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Chuong 1

GIOI THIEU CHUNG

1.1 Dong luc nghién ctu

Ly thyét do thi dang dugc ting dung rong rai hién nay, dic biét khi lugng dit lieu chiing
ta can phai xit 1y, phan tich dé trich rat tri thic c6 quy moé ngay cang 16n. Dit liéu hién dugc
xem nhu nguon tai san quy gia cho médi to chitc, ca nhan, tham chi duge vi nhu “vang”[71].
Trong dinh huéng phat trién nguon kinh té s6, dit liu lai cang tréd nén quan trong, quyét
dinh dén sy thanh cong hay that bai ctia mdi ca4 nhan, to chic. V6i su dich chuyén sang nén
kinh té s6, lugng dit liéu 16 rang ngay cang dudc sinh ra nhiéu hon, do so6 hon vé ca quy
mo, toc do, tinh da dang va tinh chan that ctia dit lieu. Theo théng ké ctia t6 chitc Internet
Live Stats dén thang 09 nam 2019, téc do van chuyén dit lieu qua Internet khodng 79.870
GB/giay; 4,8 ty truy van tim kiém Google méi ngay; 184 ty email duge giii di mdi ngay;

. [66]. Su da dang vé loai va quy mo dit liu da dan dén nhimg mo hinh dit ligu truyen
thong nhu mo hinh quan hé gip kho khan khi xit 1y [29]. Vi hien trang d6, mot s6 mo hinh
quan ly dit lieu méi da duge dé xuat. Hai trong s6 nhitng mo hinh dit lieu hien duge xem
13 hieu qua ddi khi quan 1y dit lieu quy mo 16n hién van 14 mo hinh dit lieu huéng tai lieu
(document-based model) va mo6 hinh dit lieu do thi (graph data model) [30].

Viéc ap dung 1y thuyét do thi vao cac bai toan thuc tién da dugce tién hanh ti lau. Tuy
nhién, khi lugng dit lieu ngay cang 16n, chang han dit lidu tit cdc mang xa hoi nhu Facebook,
thi viec mo hinh hoa dit lieu bang 1y thuyét do thi lai duge quan tam va da minh chitng duge
hiéu nang noi bat khi ap dung vao thyc té [75]. Khi m6 hinh ho4 dit liéu bing do6 thi, thong
thuong céac thuc thé (chang han cac thanh vién mang xa hoi) sé duge biéu dién thong qua
cac dinh con cac quan hé giita céc thyc thé (ching han nhu quan hé ban be giita céc thanh
vien) duge quy veé cac canh lién két cdc dinh trong do thi [53).

Déi v6i cac bai todn mo hinh hoa bang do thi c6 quy mo 16n vé ca s6 dinh va sd canh,
mot trong nhitng thach thitc 16n duge dit ra la can phai cé (i) nhitng phuong phap to chtic
dit lieu do thi hiéu qua vd phuong phap nang cao hiéu ning cic phép todn phan tich do,

bao ham ca (ii) t6i wu hoa céc truy van khoéng cach ngan nhat trén do thi dong va (iii) cai
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thién hiéu nang tinh toan mot sd do do quan trong phuc vu cac phép phan tich do thi quy

mo 16n.

1.1.1 CéAu trac di liéu phit hgp dé nang cao hiéu ning thi hanh
cac phép toan trén do thi

V6i cach tiép can sit dung 1y thuyét do thi dé giai nhimg bai toan thuc té, viec lira chon
va xac dinh cu trac dit lieu dé biéu dién do thi quyét dinh tryc tiép dén viéc hinh thanh
gidi phap ciing nhu hiéu ning clia cdc phép toan trén do thi. Chang han nhu véi cAc mang
x& hoi nhu Facebook, Twitter, ..., ching ta can phai lua chon duge phuong phap biéu dién
dit liu liéen quan dén cac thanh vién va nhitng quan hé gitta cic thanh vién trong mang mot
cach hieu qua thi méi cé thé trién khai thuc té duge véi s6 luong tit vai tram trieu dén hang
ty thanh vién.

Trong 1y thuyét do thi, viéc t6 chitc dit licu do thi G = (V, E) véi V la tap dinh va E
13 tap canh, thi mdi dinh ctia V thong thudng dugc dinh danh bdi mot s6 tu nhién. Tap
cac canh E thong thuong cé thé sit dung cac phuong phép biéu dién dit lieu nhu danh sach
canh; ma tran lién ké; danh sach lién ké; ma tran lien thuoc; ...[I08]. Tuy nhién, hién nay,
phuong phép biéu dién dua theo danh sach lién ké 1a cach tiép can phit hgp nhat, dac biet
khi do thi ¢6 quy mo 16n vé s6 dinh, s6 canh [102].

Cac nghién citu hién tai trong viéc xay dung phuong phap bidu dién do thi hien nay déu
chua quan tam nhiéu dén tinh cuc bo dit lieu dé khai thac vai tro va chiic nang ctia bo nhé
dem (cache) trong cac he thong tinh toan [90]. Theo nghién citu trong cong bo [114], cac
cong cu, thu vien phan tich do thi hién nay thuong thuc hién rat it tinh toin cho méi dit
lieu do thi duge truy cap trong khi phan 16n truy cap bo nhé chinh (main memory) lai 1a
ngau nhién. Diéu d6 dan dén ty lé dit lieu do thi can phai dua vao va thay thé trong bo nhé
cache cao (cache miss), lam gidm hiéu nang phan tich do thi [78]. Day 1a mot trong nhiing

dong lyc hinh thanh nén bai toan nghién cttu ctia luan an nay.

1.1.2 X1t 1y cac truy van khoang cach ngin nhat trén do thi dong
quy mo lén

Ngay nay, cdc mang xa hoi déong mot vai tro quan trong trong "xa hoi két ndi mang" cia
chiing ta. Facebook, Twitter, WhatsApp, ..., dudc sit dung phd bién trong cudc soéng hang
ngay. Dé mo hinh hoéa céc mang xa hoi bing Iy thuyét do thi, mdi thanh vien thuong duge
mo hinh héa bdi mot dinh, va mdéi quan hé triye tiép gitta hai thanh vien duge dai dién béi
mot canh. Dbi véi cac bai toan lien quan dén phan tich mang xa hoi, c6 ba van dén 16n can
phai xem xét 1a: (i) s6 lugng dinh va canh rat 1én; (ii) do thi c6 tinh dong do sy thay doi
mdi quan he gitta cdc thanh vién va thanh vien méi da dang ky; va (iii) thuong xuyén si

dung truy van khodng cich ngan nhat dé tim cich xac lap quan hé gifta hai thanh vien [39].
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Cac van dé nay dinh hinh nén bai toan can phai xit Iy hieéu qua cic truy van khodng cach
ngan nhét (chdng han vita cap nhat do thi vira truy van khodng cich) trén do thi dong quy
mo 16n.

