng chuyén
s€ dung
5 Két hop voi | Dich céc chi thi OpenMP | Hi€u nang Chua cai dat
MPI sang MPI cao duoc nhiéu chi
thi cua
OpenMP
6 GA Str dung mang toan cuc | Hi€u nang Chua cai dat
cao duoc viée tu
dong chi dinh
bién chia sé
7 libMPNode Cai tién dua trén phuong | Cai dat ddy | Dya trén hd
phap SSI du chi thi trg hé diéu
cta OpenMP | hanh riéng.
Chua c6 nhiéu
thuc nghiém
danh gi4 hiéu
nang.
8 OMPC St dung trinh bién dich | Cai dat ddy | Pang trong
ung dung thu vién MPI | du chi thi qua trinh
tai thoi diém chay cua OpenMP | nghién ctru
bude dau thue
nghiém hé
thong ting toc
chua 6n dinh.
9 CAPE St dung k¥ thuat chyp | Hi€u nang Chua cai dat

anh tién trinh dé ty dong
hoa mo hinh thuc hién va
mo hinh by nhd cua
OpenMP

Ccao

hoan chinh tat
ca cac chi thi
cua OpenMP
Chua khai thac
t6i da kha ning
da ludng trén
modi it phy
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1.7 CAPE don ludng
1.7.1 Gidi thiéu chung vé CAPE don luong

CAPE (Checkpointing-Aide Parallel Executing) Ia mdt phuong phap dua trén k¥
thuat chyp anh tién trinh, c6 muc tiéu cai dit API OpenMP trén cac h¢ théng st dung bo
nhé phén tan [12]-[20]. CAPE dugc GS. Eric Renault phat minh vé miat nguyén 1y va
sau d6 dugc TS. Ha Viét Hai, TS. Tran Vian Long phat trién, thir nghiém trong thoi gian
1am lun an tai Vién Vién théng Nam Paris (Phap). Tat ca cac cong viéc co ban dé thuc
hién cac ciu trac song song OpenMP, bao gém t chirc nhom lam viéc, phan chia cong
viéc, trich rat két qua,... déu duoc thuc hién véi cong cu co sé 1a k¥ thuat chup anh tién
trinh. CAPE hoat dong theo mo6 hinh Chinh — Phu (Master — Slave): Chuong trinh
OpenMP (da dugc bién dich sang dang cua CAPE) dugc thuc hién trén mot tap cdc may
tinh ni mang, trong d6 c6 1 nut chinh (master) chua cac két qua thuc hién chuong trinh
va c4c nat nut_phy/ nat_tinh_toan (slave) thyc hién song song cac phan khac nhau cia
cac cau lénh song song OpenMP. Trong nhiing phién ban CAPE dugc tién hanh & cac
nghién ctru trudc luan an nay, céac phﬁn viéc thuc hién tai cac nut phu dugc dam trach
bdi mot tién trinh don ludng. Vi vdy, trong luan 4n ndy chdng toi goi chung CAPE & céc

phién ban trude 1a CAPE don ludng.

1.7.2 Mé hinh hoat djng ciia CAPE don luéng

Dé cai dit dugc API OpenMP mét cach tuong tich hoan toan trén hé théng b0 nhéd
phan tan, can phai cai dat duogc toan bd cac yéu cau vé mo hinh hoat dong, moé hinh bd
nhd, céc chi thi va nhitng yéu cau khac cia OpenMP.

Vé mé hinh hoat dong, CAPE dua ra m6 hinh méi trong d6 dam bao mé hinh fork-
join ciia OpenMP vé mit 16gic nhung v6i mot sb thay d6i dé thuc hién duogc trén cac hé

théng may tinh str dung bd nhé phan tan. M hinh nay dwgc minh hoa trong Hinh 1.6.
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Slaver 1 Master Slaver 2

Sequenc H H

—

> fork

J\

run

>—parallel

code

-

J
N
Parallel<

resulty

> join

. . [] J
Sequence { § i §

Hinh 1.6. Mo hinh hoat dong ctia CAPE don luong

Piém khac nhau quan trong giita md hinh thuc hién CAPE va OpenMP, CAPE sir
dung tién trinh (process) thay cho ludng (thread) ctia OpenMP. Su thay thé nay gitip cho
cac cau 1énh song song ctia OpenMP ¢ thé duoc t6 chic trén hé théng bo nhé phan tan,
bdi vi khong thé to chirc mo hinh mét tién trinh da ludng chay trén cac niit khac nhau
(may tinh khéc nhau) ciia hé théng nay. Hinh 1.6 minh hoa mé hinh thyc hién ciia CAPE
trong tinh hudng chay trén 3 nut, trong dé c6 mot ndt chinh va hai ndt phy. Nt chinh
dong vai tro nhu ludng chinh ban dau trong chwong trinh OpenMP va hai nut phy déng
vai tro 1a cac luong tinh toan khi gip céc chi thi xir Iy song song trong OpenMP. Pau
tién, chuong trinh ing dung duoc khdéi tao va chay trén tat ca cac nat. Khi gdp doan ma
song song, nut chinh thyc hién chia cong viéc va phan phdi cong viéc dén cac nat phu
theo dang mot anh chup tién trinh gia ting roi rac (DICKPT) [12][13]. Mbi nat phu nhan

dugc mdt anh chup tién trinh, tich hgp vao ving nhé ctia né va chay thuc hién cong viéc
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dugc phan cong. Sau d6, két qua tinh toan trén mdi nat phu duoc trich rat guri vé nit
chinh ciing théng qua mot anh chuyp tién trinh. NGt chinh nhan dugc tat ca cac anh chup
tién trinh tir c4c nut phy, thyc hién tong hop va tich hop vao khong gian nhé cua né roi
guri lai anh chup tién trinh méi dén tat ca nat phu. CAc niit phu nhan anh chyp tién trinh
moi tich hop vao khong gian nhé cua chung, sau budc nay, ca nat phu va nut chinh déu
c6 trang thai khéng gian nhé giong nhau, vi thé, chung xem nhu déu da thyuc hién xong
phan viéc ctia doan ma song song ndy va sau do tiép tuc chay cac doan ma tiép theo cia

chuong trinh.

1.7.3 Bién dich ma tir OpenMP sang CAPE

Dé thuc hién chuong trinh OpenMP, trude hét can duge khi-OpenMP — tirc 12 bién
dich sang dang chuong trinh khong con cac chi thi OpenMP nita. Néu chwong trinh dich
s€ chay trén cac h¢ théng str dung b nhd chia sé, cong viéc nay duogc thuc hién bdi cac
chuong trinh bién dich OpenMP d c6 sén.

Doi voi CAPE, mot chuong trinh bién dich chuyén biét dd dugc phat trién bang
ngodn ngir txl [70][71], dang dich m&-nguén sang ma-ngudn (C sang C) dé chuyén cac
chi thi OpenMP sang dang cac cau 1énh C thuan tuy, trong do6 c¢6 st dung mét thu vién
cac ham CAPE. Nhirng ham nay thuc hién nhi€ém vu ciia DICKPT bao gém nhiing chuc
nang co ban nhu: theo dai tién trinh dugc chup anh, chup anh tién trinh, phan phdi anh
chup tién trinh, giri nhan anh chup tién trinh, trich rat/tich hop anh chup tién trinh vao
viing khong gian nhd tién trinh,... Ngoai ra, con ¢ mét tap hop cac khudn dang da dugc
xac dinh trong trinh bién dich CAPE dé tu dong thuc hién dich chuong trinh OpenMP
sang chuong trinh CAPE dé chay duoc trén nén taing CAPE. Sau khi da dugc bién dich
bdi chuong trinh dich ctia CAPE, ma nguon tiép tuc dugc bién dich sang dang ma may
bdi mot trinh bién dich C thong thuong.

Quy trinh bién dich dugc mo ta trong Hinh 1.7 [17].

CAPE
prototype

v

CAPE
Tul compiler

CAPE
program

executable
code

OpenMP
program

C/G++
compiler

Hinh 1.7. Quy trinh bién dich chuong trinh OpenMP thanh chuong trinh CAPE
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Trong quy trinh trén, cac ham CAPE (dang mi C) duoc bd sung tu dong vao
chuong trinh dang CAPE. Dué1 day la nhitng ham co ban trong thu vién nay.
e start( ) bitdiu gidm sat trinh tng dung
e stop( ) dung vi¢c giam sat trinh ing dung
e create (ckpt) tao anh chyp tién trinh va luu ra ckpt
e inject (ckpt) tich hop anh chup tién trinh vao ving nhé cua tng dung
e send(ckpt, node) gii motanh chup tién trinh ckpt dén node
e wait for (ckpt) doinhdn mot anh chup tién trinh
e merge (ckptl, ckpt2) tron (merge) anh chup tién trinh ckpt2 vao anh chup
tién trinh ckpt1
® Dbroadcast (ckpt) gui ckpt dén tit ca cac nat slave
® receive (ckpt) nhan anh chyp tién trinh ckpt
Dbi v6i 1 chi thi OpenMP, can c6 mot khuon dang chuyén doi tuong tmg. Hinh
1.8 [17] trinh bay khuon dang danh cho cu tric omp parallel for — céu triic song
song co ban nhit cia OpenMP. Dé don gian cho viéc trinh bay, gia sir s6 budc lip cua

ciu triic for bang véi sé nt slave.
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#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 }

Hinh 1.8. Khuén dang bién dich cau trL'lq omp parallel for trong CAPE don
ludng

Céc budc chinh cua doan ma CAPE ¢ trén dugc giai thich dudi day.

O tién trinh chinh (cAu 1énh 1-15): phan dau cua vong lap for duoc thuc hién o
trén tién trinh ndy. Tai mdi budc 1ip, mot anh chup tién trinh gia tang roi rac dugc léy
va giri dén mot tién trinh phu. Sau d6 tién trinh chinh doi va 13y cac két qua thuc hién
than ctia vong ldp for dugc giri vé tir cac tién trinh phu. Cac két qua nay duoc gop lai,
cap nhét vao khong gian nhé cia tién trinh chinh, dong thoi duoc giri dén tit ca cac tién
phu néu can thiét. Nhu vy, sau budc nay, khong gian nhé cia cac tién trinh déu di chira

két qua thuc hién cua vong lip for.
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O tién trinh phu (cdu 1énh 16-30): tai day, phan dau cua cu 1énh for khong duoc
thyc hién. Thay vao do, mdi tién trinh nhan mot checkpoint gia tang roi rac tu tién trinh
chinh va cap nhat vao khong gian nhé ciia nd. Nhu vy, sau budc nay, tién trinh 1 di ¢
trang thai sau khi thyc hién phén dau cua vong ldp for dugc i budc. Tiép theo, tién
trinh khoi tao mot checkpoint gia tang roi rac va thuc hién than cia vong lap for (cau
1énh 20-21). Sau khi thuc hién xong viéc tinh toan, mot anh chup tién trinh duoc tao ra
dé trich rat cac két qua thuc hién duge boi than cia vong lip. Anh chup nay dugc gui
vé tién trinh chinh. Néu day chwa phai la cdu trac song song cudi cling cua chuong trinh,
tién trinh phu nhan anh chup luu giit két qua thuc hién cta toan bd vong liap for (trén
tat ca cac node), cap nhat vao khong gian nhd cua minh dé chuan bi cho cac cau 1énh
tiép theo.

Déi v6i cac ciu trac song song khac véi cdu tric parallel for néi trén, co hai
huéng dé thuc hién viéc bién dich: 1) xay dung cac khuon dang chuyén doi chuyén biét
cho cau trac d6; va 2) trude hét chuyén doi cau triic nay sang dang cau tric parallel
for, sau do tiép tuc dung khuon dang cua parallel for dé tiép tuc bién dich. Hinh
1.9 va Hinh 1.10 1an luot trinh bay vi du cho viéc chuyén dbi ciu tric omp parallel

section mdt cach truc tiép sang dang CAPE va sang dang parallel for.
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# pragma omp parallel sections
{

# pragma omp section

Fy 3

# pragma omp section

Py ;

# pragma omp section

Pq;

J automatically translated into |

1 if ( master () ) {

2 wait_for ( after ) ;

3 inject ( after ) ;

4 if ( !'last_parallel ( ) )

5 broadcast ( after ) ;

6 1} else {

7 switch ( get_process_nmum ( ) ) {
8 case 1 :

9 start ( ) ;

10 Po ;

11 create ( aftergp ) ;
12 stop () ;

13 send ( after,, master ) ;
14 break ;

15 case 2 :

16 start () ;

17 P] ’

18 create ( after; ) ;
19 stop () ;

20 send ( after,, master )
21 break ;

22 case 3 :

23 start ( ) ;

24 Pz 3

25 create ( after; ) ;
26 stop () ;

27 send ( after;, master ) ;
28 break ;

29 }

30 if ( !last_parallel ( ) ) {

31 receive ( after ) ;

32 inject ( after ) ;

33 } else

34 exit () ;

35 }

Hinh 1.9. Khudn dang chuyén di cho cdu triic omp parallel section sang dang
CAPE

31



# pragma omp parallel sections
{
# pragma omp section
Py ;
# pragma omp section
P
# pragma omp section
P
}

1 can be translated into |

# pragma omp parallel for
for (i=0 ; i <38 ;1i++) {
switch ( i ) {
case 0 :
Po ;
break ;
case 1 :
By %
break ;
case 2 :
P ;
}
}

Hinh 1.10. Khudén dang chuyén ddi céu triic omp parallel section
sang cau tric omp parallel for

Hién tai, CAPE chua ho tro cho cac dang chi thi OpenMP léng nhau. Tuy nhién,
xét vé nguyén 1y khong c6 han ché nao dé ngan tré van dé nay va né cé thé tiép tuc duoc

nghién ctru dé dap img mot cach day du.

1.7.4  Kj thudt chup dnh tién trinh dp dung cho CAPE don luong

Chup anh tién trinh [35] 13 k¥ thuat chup va luu trit trang thai ctia mot tién trinh
dang van hanh sao cho c6 kha ning khoi phuc lai trang thai cta tién trinh & cac thoi diém
sau d6. Khi mot chuong trinh duoc chay trang thai ciia chung duoc thé hién qua cac gia
tri trong khong gian nhé (memory space) cua tién trinh, gia tri trong cac thanh ghi va
trang thai cua hé diéu hanh. Khong gian nhd cua tién trinh thudng duoc phan chia thanh
04 phan vung: Code, Globals, Heap va Stack (ngoai phan ving danh cho hé diéu hanh).
Hinh 1.11 minh hoa cac thong tin can duoc chup va luu trit trang thai cua mot tién trinh

trén bo vi xtr ly don 16i. Phan vung nhé Kernel dugc st dung bdi hé diéu hanh va vung
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Code chtra chuong trinh thuong khong thay ddi nén anh chup tién trinh chi luu trang
thai cua vung Stack, Heap va Globals.

C6 thé phan chia k¥ thuat chup anh tién trinh thanh hai loai chinh. Chup anh toan
bd (Complete Checkpointing) trong d6 toan bd bo nhd duge luu trit vao mdi anh chup
va Chup anh gia ting (Incremental Checkpointing) trong d6 chi nhitng phan bd nhd ¢

thay d6i gia tri so véi 1an chup anh trudc d6 duoc luu trit vao anh chup ma thoi.

SlaCk ﬁ

User
address Heap
space
Globals 4\
Code RO
R1

\J

Kernel s
address PC \
space FP -
Memory Registers Checkpoint
file
Hinh 1.11. Minh hoa céc thong tin duoc luu trit trong 1 anh chup tién trinh [35]

Dé phuc vu mot cach t6i uu cho CAPE, K¥ thuét chup anh tién trinh gia tang roi
rac DICKPT da duoc TS. Ha Viét Hai phat trién vao nhitng nim 2009-2011 [13]. K¥
thuat nay dua trén co so k¥ thuat chup anh tién trinh gia ting va cung cap thém kha ning
chup anh tirg phan riéng biét twong tmg voi timg doan ma rdi rac cia chwong trinh.

Thoi diém chyp anh va giri nhan anh chup tién trinh 1a thoi diém chuong trinh viét
theo CAPE goi ciac ham create (before), send (before,slaveri),
receive (before), create (afteri), send (after,master), wait

for (after) nhu da trinh bay trong Hinh 1.8.
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Hinh 1.12. Nguyén tic hoat dong ctia cia K§ thuat chup anh tién trinh gia tang roi rac

Hinh 1.12 mé ta co ché thuc hién chup anh tién trinh cia DICKPT, mdi tién trinh
c6 thé duoc chup anh béi mot monitor. Monitor chiu trach nhiém vé khoi tao tién trinh
mg dung (tién trinh can duoc theo ddi va chup anh), nhan tin hiéu tir tién trinh chup
anh, tao ra file anh tién trinh hodc/va khoi phuc lai trang thai tién trinh tir cac file anh
tién trinh va cho tin hiéu két thuc cua tién trinh.

Sau khi bat dau thyc thi chuong trinh dugc theo ddi, monitor doi tin hiéu dé chup
anh tién trinh. C6 5 truong hop chinh: 3 trong s6 d6 lién quan dén 3 chi thi chup anh tién
trinh va 2 truong hop khac lién quan dén tin hidu ngat (interrupt) STGSEGV VA tin higu
exit.

a. Tin hiéu start: Tién trinh tng dung duoc tam ngimg hoat dong dé thiét 1ap
quyén truy cap chi-doc cho tt ca cac trang nhd cua chinh nd. Sau khi thyc hién xong
viéc nay, tién trinh ung dung tiép tuc thuc hién cac doan ma tiép theo cua minh, trong
trang thai sdn sang dé duoc chup anh. Tir lac d6, bat ky tin hiéu SIGSEGV duoc tao ra
bdi tién trinh tng dung dang duoc theo dbi s& dugc giri dén va xir 1y boi monitor. Co hai

truong hop xay ra:
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Tin hiéu STGSEGV dugc sinh ra boi vi chuwong trinh muén ghi 1én mot trang
nhé c6 trang thai chi-doc. Diéu nay ¢ nghia rang trang nhé nay hop 16 va lan dau
tién duoc truy cap ké tir 1an tin hiéu start trudc d6 duge tao ra. Két qua, noi
dung cua trang duoc doc boi monitor bang cach sir dung ham read range ()
ctia DICKPT driver va duoc luu trit vao mot ving nhé dém trong monitor dé 1am
cin ¢t tao anh chup tién trinh sau ndy, sau d6 thudc tinh cho phép ghi duoc thiét
lap trang nhé twong tng va tién trinh dugc theo ddi duoc yéu ciu tiép tuc thuc
hién chuong trinh.

Trong cac truong hop con lai, tin hiéu SIGSEV dugc tao ra do trang nhd
khong ton tai trong khong gian dia chi 40 clia chuong trinh duoc theo ddi hodc
quyén truy cap ban dau cua trang nhd khong c6 kha ning ghi. Khi do, tin hiéu
SIGSEGV khong dugc tao ra boi vi monitor thay ddi quyén truy cip cua cac trang
nhé ndy ma bai mot 1y do khac bao gdom 151 bén trong chuong trinh. Pdi véi trudng
hop nay, monitor khong xir Iy tin hiéu SIGSEGV. Néu ¢6 co ché duoc thiét lap
bén trong chwong trinh dé bat tin hiéu nay, viéc xir 1y lién quan dugc thuc thi. Néu
khong, n6 dugc tra vé cho hé diéu hanh.

b. Sau tin hiéu SIGSEGV, c0 hai truong hop lién quan dén k¥ thuat DICKPT:

- Tin hiéu save: Khi monitor nhan dugc mot yéu cau dé tao ra mot anh
chup tién trinh cua tién trinh duoc theo doi. Khi do, monitor s& thuc hién cac budc
nhu sau:

1) Poc nodi dung hién thai cua tat ca cac trang da duoc stra doi ké tir anh tién
trinh trudc d6 hodc tir Iic bat dau chwong trinh, sa dung ham
read range () cua DICKPT driver.

2) Vi mdi trang nhé da doc & trén, so sanh cac gia tri trong cac 6 nhé hién
tai VGi CAC gid tri trong tng trong trang nhé da duoc luu trir trude do dé
tim ra chinh xac nhiing 6 nh¢ da thay d6i gia tri va luu trir cac gia tri da
dugc thay doi nay vao trong anh chup tién trinh dang duoc tao.