Nhin chung, cac phép duyéet dd thi dé xac dinh khodng cach ngin nhét gitta hai dinh
phuc vu cho nhiéu phép toan phan tich do thi, mang xa hoi. Chéng han nhu phan tich anh
huéng clia mot ngusi diung déi véi cong dong thanh vien [I10]; dé xac dinh su gan giii gitta
hai ngudi ding; dé tim thém ngusi diing hoic ndi dung lien quan bing cach st dung tim
kiém trén mang [39]. Mic du bai todn xit ly truy van xac dinh khodng cach ngan nhat da
rat kinh dién, tuy nhién viéc thi hanh cac truy van nay mot cach téi wu trén mot do thi,
mot mang xa hoi vita ¢ quy mo 1én, vita ¢6 su cap nhat thay doi lien tuc vé s6 thanh vien
1an quan he lai 1a mot thach thic 16n trong thyc té [104].

1.1.3 Nang cao hiéu nang tinh cac do do quan trong trong phan
tich do thi quy mé 16n

Mang xa hoi ngay nay da c6 mat khap moi noi, trén moi quoc gia va da trd thanh mot
phuong tién quan trong dé két néi moi ngudi trong mot xa hoi. Facebook, Twitter, YouTube
va WhatsApp 14 nhitng mang xa hoi rat phd bién va da tré nén quan trong déi véi rat nhicu
ngudi trong cudc séng hien dai ciia ching ta. Theo théng ké duge cung cap bdi Cong thong
tin théng ké vao thang 9 nam 2019, s6 lugng ngudi dung hoat dong ctia Facebook 1a 2,327
ty; Youtube 1a 1,9 ty va WhatsApp da vugt 1,5 ty thanh vien [66]. Ly thuyét do thi da duge
coi 1a mot phuong phap thich hgp dé moé hinh héa cdc mang xa hoi. Mot thanh vien cia
mot mang xa hoi thuong duge mo hinh héa bdi mot dinh, va moi quan hé tryc tiép gitta hai
thanh vien duge dai dien béi mot canh. Dé quan 1y mang xa hoi, nhiéu phuong phap phan
tich mang xa hoi da dugc dé xuat va sit dung trong thiic té. Phan tich mang xa hoi dugc
dinh nghia 13 qué trinh diéu tra cic cau tric mang xa hoi thong qua viéc stt dung mang va
Iy thuyét do thi [85]. Vi vay, phuong phap nay dugc coi la mot ky thuat quan trong trong
x4 hoi hoc hién dai.

Mot trong nhitng diéu quan trong ma ching ta can phai tinh toan khi thyc hién phan
tich mang la xac dinh do trung tam cta mot nat trong mang xa hoi. Hay noi cach khac,
chiing ta can phai tinh toan, phan tich mang dé c6 thé xac dinh duge dinh (ttc thanh vién)
c6 anh hudng 16n nhat dén cac dinh khéac [67]. Tit d6 c6 thé thiy do trung tam ciia mot
dinh trong ly thuyét do thi cho phép chiing ta xac dinh nhitng ngudi ding quan trong nhat
trong mot mang [35].

Hai trong nhitng chi dau trung tam dugc st dung rong rai nhat trong cac bai toin phan
tich mang xa hoi 14 "do trung tam gan" (closeness centrality) va "do trung tam trung gian"
(betweenness centrality) [53]. Cac phuong phap hién nay dang dugc sit dung dé tinh chinh
xac cac do do nay tuy déu c6 do phiic tap da thitc nhung véi quy mo 16n ve s6 dinh va canh

thi thoi gian tinh toan déu ciing rat 16n [64]. T d6 dit ra nhu cau can phéi ¢6 duge nhing
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cong cu, thu vien dé nang cao hiéu nang tinh toan cac do do trung tam, nang cao hiéu qua
bai toan phan tich do thi n6i chung. Chinh vi thé, hai do do nay ciing sé dugce ching to6i tap
trung nghién citu trong luan an véi dinh huéng két hop duge ca viec t6 chiic dit lieu do thi
hop 1y 1an phuong phép tinh toan song song hiéu qua.

1.2 Mot sd nghién citu lién quan

Nang cao hiéu nang xit Iy cac phép toan trén do thi 1a huéng nghién ctu dude nhieu
nhom, to chiic nghién citu trén thé gidi quan tam hién nay. Trong phan nay, ching toi sé
gi6i thieu mot s6 huéng nghién citu lien quan dén bai toan dat ra trong luan an theo ba
nhém chinh: (i) mot s6 luan &n tién sy; (ii) cdc cong trinh khoa hoc da duge cong bd gan
day lien quan dén huéng nghién citu clia luan an; va (iii) mot s6 nhém nghien citu hién dang
c6 nhitng hoat dong khoa hoc lién quan dén huéng nghién cttu ctia luan an.

Nang cao hiéu niang xit 1y cac truy van trén do thi ciing da dugce nhiéu luan an tién sy cha

trong nghién cttu trong nhitng nam gan day. Mot s6 luan 4n dién hinh c6 thé ké gom:

e Luan an ctia Slota [98], cong bé nam 2016 tai truong Dai hoc Pennsylvania, My, c6
cac déng goép chinh la dé xuét giai phap song song va kha mé dé thi hanh mot s6 phép
phan tich do thi, bao gom ca duyét theo chiéu rong trudc BFS, duya trén cic hé thong
tinh toan c6 kién triic ca da 16i (ké ca st dung GPU) véi mo hinh chia sé bo nhd va
phan tan v6i moé hinh lai két hgp MPI v OpenMP. Giai phap ciia Slota da c6 thé thao
tac dugc véi nhitng do thi quy mo 16n dén hang ty dinh va hang tram ty canh. Tuy
nhién, luan an ciia Slota méi chi tap trung vao cac phép toan phan tich kiéu chi doc
dit lieu do thi 1a chinh ma chua quan tam dén viéc thi hanh cic phép toan tuong tranh

c6 cap nhat trén do thi quy mo lén.

e Luan a4n cua Beamer nam 2016 tai Dai hoc California, Berkeley-My§, c6 muc tiéu nang
cao hiéu nang mot s6 giai thuat phan tich do thi trén kién trtc chia sé bo nhd. Cac két
qua clia luan an bao ham ca vé mat déng gép veé to chiie dit lieu do thi nhadm nang cao
tinh cuc bo dit lieu dé nang cao ty 1é cache hit 1an déng gép vé t6i wu huéng duyét BFS
tren do thi c6 duong kinh nho [11]. Viéc céi thien huéng duyet BFS clia Beamer ciing
dya trén meo (heuristic) dé chuyén doi huéng duyét dya trén tinh nguéng da duyét
ctia moi chieu. Ciing tuong tu nhu luan an cta Slota, cac phép toan tuong tranh bao

ham c4 cap nhat do thi chua dude quan tam trong luan an nay.

e D@ xit Iy cac phép toan trén do thi c6 quy mo 16n, luan an ctia Guerrieri (nam 2015 tai
truong Dai hoc Trento, Y) [43] da c6 nhing dong gép trong viec dua ra mot s mo hinh
tinh toan song song trén kién triic bo nhé phan tan. Guerrieri da dé xuat giai thuat
DFEP (Distributed Funding-based Edge Partitioning) dé phan manh dit liéu canh do
thi, xay dung he thong xtt 1§ do thi theo mo hinh phan manh (duge goi 1a ETSCH)
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va, gidi thuat phan cum phan tan déi véi cac ing dung suy dién va tranh nhap nhing
tir. Hien cac dong goép nay chua duge trién khai trén cac mo hinh tinh toan phan tan
hién dai nhu Apache Spark |}| va hiéu nang clia cac phép toan phan tich do thi con phu
thuoc qua nhiéu vao cdc manh dit lieu, chua khai thac duge tinh cuc bo dit lieu dé cai
thién ty lé cache hit [43].

e Nam 2014, Kyrola da bao vé thanh cong luan an tai truong Dai hoc CMU - My, véi
muc tiéu nghién cttu dé xuat gidi phap quan ly do thi quy mo 1én trén cic may tinh
PC [56]. Trong luan an nay, Kyrola da c6 duge hai déong gop rat quan trong la dé xuat
dugc (i) gidi thuat trugt cita so song song (Parallel Sliding Windows algorithm) dé to
chitc tap canh ctia do thi thanh tap cidc phan manh canh do thi quy mo 16n; (ii) cau
tric dit lieu kidu danh sach lién ké phan manh (Partitioned Adjacency Lists) dé c6 thé
biéu dién duge toan bo dit lieu do thi thudc tinh, ngay ca khi quy mé dén hang tram
ty canh. Véi cac cau tric dit lieu rat gon do6, cdc phép toan tuong tranh trén do thi
nhu BFS, PageRank, tinh thanh phan lién thong,... trén do thi hang tram ty canh da
c6 theé thi hanh trén mot may tinh thuc nghiém c6 cdu hinh cao. Khac véi hai luan an
tren, Kyrola da xay dung va cong bé hai nén tang 1a GraphChi va GraphChi-DB [ dé
ho trg xit 1y cac truy van dong thoi trén do thi. Véi cach tiép can huéng dén st dung
thiét bi luu trit ngoai (dang SSD) dé biéu dién dit lieu dd thi quy mo 16n, nén tang
GraphChi-DB chua khai thac hét duge nang lyc ctia hé thong tinh toan c6 bo nhé 16n
cting nhu 6 lugng CPU nhiéu do con phu thuoe nhiéu vao thoi gian vao/ra [22].

Ngoai céc luan an néu trén, cac nghién citu lien quan dén nang cao hiéu nang cac phép
toan trén do thi cling nhan dudce sy quan tam ctia nhiéu t6 chiic va cac nha nghién citu trén
thé gisi. Dé phuc vu xtt Iy cac thao tac trén do thi, da c6 tuong dbi nhidu cong cu va thu
vien phan mém dudc xay duyng nham dap tng yéu cau do. Trong sé cac cong cu do, cé thé
ké dén NetworkX, mot géi phan mém viét bing ngon ngit Python dé tao, thao tac va phan
tich cac do thi, mang phic tap [44]. Bo thu vien SNAP C++ library [45] ciing 1a mot trong
s6 nhitng thu vien noi tiéng trong viec thao tac va phan tich cac do thi lén trén cac hé thong
tinh toan hiéu nang cao. Tuy nhién, cdc phan mém nay lai chua duge cai dit dé t6i vu hoa
viec xit Iy cac truy van trén do thi: ching han nhu viéc thi hanh céc truy van tim duong di
ngan nhat gitta hai dinh, mic du cling da cai dat gidi thuat tim theo chiéu rong truée theo
cd hai chiéu (bidirectional BFS - bBFS), nhung ca hai phan mém trén déu thi hanh giai
thuat d6 mot cach tuan ty (chi sit dung mot luong tinh toan trén mot 161 CPU). Ngoai ra,
viéc lia chon chiéu dé duyét trong bBFS chi dua vao sé dinh da dua vao trong danh séch
hang chd ctia mdi huéng. Dieu dé c6 thé dan dén tinh hudng 6 lan duyeét ké tiép ching ta sé
phai dua vao trong hang doi dé duyet qua nhiéu dinh.

Thach thitc dit ra véi cac do thi c6 quy mo 16n ciing da thu hat duge sy quan tam nghién

!Xem thém thong tin tai https://spark.apache.org/
2Xem thém tai trang https://github.com/GraphChi/
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ciu clia nhiéu t6 chitc. Cac nghién citu gan day da xay dung dudge mot sé cac cong cu thao
tac voi do thi quy mo 16n nhu GraphLab [107], PowerGraph [40], GraphX [41], ... Cac cong
cu nay deéu duge xay dung dé xi 1y trén ca moi trusng tinh toan song song lan phan tan.
Nhin chung, ching déu dugc danh gia c6 hieu qua déi véi cac bai toan tong quat khi c¢6 cac
ha tang tinh toan hiéu nang cao nhu cdc cum may tinh clusters hay trén cac siéu may tinh
supercomputers [I07]. Tuy nhién, ching lai khong phtt hop khi xtt Iy céc truy van tuong
tranh trén cdc do thi c6 tinh thay déi nhanh (nhu mang xa hoi) va chi duge tinh toan trén
nén tang trung binh (chang nhu cadc may chi thong thuong hay tham chi cdc may tinh ca
nhan) tuong tu nhu NetworkX va SNAP C++.