3) Thiét lap tat ca cac trang nhé vé trang thai chi-doc dé chuan bi cho lan
chup anh gia tang tiép theo. Bong thai cac trang nhé da duoc luu trit trong
b6 nhéd dém cia monitor ciing bi X0a.

- Tin hiéu stop: Tién trinh duoc theo ddi dugc tam ngung dé thiét 1ap

quyén truy cap téi trang thai cho phép ghi trén tat ca cac trang nhé cua tién trinh.
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Sau d6 monitor khong chiu trdch xur ly tin hiéu sTGSEGV tir chuong trinh dugc
theo doi.

c. Tin hiéu exit: Khi tién trinh duoc theo ddi két thic viée thue thi cua nd, cd
nghia la sau khi ham exit ctua h¢ théng dugc goi, cho du n6 dugc goi mot cach tuong
minh hodc khéng twong minh bang ma 15i 14 tién trinh dugc theo dai khong ton tai duoc
tra vé&, monitor hiéu rang tién trinh bi theo ddi da két thuc vi vAy monitor ciing két thiic
viéc chay tién trinh cta no.

Trong mot chwong trinh tng dung, c6 thé c6 nhiéu cip start-stop va trong mdi
cip start-stop, ¢6 thé c¢6 nhiéu chi thi save. Tinh chat ndy cho phép monitor theo
d6i va chup anh tirng phan roi rac trong qua trinh thue hién cia mot tién trinh. Pay chinh
1a ddc diém khac biét 16n nhat ctia K§ thuat chup anh tién trinh gia ting rdi rac so véi
K¥ thuat chup anh tién trinh gia ting thong thuong (Incremetal Checkpointing — ICKPT)
dugc dé cap o cac tai liéu [35][37][40][51][66][67].

1.7.5 Céu tritc dir liéu cho anh chup tién trinh
Anh chup tién trinh do DICKPT tao ra chta hai bo dit liéu: a) gia tri thanh ghi -

tic 1a tat ca cac gia tri thanh ghi tai thoi diém chup, va b) khong gian dia chi ctia chuong
trinh duoc giam sat- tirc 1a tit ca dit liéu cua chuong trinh dwgc giam sat ¢d stra doi so
v6i1 chup anh trude do.

Phan 16n dit liéu cta anh chup tién trinh 13 bo dir liéu luu trit dir liéu thay d6i cua
chuong trinh.

Phan t6 chirc va xir 1y dit liéu cta anh chup tién trinh 1a word (tir) (4- byte kich thugc
bd nhé dé luu trix 1 tir). Trong [12] dd dé xuat 4 cach td chire bo nhd tdi wu kich thude

cua anh chup tién trinh
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Hinh 1.13. Kich thuéc bo nhd can thiét dé luu trit anh chup tién trinh [12]

Cdu triic don tir - Single data (SD). V&i ciu triic ndy mdi phan tir duoc luu theo
dinh dang 8 byte: 4 byte dé luu dia chi va 4 byte luu dir liéu dugc cap nhat tai dia
chi d6. Ciu tric cia tung phﬁn tr dir li€u la { (addr, wvalue)}.

Cdu triic dir liéu lién tiép - Several successive data (SSD). Dit liéu dugc luu theo
cau trac {(addr, size, values)}. Trinh chup anh tién trinh s& doc luu thong tin dit
lidu tir dia chi addr di size bytes dé luu vao anh chup. Trong DICKPT, kich thudc
t6i da cia size 1a 1 trang nhd.

Cdu triic so' d6 ma trdn - Many data (MD). D liéu dugc td chic theo ciu tric
{ (addr, map, values)}.O ddy, map 1a mang kiéu bit dé danh dau cho timg
ving nhé (word). Tuong (g mdi trang nhé 4kB va kich thudc map 1a 1024bit.

Cdu triic toan trang nhé- Entire page (EP). Trong cach ndy toan bo trang nhd duoc

luu trir. Do d6 cdu trac s& 13 { (addr, values) }.O ddy size la kich thudc mot
trang nhg.

Hinh 1.13 trinh bay so sanh kich thuéc khong gian bo nhé dé luu trir anh chuyp tién

trinh theo 4 cau truc khac nhau [12]. SD, MD, va EP chi phy thudc vao sb lugng ving

nhé c6 cap nhat dir liéu. SSD vira phu thude vao $6 luong cap nhat va su phan tan cua

cac ving nhd duoc cap nhat dit liéu. Truong hop t6t nhat ctia SSDumin dat duoc khi ving

dir liéu duoc cip nhat 1a dia chi lién tuc va trudng hop xau nhat SSDmax Xay ra khi s6

c4c ving di liéu duoc cap nhat Ia phan tan téi da.

MJi ciu trdc to chic anh chup tién trinh c¢6 wu nhuoc diém riéng tay theo cac tinh

hudng thyc té ciia chuong trinh. Vi dy, cau tric EP rét tét cho tredng hop ving nhé cua
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tién trinh duoc thay d6i toan trang nhd; SD luén tdt cho treong hop chi vai ving nhé
dugc cap nhat; MD tét trong trudng hop ¢ nhiéu viing nhd duoc cap nhat dir liéu va
dia chi phan tan; trong khi d6 SSD phu hop cho tinh hudng sé luong cap nhat dit liéu
nho hon. Hién tai, cAu tric cia DICKPT dang st dung 12 SSD.

Viéc giai quyét twong tranh ciing nhu dong bo thoi gian khi cac niit phu gui cac anh
chup tién trinh theo cdu trac SSD vé nit chinh dé cap nhat dit liéu va dong bo dit liu

theo cac chi dan ctia OpenMP dugc trinh bay chi tiét & Chuong 4.

1.7.6 Han ché ciia CAPE khi sir dung trén hé thong mdy tinh ¢é CPU da 16

Ngay nay, da 15i 1a kién trac CPU phd bién, voi sb lugng 16i duoc ting 1én thudng
xuyén. Ngay ca may tinh phd thong ciing dugc trang bi CPU c6 4 dén 8 16i va két qua
kéo theo cac mang may tinh sir dung CPU da 15i trd nén phd bién. Tuy nhién, trong md
hinh thyc hién cua CAPE thudc cac nghién ctru trude day, dac diém nay chua ch trong
khai thac. Van dé nay thé hién ¢ trong mo hinh hoat dong, trong d6 céc ciu tric song
song ctia OpenMP dugc chuyén d6i dé chay trén nhiéu ndt slave nhung mdi nit chi chay
mot tién trinh don luéng — tic 1a thuc hién ¢ dang chuong trinh tuan tu. Piéu nay dan
dén sy lang phi tai nguyén cta may tinh nhu trong Hinh 1.14- chi r6 n(t slave ¢c6 CPU
4 161 nhung CAPE chi moi1 st dung dugc mot 101, cac 161 khac dang ¢ trang thai nghi.
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0 seconds.

E. CPUT 1,0% [ cpu2 z.o;: 3 [ cpu3 100,0% 2 cPU4 2,:;%
Hinh 1.14. Ty 1é sir dung cac 16i cia CAPE don ludng trén cac nat phy
R rang, viéc cac 161 ¢ trang thai nghi can phai duoc khai thac dé dat dugc hiéu
suét thyuc hién chuong trinh cao hon. Mot cach truc quan, diéu nay co thé dat duoc bﬁng

cach cho thuc hién song song cac doan ma tinh toan tai cac nuat slave.

1.8 Tiéu két Chwong 1

Chuong du tién cua luin an di gidi thiu tong quan vé cac phuong phap chuyén
d6i APl OpenMP trén hé thong bd nhd phan tan. CAPE 1a mot trong nhitng phuong
phap kha thi voi nhitng wu diém tiém nang. Tuy nhién, phién ban CAPE hién tai chi

dang khai thic cac mang may tinh theo quan diém str dung cac bo xur Iy don 15i. Trong
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bdi canh hién nay, khi hau nhu tit ca cac CPU cta may tinh thudng dugc san xut déu
c6 cau tric da 151 thi mé hinh hoat dong cia CAPE chua khai thac hét hiéu suit cta hé
théng.

D6 chinh 14 co s¢ dé luan 4n xac dinh duoc cac muc tidu can nghién ciru, cai tién
mo hinh CAPE hién tai dé c6 thé nang cao hiéu ning bang cach khai thac hét cong suat
cua cac b vi xu 1y da 161.

Céc két qua ciia chuong nay duoc cong bd & cong trinh [CT1].
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CHUONG 2 CAPE TREN HE THONG TiNH TOAN PA LOI

Trong chuwong I di trinh bay tong quan cac nghién ctru lién quan, cac kién thirc co
ban lién quan dén van dé nghién ctru nhu khai niém tinh toan hiéu ning cao, cic hinh
thire, mirc d6 song song, hé sd ting tdc, phan loai kién tric song song, CPU da 151, hd
trg ctia hé diéu hanh ddi v6i CPU da 151, dic biét gisi thiéu chi tiét vé ddi tugng nghién
ctru chinh cta luan an CAPE don ludng dé cai tién.

Chuong nay sé trinh bay chi tiét mé hinh CAPE méi, song song hai mtrc gitp khai
thac tot tai nguyén ctia may tinh sitr dung CPU da 15i va lam ting hiéu ning cia CAPE

Ién nhiéu 1an khi so sanh v6i phién ban CAPE don ludng.

2.1 Nguyén ly chung

Dé thuc hién y tuong khai thac tot hon cac tai nguyén tinh toan cta cac hé thong
may tinh ¢6 CPU nhiéu 13i bing cach ting sé lugng tién-trinh/ludng chay song song
trong mdi nut phu, can c6 moé hinh CAPE méi dé thyc hién. Sau ddy 13 chi tiét vé phuong
phap thuc hién cu thé.

Theo m6 hinh hoat dong hién tai cia CAPE don luéng, nhu ¢ Hinh 2.1, tai cac
ving song song, mdi Nt phu duoc giao mot phan cong viée ciia doan mi song song va
thuc hién trén mot tién trinh duy nhét. Chinh diéu nay dan dén viéc hau nhu chi c6 mot

161 CPU la duoc st dung véi ty 1€ cao, con cac 161 khac & trang thai nghi.
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Hinh 2.1. M6 hinh hoat dong ctia CAPE va ving can cai tién dé khai thac
kha nang cua cac bg xu ly da 161

Dé ting duoc hiéu suat ciia chuong trinh, rd rang trong khoang thoi gian thuc hién
tinh toan & cac ndt phu, can song song héa cac doan ma nay, tirc 13 phai tim cach dé
chuong trinh dugc chay boi da tién trinh hodc da ludng (song song murc thir 2). Trén
Hinh 2.1, ving khoanh t6 mau nén ddm hon chinh 1a viing can cai tién. Dya theo nguyén
tac hoat dong cua CAPE hién tai, c6 3 phuong phap cé thé thuc hién diéu nay: 1) St
dung da tién trinh trén mdi nat phu bﬁng cach cho thuc hién song song nhiéu lan chuong
trinh ing dung trén mdi nut (Phuong phép 1); 2) St dung song song trén mdi ndt phu
bang cach cho thyc hién song song chwong trinh tng dung trén cic may 4o, tao nhiéu
may 4o trén ting may that (Phuong phép 2); va 3) Song song hoa doan ma tinh todn trén
n{t phu theo md hinh da ludng, nghia 14 song song 2 mic: muc 1 lién quan dén phan
chia va chay dong thoi cac tac vu trén nhiéu may, trong khi mirc 2 lién quan dén viéc sir
dung da ludng trén mdi nut phu dé chay song song phin cong viéc dugc chia cho né
(Phuong phép 3).

Phuong phap 1) dd duoc thir nghiém va cong bd két qua & [64]. Tuy nhién véi
nhuge diém chinh cta phuong phap nay 1a kha ning xay ra cac tuong tranh giita cac
chuong trinh trén cung mét nut vi ching sir dung déu co chung dia chi IP. Hon niia, viéc

st dung socket dé cai dat cac co ché truyén dir li€u cling c6 thé gdy nén cac xung dot vé
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tai nguyén giira cac chuong trinh va gy 16i véi sb tién trinh tinh toan 16m, sb luong 16i
dan dén viéc dimg hé théng 1én dén dén gan 30% trudong hop thir nghiém. Pong thoi,
viéc str dung nhiéu tién trinh doc 1ap cua cing mot chwong trinh doi hoi cac nit tinh toan
phai c6 bo nhd RAM 1én dé dam bao dugc toc do tinh toan. Do vay, can phai thuc hién
cac phuong phéap khac toi vu hon. Ludn an ndy da thuc hién nghién ciru va thuc nghiém
chi tiét ca phuong phap 2) va 3) chi tiét dugc trinh bay trong phan tiép theo.
2.2 Mb hinh CAPE song song hai mirc dwa trén phwong phap sir dung nhiéu

may 4o
2.2.1 Y twéng va cdch thwe hién

Phuong phap nay duoc dua ra véi ¥ tudong chinh 1 tranh sy tranh chap tai nguyén
dan dén dimg hé thong ciia Phuong phap 1 nhu da trinh bay trong muc 2.1 & trén. Trong
do6, trinh rng dung cua ngudi dung va trinh theo doi1 dugc cai dat va thuc hién trén mot
may 40 va c6 nhiéu may ao nhu vy duoc cai dat va van hanh song song trén mdi may
vat 1y cua cac nt phu. Su khac biét so vdi Phuong phap 1 1a su doc 1ap cia cac tién trinh
trén cac may 4o, mdi may ao c6 dia chi IP riéng, 1am gidm nguy co xung dot giira cac
tién trinh do tranh chép dia chi IP gitta cac socket. Hinh 2.2 trinh bay mé hinh hoat dong
ctia phuong phéap nay gom hai niit phu (may that) mdi nat phu chay 2 may ao, khi d6 ca
4 may ao nay dugc xem nhu la 4 nit phu logic cuia moé hinh CAPE. Nhu vay trong mo
hinh nay murc song song thir hai dugc thyc hién bang cach tao nhiéu may ao trén ting

may that (may vat 1y).

42



Node phu 1 Node chinh Node phu 2

Vung — Méyao 1% May ao 2 E E Méy 4o 3 i May o 4 E
. A A A LY
1 L] 1
T T — fork
E i

i
i
i
i
1

Ickpt 1 |
/ : Ickpt 4 :
[tb& ] [ - : L .bh\
C )

Ving [=a
song -
song T T

i o ;

Ketqual . | Kétqua4d

1 Kétqua 2 Kétqua3s |
.

i
i
i

- join

..*
-
Tuan T T : T
o i ! i : |

Hinh 2.2. M6 hinh sir dung nhiéu may ao trén mdi nit phu

Dé cai dit theo phuong phap nay mot cach hiéu qua, can st dung cong cu mdy ao
c¢6 kha ning chay duoc nhiéu tién trinh trén cing mot may vat Iy, mdi tién trinh co thé
dugce xem nhu 1a mot may doc 1ap. Cu thé 13 phai dap tmg cac yéu cau:

- Chay dugc nhiéu may 4o trén cung mot may vat ly;

- C6 kha nang thiét lap IP doc lap cho mdi may 4o, tir d6 ¢ kha ning két ndi
cac tién trinh trén may 4o v&i cac may vat Iy khac véi may dang van hanh
ching (host);

- Cung cip hiéu ning tot.

Hién tai, c6 nhidu may 4o c6 thé dap tng cac yéu cau trén, trong d6 ndi bat 1a Xen,
Open VZ va KVM. Pay déu 13 cac may a0 mi ngudn md, twong thich véi Linux, do d6
dé dang duoc dung dé thir nghiém v6i CAPE.

Chung t6i da cai dat theo phuong phap nay vdi may ao KVM (Kernel-based Virtual
Machine) 1a mot mdy ao héa ddy du cho Linux trén nén tang phan cimg x86. KVM cung
cAp mét kién truc 4o héa cin ban va mot module xtr Iy chuyén biét. Trinh quan tri KVM
cho phép thuc hién nhiéu may 4o trén cung mot may tinh vat 1y, trong d6 mdi may cé
mot dja chi IP khéac nhau va diéu nay la rat hitu hiéu cho viéc cdu hinh CAPE. Nho kha
ning ndy ma ta c6 thé dé dang chay nhiéu tién trinh cta ngudi dung trén mdi nat phu
ma khong bi cac xung dot vé IP. Thyc té viée cai dit kha dé dang, chi can cai dat CAPE
va trinh Gmg dung trén mot may 4o, sau d6 nhan ban thanh nhiéu ban trén cing mot may.
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Cong viée con lai chi 1a viét lai Trinh phan phéi dé cau hinh CAPE trén cac may 4o nay.

Céch thire cai dat chi tiét duge mo ta cu thé trong Phu luc 1.

2.2.2 Danh gia hi¢u nang
Chung t6i thuc hién viéc danh gia mé hinh CAPE theo phuong phap st dung may
40 nay trén mot Cluster cac may tinh dé ban c6 CPU 2 16i x 2 siéu phan ludng (dugc tinh

nhu 4 15i), ndi mang Ethernet 100 Mb/s.

2.2.2.1 Danh gia ty 1€ sit dung CPU

Vé kha ning khai thac cac 151 trén hé théng may tinh sir dung CPU da 151, chiing
t6i thu duoc két qua twong ty nhu véi truong hop st dung da tién trinh trén mdy thuc
cua Phuong phap 1. Trong do, ty 1¢ khai thac 4 161 cia CPU 1a 100% khi st dung 4 may
4o trén moi Gt vat 1y va 50% trong trudng hop sir dung 2 may ao. Biéu do do ty 18 sir

dung duoc chup anh va trinh bay 1an luot trong Hinh 2.3 va Hinh 2.4
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Hinh 2.4. Ty 1¢ khai thac cac 16i khi chay 2 may ao

2.2.2.2 Danh gia hiéu nang thuc hién chwong trinh

Dé danh gia phuong phap nay vé mit hiéu ning, luin an di thr nghiém trén bai
toan nhan 2 ma tran vai kich thudc ma tran 1la 6000x6000, st dung 21 nat vat Iy (1 nat
chinh va 20 ndt phu (may that), s lugng may 4o trén mdi nit phuy bién thién véi cac
gia tri 1, 2 va 4 (do hé thong mdy tinh thuc nghiém sir dung CPU Intel Core i3 chi c6 4
core logic). Thoi gian thuc hién duoc so sanh véi giai phap CAPE hién tai, tirc 1a chay
tién trinh trén méy thyuc. Biéu d6 so sanh cac thoi gian chay duoc trinh bay trén Hinh

2.5 trong d6 nhém 0 twong tng vé6i trudng hop chay 1 tién trinh trén may thuec.
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Nhu biéu d6 thé hién, mic du CPU lam viéc nhiéu hon, két qua vé mit hiéu nang
la khong nhu mong do1, thot gian thyc hién trong truong hop sit dung may 4o luén 1on
hon thoi gian khi sir dung may thyuc (vat 1y). Ngay ca trong truong hop tot nhat 13 st
dung 2 mdy 4o trén mdi nUt phu, thoi gian trén ndt phu va ndt chinh ting 1én khoang 3
dén 4 1an. Diéu nay gay ra la do anh hudéng ciia chi phi sir dung may 4o lén thoi gian
thuc hién va trong truong hop nay, chi phi ndy 13 16n hon nhiéu so véi loi ich thu lai
khi chay nhiéu tién trinh cta cua trinh ing dung trén cac mdy ao nay.

350
300

250

200

150 ® Master
i Slave

100

Théi gian thuc hién

50

0 1

0

2

Sé may ao

|
Hinh 2.5. Thoi gian thuc hién chwong trinh v&i s6 may ao khac nhau

Dé kiém chug lai viéc giam hiéu nang cta hé thong khi sir dung may 4o chung toi
da tht nghiém chay mdt chuong trinh tuan tu nhan hai ma tran kich thude 6000x6000
viét bang ngon ngit C chay trén mot mdy tinh cai hé diéu hanh Ubuntu 14.04, mdy 4o
KVM, ¢6 ciu hinh CPU Core i7, 4 15i x 2 siéu phan ludng (duoc tinh nhu 8 15i), RAM
8 GB c6 cai cac may 4o voi cac kich ban khac nhau dé kiém chung: 1) Kich ban chay
chuong trinh trén may that; 2) Kich ban trén may 1 may ao sir dung ca 8 161 CPU; 3)
Kich ban chay trén 2 va 4 may 40 mdi mdy ao str dung 2 16i CPU; 4) Kich ban chay trén
6 vao 8 may ao sir dung mdi may 4o 01 16i CPU. Trong tat ca cac kich ban sir dung may
40, dung lugng RAM duoc phan déu cho cac may do0. Dé don gian trong viéc thir nghiém
& kich ban str dung nhiéu may ao voi chuwong trinh duoc lap trinh tuan tu, chiing toi chay
d6ng thoi chuwong trinh nhan ma tran kich thuge 6000x6000 & cac may ao. Vi du: Truong
hop chay 2 may 4o néu thoi gian chay trén mdi may 4o twong dwong voi mdy that, co
nghia di ting toc duoc khoang gap d6i. Két qua thyc nghiém véi sb liéu nhu 6 Bang 2.1
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cho thiy murc d6 suy giam hiéu ning khi sir dung may 4o trong truong hop nay kha 16n,
d6i v6i truong hop tot nhat sir dung 4 may a0 murc d suy giam t6i khoang 1.8 1an, trong
khi d6 CPU van thuong xuyén sir dung t6i da 100% cong suét ctia 4 16i va co su ludn

phién str dung céac 16i CPU theo thoi gian nhu Hinh 2.4.

CPU History

0%
&0 seconds

I cru1 2,0% I cruz 100,0% [ CPU3 0,0% I cru4 100,0%
B crus 2,0% I crus 4,0% B cru7 100,0% [l cPUs 100,0%

Hinh 2.6. Trang thai st dung CPU khi chay chuong trinh trén 4 may ao

Bang 2.1. Két qua thyc nghiém mirc d6 giam hiéu ning khi sir dung may ao

i 3 <. ) ° .
So Kich T.ong thoi Tong thoi /?Asuy S
. . gian thuc | . ,< hiéu nang .
may thwoec ma | 7., gian/so . .- | Ghicha
30 tran hién chwong lrone ma SO VOl may
: trinh YIg may that
a b C d e f
0 6000 954 954 0% | May that
1 6000 4,542 4,542 476% | 01 may 4o
2 6000 5,172 2,586 271% | 02 may 4o
4 6000 6,829 1,707 179% | 04 may ao
6 6000 10,715 1,786 187% | 06 may do
8 6000 21,755 2,719 285% | 08 may 4o

Luu ¥: trudng hop sé6 may ao cot a =0 ¢ nghia 1a chay trén may that (vat 1y).
DPong thoi s6 core s& bién thién trong mdi truong hop. Vi du nhu truong hop sd may o
1a 4, mdi may 4o s& duoc ciu hinh dung 2 core. Tuwong ty hai may a0, mdi may ao duoc

cAu hinh tai nguyén 13 4 core CPU.

2.2.2.3 Panh gia wu diém va nhwoc diém cia giai phap

Tuong tu nhu vé6i giai phap sir dung da tién trinh trén may thyc, wu diém noi bat
clia giai phap nay 1a tinh don gian, hau nhu ma chwong trinh déu duoc giit nguyén (trir
chinh stra trong Trinh phan phdi). T4t nhién 1a giai phap nay co phirc tap hon do phai
¢ thém mot bude 1a cai dit va sir dung cac may ao, tuy nhién viéc nay khoéng c6 van
dé gi vé mit k¥ thuat, chi can st dung mgt may do san c6. Uu diém thir 2 1a & mdi tién
trinh duoc cai dit trén mdi may 4o c6 IP khac nhau nén tranh dugc xung dot va cac 10i
gay ra do xung dot, mot 18i thudng xay ra trong giai phap st dung nhiéu tién trinh trén

cac may thuec.
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Tuy nhién, nhuoc diém 16n cua giai phap nay 1a thdi gian thuc hién cua chuong
trinh ting chtr khong 1a 1am giam nhu ky vong. Piéu nay lam cho giai phap khong c6 ¥
nghia gi khi xét vé mat hiéu ning, ttc 13 khong c6 ¥ nghia gi cho viéc nang cao hiéu

suét hoat dong cua h¢ théng.

2.3 M6 hinh CAPE song song hai mirc da ludng?
2.3.1 Y twong thue hién

Nguyén tic cin ban cua phwong phap nay 1a cai dit cac cu triic song song ctia
OpenMP qua 2 muc. Muc th nhét duogc thuc hién theo mé hinh hién tai caia CAPE,
tic 1a phan chia cong viéc cho céc tién trinh trén cac nlt phu va tong hop két qua tinh
toan tir cac NGt nay nho ki thuat chup anh tién trinh. Mirc thi hai duoc thuc hién ngay
chinh trén cac nut tinh toan, d6i v6i mdi phan viéc con cila ciu triic song song tiép tuc
dugc song song hoa trén nhiéu ludng dé khai thac kha ning cta cac bo vi xtr 1y da 16i
va tur d6 tang duoc tbc d6 thuc hién.

Véi yéu cau méi song song hoa trén mdi nat phy, mdi doan mi song song héa ciia
OpenMP phai dugc chia thanh nhiéu tién trinh (process) theo sd niit tinh toan va nhiéu
ludng (thread) trén mdi nut tinh toan dé chay trén mdi nat phu dong thoi nhiéu ludng
dé khai thac t6t hon hiéu niang cua CPU da 16i. Hinh 2.7 minh hoa m6 hinh CAPE mdi
dap tmg yéu cau chay nhiéu ludng trén timg nat phu.

Vé mit 1y thuyét, day chinh 13 giai phap c6 thé nang cao nhiéu nhat hiéu suét hoat
dong cua hé thong, bang cach song song héa doan ma tinh toan trén ndt phy theo mo
hinh CAPE song song hai mirc da lu@)ng, moi lu@)ng thuc hién mot phén cong viéc cua
doan ma tinh toan. Piéu nay c6 thé dé dang chimg minh theo luat Amdahl [36] vé hé
s6 tang tdc trén 1y thuyét khi trién khai song song ctia mot thuat toan trén nhiéu don vi
xir 1y, do chuong trinh g dung trong giai phap nay dugc song song hoa thanh nhiéu

phan hon so vé6i trong mé hinh caa CAPE don ludng.

2 Pa ludng (Multithreading) 1a kha nang xi ly nhiéu ludng ciing lac ciia CPU. Khi ¢6 nhidu nhi¢m vu khéc
nhau, CPU c6 thé lam viéc mot cach song song (parallel) nhiéu ludng d6i véi CPU chi c6 mot 16i 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.

47



Slaver 1 Master Slaver 2

] ] ]
] ] ]
Sequence { : i i

Parallel < _

Sequence —

—

Hinh 2.7. M6 hinh hoat dong song song 2 mirc cia CAPE da ludng

Trong md hinh méi nay, mdi phan song song OpenMP ban dau ciing dugc chia
thanh nhiéu phan viéc con, mdi phan thuc thi trong mot nit phu nhu trong mé hinh thuc
thi CAPE don ludng. Piém méi 1a mdi phan viéc trén cac nat phu tiép tuc duoc phan
thanh nhiéu ludng, thay vi luéng don nhu trong mé hinh hién tai. Do viy, tng dung
chay tai ntt phu co thé khai thac tot hon hiéu nang cua cac h¢ théng CPU da 161. Nhu
vay, voi mo hinh nay CAPE sé thyc thi song song 2 mirc, mirc 1 lién quan dén phan
chia va chay ddng thoi cac tac vu trén nhiéu mdy, trong khi mirc 2 lién quan dén viéc
st dung nhiéu ludng trén mdi nat phu dé chay song song phan nhiém vu dugc chia cua
no.
2.3.2 Khuén mau dich ciu triic omp parallel trong CAPE da luong

Nhu trong Hinh 2.8, doan ma song song ctia OpenMP, theo md hinh CAPE da
luéng, duogc bién dich thanh mét tap hgp cac 1énh thudc dang ngon ngit C/C++ chira ca
chi thi OpenMP va CAPE. Diéu nay cung cap kha ning chay ¢ 2 mic do song song,
mutc 1 phan chia cong viéc ctia vong for ban dau cho nhiéu nut phy va mirc 2 sir dung

nhiéu luong dé thuc hién song song héa cac cong viéc duge giao trén mdi nlt. Chuong
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trinh dich C/C++ tiép theo s& dich tiép ma nay sang dang md may chay dugc trén nén
tang CAPE c6 ho tro OpenMP tai cac nut phu.

Trong Hinh 2.8, c4c ma dong tir 2 dén 14 duoc thuc thi & ndt chinh, trong khi céc
dong tir 17 d&én 31 dugc chay trén cac nat phu.

Trén nat chinh, tai dong 2, bd nhé cua chwong trinh tmg dung duoc dit & ché 4o
bao vé ghi va trinh chyp anh tién trinh duoc khdi tao. Cac dong 4-6 duoc sir dung dé
tao anh tién trinh va gti anh chup tién trinh dén cac n(t phy dé khoi tao trang thai gia
tri ban du cho trinh ing dung va phan nhiém vy cho trinh mg dung trén nit phy bang
céch tach chi sd tir vong ldp for. Sau do, nat phu tao mdt anh chup tién trinh dé trich
xuat két qua thyc hién nhi€ém vu dugc phan chia va tam dung thuc hién gidm sat chup
anh tién trinh. O cac dong 9-10, n(t chinh nhan két qua thuc hién tir tit ca cac nut phu,
sau d6 tich hgp vao bd nhé cua trinh Gng dung. Néu c6 doan 1énh song song khac tiép
theo, nat chinh s& hop nhat cac két qua tir cac nut phu voi két qua cuc bo va phan phdi
anh chyp tién trinh tong hop t6i tat ca cac nut phu dé dong bo hoa khong gian bo nhé
ctia tién trinh trén tat ca cac nit, chuan bi cho cac thuc hién doan ma tiép theo.

Trén cé4c nut phy, & cac dong 17-19, mdi nit nhan mot anh chup tién trinh cta nit
chinh va tich hgp vao by nhé cua trinh tng dung. Pay 1a budc nhan gia tri khoi tao cta
chuong trinh va nhén thong tin phan viéc duoc phan chia cho chwong trinh chay trén
nat phu. Sau d6, tinh nang giam sat dé chup anh tién trinh duoc bat dé thuc hién doan
ma song song ctia OpenMP — dong 20-22. Pay la doan ma song song nhu chuong trinh
gbc ciia OpenMP va dugc to chic chay thanh nhiéu ludng nhu chuong trinh gbc
OpenMP. Piém khéc biét 1a s6 vong lap dugc diéu chinh bang thuong s6 ctia s6 1an 13p
trong chi thi omp parallel for ban ddu va sd lugng nit phy. Dong 23-25 dé trich
xuat két qua cua chuong trinh tai NGt phu va giri vé nit chinh. Sau d6, ndt phu nhan anh
chup tién trinh méi tir nat chinh va dua vao khong gian bd nhé dé chuin bi cac phan

doan ma song song tiép theo, twong tmg cac dong 26-29.
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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 cdu tric parallel for trong CAPE da ludng
2.4 Phan tich hiéu ning hoat déng ciia CAPE da ludng
2.4.1 H¢ sé tang toc Iy thuyét theo lugt Amdahl

Trude hét, chung ta thuc hién viéc phan tich mot cach 1y thuyét dé danh gia hiéu
ning cua CAPE st dung mo hinh thuc hién song song 2 mirc, cu thé 1a danh gia kha
ning ting téc cua CAPE khi thuc hién cing mot chuong trinh OpenMP ban ddu trén
cung mot nén tang. Gia sit chwong trinh nay chira cac doan ma tuan tu va mot chi thi
omp parallel for. Cac trudng hop chira nhiéu phan song song hon c6 thé duoc

phat trién tuong ty.
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Dé 1am diéu nay, chung ta thuc hién viéc so sanh ma ngudn & 2 phién ban, dang
CAPE str dung tién trinh don ludng — dugc trinh bay tai Hinh 1.8 — va dang CAPE sir
dung tién trinh da ludng — dugc trinh bay tai Hinh 2.8.

So sanh 2 doan ma trén, dé dang nhan th'fly khac biét & cau 1énh sb 20 (ctia khuon
dang don ludng) va 20-22 (cta khudn dang da ludng), chinh 1a viéc thyc hién phan cong
viéc dugce giao cho mdi nut phu ¢ dang tién trinh da luéng OpenMP thay cho mot tién
trinh don ludng.

Theo luat Amdahl [36], hé sd ting tdc 1y thuyét toan cuc cia CAPE da ludng so
v6i CAPE don ludng dugc tinh theo cong thirc sau:

S g = )

1—p)+—
S, *s,

Trong d6
Siatency hé s6 tang tdc 1y thuyét toan cuc
p ti 1& co thé song song hoa cla thuat todn tuan tur
s1 12 s6 1an song song cip 1, phan chia cong viéc trén bao nhiéu may tinh
s2 12 s6 1an song song cép 2, trén ting may tinh duoc song song hoa thanh
bao nhiéu ludng/tién trinh.

Theo m6 hinh CAPE Hinh 2.7, song song 2 mtrc, gia st truong hop chay trén 8 may
mdi may st dung CPU 2 161. Gia thiét, doan code duoc chay song song hoa toan bd
khi d6 p = 1 va thoi gian giao tiép dit liéu giita cac may duoc bo qua. Khi d6 hé sd

tang toc 1y thuyét theo cong thirc (1) vai trudng hop chay 1 16i CPU va 2 16i CPU lan

luot nhu sau:

Khi d6 hé s6 tiang toc 1y thuyét ctua hé théng véi truong hop chay 1 15i trén mdi
may tinh Ia
1

S latency = 1-1 1 = 8
J— +i
1-1 g

Trong truong hop st dung 2 161
1
S latency - 1 = 16

1-1)+—
A=-D+o
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Trong thyc té, mot chuwong trinh OpenMP nguyén thuy luén ¢ cac doan ma tudn
tw. Bén canh d6, cac cau 1énh CAPE dé thuc hién viée phan chia cong viéc, trich rit két
qua, dong bd hoa bd nhé,... ciing tiéu ton mot chi phi nhat dinh. Do d6, hé sb ting tdc
& trén chi mang tinh 1y thuyét (c4n trén), thyc té ludn phai thdp hon mirc can trén nay
va tién téi gia tri gén v&i can trén nay khi thoi gian thue hién viée tinh toan trén cac nut
tinh toan phai 16n hon rat nhiéu so véi thoi gian thue hién cac cong viéc khac nhu chia
viéc, dong bo dir liéu,.. ..

Nhu vay, trong trudng hop bo qua thoi gian thyc hién cac doan ma tuan ty va cac

chi phi khéc, cong thirc trén tré thanh:

Slatency~ S
Ttc 13 hé s6 tang toc s& ty 16 thudn voi s, 14 s6 ludng song song hod, tuong duong

véi 86 161 cua CPU tai cac nit slave.
bay cling chinh 1a gia thuyét khoa hoc chinh cta viéc mé rong mo hinh hoat dong
ciia CAPE. Gia thuyét nay s& dugc kiém ching boi cac két qua thuc nghiém & phan

Sau.

2.4.2 Két qud thwe nghiém va dinh gid
2.4.2.1 Hé thong thuc nghiém va bai toan thuc nghiém

Dé danh gia bﬁng thuc nghiém hiéu nang ciia CAPE da luéng, nhu dugc phan tich
hé sb tang tdc theo khia canh toan hoc trong muc 2.4.1, mot s6 thuc nghi¢m chay CAPE
da ludng da duoc tién hanh trén hé thong cic may tinh ca nhan dugc két ndi boi mang
LAN 100 Mbps 3 va duoc van hanh boi hé diéu hanh Ubuntu 18.04.3 LTS, OpenSSH-
Server. Cac thtr nghiém duogc tién hanh trén 2 ciu hinh cluster nhu sau:

Hé théng 1: Str dung 1 cluster gdm 16 nit slave c6 cau hinh nhu sau: 6 may tinh
Intel(R) Core(TM) i3-2100 @3.1GHz RAM 8GB; 2 mady AMD Phenom(TM) Il X4
925 Processor @2.80GHz, 8GB of RAM; 1 may Intel(R) Core(TM) i3-2120 CPU
@3.30GHz, RAM 4GB; 2 may Intel(R) Pentium(R) Dual CPU E2160 @1.80GHz, 2GB
of RAM; 5 may Intel(R) Core(TM)2 Duo CPU E7300 @2.66GHz, 3G of RAM. Vi
c4u hinh nay chi chay dugc 2 kich ban sir dung 1 15i va 2 151 trén mdi may, do gidi han

cta cac may su dung CPU Duo core (2 16i).

3 Céc may tinh cting 16p mang dugc ndi chung ciing 1 switch 48 ports 10/100 Mbps, diy mang CAT5.
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Hé thdng 2: Str dung 1 cluster gdm 8 nit slave c6 cdu hinh nhu sau: 6 may Intel(R)
Core(TM) i3-2100 @3.1GHz RAM 8GB; 2 may AMD Phenom(TM) Il X4 925
Processor @2.80GHz, 8GB of RAM. Vi cAu hinh nay co thé chay duoc 4 kich ban st
dung 1 dén 4 15i trén mdi may.

Céc thuc nghiém d3 tién hanh chay chwong trinh nhan hai ma tran vudng cé cac
kich thudc 1an luot 13 96009600 va 6400x6400, véi sd ludng tai cac nit slave bién
thién tir 1 dén 2 trén hé thong 1; va 1 dén 4 ludng trén hé thong 2. Mbi trudong hop déu
dugc chay 10 1an va két qua cudi cung 1a gia tri trung binh cong cua 10 lan chay. Dic
tinh cta bai toan cung vai kich thudce dit lidu ndy thoa méan diéu kién vé thoi gian tinh
toan tai cac nut slave 16n hon nhiéu so véi thoi gian thuc hién cac cong viéc khac cua
chuong trinh, nhu da dé cap ¢ muc 2.4.1.

Pé danh gia hiéu nang hé thong khi 4p dung md hinh CAPE méi, dong thoi lam
ndi bat wu diém cia nd, chung t6i tién hanh hai huéng so sanh 16n : 1) So sanh véi
CAPE sir dung md hinh hoat dong truéc day (don ludng) ; va 2) So sanh véi MPL
Huéng thir nhat s& tinh dugc chinh xac hé s ting tdc ctia md hinh méi, theo cong thirc
tinh cua luat Amdahl. Trong khi hudng thir hai — so sanh voi1 MPI 1a phuong phép co
kha nang cung cap hiéu ning cao nhat cho lap trinh song song trén hé théng st dung bod
nhé phén tan — dung dé danh gia hiéu ning ciia CAPE so véi cac phuong phap khéc.
Ciing can nhac lai ring CAPE, véi nhiing chi phi thoi gian va tai nguyén mang tinh tat
yéu tir k¥ thuat co so ciia CAPE, s& khong thé c¢6 hiéu nang sanh bang MPI. Diéu nay
cling ding vai tat ca cac k¥ thuat 1ap trinh song song trén hé thdng sir dung bd nhé phan
tan khac. Uu diém thuc ddy CAPE va nhiing k¥ thuat khac ndm & kha ning cung cap
giai phap lap trinh don gian hon, it tén thoi gian va cong stc hon cho ngudi 1ap trinh

hon so voi MPI.

2.4.2.2 Két qua thwe nghiém va phan tich, danh gia

Hinh 2.9 va Hinh 2.10 trinh bay két qua chay thi gian chay cing 1 chuong trinh
theo phwong phap CAPE va MPI, bién thién theo sb lugng 15i (twong duong sb lugng
ludng/tién trinh) sir dung trén timg mdy va kich thudc bai toan (ma tran 9600x9600
hoic 6400x6400). Trong d6, Hinh 2.9 twong tng v4i Hé thong 1 (16 nat phy), chi thi
nghiém véi trudng hop sir dung 1 18i/ludng va 2 I18i/ludng; Hinh 2.10 twong tmg véi Hé
thdng 2 (8 nut phu), thir nghiém véi s6 18i/ludng tir 1 dén 4. Trén ca hai biéu do, truc

53



tung chi thoi gian thue hién chuong trinh véi don vi 1a milliseconds; Truc hoanh c6 2
chi s6: kich thuéc ma tran (9600x9600 hoic 6400x6400); va sb ludng sir dung (1 hodc
2 hoac 3 hodc 4), trong do 1 la truong hgop st dung mot 161, twong Grng véi1 st dung
phién ban CAPE don ludng; va 2/3/4 twong tng véi phién ban CAPE da ludng va st
dung 2/3/4 16i CPU trén cac nut phu.
2.4.2.2.1Két qua va dinh gid theo thoi gian thuc hién

Fii =@ CAPE (s) = <= MPIs)
3000
2500
2000

1500

1000

500 e

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 == CAPE (S) o= =gpm= MPI (s)
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Hinh 2.10. Thoi gian thuc hién trén trén cluster 8 may bién thién theo so I6i sir dung

So sanh giira CAPE da ludng va CAPE don ludng

Déi véi ca 2 hé thong va 2 kich thudce bai toan trén d6 (9600x9600 va 6400x6400),
thoi gian thyc hién cia CAPE da ludng luén bé hon ciia CAPE don ludng. Piéu nay
chting minh mot cach rd rang mé hinh hoat dong da luéng da mang lai hiéu nang thuc
hién t6t hon mé 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 Ii ludn 16n hon d6 dbc 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 ¢6 4 161 nhung thyc chat chi ¢6 2 16i vat Iy va mdi 16i chira 2 siéu phan ludng.