Déi véi viec xtt 1y cidc phép toan trén do thi dong, bai toan tdi wu qua trinh thi hanh
truy van tim duong di ngin nhat mot cich hiéu qua ciing thu hat dude sy quan tam cla
nhiéu nha nghién citu. Céac cong trinh [80], [104], [92] thé hign cac két qua trong viec xit 1y
cac truy van tim duong di téi wu trong cac do thi giao thong dong va triyc tuyén. Dé c6 thé
tan dung dudc kién tric da 16i multi-core trong cac hé thong tinh toan hién nay, cic cong
trinh [19], [65], [58] va [7] tap trung dén viéc dua ra nhiing gidi phap song song hod giai
thuat BFS trén cac do thi quy mo lén. Mic dit vay, cac phép toan cap nhat trén do thi lai
chua duge quan tam trong cac cong trinh do.

Trong khuon khé cude thi ACM SigMod Programming Contest dude t6 chiic dong hanh
v6i hoi thdo SigMod nam 2016 tai My, bai toan t6i uu hoa cac truy van tinh khoang cach
ngan nhat gitta hai dinh trong do thi quy mo lén, dong, c6 su cap nhat lién tuc ciing da
duge dat ra [97]. Cuoc thi nay da c6 sy tham dy ctia 33 nhém nghién citu dén tir rat nhiéu
truong Dai hoc ciing nhu cac t chiic nghién citu trén thé giéi. Chung t6i cling da tham gia
cuoc thi nay va da dat gidi ba (duge moi dén trinh bay tai hoi nghi SigMod 2016 tai My). Y
tudng chinh t6i wu cac truy van trén do thi ctia 5 nhoém doat giai duge trinh bay dudi day:

1. H minor free: day la nhém da dat giai nhat ctia cuoc thi nay. Y tuéng chinh cta
nhém H minor free dya trén nhing trang thai cac canh vao dit liéu cia dinh lién ke.
C6 ba trang thai doi v6i modi canh: ALIVE dong nghia 1a canh d6 con trong G; DEAD
¢6 nghia canh do6 da bi loai bo trong G; va UNKNOWN la trang thai ma canh do6 via
duge cap nhat (thém/xod) nhung chua ghi nhan trong G. V6i méi tap céc phép toan
tuong tranh, H minor free tién hanh qua 3 budc: (i) cap nhat cac phép toan 'A’) D’
va thiét lap trang thai UNKNOWN cho cac canh d6; (ii) st dung giai thuat bBFS
trong truy van ’Q’ dé tinh khoang céch ngin nhat dya trén mot ludng OpenMP; va
(iii) ghi nhan trang thai cudi cung cho céc canh da cap nhat vé ALIVE hodic DEAD

4617

2. uoa_team: nhom sit dung cach tiép can cau tric dit lieu da phien ban (multiversion-
ing) cho céc phép toan cap nhat do thi va st dung giai thuat meo (heuristics) dé t6i wu

cac truy van bBFS theo nhiéu luong. Viéc xit 1y song song cac truy van 'Q’ dugce giao

3http://dsg.uwaterloo.ca/sigmod16contest/downloads/uoa_team.tar.gz
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pho6 cho thu vién threadpooll va concurrentqueu. Nhom nay dat giai nhi trong
cuoc thi nayﬂ

3. akGroup: day la gidi phap clia ching toi dua trén viec t6 chite dit lieu dong thoi
cid danh sach dinh dén va di c6 kém chi muc. Cac phép toan cap nhat sé dugc ghi
nhan trude khi tién hanh song song bBFS v6i viéc sit dung meo (heuristic) dé lya
chon chiéu duyet BFS mot cach hieu qua [DPH1|footnotehttp://dsg.uwaterloo.ca/
sigmodl6contest/downloads/akgroup.tar.gz.

4. gStreamPKU: gidi phap ctia nhém duya trén (i) gidm s6 phép todn co ban trong méi
truy van véi phuong phap nén va téi wu bit dé tang tinh cuc bo dit lieu, tit do tang ty
I¢ cache hit; va (ii) xay dung dd thi Delta song song hoa cac phép toan cap nhat dé hd
trg xit Iy cac truy van 'Q’ theo 16 véi thu vien T BB

5. whilel: nhém nay sit dung y tuéng "danh sach canh giao tac" (transaction edge list)
dé thi hanh cac phép toan cap nhat. Ngoai ra, dé song song hoa xit 1y truy van, tat ca
dinh va canh ctia G sé dugc nhan ban trén tat ca cdc nat NUMA (mo hinh xtt Iy phan
tan truy cap bo nhé khong dong nhéat) dé dam bao tinh cuc bo dit lieu trong bo nhé
cache khi xit 1y song song bBFSﬂ.

Trong cac bai toan phan tich do thi/mang xa hoi (ching han, tim ngudi c6 anh huéng
nhat trén mang xa hoi; tim ngudi tao diéu kién thuan lgi nhat cho viéc truyén thong tin
trong mang ludi khiing b6 [52]; hay nhiing protein nao la quan trong nhat trong mang sinh
hoc [51]), cdc do do trung tam dugc sit dung rong rai dé do luong tam quan trong tuong déi
ctia cac dinh trong do thi [37]. Trong s6 cac do do trung tam, do trung tam gan la do trung
tam cho phép xac dinh dugc tuong quan anh hudéng ciia mot dinh véi cac dinh con lai: do
trung tam gan ctia dinh v cang 16n thi v cang gan véi cic dinh con lai [14]. Ngoai do trung
tam gan, do trung tam trung gian duge Freeman dé xuat nam 1977 [36], cling 1a do do duge
stt dung rong rai dé tim nhing dinh quan trong trong do thi. Do do nay chinh la sé luong
cau noi trung gian mot dinh ddm nhiém khi x4c 1ap cdc quan hé ngan nhat gitta nhiing dinh
khéc. Hay noi cach khac, dinh c6 xac suat cao nam trén duong di ngan nhat gitta hai dinh
bat k¥ thi sé c6 do trung tam trung gian cao. Do do nay da dudc 4p dung vao phan tich do
thi/mang trong nhiéu linh vitc khac nhau nhu van tai [112], sinh hoc - y té [16], phan tich
mang x4 hoi dé phat hién cong dong [23], phat hieén nguy co khiing bd [53], ...