So sanh gitra CAPE va MPI

Trong tat ca cac trudng hop, thoi gian chay chwong trinh theo MPI ludn nhanh
hon hon CAPE, nhung v&i mot ty 16 twong d6i 6n dinh, thé hién qua d6 thi duong ké
thoi gian chaygan nhu song song voi nhau. Diéu nay ciing ching td CAPE van hanh 6n
dinh trong trudng hop ting hodc giam sb 161 CPU str dung. Hon nita, mirc chénh 1éch

thoi gian chay chuong trinh cia CAPE va MPI chi ¢ murc x4p xi 8%. Mtic chénh léch
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nay 1a khdng cao va c6 nguyén nhan tir viéc CAPE ludn ton chi phi thoi gian dé thuc
hién vi¢c giam sat va chyp anh tién trinh. Vi mie chénh léch nay, co thé n6i CAPE da
tiém can dugc voi phuong phap lap trinh song song trén hé thong sir dung bd nhé phan
tan c6 kha ning cung cap hiéu ning cao nhét 1a MPI. Két hop voi dic tinh ndi bat cua
OpenMP 14 tinh d& hoc, dé sir dung, tiét kiém cong strc va thoi gian 1ap trinh, c6 thé noi
CAPE ¢6 kha niang cung cip mot cach thic lap trinh song song wu viét trén hé thdng sir
dung bg nhé phan tan.
2.4.2.2.2 Két qud va ddnh gid theo hé so ting toc

Pé thay ro hon tinh hiéu qua ciia moé hinh mdi, ta tinh toan hé sé ting tc ciia no
so v&i md hinh cii. Hé s6 ting toc thyc té duoc danh gia theo cong thirc:

_ Taon ludng
Slatency - T ]
da luong

Trong do:
Slatency 12 hé s6 tang toc;
T don tuéng 12 thoi gian thyc hién chuong trinh véi moé hinh CAPE don ludng,
tuong tng véi trudng hop st dung 1 16i/ludng & cac Hinh 2.9 va Hinh 2.10;
Taa iéng 13 thoi gian thuc hién chuong trinh voi mé hinh CAPE da ludng,
tuong tng véi truong hop sir dung 2-4 18i/ludng & cac Hinh 2.9 va Hinh
2.10.

Két qua tinh toan duoc biéu dién trén cac Hinh 2.11 va Hinh 2.12, trong d6 bao
gdm ca biéu dién hé sb ting tdc ctia CAPE da ludng so voi CAPE don ludng va hé sd
tang toc ciia MPI sir dung 1 tién trinh & cac nat phy va da tién trinh ¢ cacnit phu. Trén
cac biéu dd nay, truc tung biéu dién hé sb tang téc (1an), truc hoanh twong Gng véi sb

16i/ludng dugc st dung.
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Linear speedup  ----#---- 9600*9600 - MPI —@— 9600*9600 - CAPE

—@— 6400*6400 - CAPE ----#---- 6400*6400 - MPI

2.5

1.5

Speed up

0.5

number of cores

Hinh 2.11. Hé s6 tang tdc theo s6 16i CPU sir dung trén hé thdng 16 nit phu

Linear speedup L] 9600*9600 - MPI —@—— 9600*9600 - CAPE

—@— 6400*6400 - CAPE —#—— 6400*6400 - MPI|

4.5

'Y

1 2 3 4

number of cores

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

So sanh giira CAPE da ludng va CAPE don ludng

Trong ca hai hinh trén, do thi cia CAPE don ludng chi ¢ 1 diém duy nhat twong
g voi truong hop sir dung 1 16i. Bdi sanh véi cac truong hop CAPE da ludng sir dung
2 dén 4 10i, ta thay trén dd thi gan nhu tao thanh 1 duong ting toc tang tuyén tinh. Mot
céch chinh xac, toc do tang toc cia CAPE va MPI cao hon trong trudng hop sir dung 2
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16i 14 1,90-1,95 1an khi so sanh véi truong hop st dung 1 16i. Dng thoi khi sir dung 4
16i ctia CPU (thyc chét 12 2 1i thuc va 2 siéu phan ludng), két qua thuc nghiém hé s6
tang toc van cao, co thé 1én téi 3.16 so véi truong hop st dung 1 16i CPU. Hon nita,
duong tang tbc nay gan nhu tiém cin véi duong tang te 1y thuyét Iy tudng & trén cling,
chting t6 hé sb ting tc nay 1a rat tét.

Nhitng két luan nay da nghi¢m dugc gia thiét dé ra, dugc néu & muc trén la:

Siatency™~ S

Tuc 1a hé s6 ting toc s& ty 16 thudn véi s, 14 s6 ludng song song hod, tuong duong
v6i s6 161 ctia CPU tai cac nit phu.

So sanh giira CAPE va MPI

Céc duong gap khuc caa CAPE gan nhu gan sat v6i cac duong ctia MPI thé hién
CAPE c6 hé sb tang toc On dinh va xap xi voi MPI. Khi kich thudc ma tran nho hon hé
s6 tang toc thap hon do thoi gian phan chia cong viéc va dong bo hoa dir liéu chiém
mot ty 1€ cao hon so véi thoi gian tinh toan.

Luu ¥ lai mot 1an nira, MPI 14 phuong phap cung cip hiéu ning cao nhét cho viéc
1ap trinh song song trén hé thong str dung bd nhé phan tan. Do d6 hé sb ting tdc cua

CAPE nhu trén d3 1a rat tdt.

2.5 Tiéu két Chwong II

Chuong nay trinh bay trong tam chinh ctia dé tai, 1a dé xuat mé hinh hoat dong
méi cua CAPE theo kién triic 2 muc song song, trong d6 murc 2 sir dung cau trac da
luéng cua OpenMP. Phién ban CAPE st dung mo hinh hoat dong nay duogc goila CAPE
da ludng.

Céc két qua danh gia hiéu nang cia CAPE da ludng, ca vé 1y thuyét cling nhu thyc
nghiém da ching minh mé hinh hoat déng méi nay c6 kha ning gia ting hé so tang toc
rat tét, ty 1€ thuan véi sb 16i/lu6ng duoc st dung tai cac nut tinh toan va chénh 1éch kha
it v6i hé s6 cia MPI — phurong phép cung cap hiéu ning t6t nhat cho 1ap trinh song song
trén cac hé thong bo nhd phan tan. Diéu nay ching té mo hinh hoat dong méi hoat dong
hiéu qua hon nhiéu so véi mo hinh cii, CAPE don ludng, khi sir dung CAPE trén cac
hé théng may tinh c6 CPU da 1.

Céc két qua ciia chuong nay duoc cong bd & cong trinh [CT2] [CT5].
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CHUONG 3 KY THUAT CHUP ANH TIEN TRINH CHO
CAPE PA LUONG

Nhu d3 gidi thiéu ¢ phan mo dau, CAPE dit co so trén k¥ thuat chup anh tién
trinh, véi 2 phién ban, twong tng véi 2 k¥ thut chup anh tién trinh 13 K¥ thuat chyp
anh tién trinh day du va K§ thuat chup anh tién trinh gia ting roi rac. Khi chuyén qua
mo hinh hoat dong song song hai cdp da ludng, céng cu chup anh tién trinh gia ting roi
rac da duoc phat trién true d6 cho CAPE don ludng khong con st dung duogc nita. Do
d6, can phai phai phat trién mot phién ban chup anh tién trinh méi. Mat khac, phién ban
chup anh tién trinh va CAPE phién ban cii dugc phat hanh trén hé diéu hanh Ubuntu
10.04. Do d6, viéc nang cap lan nay, dé chay duoc trén hé diéu hanh méi hon lai cang
phirc tap va doi hoi phai nghién ciru lai tir nhitng van dé can ban nhat ciia K§ thuat chup

anh tién trinh.

3.1 Ky thuit chup anh tién trinh
3.1.1 Khdi niém Ky thudt chup danh tién trinh

Chup anh tién trinh (Checkpointing Technique) 13 mét k¥ thuat co ban trong viéc
phuc hoi trang thai chwong trinh & cac thoi diém chay trude d6. Khai niém va nguyén
Iy co ban cua K thudt chup anh tién trinh da duoc trinh bay trong phan gidi thiéu vé

CAPE don ludng, trang 33.

3.1.2 Khong gian nhan va khéng gian (Kernel mode) nguwoi sir dung (User mode)

Hién tai, CAPE dang dugc phat trién trén Ubuntu, mot phién ban rat phé bién cua
hé diéu hanh Linux. Do dé, cac kién thirc lién quan trong céc phan con lai ctia chuong
nay duoc gidi han trén hé diéu hanh Linux.

Phan nhan (kernel) cta Linux duoc phan phdi theo gidy phép ban quyén GNU
General Public License version 2 (GPLv2) [72]. Linux st dung co ché hoat dong nhan
nguyén khéi (monolithic kernel architecture) vai tat ca cac hoat dong ctia hé théng dugc
lam viéc trong khong gian nhan (kernel) [73]. Nhan (kernel) chira mét tap cac ham khai
tao va ham goi hé théng dé thuc hién tat ca cac dich vu cua hé diéu hanh nhu: Quan ly
céc tién trinh, quan 1y bo nhé, quan 1y thiét bi, giai quyét tranh chap tai nguyén,... Cac
chuong trinh diéu khién thiét bi chuyén biét (driver) c6 thé duoc thém vao nhan cia
Linux nhu 14 nhitng md-dun bo sung.
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Khong gian nguoi sir dung (user mode) bao gém tit ca chwong trinh bén ngoai
phén ma cta nhan hé diéu hanh. Cac chuong trinh Ung dung hodc cac thu vién thuc
hién trén nén hé diéu hanh thong qua viéc twong tac véi nhan ctia n6. Mbi chuong trinh
mg dung chay & khong gian ngudi sir dung duoc hé diéu hanh cip cho mot ving nhé
40 va mot cach tong quan mot chuwong trinh tng dung nay khong thé truy cap vao ving
nhé do cia mdt chuong trinh khac. Va do cac chuong trinh ¢ khong gian nguoi str dung
c6 khong gian dia chi riéng biét, néu mot chuong trinh bi 161, chi minh no bi anh huong
ma khong lam hong cac chuong trinh khac hodc toan b hé diéu hanh.

Mot cach khac dé mo ta cac tmg dung & khong gian nguoi st dung 13 st dung
thuat ngit "it dic quyén" (less privileged). Hé diéu hanh han ché cac tmg dung & khong
gian nguoi st dung truy cap truc tiép vao cac tai nguyén hé thdng quan trong, do do
1am cho trinh tng dung it c6 dic quyén hon. Vi du, néu mét img dung mudn truy cp
vao phan ctng, tmg dung nay phai théng qua nhan ctia hé diéu hanh bang cach sir dung

1énh goi h¢ théng (system calls).

[ Applications (cac tng dung) ]
p

Kernel (nhan) J
8
] . I

CPU 1 [ Memory (bd nhg) } [Devices (thiét bi) }

&

Hinh 3.1. Minh hoa viéc goi truy cap/sir dung cac tai nguyén phan tng cia cac trinh
ung dung

Phan nhan (Kernel) 1a thanh phan c6t 16i ma tit ca cac thanh phan khac bén trong
hé diéu hanh phai dya vao. Kernel quan Iy phan cimg may tinh, 1ap lich cho cac quy
trinh chay trén may tinh ciing nhu x{r 1y cac twong tac giita phan ctng va phin mém
ung dung. Tom lai, kernel 1a doan ma dac quyén nhét chay trén hé théng, béi no6 la ma
tuong tac truc tiép véi phan cimg. Moi chuong trinh khiac mudn st dung tai nguyén

phan cimg phai yéu cau quyén truy cip théng qua kernel.
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Hau hét cac kién tric CPU (x86 va x86-64) va hé diéu hanh déu sir dung co ché
phan thanh nhiéu ting dic quyén (privilege), thuong goi vong dic quyén (privilege
rings). Kién trac x86 va x86-64 ¢6 4 dic quyén duoc danh sb tir 0 dén 3, duge minh
hoa trén Hinh 3.2. Linux ciing st dung co ché vong dic quyén, nhung chi st dung 2
vong 0 va 3 cho murc giam sat (supervisory) va mirc ngudi str dung (user). Nhu vay dé
yéu cau hoat dong I/O (xuét/nhép) hoac dich vu quan ly vung nhd, cac trinh ing dung
phai goi ham hé théng do nhan cung cap, trinh tng dung khong du dic quyén dé truc

tiép quan 1y nhitng tai nguyén nay.

Least privileged

Ring 0

Kernel

- : Hnstﬁileged
Device driver

Applications

Hinh 3.2. Minh hoa cac vong dic quyén trong hé diéu hanh

3.1.3 Co ché cip phdt bé nhé do cho trinh trng dung trén Linux

Khi mét chuong trinh dugc chay, né dugc hé diéu hanh tai vao vung nhd do hé
diéu hanh cap phat va trd thanh mat tién trinh méi. Linux quan 1y bd nhé theo trang,
d6i v6i kién trac x86 va x86-64 mdi trang co kich thudc 4KB. Mot bang danh muc trang
(Page table) duoc st dung dé quan 1y cac trang nhd duoc cip phat. Trén hé diéu hanh
32 bit, mdi chuong trinh khi chay dugc hé diéu hanh cép 4GB vung nhé 4o, trong do
c0 1GB cho khéng gian nhan va 3GB cho khong gian nguoi sir dung. Ving nhé ao nay

dugc t6 chie thanh mot diy cac trang nhé lién tuc, minh hoa trong Hinh 3.3.
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3.a. Page hit

M owl oy

Main
Memory

3.b. Invalid Page Request

987654

Segmentation

3.c. Page Fault

js. Page Table Update

123456

o
«

Secondary
Storage

Hinh 3.3. Anh xa dija chi bo nhé 4o sang dia chi vat Iy

Qua trinh anh xa moét dia chi ao sang mot dia chi vat 1y dugc minh hoa trén Hinh
3.3 nhu sau:

Buée 1: MMU (Memory Management Unit — B§ quan 1y b nhd) s€ tim dia chi
nay trong TLB (Translation Lookaside Buffer). Néu tim thay s tiép tuc Budc 2.a - thyuc
hién doc/ghi dit liéu. Néu khong, MMU s& tim trong toan bo Page table - twong tmg
v6i Budce 2.b. Néu tim thay, dia chi s& duoc cap nhat lai vao TLB (Budc 3.a). Qua trinh
tiép tuc theo Budc 1 va Budc 2.a.

Budc 2.b - dia chi ving nhd khéng tim thay: C6 thé xay ra 2 tinh hudng. 1) Pia
chi khong ton tai, va 2) trang nhé khong duoc tai trong ving nhd. Véi trudng hop 1
mot 16i (exception) dugc phat sinh (Budc 3.b). Véi truong hop 2 tuwong ing voi Bude
3.c - page fault, c6 nghia la trang nhé dugc yéu ciu nam & vung nhé th cip (secondary
storage). Trinh quan 1y bo nhé cua hé diéu hanh cap nhat théng tin page fault (Budc 4)
va cap nhat Page table (Budc 5). TLB thuc hién viéc cap nhat gitra dia chi viing nhé ao
va viing nhé vat Iy noi trang nhé vira duge tim thay (Budc 3.a), sau d6 hoat dong tiép

tuc véi Bude 1 va Buoc 2.a.
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Tir kernel 2.6.10, page table hd tro 4 cip, ting 1 cip so v6i phién ban trudc do.
Page table 5 cap dugc hd tro tir kernel 4.11-rc2 100[45]. Hinh 3.4 minh hoa céu tric 3
cAp page table [46].

Linear Address

Offset within Offset within Offset within Offset within
Process PGD PMD Page Frame PTE Page Frame Drata Frame

Page Frame

Y

i — with User Data
Y
pte_t Page
f ) Frame
( d_offs | — >
ped_offset() pad_t pmid_t Page
— Frame -
ind Other unrelated
ped_index( Data Frames
mm_struct->pgd »
Only 1 pgd_t
Page Frame Other unrelated
PTE Page Frames

Other unrelated
PMD Page Frames

Hinh 3.4. Céu trtic to chirc phéan trang bd nhé 3 cap [46]

Linear Address

47 39 38 30 29 2120 12 11 0
| PML4 | Directory Ptr | Directory | Table | Offset
R | pa 3
| 9 12 _4-KByte Page
Physical Addr
PTE -
Page-Directory- PDE - 40
Pointer Table 40 Page Table
A Page-Directory
_»={PDPTE ] 40
A9 B
40
PML4E
40
CR3

Hinh 3.5. So db to chirc dja chi bd nhé phan trang 4 cp ciia CPU Intel [47]
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Linear Address
56 47 39 38 3029 2120 12 1 0
| PML5 | PML4 Directory Ptr | Directory |  Table | Offset

_— 9
o 9 12 _4-KByte Page

9
Physical Addr

PDE
PDPTE > 40
a0 Page Directory £
Page-Directory 40
- 40 Pointer Table
PML4E
9
- PTE J
40 -
> PVLEE Page Table
40
CR3

Hinh 3.6. So dd to chirc dja chi bd nhé phan trang 5 cp ciia CPU Intel [47]

Vi t6 chuc trang nh¢ 4 cép, vung dia chi ctia bd nhé do dugc st dung 1a 48/64
bits (tir bits 0-47), chi tiét phan doan timg viing bits dwogc trinh bay trong Hinh 3.5 [47].
Véi t6 chtrc trang nhé 5 cép, dia chi viing nhé o c6 thé t6 chirc sit dung thém 9 bits tir
48-56 [47] — nhu minh hoa & Hinh 3.6 — gitp cho viéc tang kich thudc viing nhé ao co
thé quan 1y tir 128 TB dén 128 PiB.

Tuong tng véi sy ho trg ciia quan 1y bo nhd do 5 cap cua phan cung, Linux tich

hop hd tro quan 1y bo nhé ao 5 cép tir kernel 4.11-rc2.

| Address |

Hinh 3.7. Minh hoa ciu tric trang bd nhd 4o 5 cap trong Linux
Hinh 3.7 [48] minh hoa t6 chiic trang nhé 5 cap, v6i ddi tugng PUD duge bd sung

thém vao gifta 2 mirc PMD va PGD dé tuong thich v&i hd tro t6 chirc ving nhé 4o 5
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cAp cta phan ctng. Chi tiét t6 chic phan doan bit mdi cip duoc gi6i thiéu trong

[48][49].

3.1.4 Phdn logi ky thudt chup dnh tién trinh

C6 nhiéu cach phan loai k¥ thuat chup anh tién trinh khéc nhau, dudi ddy 1a cac
cach phan loai quan trong nhat:

- Theo ti€u chi tinh d0c 1ap cua trinh chyp anh tién trinh c6 thé chia thanh hai loai:
Chup anh tién trinh trong suét (Transparent checkpointing) va Chup anh tién trinh
khong trong sudt (Non-transparent checkpointing) [35]. Vi loai Chup anh tién trinh
trong sudt anh chup tién trinh duoc xir Iy va luu trit bén ngoai khong gian cua trinh Gmg
dung dugc gidm sat. Chuong trinh lam nhiém vu chup anh tién trinh hoat dong doc l1ap
v6i chuong trinh duoc gidm sat. Loai Chup anh tién trinh khong trong sudt yéu cau
ngudi viét trinh chuong trinh tmg dung phai phéi hop thuc hién trong ma chuong trinh
ung dung, thong thuong la qua viéc goi dén thu vién hd tro viéc chup anh tién trinh va
anh chup dugc luu trong khong gian nhé cia chuong trinh tng dung. Nhu vay Chup
anh tién trinh trong sudt giam sat khong gian ving nhé cua trinh tng dung tir bén ngoai
va it lam anh huong dén trinh Gtng dung hon so véi Chup anh tién trinh khong trong
sudt.

- Theo tiéu chi thanh phan ciia anh chyp, c6 2 loai chinh 1a Chup anh tién trinh
day du (Full checkpointing) va Chyp anh tién trinh gia ting (Incremental
checkpointing). Véi Chup anh tién trinh day du, toan bo khong gian nhd va cac thong
tin trang thai khéc cia tién trinh s& dugc luu trir vao mdi anh chup tién trinh. Ky¥ thuat
chup anh tién trinh gia ting chi thuc hién luu vao file anh tién trinh nhitng thay doi so
v6i 1an luu trudc d6 nham muc dich tiét kiém thoi gian va tai nguyén cia hé thong.
Phan 16n cac nghién ciru nhu [12],[37]-[40],[50]-[54] déu thyc hién cai dit chup anh
tién trinh theo loai chup anh tién trinh gia ting.

- Theo tiéu chi vé khong gian thuc hién viéc chyp anh, c6 2 cép do la thuc hién ¢
khong gian ngudi sir dung va ¢ khong gian nhan. Mot s6 chuong trinh va thu vién thyc
hién chup anh tién trinh ndi tiéng nhu: BLCR, DMTCP, CRIU sir dung cac mirc do
khéc nhau theo phén loai nay.

BLCR (Berkeley Lab’s Linux Checkpoint/Restart) [41] st dung chup anh & khong
gian nhan dé hd tro cho viée dimg va khoi dong lai chuong trinh MPL. BLCR duoc xay
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dung bing cach bd sung vao nhan Linux mot mé dun hd trg chup anh tién trinh. Pong
thoi BLCR ciing hd tro co ché proxy (callbacks/proxy/hook) dé tich hop véi cac cong
cu va thu vién khac nhu MPI.

DMTCP (Distributed MultiThreaded CheckPointing) [43][56] thudc loai chup
anh tién trinh mirc nhan. Tuy nhién, thay vi thém mo-dun méi vao nhan Linux. DMTCP
st dung co ché fork process (tao tién trinh con) va ham abort ( ) — két thuc ngay tién
trinh - ctia hé diéu hanh tir 46 dén nhan anh chyp trang thai tién trinh file core dump
ctia hé diéu hanh tao ra cho chuong trinh bi két thiic bat thuong. Dé chup anh nhiing
ung dung ma trang thai ctia chung khong c6 trong file core dump (vi du nhu file mo ta),
DMTCP thuc hién k¥ thuét proxy (callbacks/proxy/hook) dé bat mot so tin hiéu ciia hé
diéu hanh dé theo di cac thay d6i ctia ng dung bi chup anh. Tuwong tw BLCR, DMTCP
Iuu tat ca cac trang thai cia trinh ing dung trong theo tig khoang trong vai mili gidy
dan dén kich thudc cua file anh chup rat 16n [43]. CRIU [44] 1a mot du an thyc hién
xay dung thu vién chup anh va phuc hoi trang thai chuwong trinh trén Linux ¢ khong
gian nguoi sit dung. Sir dung cong cu ndy, chung ta c6 thé dong bang mét tng dung
dang chay ciing nhu luu anh tién trinh vao dia cting va phuc hoi lai trang thai ing dung
theo anh dugc luu. CRIU sir dung co ché ptrace [57][58][55] dé kiém soat va giam
sat toan bg hoat dong cua trinh ing dung.

- Mot cach phan loai khéc, theo k¥ thuat 1ap trinh co thé phan lam 3 loai chinh:

Page-based, hash-based va proxy-based duogc trinh bay chi tiét trong muc 3.2.2.

3.2 K§ thuit chup anh tién trinh gia ting

Tir phién ban 2, CAPE str dung K§ thuat chup anh tién trinh gia ting roi rac
(DICKPT) lam k¥ thudt co so cho cac thao tac co ban ctiia nd. Ky thuat nay 1a mot cai
tién cua K§ thudt chup anh tién trinh gia ting (ICKPT) va duoc phat trién thém cac tinh
ning dé hd tro cho CAPE. Viéc chuyén tir CAPE don ludng sang CAPE da ludng doi
hoi nhiéu thay ddi cin ban trong k¥ thuat ndy. Do d6, can phai xem xét va nghién ctru

lai nhiing nguyén 1y co s cua tat ca cac van de lién quan.

3.2.1 Nguyén Iy hoat dpng ciia Ky thudt chup dnh tién trinh gia ting
Y tudng dau tién cua K¥ thuat chup anh tién trinh, dugc thuc hién boi KV thuat
chup anh tién trinh ddy du, kha don gian: 1) Mbi anh chup sé& luu lai toan bo dir liéu

trang thai tién trinh, bao gom khong gian nhé va cac thong sb trang thai khac cua tién
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trinh; 2) M&i khi can khoi phuc lai trang thai cta tién trinh twong Gng v6i mot thoi diém
chup anh nao chi can nap (inject) vao trang thai tién trinh nay nhitng gia tri d dugc luu
trit trong anh chup twong Gng. Nhu vay, mdi anh chup s& ton tai mot cach doc 1ap. Pong
thot, dung lugng cua mdi anh chup no6i chung 1a 16n, tir vai chuc MB dén ¢ GB. Néu
¢ nhiéu anh chup s& dan dén viéc dung luong luu trit 1a rat 16n. Tuong tu cho trudng
hop can chuyén anh chup tién trinh dé cap nhat trang thai cho mot tién trinh khac qua
mang s¢ din dén khéi luong dir licu truyén tai cling s€ rat 16m.

Dé khic phuc nhuge diém trén, K§ thuat chup anh tién trinh gia ting s& khong luu
toan bo dir liéu trang thai tién trinh vao mdi anh chup tién nita. Thay vao d6, mdi anh
chup chi luu nhing gia tri d3 duoc thay doi so v6i anh chup ngay trudce d6. Nhu vy,
anh chup du tién co thé 1a mot anh chup déy du, nhung cac anh chuyp sau do chi la mot
phan gia tri trang thai cia tién trinh va thuong 1a ¢ kich thudc nho hon dén rat nhé hon
kich thudc cua mot anh chuyp déy du. Céc anh chup tién trinh duoc luu trit mot cach doc
1ap. Khi mudn khéi phuc lai trang théi tién trinh tai mot thoi diém nao do, cac anh tién
trinh, ké tir anh dau tién dén anh dugc chup tai thoi diém twong tng voi thoi diém dé

dugc hop (merge) v6i nhau, sau d6 duoc nap vao khong gian nhd cua tién trinh.

3.2.2 Co ché phat hién ving nhé bi thay doi

V4n dé mau chét nhat dé thuc hién k¥ thuat chup anh tién trinh gia ting 12 1am sao
phat hién dugc vung dir liéu bi thay ddi cua tién trinh dang chay. Co6 nhiéu cach tiép
can dé thuc hién viée phat hién viung nh¢ dit liéu cua tién trinh. Phan 16n cac nghién
clru tiép can bang k¥ thuat gidm sat cac trang nhé (page-based techniques) cua tién trinh
nhu [12][37][38][39][41][42]. K§¥ thuat gidm sat dit liéu thay doi trén cac trang nhd
duoc hd tro boi phan cing va hé diéu hanh duogc thuc hién bang cach khoa viéc ghi
(write-protect) vao trang nhd, dong thoi mo khoa khi co hoat dong ghi 1én trang nhé da
bi khoa trudc d6. Mot s6 k¥ thuat khac ciing duoc sir dung nhu: k¥ thuét sir dung ham
bam ving nhé (hash-based techniques) dé phat hién viing nhé bi thay doi; k¥ thuat bac
cau (proxy-based techniques). K thuat ham bam ving nhé [40] st dung mot ham bam
dé so sanh viing nhé nao da bi thay doi, tir d6 thyc hién chup anh tién trinh gia ting. K§
thuat bac cau [43][44] st dung co ché giam sat proxy dugc hd trg boi hé diéu hanh dé
kiém soat chwong trinh truy cap dén viing nhé nio. Ban chét ctia k¥ thuat nay thuc hién
viéc chan sy kién chuong trinh iing dung tuong tac voi h¢ diéu hanh & hang doi su kién
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ctia hé diéu hanh va thuc hién mot sd diéu chinh ndi dung su kién hodc céc thao tac
khac néu can trude khi dé sy kién tiép tuc dugc hé didu hanh xt 1y. Pay la co ché dugc
hé diéu hanh hd tro, cac chuwong trinh gb tiéng Viét cai trén hé diéu hanh khong tich
hop san co ché g0 tiéng Viét duogc thuc hién theo co ché nay.

V61 ky thuat gidm sat trang nhd, cac trang nhé cua chuong trinh tng dung duoc
dit vao trang thai khoa cAm ghi (read-only/write-protect) trudc thoi diém can giam séat
chup anh tién trinh. Khi chuong trinh thyc hién thao tic ghi vao ving nhé nay, hé diéu
hanh s& phat sinh ra mét tin hiéu 16i (d6i v6i hé diéu hanh Linux 12 tin hiéu SIGSEGV).
Phan chuong trinh lam nhi€ém vu chyp anh tién trinh can don nhan tin hiéu nay va thuc
hién nhiém vu luu lai dia chi va ndi dung cua trang nhé phat sinh ra tin hiéu dong thoi
chuyén trang thai trang nhd sang ché d6 c6 thé ghi dé trinh tng dung tiép tuc chay binh
thuong.

DPdi véi hé diéu hanh Linux, viée khoa vung nhé co thé duoc thuc hién trong
khong gian nhan hodc khong gian ngudi sir dung. Chi tiét ciia cac k¥ thuat nay dugc

trinh bay trong cac muc 3.2.3 va 3.2.4 bén dudi.

3.2.3 Ky thudt ldp trinh khod/mé_khod cdc trang nhé ¢ mirc nhan

Ky thuat ndy duoc dung dé phat trién cac chwong trinh chup anh tién trinh
(checkpointer), thyc hién cong viéc chup anh tién trinh va/hodc khoi phuc trang thai
tién trinh ciia mot chuong trinh khac (duoc goi 1a chuong trinh dugc theo ddi). Cac
chuong trinh ndy doi hoi phai ¢d cac ham truy cap, cap nhat gia tri, thay d6i trang thai,. ..
vao cac trang nhé cia cac chuong trinh dugc theo déi. Vi 1y do an toan, tranh sy can
thiép truc tiép ctia mot chuong trinh vao khong gian nhé cia mot chuong trinh khac,
nhirg ham nay khong thé viét duoc ¢ khong gian nguoi sir dung ma phai duoc viét ¢
mitc nhan dé c6 da quyén goi nhitng ham khac cta hé diéu hanh cho phép can thiép vao
trang nhé ciia mdt chuong trinh.

Vé hinh thirc, cAc ham trén c6 thé dugc phat trién theo 2 hudng: 1) viét cac chic
nang b sung truc tiép vao nhan cua hé diéu hanh, viéc nay doi hoi phai bién dich lai
hé diéu hanh, mot cong viéc kha phuc tap va ton rat nhiéu thoi gian; va 2) viét cac chuc
nang ¢ dang mot trinh diéu khién thiét bi (driver) va thém vao hé diéu hanh [41][42] ,
viéc nay khong doi hdi phai bién dich lai hé diéu hanh, do d6 don gian va tiét kiém thoi
gian hon cho ngudi 1ap trinh [38]. O ca 2 hudng, sau khi di ¢6 cac ham co s& can thiét
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& muc nhan, chuong trinh chup anh tién trinh chinh s& duoc viét & mac khong gian
ngudi dung va goi cac ham co s¢ & mirc nhan dé xur Iy cac truy cip va can thiép vao
khong gian nhd cia chuong trinh dugc theo doi. Nghién ctru cua chung t61 tap trung
phat trién theo hudng thir 2, va dugc trinh bay chi tiét hon & bén dudi.

Pé c6 thé hinh dung rd hon vé cach thirc mot chuong trinh ¢ thé can thiép vao
khong gian nhé cia mdt chuong trinh khac & mirc nhan, ta xét mét vi du cu thé vé mot
ham cua trinh chyp anh tién trinh thuc hién thiét 1ap trang thai co thé ghi cho mot trang
nh& chtra mdt dia chi x4c dinh ctia mot chuong trinh dugc theo doi. Vi du nay dugc viét
cho truong hop bo nhd o duoc phan chia 3 cap.

Dé dit co Read/Write (Poc/Ghi) cia mot trang nhé chira dia chi addr trong khong
gian nh¢ cua tién trinh tng dung (twong tmg véi chuong trinh dugc theo ddi) c¢6 chi s6
la pid, cac budc chinh s€ la:

Tim d6i twong bg nhé tién trinh (mm_struct object). Poi tugng nay la manh
mdi khai dau cho viée truy cap hau hét cac d6i twong quan 1y bd nhd tién trinh. Tir chi
s6 cua tién trinh, co thé truy cap d6i tuong task struct twong rng va trudng mm cua
d6i twong nay, truong ndy tro téi dbi tugng bd nhd can tac dong.

Kiém tra tinh hop 1é ciia dia chi. Vé mit 1y thuyét, khong gian bd nhé ao ctia mot
tién trinh c6 4GB (dia chi 32 bit), c6 dja chi tong thé tir 0x00000000 dén OxFFFFFFFE
va tir dja chi start code dén 0xC0000000 danh cho khdng gian nguoi ding. Tuy
nhién, nhin ctia hé diéu hanh chi truy cip cic ving nhd dia chi 4o (vma) dbi vé6i cac
ving da that sy dugc hé diéu hanh cap phat cho tién trinh. Do d6, viéc kiém tra tinh hop
1¢ cia mot dia chi s& dong nghia véi viée kiém tra dia chi ndy c6 nam trong mot vma
nao do hay khong.

Tim trang nhé twong vmg va ddt trang thdi trang nhé vé trang thai ¢ thé ghi. Dbi
v6i bo nhd a0 duge quan 1y 3 cip, 1an luot tim cac dbi twong tuwong tng trong cac bang
chi myc Page Global Directory, Page Middle Directory va Page Table. Co6 3 luu y quan
trong trong cac budc nay. Thir nhat 14 viéc khoa/md khod bang Page Table (Bang quan
ly trang) mdi khi c6 thay ddi trén thanh phan ciia né. Diéu ndy nham tranh cac xung dot
v6i cac truy cap khac trén cac hé thdng da bo xtr 1y va/hodc bo xir Iy da 16i. Diéu thi
hai lién quan dén viéc goi hAm handle mm fault () cua nhan dé xur Iy truong hop
ving nhé 1a hop 18 nhung lai khong nam trong bd nhé chinh (RAM). Luu ¥ cudi cing
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lién quan dén viéc cip nhat bang Page Table tir ving dém, sau khi duoc chinh sira, dé
dam bao la cip nhat nay dugc kha dung & cac thao tac vé sau. Ham pte mkwrite ()
dugc st dung dé dat trang nh& vé trang thai co thé ghi.

Duéi day 1a trich doan ma cta ham thuc hién thiét 1ap trang thai c6 thé ghi cho
mot trang nh¢ trong chuong trinh chup anh tién trinh DICKPT. Ham nay nhan qua tham
s6 chi sb cua tién trinh va mét dia chi, sau d6 thuc hién dat trang nhd chtra dia chi nay
vé trang thai c6 thé ghi.

int clear write protect (unsigned int pid, unsigned long addr) {

struct task struct *t, *task = NULL;
for each process(t) //find the task associated with process

if (t->pid == pid) task = t; //search the task object
if (task == NULL){ printk("pid invalid"); return 1; }
mm = task->mm; //the memory object
vma = find vma (mm, addr); //the virtual memory area

if (!vma) {printk("addr invalid");

return 2;}//this address is not allocated
spin_ lock (&émm->page table lock); //lock the Page Table
pgd = pgd offset (mm, addr); //search the PGD

’

if (pgd none(*pgd)) { ret 3; goto out; }
pmd = pmd offset ((pud t *)pgd, addr); //search the PMD
if (pmd none (*pmd)){ //In case of setting a new value for the brk

// (end of heap), the PMD may not be exist.
//So, let the kernel try to process first.
spin unlock (smm->page table lock); //unlock the PT before
// letting the kernel to process
ret = my handle mm fault (mm, vma, addr, 0); //this will call
//the handle mm fault( ) kernel function.
spin_ lock (&mm->page table lock);
}

if (pmd none(*pmd)) { ret = 4; goto out; }
pte = pte offset map(pmd, addr); //search the PTE
if (pte present (*pte)){ //page is in the main memory

*pte = pte mkwrite (*pte); //set its status to writable
flush_tlb page (vma, addr); //flush the cache to update the PT
}else{//page isn’t in main memory, let the kernel to process first
vma->vm flags |= VM WRITE;
pte unmap (pte) ;
spin_unlock (&mm->page table lock);
ret = my handle mm fault (mm, vma, addr, 0);
spin_lock (&émm->page table lock);
vma->vm_flags &= VM WRITE;
if (ret == 0) {
pte = pte offset map(pmd, addr);
*pte = pte mkwrite (*pte);
flush tlb page(vma, addr);

lelse(
pte unmap (pte) ;
goto out;

}
}
pte unmap (pte) ;
spin_unlock (&mm->page table lock);
return ret;
out:
printk ("error: %d\n", ret);
spin_unlock (&mm->page table lock);
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return ret;

}
Dbi voi cac nhan sir dung phan trang 5 mirc can c6 thém 2 budc duyét trung gian
giita budc tim pgd VA pmd dé thyc hién viéc tim dén 1 trang nhd twong tng véi pte

trong doan ma trén.

3.2.4 Ky thuat ldp trinh khoa/mao khoa trong khong gian ngwoi si dung

Nhu d3 dé cap & phan trén, & mirc khong gian nguoi sir dung, mot tién trinh chi
c6 thé truy cap truc tiép va chinh sira vao khong gian nhd cta chinh né. Dé thyuc hién
viéc khoa/mé khoa mot viing nhé, c6 thé sir dung cic ham twong g ctia hé didu hanh
hodc ciia chinh ngén ngit 1ap trinh bac cao (néu c6). Ham pho bién dugc sir dung la
mprotect [59]. Cl phap goi ham nhu sau:

int mprotect (void *addr, size t len, int prot)

Trong d6: addr: dia chi ving nhé bit dau khoa/md khéa, len: kich thudc ving
nhé can khoa/mé khoa bat dau tinh tir addr, prot 1a cd truy cap.

Lénh thuc hién khoa:

mprotect (void *addr, size t len, PROT READ)

Va Iénh thuc hién mé khoa:

mprotect (addr, SIZE, PROT WRITE | PROT EXEC | PROT_READ)

Pé bat dugce tin hiéu 18i xay ra khi qua trinh ghi 1én viing nhé bi khoa chuong trinh
can dang ky kiém soét tin hiéu SIGSEGV cta hé thong nhu cac dong lénh trong Hinh
3.8. Khi ¢6 tin hiéu SIGSEGV xay ra trinh chup anh tién trinh thuc hién mé khéa ving
nhé dé chuong trinh tmg dung thuc hién tiép va thuc hién viéc thu thap di liéu lam anh
chup tién trinh. T4t ca nhiing viéc xtr Iy khi tin hiéu STGSEGV sinh ra can dugc dit trong

ham sigsegv Handler

sa.sa _flags = SA SIGINFO;

sigemptyset (&sa.sa mask);

sa.sa sigaction = Sigsegv Handler;

if (sigaction (SIGSEGV, é&sa, NULL) == -1)

handle error ("sigaction");

Hinh 3.8. Trich doan ma dang ky nhan va xt 1y tin hi¢u SIGSEGV
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3.2.5 So sdnh ky thudt khéa/mao khoéa 6 khong gian nhan va khéng gian ngwoi sir

dung

Cin ¢t vao nguyén 1y dugc trinh bay ¢ nhimg phan trén, sy khac biét cua 2 k¥

thudt dugc trinh bay trong Bang 3.1.