Thuyc té, cic do do trung tam ban dau dugdc ap dung déi véi cdc do thi c6 s6 luong

dinh/canh khong qua 16n trong khi cac do thi/mang xa hoi hién nay clia ching ta c6 quy

“https://github.com/tghosgor/threadpoolil/
Shttps://github.com/cameron314/concurrentqueue/
Shttps://dsg.uwaterloo.ca/sigmod16contest/downloads/uoa_team.tar.gz
"https://www.threadingbuildingblocks.org/
8http://dsg.uwaterloo.ca/sigmod16contest/downloads/gStreamPKU. tar.gz
Ynttp://dsg.uwaterloo.ca/sigmodi6contest/downloads/whilel.tar.gz
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mo s6 dinh/canh déu rat 16n (vai tricu dén hang ty dinh/canh) [52]. Diéu nay ciing dan dén
viéc thi hanh tinh toan xac dinh do do trung tam gan clia tat ca cac dinh trong do thi véi
quy mo 16n thuong khong thé thi hanh tuan ty [21].

Viéc tinh do do trung tam ciing da duge tich hop vao rat nhiéu cac bo thu vien thao tac
v6i do thi. Ching han nhu bo thu vien NetworkX, cung cip céc chiic nang dé tao, thao tac,
phan tich cac do thi va mang xa hoi [44]. Thu vien SNAP C++ [60] ciing rat pho bién dé
tién hanh cac phép toan co ban trén do thi, ... Cac cong cu nay ciing déu ho trg cac ham dé
tinh mot s6 do do trung tam. Tuy nhién, ching khong duge cai dat dé thi hanh song song
va dan dén hiéu nang tinh toan ciia cac thu vién nay déu rat cham.

Song song hod cac giai thuat tinh do do trung tdm dugc xem nhu mot trong nhing
phuong phép hiéu qua nhat dé cé thé cai tién hieu ning tinh toan do trung tam gan. Cach
tiép can nay sé khai thac cac kién tric bo nhé chia sé/phan tan va da 16i, da CPU dé thi
hanh song song céc phép toan tinh BFS trén cac dinh khac nhau (ttc thi hanh bai toén
SSSP). Dién hinh nhu cong trinh ctia Chakaravarthy va cong su [19] tién hanh song song
ho4 bai toan SSSP trén cac hé thong tinh toan hiéu ning cao. NetworKit 1a thu vien ma maé
duge xay dyng véi muc tiéu hd trg cac phép phan tich mang do thi quy mo 16n [99]. Trong
thu vien nay, phan 16i duge xay dung sit dung ngon ngit C++ nham khai thac cac thu vien
tinh toan song song theo mo hinh ludng, cu thé 1a stt dung OpenMP dé song song hod céc
phép toan dong thoi. Tuong tir, TeexGraph ciing 13 bo thu vién ma md viét bang C++ va
stt dung OpenMP dé cai dit cac phép toan phan tich mang xa hoi [101]. Tuy nhién, cac
cong trinh nay chua xét va khai thac dén mo hinh phan cip bo nhé (tuong quan vé hieu
niang, dung lugng gitta bo nhd chinh RAM va bo nhé cache ciia CPU) trong cac hé thong
tinh toan: néu ching ta c6 duge mot cau tric dit lieu hop 1y, ching ta c6 thé giam dugc ty
lé cache miss va tang cache hit [DPH1].

Ngoai viéc stt dung cac moé hinh chia sé bo nhé dé tién hanh song song phép tinh do do
trung tam, mot s6 giai phap khac ciing da duge dé xuat dé thuc hién cong viéc nay trén
cac hé thong tinh toan hiéu nang cao phan tan. Chéng han, Pregel [69], GraphLab [107] v&
PowerGraph [40] c¢6 thé duge xem nhu nhitng bo cong cu ndi bat nham t6i muc tieu do.
Phién ban mé rong sau nay ctia Pregel duge cong dong Apache tiép tuc phét trién hinh
thanh Giraph [25] da c6 thé thao tac véi nhitng mang c6 dén hang nghin ty canh [24]. Cac
bo cong cu nay duge thiét ké chii yéu dé phan tich cdc mang & quy mo rat 16n va phai st
dung nhitng ha tang tinh toan phitc tap nhu hé thong may tinh cum hay sieu may tinh [107].
Tt d6, ching cling khong thite sy hieu qui doéi véi bai todn can tinh toan do trung tam véi
cidc mang thuc ¢d khong qué 16n nhu Facebook va moi truong tinh toan han ché.

Dé cai thien téc do tinh todn do trung tam trung gian, nhiéu giai phap tinh xap xi do
do nay da duge dé xuat. Chang han cac cong trinh [32], [20], [89], [68] da dé xuat ¥ tudng
tinh nhanh xap xi do trung tam trung gian duya trén ki thuat lay mau. Ngoai cach tiép can
tinh xap xi, cac cong trinh [6], [8]], [91], [12], [105] da cha trong xay dyng nhiing k§ thuat

meo dé cai thién hiéu nang tinh do trung tam trung gian dya trén khai thac cau tric topo
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do thi, ching han nhu tinh trudc déi véi cac dinh bac 1, phan ving do thi, xét cac dinh bac
2 dé tai sit dung lai két qua hai cay con ciia dinh d6 nham gidm thoi gian tinh pha tich luy
cua giai thuat Brandes.

Ngoai cac phuong phap néu trén, dé phuc vu cho viéc tinh nhanh do do nay déi véi
nhing do thi c6 sy cap nhat nhanh, nam 2018 Jamour va cac cong su da dé xuat giai thuat
iCENTRAL tinh do trung tam trung gian tang dan dya trén viéc phan chia do thi thanh
cac thanh phan song lien thong (biconnected components) [50].

D6i véi cac do thi tinh, viec khai thac cac bo xit 1y do6 hoa GPU (Graphic Processing Unit)
cing dudc quan tdm nghién citu trong viéc tinh toan song song do trung tam trung gian.
Nam 2016, Bernaschi va cong su da xay dung gidi phap MGBC (Multi-GPU Betweenness
Centrality) két hop st dung c& nhiéu bo GPU 1an mo hinh song song stt dung bo nhé phan
tan MPI dé nang cao téc do tinh do trung tam trung gian [13]. Viéc ding GPU dé tinh song
song do do nay da phan déu stt dung giai thuat kinh dién ctia Brandes [34], [70].