Bang 3.1. Bang so sanh dinh tinh gitra hai mirc khéa vung nhé

Tiéu chi Khoa ¢ khong gian | Khoa & Kkhong
nhan gian nguoi sir dung

Khong gian khoa C6é thé khoéa nhiéu | Khoa ving nhé cua
chuong trinh khac chuong trinh chinh

minh

Kha nang 156i khi chuyén qua kernel | Rat cao Thap

mai

Tuy bién khoa Cao Thap

Vi¢c xay dung chuong trinh Phtrc tap Pon gian

Tinh trong sudt (transparent) voi trinh | Cao Thap

ung dung

Anh huéng dén ving nhd cua trinh | It Nhiéu

ung dung

Toc do * Cao Cao

* Chi tiét & duoc danh gia & phan sau
Béng 3.1 trinh bay so sanh dénh gia hai k¥ thuat khoa/md khoa trén mot sd tiéu
chi quan trong nhat. Mdi k¥ thuat c6 wu nhugc diém riéng. Do vdy, can dua vao nhu

cau va dic diém cu thé cua cong viéc dé lua chon k¥ thuat phu hop.

3.3 K§ thuit chup anh tién trinh gia ting roi rac cho CAPE da ludng
3.3.1 K thudt chup dnh tién trinh gia ting roi rac

CAPE sir dung k¥ thuat chup anh tién trinh gia ting roi rac. Nguyén tic hoat dong
ctia k¥ thuat ndy di duoc trinh bay trong phan giéi thiéu vé CAPE don ludng & trang
34.

Trong phan nay, chiing ta tim hiéu thém maot khia canh khac 1a ciu trac cua cac
chuong trinh DICKPT da dugc phat trién trude day, nhu dugc trinh bay nhu trong Hinh

3.9. Theo cu triic nay, chuong trinh chup anh tién trinh duoc ciu thanh tir 2 thanh phan
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co ban: 1) DICKPT driver 1a mét driver bd sung vao nhan cua hé diéu hanh, hoat dong
trong khong gian nhan, cha yéu chira cac ham thyc hién viéc khoa/md khoa toan bo
hoic 1 trang nhé cua tién trinh, doc/ghi dit liéu 1én 1 viing dia chi trong khong gian nhé
cta tién trinh; va 2) DICKPT monitor (trinh giam sat) 1a mot chuwong trinh hoat dong
trong khong gian nhd nguoi st dung. Chuong trinh nay st dung thyc hién viéc giam
st tién trinh dugc theo di, xtr 1y vao nhitng yéu cau duéi dang céc tin hiéu hé thong

(system call) duoc giri dén va goi cac ham twong tmg ctia DICKPT driver dé thyc hién.

DICKPT monitor
SIGSEGY_proc() save_signal_proc()
start_signal_proc() stop_signal_proc()

User space

Kernel space

lock_process_Image() unlock_process Image()

unlock_a_pagei) read_range()

write_range()

DICKT driver

Hinh 3.9. So d t6 chitc chuong trinh DICKPT trong CAPE don ludng

3.3.2 Chon lwa khéng gian phdt trién trinh chup dnh tién trinh

Nhu d3 trinh bay ¢ phan din nhap cta chuong, khi chuyén qua mé hinh hoat dong
méi cia CAPE da ludng, cong cu chup anh tién trinh gia ting rdi rac da duoc phat trién
truée d6 cho CAPE don ludng khong con str dung dugc nita. Chung t6i di tién hanh st
dung thir cong cu ndy trén mo hinh mai, ngay lap tirc cac chuong trinh lién quan bi treo.
Theo nhan dinh ban dau, tinh trang nay la do xung dot gitra cac su kién khi cac luéng
song song trong tién trinh cung truy cap vao cac trang nhé bi kho4, ciing nhu viéc khoa
va truy cdp cdc trang nhd vung stack, trude ddy von chi 1a 1 ving doc 1ap cho toan bd
tién trinh, nay lai bao gdm nhiéu ving khac nhau cho nhiing ludng song song. Hon nira,
phién ban DICKPT cho CAPE don ludng duoc xdy dung trén phién ban hé diéu hanh
d3 cii, khong con duoc hd tro, nén khi chuyén sang phién ban méi ciing can co rat nhiéu
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thay doi phtrc tap. Pic biét, néu mudn giit nguyén cau trac hoat déng cua trinh chyp
anh tién trinh hoat dong & murc nhén thi viéc thay ddi lai cang kho khan. Do dé, chung
t6i da xem xét va thir nghiém ca phuong an phuong 4n phat trién trinh chup anh tién
trinh & mirc khong gian ngudi sir dung dé han ché b6t do phire tap khi xay dung, ciing
nhu han ché bét s doi hoi phai cap nhat khi nang cap hé diéu hanh. Tuy nhién, trudc
khi chuyén hudng, mdt cau hoi dugc dat ra 1a li€u trinh chup anh tién trinh duoc xay
dung & mirc khong gian ngudi dung c6 1am giam hiéu ning ctia hé théng hay khong.
Dé tra 101 cau hoi do, chung toi da thir nghiém cai dat ca 2 hudng dé so sanh téc do cua
chung khi str dung 1am cong cu co so ciia CAPE don ludng.

Thtr nghiém duogc tién hanh v&i bai toan nhan 2 ma trn vuong, chay trén hé diéu
hanh Ubuntu 18.04 — Kernel 5.0.0.29.x, hé thong cic mdy tinh duoc két ndi qua mang
LAN 100 Mbps*, c&c may tinh c6 cau hinh CPU Intel(R) Core(TM) i3-2100 @3.1GHz
RAM 8GB, SSD 240 GB. C6 2 cau hinh hé thong 13 str dung 1a sir dung 5 may tinh (1
nat chinh va 4 nit phu) va sir dung 1 may tinh (chi ¢6 1 natchinh). Cau hinh thir nhat 1a
dé thtr nghiém trén hé théng chay CAPE thong thuong, véi cu triic master-slave. Cau
hinh tht 2, kha dic biét, chi ¢6 mdi nat chinh (chi chay trén mdt may) nhung van ap
dung co ché chup anh tién trinh dé 13y két qua chuong trinh CAPE. Muc dich cta ciu
hinh nay 1a dé loai trir yéu t6 anh huéng cua thoi gian phan chia cong viée va truyén
nhan dit liéu trén mang, diéu co6 thé anh hudng dén hiéu ning cta hé théng.

Két qua thuc nghiém duoc thé hién ¢ Hinh 3.10.

4 Cac may tinh cung 16p mang duge nbi chung ciing 1 switch 48 ports 10/100 Mbps, diy mang CATS.
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10000000
9000000
8000000
7000000
6000000
5000000
4000000
3000000
2000000
1000000

8]

6000 9000 6000

1 1 5 5

# Kernel lock (ms) m User lock {ms)

Hinh 3.10. So sanh hiéu niing cia hai ky thuat khoa vung nhé khi ap dung cho CAPE

Trén Hinh 3.10, truc tung chi thoi gian chay theo don vi milliseconds; trén truc
hoanh, ¢ hang thi nhat (6000/9000) biéu thi kich thuéc ma tran vudng va hang tha 2
hai biéu thi s may tinh (1/5) ctia hé thdng thir nghiém. C4c két qua cho thdy mot cach
rd rang 1a hai phuong phap khoa/md khéa déu cho hiéu suat vé thoi gian twong duong
nhau.

Pé giai thich cho két qua nay chung toi da xem lai ma ngudn ctia hdm mprotect
1597, duoc sir dung trong trinh chup anh tién trinh mtrc khong gian nguoi st dung va
nhan thiy rang dé khoa/md_khéa mot trang nhé ham nay cling cin tuan thi nguyén tic
ctia hé diéu hanh va thue hién doan ma duyét tudn ty tat cac mirc phan trang ctia vung
nhG dé thuc hién viéc khoa/mé_khéa bao gdm trich doan ma nhu di trinh bay & muc
3.2.3. Do do, vé thuc chit, ca hai k¥ thuat nay déu chay nhirng doan ma c¢6 do phuc tap
tuong duong, din dén hiéu suit cia ching 13 twong duong nhau. Tuy nhién, do ham
mprotect () dugc cung cip boi hé théng, nén phan ma ciia ham nay ciing tu dong duoc
cap nhat trén mdi phién ban cua hé diéu hanh, do d6 ngudi phat trién trinh chyp anh
tién trinh khong can cap nhat theo.

Tuy nhién, c6 mdt khia canh khéc cling can xem xét, lién quan dén mot diém khac
nhau quan trong gitta hai k¥ thuat nay nhu da trinh bay trong muc 3.2.3. 1a k¥ thuat
chup anh tién trinh thyc hién trong khoéng gian nhan c6 thé hoat dong trong sudt
(transparent) véi trinh ing dung bi giam sat. Két qua nay c6 dugce nho vao yéu t6 anh
chup va cac doan ma thuc hién cong viéc chup anh duoc thuc hién bén ngoai khong
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gian nh¢ cua trinh ng dung duoc gidm sat. Nguoc lai, voi ki thuat khoa ving nhé ¢ ¢
khong gian nguoi sir dung, qué trinh giam sat va xt 1y anh chup tién trinh thyc hién
chinh trong khong gian nhé cua trinh tng dung. V& mit nguyén 1y, van dé nay co thé
lam anh hudng dén trinh tng dung, vi khong gian nhd ctia chwong trinh khi hoat dong
khong gidng nhu trong trudng hop nguyén thity nita, hay noi cach khac, hoat dong ciia
chuong trinh c6 thé khac véi chuong trinh nguyén thuy trong mét sb trudng hop dic
biét nao do. Tuy nhién, & mic d0 dugc s dung dé thir nghiém CAPE & mic d§ can
ban, diéu nay la chép nhan dugc. Do do, chung t61 da chon phuong an st dung khong
gian nhd ngudi sir dung dé phat trién trinh chup anh tién trinh cho CAPE da ludng.

3.3.3 Cac thfich thirc khi c“huyén tie trinh chup danh tién trinh don luong sang chup

danh tién trinh da luong

Théch thire thir nhat: Sw khdc biét dia chi gitta cdc luéng khi a"o”‘ng bo anh chup
tién trinh

Nguyén 1y hoat dong cia CAPE dua trén k§ thuat chup tién trinh. Nguyén ly nay
chi thuc hién dugc khi khong gian nhd cta cac tién trinh ciia chuong trinh ing dung
trén cac ndt 1a dong bo véi nhau. Nghia 1a mot bién V1 ciia chuong trinh P1 dugc chay
& nut chinh dugc luu tai dia chi M1, khi chuong trinh P1 dugc chay ¢ cac nut phu cling
phai dugc luu tai dia chi M1. Piéu nay ludn duge dam bao & CAPE don ludng, do hé
diéu hanh to chirc vung nhé cho trinh tng dung theo co ché bo nhé 4o co dia chi lién
tuc va bat dau tir dia chi 0 [46][47]. Do vdy mot chuong trinh chay trén mot hé diéu
hanh nhu nhau, trén nhiéu may tinh khac nhau déu c6 khéng gian nhé giéng nhau.

Déi voi hé diéu hanh Linux 32 bit, mdi tién trinh ludn duoc cap phéat 4 GB b nhé
ao khi chay, trong d6 gdm 1GB cho khong gian nhan va 3 GB cho khdng gian nguoi st
dung. Khong gian viing nhé 4o nay duoc to chirc thanh cac trang nhé lién tuc, mdi trang
nhé ¢o kich thudce béng nhau (4KB). Hon nira, tai mdi diém trén truc thoi gian thuc
hién ctia chuong trinh, khi chay trén cung mot phién ban cua hé diéu hanh céac dir liéu
trong cac trang nhd nay 1a hoan toan giéng nhau. Tuy nhién, diéu nay khéng con dung
hoan toan khi chay mét chuong trinh & dang don ludng va khi chay da ludng. Khi mot
ludng duoc tién trinh tao ra, mot stack danh riéng cho tién trinh duoc cép phat trong

vung stack cua tién trinh, nhu duge minh hoa nhu trong Hinh 3.11. Kich thudc cua ving
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nhé nay cé thé khac nhau & cac hé diéu hanh khac nhau. O hé diéu hanh Linux x86-32,

maic dinh mdi thread duoc cép phat 2MB [74].

Text, Data, Heap —»

%,_/

Thread stacks

Hinh 3.11. Minh hoa viéc cap phat viing nhé cho tién trinh da luong

Quay lai v&i mé hinh hoat dong ciia CAPE da ludng, céc tién trinh chay & cac nit
& dang da ludng. Piéu nay dan dén hé qua la khong gian nhd cua tién trinh Gng dung
khong con giéng nhau trén cac nit nira, din dén nguyén tic dia chi giéng khong con
dung dé thuc hién dong bo anh chup tién trinh. Pbi véi thach thic nay, ching toi da
xem x¢&t hai gidi phap thuc hién.

Giai phap dau tién 1a thuc hién anh chyp tién trinh qua 2 mirc. Mtrc 1 giam sat va
chup anh tién trinh chinh, mirc 2 gidm st va chup anh cac luong. Do céc ludng khong
cung dia chi nén mudn thuc hién anh chup & murc 2 d@)ng b dugc v6i nhau can phai
anh xa lai dia chi, viéc nay kha phtrc tap va ¢ thé gay giam hiéu nang cua chuong trinh.

Giai phap thtr hai, dugc thuc hién dua trén logic hoat dong cua OpenMP & doan
ma song song, tién trinh chinh (chi c6 1 ludng duy nhat — ludng ban dau) tao nhiéu
luéng phu dé thuc hién cong viéc, sau do két qua dugc cap nhat va chi duoc gilr lai
trong cac ving nhé cua ludng ban dau nay. Do 6, dé trich rat két qua cudi cung & cac
nat phu chi can thuc hién viéc chup anh cua luéng ban dau, khi céc luéng phu da thuc
hién xong viéc tinh toan. Khi do, viéc chup anh thuc chit chi chup vung dir li€u cua
tién trinh va ving stack cta ludng ban dau. Tuy nhién, ciing can phai giai quyét mot
van dé khac 1a trinh chup anh tién trinh & cac ndt phu can loai bo viéc giam sat ving
stack cuia cac ludng phu dé khong dan dén xung dot phat sinh va cac van dé vé khac
biét dia chi.

Thach thuec thir hai: gioi han ky thudt cua hé diéu hanh trong viéc mot tién trinh

thuee hién gidm sat mét tién trinh tién trinh kKhéc
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Phién ban DICKPT hién nay sir dung co ché giam sat doc 1ap. Nghia 1a trinh giam
sat la mot chuong trinh riéng doc lap véi trinh trng dung, str dung mot driver hoat dong
& muc nhan dé khoa viing nhé dit liéu cua Gmg dung va str dung ham ptrace [57][58]
ctia hé diéu hanh dé giam sat trinh tng dung va thyc hién chup anh tién trinh. Tuy nhién
co ché nay khong thé giam sat dugc cac tién trinh c6 nhiéu luéng, thé hién & viéc hé
thdng tai cac n(t phu bi treo ngay khi chuyén doi cac chuong trinh tmg dung tir dang
don luéng sang da luéng. Khic phuc van dé nay la mot viéc rat phtrc tap va doi hoi sy
thay d6i thuong mdi 1an nang cap hé diéu hanh. Do d6, chiing t6i di thay d6i viéc phat
trién trinh chup anh tién trinh cia CAPE tir mtc khong gian nhan sang muc khong gian

nguodi st dung, voi cac thay doi ve cau truc va dac tinh nhu da trinh bay ¢ muc trén.

3.4 Két qua phat trién Trinh chup anh tién trinh méi cho CAPE da luong

V6i nhitng nghién ctru, phan tich, thir nghiém vira dugc néu trén, trinh chyp anh
tién trinh méi cho CAPE da ludng dugc xay dung dudi dang mot thu vién cung cap cac
ham c6 chtic ndng tuong nhu cac ham cua DICKPT monitor va DICKPT driver trong
trinh chup anh tién trinh cia CAPE don ludng trudc day. Cau tric nay duoc minh hoa

trong Hinh 3.12.

DICKPT library

SIGSEGY_proc() save_signal_proc() User Program
start_signal_proc() stop_signal_proc()
¥ >
lock_process_Iimage() unlock_process_Image() N
unlock_a_page() read_range()
wiite_range()

User space

Hinh 3.12. Kién trtc trinh chup anh tién trinh DICKPT cho CAPE da luong

Do d3 gdp ca phan monitor va driver vao trong cing 1 thu vién DICKPT trong
khong gian nguoi str dung, nén hoat dong cila cac ham ciing da don gian di kha nhiéu.
Viée xtr Iy cac tin hiéu hé thong dugc thuc hién ngay trong ban than chuong trinh bang

cach don gian 13 goi cac ham xur 1y twong (mg, & ngay trong cling mot thu vién va tat
78



ca déu ¢ muirc khong gian nguoi st dung. Chang han nhu ham SIGSEVG proc () don
gian chi 1a goi ham unlock a page () trong cung DICKPT library.

Thu vién nay dugc trinh bién dich C/C++ st dung khi bién dich chuong trinh
ngudn dang CAPE thanh chuong trinh dang ma may. Do dugc phat trién & dang mot
thu vién lién két tinh nén sau khi trinh ung dung da dugc bién dich xong co thé duoc
chay trén nén tang CAPE ma khong can c6 sin thu vién CAPE nay nita. Quy trinh bién
dich cta chwong trinh dugc biéu dién trén Hinh 3.13. Quy trinh nay c6 diém khac biét
nho, so véi quy trinh bién dich chuwong trinh CAPE don ludng trude day (Hinh 1.7) ¢
budc st dung bd bién dich C/C++, Iuc nay can phai c6 thu vién DICKPT.

CAPE DICKPT
prototype library
OpenMP CAPE CAPE C/C++ executable
program Tul compiler program ’ compiler code
I 4 I

Hinh 3.13. Quy trinh bién dich chuong trinh OpenMP thanh chuong trinh CAPE da
ludng

Véi viéc chuyén hudng xdy dung trinh Gng dung sang ¢ mitc khong gian ngudi
st dung véi cau trac nhu duge néu & Hinh 3.14, nguyén tac hoat dong cua trinh chup
anh tién trinh trudc day (Hinh 1.12) ciing ¢6 sy thay doi nhd, trong d6 hoat dong cua
trinh ing dung va trinh chup anh tién trinh dugc thuc hién trong mot tién trinh duy nhéat.
Nguyén tic médi nay dugc trinh bay trong Hinh 3.14. Tuy nhién, su thay d6i ndy khong
1am thay d6i nguyén 1y hoat dong cua CAPE, nhu di duoc trinh bay trong Hinh 2.7.

C6 thé thay, trinh chup anh tién trinh méi c6 cau trac va hoat dong don gian hon
s0 v6i trinh chup anh tién trinh trude day. Tuy nhién, nhu dd dugc so sanh trong muc
3.2.5, nhuoc diém cua trinh chyup anh tién trinh mai 1a tinh khong trong sudt dbi vai
chuong trinh Gmg dung, thé hién ¢ chd cac ham cia thu vién DICKPT dugc thém vao
mi chuong trinh tmg dung va nhirng dit liéu ctia qua trinh chup anh tién trinh ciing dwoc

xtr 1y trong khong gian nhé cua tién trinh tmg dung.
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chwong trinh

trng dung

i
l

start O Khda bd nhé chwong trinh
|
|

SIGSEVG Q Boc trang nh&
- M¢& khéa trang nhé
| B| bodém
3
SIGSEVG Q Doc trang nh&

i Mé khda trang nhé
|
I
|

save O Tao checkpoint
| Xéa bo dém
- Khéa bd nhé chwong trinh
|

stop Q Mé& Khéa bdé nhé chwong trinh
| Xo6a bé dém
|
I
\{

Hinh 3.14. Nguyén tic hoat dong ctia trinh chup anh tién trinh trong CAPE da luong
Trinh chyp anh tién trinh méi da duoc su dung dé thir nghi¢ém CAPE v&i1 m6 hinh

hoat d6ng méi — CAPE da ludng — v&i cac két qua dugc trinh bay & Chuong 2.

3.5 Tiéu két chwong Il|

Chuong nay trinh bay nhitng kién thirc lién quan dé xay dung phién ban méi cho
K¥ thuat chup anh tién trinh gia tang roi rac, dé co thé chup anh duoc cac tién trinh da
luéng, phuc vu cho hoat dong trong phién ban CAPE da lu6ng moi.

Cong viée lién quan dén viéc quan 1y bo nhé, chup anh tién trinh 12 mot trong
nhing van dé phtic tap nhat cia lap trinh hé thong. Luan an d4 phat trién cong cu chup
anh tién trinh pht hgp v6i CAPE da ludng ¢ khong gian ngudi sir dung véi wu diém la
tinh 6n dinh cao véi cac phién ban khac nhau cua OS do chi goi lai cdc ham thu vién
phé thong ctia OS cung cap va cac thir nghiém ban dau da cho két qua tot.