Mot sb giai phap khac ciing da duge dé xuat dé phuc vu tinh do trung tam trung gian
trén cac he thong tinh todn hiéu ning cao phan tan. Chang han, GraphLab [107] hay Apache
Giraph [25] da c6 thé thao tac v6i nhitng mang c6 dén hang nghin tj canh [24]. Cac bo cong
cu nay dudc thiét ké chit yéu dé phan tich cdc mang 6 quy mo rat 16n va phai stt dung nhing
ha tang tinh toan phtic tap nhu hé thong may tinh cum hay siéu may tinh [107]. Cling nhu
da nhan xét & muc trén, v6i nhitng yéu cau ha tang tinh toan nhu thé, cac giai phap nay
khong thite syt hieu qua ddi véi bai toan can tinh toan do trung tam véi cdc mang thuc cd
khong qua 16n nhu Facebook.

Ngoai cac cong trinh nghién cttu lien quan néu trén, bai toan dit ra trong luan 4n c6 thé

tim thiy trong cac hoat dong ctia mot s6 t6 chitc nghién cttu 16n nhu:

e Nhoém nghién citu phan tich mang xa hoi (Social Network Analysis Group) cua truong
Dai hoc Stanford, My, v6i nhitng nghién cttu chuyén sau vé mo hinh ho4, xtt 1y va phan
tich sau cac mang xa hoi dién hinh. Day ciing 13 nhém da cung cap rat nhiéu cac bo
dit lieu do thi/mang xa hoi cho cong dong nghien cttu (goi tat 14 SNAP va ciing duge

luan an sit dung trong cac thuc nghiém).

e Nhom nghien cttu he théng dit lieu (Data Systems Group) cua Dai hoc Waterloo,
Canada, v6i nhitng nghién citu chuyen sau vé dit lieu 16n dé xt Ij, quan 1y, phan tich

va tim kiém trong xa hoi thong tin hién dai.

e Nhom nghien cttu hé thong CSDL (Database Systems Group) cua truong Dai hoc
k§ thuat Munich, Dic, v6i nhiing nghién citu vé cac phuong thitc méi quan tri CSDL,
trong d6 cha trong khai thac mo hinh CSDL trong bo nhé (in-memory database) va
mo6 hinh CSDL do thi dé quan 1y va khai thac dit lieu quy mo 16n hién nay.

Ohttps://sna.stanford.edu/
Uhttps://uwaterloo.ca/data-systems-group/
2http://db.in.tum.de/
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e Nhoém nghién citu hé thong CSDL (Database Systems) cua truong Dai hoc Wisconsin-
Madison, M¥, véi nhitng nghién cttu vé cac hé quan tri CSDL méi, khoa hoc dit liéu,
trong d6 c6 nhitng nghién cttu vé ting dung 1y thuyét do thi trong quan tri dit lieu.

e Trung tam nghién citu vé toan dit ligu 16n (Global Research Center for BigData Math-
ematics) ciia Vien quéc gia tin hoc Nhat Ban (NII), véi nhitng nghién citu chuyén
sau vé cac mang xa hoi quy mo lén dé dé xuat nhitng giai thuat phan tich do thi véi

toc do xit 1y va c6 tinh sdng tao cao.

e Phong thi nghiem vé giai thuat Web (Laboratory for Web Algorithms) clua truong
Dai hoc Milano, Y, véi nhiing nghien cttu vé xit Iy va phan tich cac do thi Web, mang
xa hoi. Day ciing 1a noi tap hop duge nhiéu nguon dit liéu lien quan dén cac mang xa

hoi va cung cap cong khai cho cong dong.

1.3 Muc tiéu, pham vi nghién citu, déng gép va bd cuc
cuia luan an

Vé6i thyc trang da dat ra, trong luan an nay chung to6i quan tam dén bai toan nghién
ctitu dé xuat phuong phap t6 chite dit lieu dd thi phit hop két hgp ciing v6i nhitng giai phéap
song song hoa cac phép toan trén do thi quy mo 16n ca vé s6 canh 1an sé dinh dé c6 thé tién
hanh xi Iy cdc truy van va phan tich trén do thi mot cach hiéu qua nhat. Cac phép toan
duge quan tam trén do thi gom nhitng phép toan truy van khodng céch ngén nhat (véi do

thi dong) va nhitng phép tinh do do trung tam trong phan tich do6 thi (v6i do thi tinh).

1.3.1 Muc tiéu nghién ciu

T bai toan dat ra, muc tiéu chinh ctia luan an la khao sat, danh gia cac giai phap hién
dai vé xtt Iy cac phép toan dong thoi trén do thi quy mo 16n; tit d6 dé xuat phuong phap
t6 chitc dit lieu do thi phit hgp va nang cao hiéu nang thi hanh cac truy van dong thoi (ca
ve khodng cdch ngdn nhat va cap nhat) trén do thi dong ciing nhu cai thién hiéu niang tinh
mot s6 do do trung tam phuc vu phan tich do thi c6 quy mo 16n.

Muc tiéu nay sé dugc thé hien cu thé thong qua cac ndi dung nghién citu chinh trong

luan 4n nhu sau:

1. Nghién citu, khao sat va danh gia mot sé phuong phéap, ki thuat to chite dit lieu do
thi ciing nhu cac phép toan co ban trén do thi.

3https://database.cs.wisc.edu/
“https://bigdata.nii.ac.jp/wp/english/
YPhttp://law.di.unimi.it/index.php
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2. Nghién citu xay dyng mo hinh diic ta bai toan xit Iy cac truy van khodng cach ngin

nhat trén do thi dong, quy mo lén.

3. Dé xuat mot s6 gidi phap dé nang cao hiéu niang thi hanh céac truy van khodng cach
ngin nhat tréen do thi dong, quy mo 16n dua trén céch tiép can td chitc dit lieu phu

hgp va tinh toan song song.

4. Nang cao hiéu ning mot s6 giai thuat tinh cac do do phuc vu cic phép toan phan tich

do thi dya trén cach tiép can to chie dit lieu phit hgp va tinh toan song song.