Céc két qua cua chuong nay duoc cong bd ¢ cong trinh [CT4], [CT5].
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CHUONG 4 XU LY CAC VAN PE CHIA SE DU LIEU CUA
CAPE PA LUONG

CAPE 1a mot hudng tiép can dé cai dat OpenMP - giao dién 1ap trinh chuan cho
1ap trinh song song trén cac hé thong sir dung bd nhd chia sé - 1én cac hé thong sir dung
bd nhé phan tan. D& CAPE c6 thé chuyén dbi hoan chinh OpenMP trén hé thdng bod
nhé phan tan, CAPE can phai xir 1y cic van dé vé dit liéu chia sé cia OpenMP va thuc
nghi¢m dugc tinh ding cua viéc xir ly d6. Trong muyc 1.7.5 da trinh bay CAPE st dung
cau trac dit liéu SSD {(addr, size, values)} dé luu trit dir liéu anh chuyp tién trinh. Khi
céc nit phu giri anh chyp tién trinh vé nat chinh trong noi dung dit lidu dia chi (addr)
tring nhau sé& xir Iy nhu thé nao wu tién nut phu nao trude, cling nhu cac van dé lién
quan khac. Chuong nay trinh bay cach giai quyét van dé nay mot cach chi tiét.

4.1 Sw khac nhau ctiia mo hinh chia §é dir liéu ciia OpenMP trén hé thong bd
nhé chia sé va CAPE trén hé thong b§ nhé phan tan
4.1.1 Chia sé dir liéu cia OpenMP

Mot cach tong quan, OpenMP sir dung mé hinh thuc hién da ludng dé van hanh
cac cau trac song song OpenMP, trong d6 cac ludng cing chia sé khong gian nhé chung
ctia chuong trinh. Tuy nhién, dé ting toc d6 xur 1y, OpenMP ap dung mé hinh chia sé
dir liéu dong bo tré (Relaxed-Consistency - RC) [2]. Véi m6 hinh nay, cac ludng c6 thé
st dung b nhé cuc bod dé tang hi¢u suét truy xudt bd nhd. Viée déng bd khong gian bd
nhé cua cac luéng dugc thuc hién ty dong tai lic bat dau va két thic caa mdi ciu trac
vong 1ap song song hodc c6 thé duoc chi dinh cu thé qua cac chi thi £1ush. Hinh 4.1

minh hoa mdé hinh t6 chirc viing nhé cuc bo va chia sé cia OpenMP.

S
Local
Thread e
memory
Local
Thread —— | Shared
memory
local for all
Thread memory —| threads
Local
Thread _ —
memory
N 4
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Hinh 4.1. M6 hinh vung nh¢ chia sé€ va cuc b trong OpenMP

Ngit canh sé& thay d6i hoan toan khi sir dung OpenMP trén mé hinh da tién trinh,
van hanh trén cac hé théng bd nhd phén tan, trong d6 mdi tién trinh sir dung mot khong
gian nhé riéng, trén cac may tinh khac nhau. Vé co ban, cach thirc ndy 1a tuong thich
v6i mod hinh b nhé RC cia OpenMP, véi yéu cau kém theo 13 phai xir Iy duoc dugc
c4c chi thi lién quan dén dit liéu chia sé. Can nhan manh thém 14 chinh nhd mé hinh RC
cua OpenMP - mo hinh chia s¢ dir li¢u déng bo tré co sir dung bd khong gian by nhd
ctia cac ludng riéng nén CAPE c6 thé chuyén d6i duoc OpenMP sang hé thdng bo nhé

phén tan.

4.1.2 Chia sé di liéu ciia CAPE

OpenMP sir dung mé hinh bo nhé chia sé¢ dong b tré, trong d6 tat ca cac ludng
OpenMP déu c6 quyén truy cap vao mot noi dé luu trix va truy xuét cac bién, duge goi
13 bd nhé. Mot vi tri luu trir nhat dinh trong bd nhé c6 thé duogc lién két véi mot hodc
nhiéu thiét bi, sao cho chi cic ludng trén cac thiét bi dugc lién két méi co quyén truy
cap vao. Ngoai ra, mdi ludng duge phép c6 khung nhin tam thoi (temporary view) cua
riéng minh d6i véi bo nhé noi trén. Khung nhin tam thoi cia bo nhd cho mdi ludng
khong phai 14 mot phan bat budc cia md hinh bé nhd OpenMP, nhung c6 thé dai dién
cho bat ky loai cAu triic no, chéng han nhu thanh ghi may, b dém hoac b nhé cuc bd
khac, gitra ludng va bd nhé. Khung nhin tam thoi ctia b nhé cho phép ludng luu cac
bién vao bd nhé cache va do d6 tranh chuyén sang bo nhd cho moi tham chiéu dén mot
bién duy nhat. Mdi ludng cling c6 quyén truy cip vao mot loai bd nhé khac ma cac
ludng khac khéng duogc truy cap, duoc goi 13 bo nho riéng cta ludng.

M6 hinh bd nhé nay dugc dap tng hoan toan khi st dung cung voi mé hinh da
ludng va thuc hién trén cac kién triic (mot) may tinh st dung bo nhd da 16, vi khi do,
céc ludng déu st dung chung khong gian cua tién trinh (16gic) va khong gian nhé nay
dugc cap phat trén mot bo nhd vat Iy duy nhét ciia may tinh (RAM). Do d6, céc bo dich
OpenMP hién thoi déu dang dugc phat trién cho kién tric nay.

Trong céc phan trude clia luan 4n nay, ching ta ¢3 xem xét mo hinh hoat dong ctia
CAPE véi mot md hinh bo nhé twong thich ngam dinh v6i chuan OpenMP. Chuong
nay ching ta s& quay lai véi cac van dé lién quan dén mé hinh bo nhé. Mot cach tong
quan, van dé nay bao gom: 1) X4y dung mé hinh bd nhé twong thich véi mé hinh RC
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ctiia OpenMP; 2) Xt Iy chi thi f1ush cia OpenMP; 3) xtr 1y cac ménh dé dit liéu chia

sé khac. Trong [14] da cong bd mé hinh b nhd va cac dé xuét cho viée xtr 1y chi thi

flush va cac ménh dé dir liéu chia sé khac cia OpenMP. Luan &n nay bd sung thém

truong hop 4p dung cho CAPE song song hai mirc da ludng.

4.2 Danh sach cac chi thi va ménh dé chia sé dir li¢u ciia OpenMP

OpenMP c6 mot tap cac ménh dé lién quan dén dit liéu chia sé. Bang 4.1 li¢t ké

danh sach cac mé¢nh dé chia sé dir liéu cia OpenMP cung voi mo ta tac dung cua tung

ménh dé. Chi tiét cho cac yéu cdu cua tirng ménh dé& dugce mé ta rd trong [1].

Bang 4.1. M6 ta cac loai bién chia sé cia OpenMP

Ménh dé

Mo ta

default

(none | shared)

Chi dinh mic dinh tinh chat ctia bién chia sé hodc khong.

shared(list)

Chi dinh danh sach (1ist) cac bién chia sé.

private(list)

Chi dinh danh sach bién cuc bo.

firstprivate (list)

Cho phép chia sé gié tri clia bién private khi vao doan

vong ldp song song.

lastprivate (list)

Cho phép chia sé gia tri ciia bién private khi két thic

doan vong lap song song

copyin(list)

Cho phép truy cép gié tri cia bién threadprivate

copyprivate (list)

Chi dinh danh sach bién private c6 thé chia sé voi cac

ludng khéc

reduction(list,

ops)

Chi dinh danh sach bién reduction theo toan tir ops
dé tai két thuc doan vong lap dé gia tri bién c6 thé chia

sé v6i cac ludng khac

Céac ménh dé nay c6 thé duoc sir dung trong cac chi thi OpenMP, véi danh sach
dugc li¢t ké nhu trong Bang 4.2. [2]
Béang 4.2. Céc chi thi co thé su dung cac m¢nh dé chia sé dit liéu trong OpenMP
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parallel | for | sections | single | parallel for | parallel sections

private v v v v v v
firstprivate v v v v v v
lastprivate v v v v
shared v v v
default v v v
copyin v v v
copyprivate v

reduction v v v v v

Vi du sau minh hoa cho mdt chi thi OpenMP c6 stir dung ménh dé dit liéu chia sé.

#pragma omp parallel private (i) firstprivate(3j)
{ 1 =3; 3 =3+ 2;

assert (*ptr i == 1 && *ptr j == 2);
}

Trong;"dé, ménh dé private (1) chi dinh bién 1 1a cuc bd cho mdi luéng thuc
hién cong viéc song song, tic 1a mdi luéng s€ st dung mot bién i cuc bd riéng cua
minh, khong lién quan dén bién i da ton tai trudc do; firstprivate (3) chi dinh dic
tinh twong tu cho bién j, nhung c6 thém mdt yéu cau la cac bién j cuc bd s€ duoc khadi
tao v&i gia tri cua bién j da tdn tai trude do.

4.3 Xirly cac chi din chia sé dir li¢u ciia OpenMP trén CAPE
4.3.1 Nguyén tic xir Iy

Nguyén tic xtr Iy cic ménh d& chia sé¢ cia OpenMP trén CAPE da duoc dé xuat
trong [14], bang cach xay dung cac khudn dang chuyén dbi méi hodc bd sung vao cic
khuon dang chuyén ddi da c6 céc cau 1énh dé thuc hién cdc ménh dé chia sé dir lidu.

Vi du: khudn dang chuyén d6i cho cdu trac parallel for - 1a cu tric dién hinh
va cin ban nhit cho viéc bién dich chuwong trinh OpenMP cia CAPE [15] - s& duoc bd
sung thém cac khoi lénh: before block, enter block, exit block va
after block dé xu Iy véi cac ménh dé chia sé dit liéu clause U nhu trong hinh

dudi day.
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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

Dy

exit block

}
after block

Hinh 4.2. Khuon dang tong quét viéc chuyén doi cdu tric parallel for véi cac

ménh dé dir liéu chia sé

Theo khudén dang tong quat ndy, chuong trinh dich khoi tao tit ca cac khdi

before block, enter block, exit block Vdafter block véigia trirdng.

Sau d6 duyét tuan tu cic ménh dé chia sé dit liéu dé thém vao ting phan phu hop.

4.3.2 Cic khuon dang chuyén déi cu thé cho cdc ménh dé

4.3.2.1 Khudn dang chuyén d6i cho ciu triic parallel for

Céc cau l1énh bo sung cu thé cho tung ménh dé chia sé cua OpenMP duogc liét ké

trong Bang 4.3, ngoai trir ménh dé reduction VA copyprivate dugc xit 1y trong cac

muc tiép theo.

Bang 4.3. Anh xa cac ham cua CAPE twong tng cac ménh dé chia sé ciia OpenMP

== (

num_threads - 1

))

1 2 3 4
before_block enter_block exit_block after_block

1 shared (x)

2 threadprivate typeof (x) x| typeof (_x_ ) x;

() ;
3 private (X) typeof (x) __ x_; | typeof (_x_)Xx;
4 firstprivate (x) typeof (x) _ x_; | typeof (_x_ ) x;
_X__ =X X=_X__
5 lastprivate (X) typeof (x) _ x__ | typeof (_Xx_)X; if (thread_num | x=_x
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if (master ())

X__ =X,

broadcast (X) ;
}

else {

receive (X);
() ;

}

inject

1 2 3 4
before_block enter_block exit_block after_block
6 reduction (x) typeof (x) _ x_; | typeof (_x_)x; send (x, master); | tiép tuc & muc
init_value (x) ; 4.3.2.2
7 copyin (x) typeof (x) _ x__ | if (master ()){
X=_ X_;

8 copyprivate

Chi tiét & muc

43.2.3

Chi tiét

43.2.3

6 muc

Chi tiét & muc

4.3.2.3

Chi tiét & muc

43.2.3

4.3.2.2 Ménh dé reduction

Ménh d& nay yéu cau tién trinh chinh phai két xuit dit liéu tong hop tir cac dit liu

thanh phan do cic tién trinh phuy tinh toan dugc. Dé giai quyét viéc chuyén d6i ménh

dé reduction trén CAPE c6 2 giai phap thuc hién: 1) tich hop gié tri ctia bién can két

xudt trén anh chup tién tinh cta tirng nut phuy réi giri vé n(t chinh dé tong hop; va 2) str

dung mot ham riéng cho bién can két xuat dé guri va nhan gia tri bién nay trén ca nut

phu va nut chinh.

0 init ( x )

3

1 if ( master () ) {

8 stop
8a

9 wait_

9a
9b
9c
15 } else {
22

22a send

¥

for ( after )

( x , master )

b

b

init ( update_list ) ;
merge ( update_list, after ) ;

receive_reduction ( x ) ;
merge ( x, after ) ;

send ( after; , master ) ;
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Hinh 4.3. Khuén mau chuyén d6i caa CAPE cho ménh dé reduction
Vi du, dé thuc hién ménh dé reduction cho bién x, theo khuén dang nay, mot
ham md&i init (x) ¢ dong thur 0 s€ dugc chay trén tAt ca cac nGt dé thuc hién khoi tao
bién x. Mdi nut phu, sau khi thyc hién phan viéc ctia minh, giri két qua cua cong viée
thuc hién dugc theo dang mdt anh chup binh thuong (dong 22), s€ gtri thém mat gia tri
ctia bién x toi nat chinh (dong 22a). Bbi vai nat chinh, sau khi nhan két qua tir nat phu,
ham receive reduction (x) (dong 9b) s& nhan tat ca gia tri bién x tir cac niit phu
ddng thoi thue hién két xuét gia tri tong hop vao bién x & nat chinh. Sau dé gia tri cua
bién x dugc thém vao anh chyp tién trinh (dong 9¢) trudc khi anh nay dugc giri toi tat
ca céc slave dé thuc hién viéc d@)ng bo hoa khong gian nhd cuia tat ca cac nut.
4.3.2.3 Ménh dé copyprivate
copyprivate yéu cau cdu lénh phai thuc hién trong ving single. Thong
thudng, phan single dugc chay ¢ nit chinh, do vay hdm broadcast () tai doan két
thuc cua khdi single s& gui gia tri bién cap nhat nhét dén tat ca cac nat phu. Nhan

duoc gia tri can cap nhat, cac nit phu cap nhat vao vung nhé cua tién trinh.

# pragma omp single copyprivate ( x )
D

J automatically translated into |

# pragma omp single
{
D
broadcast ( x ) ;
}
if ( 'master () )
{
receive ( x ) ;
inject ( x ) ;
bz

Hinh 4.4. Khuén mau cho ménh dé copyprivate
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4.4 Giai thich caia co ché chuyén d6i cac ménh dé dir liéu chia sé cia OpenMP
trén CAPE

Trong phan nay sé& giai thich tinh logic cic khuon dang chuyén ddi chi dan chi
chia s& dir liéu cia OpenMP trén CAPE da dam bao dugc yéu cau chia sé dir liéu cua
OpenMP, ddng thoi can thuc nghiém két qua chay chuong trinh OpenMP trén cac hé
thong str dung bd nhé chia sé va trén CAPE phai giéng nhau. Diéu kién 1 can phai c6
hai gia thiét dudi day.

Gia thiét thir nhét: chuong trinh theo ddi (monitor/checkpointer) chay chinh xac
va khong lam anh hudéng dén cdu tric dit liéu hodc viéc goi ham va két qua cua chuwong
trinh chay. Nghia 14 chay mgt chuong trinh OpenMP nguyén thiy trén mot may tinh va
chay cung chuong trinh d6 & dang da chuyén doi sang CAPE — c6 sir dung chup anh
tién trinh - déu cho két qua giéng nhau. Thuc té 1a chuong trinh giam sat phai theo doi
chuong trinh chay dé kiém soat dugc cac viing nhé bi thay d6i va dong thoi cé thé cap
nhat lai gia tri bién ciia chuwong trinh chay nhung khong lam thay doi cau trac va logic
ctia chuong trinh chay. Trong cac khuon dang chuyén doi, chuong trinh monitor c¢6 bo
sung vao cac ham create(), stop(), merge(), wait for(),.. tuy nhién
khong 1am thay d6i cdu trac dir liéu ctua chuong trinh dang chay. Vi vay, trinh giam sat
khong lam thay d6i két qua cua trinh tng dung.

Gia thiét thir hai: doan chuong trinh chay song song néu khong c6 chi thi riéng,
chang han nhu chi thi reduction ddng thoi néu khong théa man diéu kién Bernstein
[63] thi trén cing mot dia chi ving nhd chia sé (hay gia tri cua bién chia sé) ludng
chuong trinh ndo cap nhat cudi ciing s& cap nhat gia tri cudi cling cia cac bién.

4.4.1 Truwong hop 1: Poan chwong trinh song song théa min diéu kién Bernstein

Goi I; 12 tap cac bién duoc doan chuong trinh P; (trén nit i) doc khi chay va 0; 1a
tap cac bién dugc doan chuong trinh P; ghi. Trong ngit canh cia CAPE, mét bién dugc
hiéu 1a mot vung nhd. Theo diéu kién cua Bernstein, P,vaP, co thé chay déng thoi khi
va chi khi ba diéu kién sau ddng thoi thoa min: [, N0, = L, N0, = 0, N0, = @.
Hai diéu kién du cua Bernstein voi ¥ nghia rang P; va P, c¢6 thé thyuc hién chuong trinh
doc 1ap ma khong can phai yéu cau mot doan chuong trinh phai chay trude dé cung cap
dir liéu cho chuong trinh kia. Piéu kién thtr 3 ctua Bernstein véi ¥ nghia rang khong c6

su cap nhat dir liéu chia sé cua P; va P,. Dong nghia ring anh chup tién trinh tai nGt
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chinh c6 thé dugc cap nhat tir anh chup tién trinh cua P; va P, theo bat ky thtr tir ndo.
Cu thé, anh bd nhé cac bién cua doan chuong P; trude va sau khi chay s& c6 thay doi
goi 1a deltai luu tat ca cac bién duoc doan chuong trinh P; cip nhat gia tri méi. File
deltai dai dién cho cac O; cua P;. Tai nut chinh, sau khi nhan dugc cac anh bo nhé cta
cac P; duoc gdp lai vao ving nhd cia nd trude khi giri anh bd nhé méi nay dén cac P,
cho cac doan m3 xtr Iy song song tiép theo. Theo diéu kién tht 3 cua Bernstein, khong
c6 bién chia sé nao chung giita cac P; ddng nghia 13 cic ving nhé (bién chia sé) bi thay
d6i trén cac P; ludn khac P; v6ii# . Do vay, viéc gdp cac anh ving nhé ctia cac P; vao
anh vung nhé ctia nat chinh nhu gop cac manh ghép roi nhau ctia mot bire tranh. Ciing
theo diéu kién 1 va 2 ciia Bernstein, P; va P, doc 1ap khong yéu cau chuong trinh no
can phai chay trudc nén thr ty gdp anh bd nhé vao anh bd nhé cia ndt chinh déu nhu

nhau.

4.4.2 Trwong hop 2. Poan chwong trinh song song khéong théa man diéu kién
Bernstein

Truong hop 2.1: Khong c6 thém chi thi riéng cua OpenMP.

Trong truong hop ndy sé cé viée truy cap hodc cap nhat bién chia sé chung giita
C4c P;, trong ngit canh ctia CAPE 14 cip nhat gia tri cing mot vung dia chi giéng nhau,
tai Nt chinh mot phan anh b nhé cua P; bi tring dja chi véi P; s& dugc gia tri bién tai
ving nhé tring nhau nay dugc ghép thay thé bai P; giri anh tién trinh dén sau nhu vay
thoa man theo gia thiét thir 2, két qua duoc tra vé theo P; ndo c6 cap nhat gin nhat.

Truong hop 2.2: Co6 thém chi thi riéng cia OpenMP.