5. Tién hanh cai dat thit nghiem céac gidi phap da xay dung trong luan an; danh gia va

so sanh v6i mot s6 giai phap hien c6 dua tren nhitng bo dit lieu chuan.

1.3.2 Pham vi va phuong phap nghién ciu

Vé pham vi, trong luan an nay chiung toi chi chi trong dén bai todn nghién cttu trén do
thi khong trong s6. D6i v6i bai toan xit Iy cic truy van khoang cidch ngan nhat trén do thi
dong, ching to6i quan tam dén do thi c6 huéng, khong trong s6 véi cac phép toan thém canh,
x0é canh (tit d6 c6 thé hinh thanh cac phép toan thém/xo4 dinh) va truy van khodng cach
ngin nhat giita hai dinh. Déi véi cac phép toan hd trg phan tich do thi quy mo 16n, ching
han nhu cdc mang xa hoi, mot s6 do do trung tam sé dudc quan tam, dé xuat gidi phap
nang cao hiéu nang tinh toan cac do do nay trong luan an.

V6i nang lyc ciia ha tang tinh toan tiép can duge, hién ching toi chua thé tién hanh dé
giai quyét hieu qua déi véi do thi c6 quy mo qué 16n trén mot ty dinh, chang han nhu di
lieu mang Facebook.

Vé phuong phap nghién cttu, trong luan an nay ching toi sé két hop cd phuong phap
nghién citu 1y thuyét 1an nghién cttu thyc nghiém. Vé nghién cttu 1y thuyét, chiing toi sé tién
hanh thu thap céc tai lieu khoa hoc da dude cong bd tai cac nha xuat ban, truong Dai hoc
c6 uy tin trong va ngoai nude dé tit dé phan tich, danh gid nhitng phuong phap, k¥ thuat
ciing nhu két qua thu dude trong linh vice lien quan dén bai toan nghién citu ctia luan an.
Cac dé xuat trong luan an ciing dugce chu trong phan tich, danh gia tudng minh vé tinh
dting dan, do phic tap vé mait 1y thuyét. Ve nghién ctiu thic nghiém, ching toi sé ap dung
phuong phap thuc nghiem déi v6i toan bo cac gidi phap, dé xuat ciia ching to6i dé kiém
nghiém lai két qua 1y thuyét. Viéec thue nghiém ciing duge tién hanh trén nhing bo dit lieu
thuong xuyéen dude cong dong nghién citu st dung va trén cling nén tang tinh toan dé co

thé so sanh v6i nhing giai phap khac da duge cong bb.

1.4 Cac déng gop chinh cua luan an

Trong qué trinh thyc hién luan an nay, ching to6i da thu duge nhitng két qua chinh sau
day:
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1. M6 hinh hoa qué trinh xit 1y cac truy van khoadng cach ngan nhat trén do thi dong,
quy mo 16n dya vao lich thi hanh phép toan dong thoi va dya vao cau trac dit lieu
phit hop cho phép nang cao hiéu ning bo nhé dem cache. Déng gép nay duge cong bod
trong cong trinh duge dang trén ky yéu hoi thao quoc té ICCCI nam 2017 [DPH2].

2. D& xuat ba giai phap (akGroup, akGroupPlus va bigGraph) dé nang cao hi¢u ning
thi hanh cac truy van dong thoi trén do thi dong quy mo 16n véi kha niang thi hanh
song song ca cac truy van duyét do thi 1an cap nhat do thi. Ca ba gidi phap nay déu
dya trén y tudng chinh la (i) xay dung cau tric dit liéu do thi phit hgp dé nang cao
hiéu nang ctia bo nhé dém cache; (ii) Iya chon huéng duyét do thi mot cach linh hoat
dura khong chi vao s6 lugng dinh con ma ca s6 luong dinh chau ciia mdi hang dgi; va
(iii) dé xuat gidi phap song song hod cac truy van dong thoi, ci ddi véi cac phép toan
cap nhat 1an truy van khodng cich ngdn nhat trén do thi. Cac két qua nay da dugc
chiing t6i cong bd trong cong trinh [DPH1] tai hoi thdo BDCAT vé quén 1y dit lieu 16n
nam 2016, hoi thao quoc té ICCCI nam 2017 [DPH2] va cong bo trong tap chi quoc té

Transactions on Computational Collective Intelligence, Springer, nam 2018 [DPH3|.

3. Xay dung hai giai thuat nang cao hiéu niang qué trinh tinh do trung tam gan va do
trung tam trung gian trén do thi quy mo 16n véi gidi phap bigGraph duge xay dung
dya trén viec (i) to chitc dit lieu do thi phit hgp va (ii) song song hoa cic phép tinh
SSSP trén moi dinh ctia do thi. Két qua nay ctia chiing toi da duge cong bd trong ky
yéu hoi théo qudce té SoICT nam 2018 [DPH4].

1.5 To6 chic cuaa luan an

Ngoai phan mé dau gisi thiéu chung, b6 cuc ciia luan dn duge to chite thanh 5 chuong
duge minh hoa nhu hinh . Noi dung chinh cta cac chuong nhu sau:

e Chuong 1 gi6i thieu chung vé dong liic nghién citu, muc tiéu va cac noi dung chinh cta
luan an. Ngoai ra, cac nghién cttu lién quan ciing nhu cac déong gép chinh ctia luan an

ciing dugc trinh bay trong chuong nay.

e Chuong 2 c6 nhiém vu trinh bay céc kién thiic co sd lien quan dén nhitng noi dung
nghién cttu ctia luan 4n. Trong chuong nay, chiing to6i sé gidi thieu so luge vé 1y thuyét
do thi, cac phuong phap to chic dit lisu do thi, cac phép toan toan co ban trén do thi

va mot s6 nhitng khai niém co ban lién quan dén tinh toan song song.

e Chuong 3 ctia luan 4n gidi thieu vé mo hinh hoa cac truy van tinh khodng cach ngan
nhat trén do thi dong, quy mo 1én, tit d6 chi trong, di sau trinh bay ba giai phap chinh
duge xay dung trong luan an dé nang cao hiéu ning xit Iy cac truy van dong thoi tinh

khodng cach ngan nhat va cap nhat do thi quy mo 16n. Cac gidi phap nay dudc ching
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Chuong 1
Gidi thieu chung