Véi nguyén 1y ctia CAPE xur ly viéc cap nhat anh ving nhé cua hai P, va P, cé
phan trung nhau sé 14y theo két qua anh viing nhé tring nhau cta P; giri dén sau. Trong
truong hop chuong trinh ¢6 cac chi thi nhu reduction, két qua chuong trinh s& sai
vi khong téng hop duoc két qua ting P; thanh két qua cudi cing theo mot toan tir nao
d6 clia reduction. Dé thuc hién ménh dé reduction, CAPE to chitc thém ham khéi
tao init (x) & dong 0 trong Hinh 4.3 va c4c P; giri riéng gia tri bién x (dong 22a) dén
nat chinh sau khi cac anh ving nhé cua ting chuong trinh P; giri vé n{t chinh dé tong
hop nhu truong hop 1 va truong hop 2.1. Dong 9b, 9¢ trong Hinh 4.3 thuc hién viéc
tong hop bién x theo phwong phap reduction theo toan tir ciia chwong trinh (vi du:

toan tir + s€ cOng don gia tri cua bién x; cua tung P;) sau do cdp nhat gia tri nao vao
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dung vi tri anh ving nhé cua nat chinh trude khi anh ving nhé nay c6 thé giri dén cac
nut phy dé thyc hién cac doan mi song song tiép theo.

Péi voi ménh dé shared (x), hang 1 trong Bang 4.3 ¢6 ¥ nghia bién x duoc chia
sé cho cac slave, CAPE 4p dung nguyén Iy P; ndo cap nhat cudi cung s& 1a gia tri két
qua cta bién x, tuong tng véi truong hop 2.1.

Déi voi ménh dé threadprivate (x), private(x), firstprivate(x),
lastprivate (x), tai dong 2 dén 5 trong Bang 4.3 bién x duoc copy bang cach khai
bao bén doan ma cua vong lip dé tao ra biét cuc bo trong vong lip. Puong nhién bién
x cuc bo nay s& duoc cdp phat trén ving nhé c6 dia chi khac voi bién x ngoai vong
lap, riéng vo1 firstprivate (x), bién x cuc bd duoc khéi tao gia tri ban dau béng
bién x bén ngoai vong lip théng qua bién trung gian ~ x . Ngugc lai, d6i véi
lastprivate (x) gid tri cia bién x can duoc luu giir sau khi két thuc vong lap thong
qua bién trung gian %, d6ng thoi can 1y gia tri x cta P; ¢6 cap nhat cudi clng
nhu mo6 phdng trong dong 5 cot 3 cia Bang 4.3. Trong qua trinh CAPE thuc hién tao
anh ving nhé c6 thay d6i gui vé nat chinh viing nhé cua bién x cuc bo van dugc ghi
nhan khac dia chi véi ving nhd ciia bién x  bén ngoai vong 1ap nén khong anh huong
dén gia tri ciia x ngoai vong lap, twong (mg théa man truong hop 2.1.

Dbi v6i ménh dé copyin (x), copyprivate (x), dong 7 va 8 trong Hinh 4.4
sit dung ham broadcast (x) dé cap nhat gi tri x dén cac P;. C4c P; nhan dugc gia tri
x va tich hgp vao khong gian nhd ciia minh dé tiép tuc thuc hién phén con lai cua
chuong trinh. Trong qua trinh chay chuong trinh néu P; ¢6 thuc hién cap nhat gia tri
ctia bién x s& dugc ghi nhan trong anh chyp viing nhé cia P; dong thoi giri dén nit chinh
tap hop theo nhu kich ban truong hop 2.1 théa man gia thiét 2.

Nhu vay véi trudng hop 2.2: chi ¢6 trudng hop ménh dé reduction cin phai to
chue xir 1y riéng bang ham mai, dbi v6i cac ménh dé, chi thi chia sé khac déu c6 thé
dan vé truong hop 2.1 théa méin gia thiét 2.

Dbi v6i phién ban CAPE da ludng dugc dé cap trong luan an nay c6 thém diém
m&i 1a cac nit s& chay da ludng tuy nhién nhu da dé cap trong 2.2, phan da ludng trén

ting nut sir dung lai ma cua OpenMP va khong can thiép dén ving nhé ctia doan ma
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nay nén theo logic giai thich dugc dé cap trong phan nay, cac trudng hop can giai thich
O trén la du.

Vé cai dat chuong trinh CAPE thyc hién cdc ménh dé chia sé dit liéu cta OpenMP
trén hé théng bd nhd phan tan, nhoém nghién cru da cai dat thanh cong cac ménh dé
threadprivate (x), private(x), firstprivate(x), lastprivate(x),
copyin (x), copyprivate (x), reduction vd&i két qua chay chuong trinh giéng
v6i chuong trinh gbc OpenMP. Toan bd chwong trinh dugc cong bd dudi dang ma

ngudn md GitHub (https://github.com/) truy cap tryc tuyén nhu & PHU LUC 1.

45 Tiéu két Chwong IV

Chuong nay da trinh bay cach thic xtr 1y cac chi thi chia sé dit li¢u cua OpenMP
trén CAPE. Noi cach khac thuc hién viéc chia s& dong bo dir liéu anh chup tién trinh
ctia CAPE nhu thé nao dé dap ung duogc cac chi thi chia s¢ dir li¢éu ciia OpenMP. Qua
phén tich va thuc nghiém, CAPE c6 thé xtr ly duoc tAt ca cac ménh dé dit liéu chia sé
ctia OpenMP véi cac vu diém: Thir nhat, ngudi 1ap trinh khong yéu cau phai tu to chirc
glri nhan déng bo dir li¢u cua cac doan chuong trinh tuan tu hodc song song. Thir hai,
s6 nat xir 1y song song co thé ting giam linh dong theo nhu cau (khong ¢ gidi han sb
lwong anh chup tién trinh giri vé nat chinh).

Céc két qua ctia chuong nay duoc cong bd & cong trinh [CT3].
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KET LUAN VA HUONG PHAT TRIEN CUA LUAN AN

KET LUAN

OpenMP, v6i nhitng vu diém vé tinh don gian, d& hoc, dé st dung, kha ning cung
cap hiéu ning cao, van tiép tuc dugc cac nha nghién ctru tim cach chuyén dbi 1én cac
hé théng str dung bd nhd phan tan. CAPE 1a mot tiép cin ndm trong xu thé dé, voi
nhirng két qua vé 1y thuyét ciing nhu thuc nghiém ban dau da ching minh dugc tiém
nang lon trong tinh tuwong thich hoan toan véi OpenMP cling nhu hi¢u nang cao khi
thue hién cac chuwong trinh OpenMP trén cac hé théng mdy tinh phan tan.

Luan an da thanh cong trong vi¢c md rong mod hinh hoat dong cua CAPE trude
day dé khai thac t6t hon kha nang ciia cac bo vi xur 1y da 1i trén cac ndt tinh toan. Mo
hinh méi d b sung thém mdt mirc song song khi thyc 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 muc: 1) Cac nut tinh toan thuc hién song song tirng phan S: cia
s trén cac nut tinh toan (i dai dién cho sd nat 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 thyc nghiém da chimg minh mo
hinh méi da gitip hiéu ning 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 mai 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 181, dé c6 thé xu 1y duogc viéc chup dugc anh cac tién
trinh da ludng tai cac n{t tinh ton. Ludn 4n d phat trién thanh cong k¥ thuat chup anh
tién trinh phii hop véi CAPE da ludng, chay & mirc khong gian ngudi st dung, thay vi
chay & khong gian nhan ctia hé didu hanh nhu truée day gitp ¢6 vu diém 1a tinh 6n dinh
cao voi cac phién ban khéac nhau caa OS do chi goi lai cAc ham thu vién pho théng cua
OS cung cap.

Két qua cua luan an da dat dugc bao gém:

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

tinh CPU da 18i va chon giai phap kha thi d& thuc hién [CT1] [CT2].
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2. Tong hop va phan loai cac k¥ thuat chup anh tién trinh- k¥ thuat nén tang 16 ap
dung cho CAPE- tir d6 dé xuét ap dung k¥ thuét 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 c6 kha ning cung cép hiéu ning cao nhat
trén cac hé théng nay [CT5].

4. Xir Iy duoc 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 c6 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 thng quan tAm dau tu va
tiép tuc phat trién mot cach nghiém tic, CAPE hoan toan c¢6 kha ning trd 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 lap trinh va c¢6 hiéu ning cao trén
cac hé thdng nay. Chung t6i ciing d3 dwa ma ngudn ctiia phan mém CAPE 1én Github —
kho mi ngudn mé cuia cong dong — v4i dinh hudng cung cap ma nguén CAPE dé cong

dong cung tiép tuc cuing nghién ctru, phat trién.
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PHU LUC 1: BQ MA NGUON, CACH THUC CAI PAT VA SU
DUNG THU VIEN CAPE DA LUONG
Nhom nghién ctru da quyét dinh s& mo ma ngudn cia CAPE cho cong dong. Do
d6, toan bo mi ngudn cing véi hudng din st dung di duoc upload tai:

https://github.com/doxuanhuyen

Hién tai, CAPE dugc phat trién bang ngén ngir C, trén hé diéu hanh Linux Ubuntu
Ubuntu 18.04 — Kernel 5.0.0.29.x. C4c may tinh lam nat duoc két ndi mang cuc bd véi
nhau.

Biéu dd trién khai

Cho dén hién tai, cac phién ban CAPE déu dugc cai dat va the nghiém trén céc

cluster gdm cac may tinh c4 nhan, dugc ndi mang cuc bo.

Master node

User Application
Distributer

Slave node 1 Slave node 2 Slave node n

User Application User Application User Application

Hinh 4.5. Biéu dé trién khai CAPE da ludng

Hinh 4.5 trinh bay mo hinh trién khai CAPE da ludng trén 1 cluster bao gom 1 nat
chinh va n nut phu.

Cic thanh phan ciia thu vién CAPE

Thu vién CAPE bao gém cac thu muc/file dudi day:

1) Thu muc src : chira mi ngudn cta thu vién CAPE va cac chuong trinh da cai
dat su dung thu vién CAPE.

+ /src/monitor/cape.c : ma ngudn thu vién CAPE.
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+ src/apps : chira md ngudn cac chuong trinh viét theo CAPE. Vi dy nhu
cape_parallel_for_multthread.c 1a chuong trinh CAPE da cai dit chi dan
paraller for ciia OpenMP chay nhidu tién trinh trén mdi may;
cape_reduction_multithread.c 12 chwong trinh CAPE di cai dat ménh dé
reduction ctia OpenMP chay nhiéu tién trinh trén mdi may ;...

2) Thu muc include : chua file.h ctia thu vién CAPE va thu vién lién quan (néu
cd)

+ /include/cape.h : chua cac dinh nghia bién va tén ham goi cua thu vién
CAPE.

3) Thu muc lib : chira cac file thu vién cuia CAPE da bién dich va thu vién lién
quan (néu co)

+ /lib/cape.o : file thu vién CAPE da bién dich.

4) Thu muc bin : chita cac file chuong trinh CAPE di bién dich ra ma may dé
chay.

5) Thu muc / (g6c) : chira chuong trinh phan phdi, file huéng dan cai dat, file dé
bién dich toan by chuong trinh.

+ /makefile : file script dé lién két va bién dich chuong trinh theo mé hinh
CAPE.

+ /README.md : file huéng dan cai dit va sir dung CAPE.

+ /ip_config.sh : chira ip cua cac may tinh lam n0t khi chay chuong trinh
CAPE.

+ /deploy_cape.sh : file script dé copy thu vién va chuong trinh CAPE dén
tat ca cac ndt theo khai bao thong tin tir file /ip_config.sh.

+ /cape_test.sh : file script chirc ning thiét 1ap hé théng cac nat tham gia
vao hé thong va khai chay hé thong.

Distributer — Trinh phan phéi

Distributer 1a chuwong trinh ¢6 chtrc ning thiét 14p hé thng cac nit tham gia vao
hé théng va khai chay hé thong.

Distributor dugc chtra trong file /cape_test.sh

Chuong trinh ndy phai dugc bién soan cho ting cdu hinh hé théng van hanh
CAPE, véi cac bai toan khac nhau. Trong tuwong lai chung t6i ¢6 thé viét mot chuong
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trinh dé tu dong sinh ra chuong trinh nay, chi yéu cau ngudi st dung nhép vao cac
thong s6 hé thong.

Vi du

Vi du dué6i day duoc viét cho 1 hé thong c6 1 ndt chinh va 2 nit phu, trong nit
chinh c¢6 dia chi IP 1a 192.168.122.1 va hai nit phu c6 IP 1an lugt 1a 192.168.122.179,
192.168.122.223. Céac chuong trinh ctia CAPE va trinh tmg dung (mulmat) déu duoc
dat trong thu muc /home/user/cape2/cdv9

M3 cua trinh phan phdi 1a mot trinh Shell script, chi cho chay mét lan trinh tng
dung trén mot Nt tinh toan nhu dudi day (trong d6 cac s6 thtr tu dugc thém vao dé tién
trinh bay, trong chuwong trinh thyc thi khéng c0).
cape test.sh

. #!/usr/bin/env bash
folder=home/user/cape?2

. prog=cape parallel for multthreadd4c 1200
. master=192.168.122.1
nodel=192.168.122.179

. node2=192.168.122.223

7. mpirun --host
$S{master}, ${nodel}, S{node2}~/S{folder}/bin/${prog}

8. echo The execution of $prog is finished.

o U b w N

Giai thich cac cau Iénh

S6 Y nghia

Chi dinh trinh thong dich Shell sh s& dugc sir dung dé chay chuong
trinh

Chi dinh noi luu trir cdc chuong trinh cia CAPE

A W N

Chi dinh chuong trinh tng dung dugc chay
5-6 IP cua nut chinh

7 IP cua cac nut phu

8 Chay chuong trinh CAPE

Thong bao 1én man hinh chuong trinh da chay xong

Véi cac dong 1énh trén, hé théng s€ duoc khoi tao khi nguoi st dung cho thuc

hién chuong trinh shell nay tai nit chinh. Khi d6, tir 1énh 1 dén 1énh 6 dé khai béo cac
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thong s6 dé chay chuong trinh gém tén chwong trinh s& chay, dja chi IP cta nit chinh
va c&c nat phu. Lénh 7 sé& goi dé chay chuong trinh CAPE trén ndt chinh va 2 nit phu.
CAPE su dung thu vién cia MPI dé guri/nhan anh chup tién trinh gitta cac may voi
nhau.

User Application — Trinh @wng dung

La chuong trinh tmg dung ctia nguoi dung, ¢6 dang chuong trinh CAPE da ludng,
duogc bién dich tir chwong trinh OpenMP ban dau duoc viét bang C.

Duéi day 1a vi du cua trinh ng dung nhan ma tran dang ma nguén cua CAPE da
luéng. bé duoc chay, chuong trinh nay can duoc dich ra ma may béng trinh duyét C
binh thuong c6 hd trg OpenMP.

#include <math.h>
#include <stdio.h>
#include "mpi.h"
#include <sys/time.h>
#include <omp.h>
#include "../../include/cape.h"

void * get pc () { return builtin return address(0); }

#define N 2400
int A[N][N], B[N][N], C[N]I[N];

int i, j,k, THREADS=2;
long sum;
double tmO = 0.0, tm4 = 0.0 ,tm3=0.0,tm2=0.0,tml=0.0;

void main () {

double tm0 = omp get wtime();
cape declare variable(&A, CAPE INT, N*N, O
cape declare variable (&B, CAPE INT, N*N, O0);
cape declare variable(&C, CAPE INT, N*N, O
cape declare variable(&i, CAPE INT, 1,
cape declare variable(&j, CAPE INT, 1,
cape declare variable(&k, CAPE INT, 1,
cape declare variable(&sum, CAPE LONG,
cape init();
tm0 = omp get wtime();
//load data
for (1=0;1i<N;i++)

for (3J=0;J<N; j++) {

~ e~ o~~~ —~

Ali][J]= 1;
Bl{il[j]= 1;
}
tml = omp get wtime();
cape begin (PARALLEL FOR, 0, N);
ckpt start();
tm2 = omp get wtime();

#pragma omp parallel for schedule(static) private (i, j, k, sum)
shared(C) num threads (THREADS)
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for(i = left ; i < right ; i ++){
for(j = 0; J < N; Jj++ ){
sum = 0 ;
for (( k = 0; k < N; k++){
sum = sum + A[i][k] * B[k][J];

Cl[i]l[3] = sum;
}
}
tm3 = omp get wtime();
pc_ = (unsigned long)  get pc();

cape end(PARALLEL FOR, FALSE); //TRUE: if exist reduction

clause, FALSE: if it does not

cape finalize();

tm4 = omp get wtime();

printf ("$c\tsd\tsd\tsd\t3sg\tsg\tsg\tsg\tsg\t
Node:N:Core;TotalTime;initcape;initdata;cal; final\n",
's', THREADS, cape get node num(),N, tm4-tm0,tml-tm0,tm2-tml, tm3-
tm2, tm4d-tm3) ;

t

Trong doan M3 ¢ trén ham cape begin () dung dé thyc hién viéc ghi lai danh
sach cac bién co thé chia sé va cac thudc tinh cia ching. Sau khi thuc hién cac cong
vi€c trong vung song song, ham cape end () thuc hién mot tap hop céc hoat dong
dé déng bo hoa cac bién duge chia sé gitra cac ndt va lam sach dir liéu khong can thiét
ctia bd nhé dé chuén bj cho viéc thyc thi chuong trinh & doan mé tiép theo.

C6 hai budc quan trong ctia hoat dong chup anh tién trinh trong CAPE: (1) luu trit
dir liéu thoi diém ban dau can kiém soat va (2) phat hién thay doi cua dit liéu dé dong
b6 néu c6. Ham ckpt start () dé thuc hién bude thir nhat. Khi ham nay dugc goi, sé
sao chép tat ca dir liéu cia cac bién c6 thudc tinh shared, lastprivate, copyin
hoac copyprivate (goi la DATA-0) nhu da khai bao cia chuong trinh OpenMP duoc
chuyén tuong tng sang ct phap CAPE cape declare variable. Budc 2 dé tim
duogc viée thay do6i dit liéu dé dong bd, CAPE thuc hién viée so sanh dit liéu DATA-0
v6i dit liéu hién thoi (doc dit lidu tir viing nhé clia chwong trinh tai thoi diém dong bo).
Nhung dit lidu thay dbi duoc luu vao file anh chup tién trinh. Déi v6i cac bién dang
nhu reduction to chirc file anh chuyp tién trinh cling c6 danh dau dé sur twong ung khi
dong bo dir lidu.

Con lai hai hAm cape init () VA cape finalize() dung dé thiét 1ap moi
truong ctia churong trinh khi chay song song trén nhiéu may tuong tng véi viée goi lai

thu vién méi trudong ciia MPI dé CAPE c6 thé goi ham giri nhan file anh chup tién trinh.
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Chay chwong trinh
Céc budc dé chay thir chuong trinh CAPE nhu sau:
1. Copy céc file ciia CAPE vao thu muc /home/user/cape2 trén mdi nit. Co thé
str dung 1énh sh ./deploy cape.sh
2. Trén nat chinh, mé coa sé 1énh, chuyén thu muc hién thoi dén
/home/user/cape2 va chay cau Iénh sau:

sh ./cape test.sh

3. Cho cho hé théng thuc hi¢n chuong trinh va nhan két qua trén nut chinh.
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https://github.com/doxuanhuyen/CAPE_MC/blob/main/cape_test.sh

PHU LUC 2: KET QUA SO LIEU CHI TIET THUC NGHIEM SO
SANH HIEU NANG CUA CAPE PA LUONG VOI CAPE PON

LUON VA MPI

Bang 4.4. So sanh hiéu ning cua CAPE d3 ludng voi CAPE don ludng va MPI

Num

of Size Core CAPE MPI (s) OpenM | % MPI/ | OpenMP

num (s) P (s) CAPE | CAPE

nodes

a b c d e f o ()%*_100 h=f/d
16 9600 1 2776 2496 32556 -11% 11.73
16 9600 2 1695 1397 17401 -21% 10.27
16 6400 1 710 644 9292 -10% 13.09
16 6400 2 458 396 4919 -16% 10.74

Average -15% 11.46
8 9600 1 4791 4501 34991 -6% 7.30
8 9600 2 2454 2368 17942 -4% 7.31
8 9600 3 1890 1698 13011 -11% 6.88
8 9600 4 1514 1366 10243 -11% 6.77
8 6400 1 993 955 7147 -4% 7.20
8 6400 2 591 589 4488 0% 7.59
8 6400 3 441 440 3386 0% 7.68
8 6400 4 374 365 2653 -2% 7.09

Average -5% 7.23
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