Chuong 2
Ca sa ly thuyet

Phan tich do thi
Chucong 3 Chuang 4

Toi uu hoa truy van khoang cach Nang cao hiéu nang tinh do
ngan nhat trén do thi dong trung tam trén do thi

v

Chuong 5
Ket luan va

hudng phat trién

Hinh 1.1: Lugc do t6 chite luan 4n

minh tinh ding dan, hieu qua thong qua cac thic nghiém st dung nhitng bo dit lieu
dude cong dong nghién citu thudng st dung va danh gia, so sanh v6i nhitng cong cu
tuong tu.

e Chuong 4 trinh bay mot sd két qua nghién citu vé viéc tinh cac do do trung tam cia
do thi theo dinh huéng song song hod két hop st dung cau tric dit lieu do thi phu hop.
Hai giai phap tinh do trung tam gan va do trung tam trung gian da dugce ching toi
trinh bay trong chuong nay. Cac két qua thyc nghiém minh chiing viéc cai thién hieu
ning clia hai gidi phap dé xuat trong luan an thong qua danh gia, so sanh vdéi mot so

bo cong cu tuong tu ciing duge tién hanh va trinh bay cu thé trong chuong nay.

e Chuong 5 tém luge lai cac déng gép chinh ctia luan 4n vh mot sé huéng phat trién

trong tuong lai.
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Chuong 2

CO SG LY THUYET

Trong chuong nay, luan 4n sé chu trong trinh bay nhting khai niem 1y thuyét co ban lien
quan dén luan &n, cu thé 1a 1y thuyét do thi, cadc phuong phap biéu dién do thi ciing nhu
cac phép toan co ban trén do thi. Mot s6 nhitng khai niém co ban lién quan dén tinh toin

song song ciing sé dugce trinh bay trong luan an nay.

2.1 Ly thuyét do thi

2.1.1 Khai niém

Do thi 1a mot cau tric dit lieu linh hoat, duge thé hien dudi dang mot tap cac dinh
(vertices) va céc canh (edges), hay dugce goi v6i thuat ngit khac 1a tap cac nit (nodes) va cac
quan he két ndi gitta chiing véi nhau (relationships) [103][108]. D& thi cho phép biéu dién cac
thuyc thé dudi dang céc dinh vi cac cach thiic ma cac thuec thé do lien quan dén nhau dudi
dang cac méi quan hé. Cau tric dé hinh tugng va da muc dich nay cho phép chiing ta c6 thé
mo hinh hoéa tat ca cac loai bai toan khic nhau, tit viec xay dung tén lta vii try, dén mot
hé théng duong, tit chudi cung cip hoiic ngudn gbe thuc pham, dén lich sit y té ciia ngudi
dan, va hon thé nita [48].

Dinh nghia 2.1. Trong lij thuyét do thi, mot do thi G, ky hiéu G = (V, E), dugc ciu thanh
tw mot tap cac dinh V va mot tap cic canh E lién két cic dinh vdi E = {(v;,v;)|vi,v; € V}.
S6 lugng phan tii cic dinh |V/] va cic canh |E| duge ky hiéu lan higt la n va m.

Do thi rat hitu ich trong viéc phan tich va hiéu duge su da dang ciia cac tap dit lieu khoa
hoc, dit liéu ctia chinh phu, dit liéu xa hoi... Ky thuat quan 1y dit lieu theo moé hinh quan hé
da khién chtng ta di chéch ra khéi mién ngon ngit tu nhién, trude tién bang viéc ¢ gang
biéu dién thé gidi thuc dusi dang mot moé hinh logic, rdi sau dé lai gan né vao mot mo hinh
vat 1y. Nhitng phép bién doi nay chi ra sy bat hoa ngit nghia gitta khai niém ctia ching ta
ve thé gidi thyc va thé hien clia co s6 dit licu vé thé gisi d6. Véi ly thuyét do thi, khoang
cach nay co lai dang ké khi cho phép thé hién tric quan gitta moé hinh dit lieu va mo hinh

14



CHUONG 2. €O SO LY THUYET

vat 1y trong thé giéi thuc. Chéng han, dit litu ciia mang xa hoi Twitter dé dang dugc biéu
thi duéi dang d6 thi nhu minh hoa & Hinh . Céc quan hé gitta cac thanh vien dugc thé
hién bdi mbi quan hé "theo déi - follow" 1an nhau. Cac mdi quan hé nay thé hién béi canh
ngit nghia: cu thé trong vi du nay 1a Billy theo déi Harry con Harry theo déi Billy va Ruth.
Ruth va Harry ciing theo déi nhau, nhung Billy khong thé hién su quan tam dén cac hoat
dong ctua Ruth.

FOLLOWS
name:Ruth]  FoLLows

FOLLOWS
FOLLOWS

CURRENT

content: ...

PREVIOUS

PREVIOUS

id: 99
content: ...

Hinh 2.2: Minh hoa viéc xuat ban thong diép

Tat nhién, do thi thuc su ciia Twitter 16n hon hang tram triéu lan so véi vi du trong hinh
, nhung né hoat dong trén ciing mot nguyén tiac. Hinh minh hoa cac thong diép do
Ruth xuét ban. R6 rang cac tuong tac dugce thé hién hieu qué trong mo hinh do thi: Ruth
da xuat ban mot chudi thong diep; thong diep gan day nhat c¢6 thé duge tim thay nhs nhan
CURRENT con nhan PREVIOUS sau d6 tao ra mot dong thoi gian ctia cac bai viét.
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2.1.2 Kiéu dd thi

Mot s6 cac kiéu do thi duge thé hien trong Hinh dusi day [108]:

3

a. Do thi don b. Db thi c6 hwéng c. Db thi c6 trong sb d. Pa db thi

Hinh 2.3: Mot s6 kiéu do thi co ban

Dinh nghia 2.2. Dé thi vé hudng (undirected graph): la do thi trong dé E la tdp
cac cap khong thi tu chia cac dinh phan biét. Hai dinh thudoc mot canh duogc goi la cac dinh
dau cudi cia canh dé. Nhu vay, trong do thi vo hudng, néu (v;,v;) € E thi (v;,v;) € E va
(vj,v:) = (vi, ;).

Do thi c6 hudng (directed graph/digraph): la do thi trong dé E la tip cdc cdp c6 thit
tu chia cac dinh, duge goi la cic canh cé hudng. Canh (v;,v;) € E duge coi la cé hudng tw

v; tdi vj; v; duge goi la diém dau/goc va v; duge goi la diém cudi/ngon cia canh.

Dinh nghia 2.3. Dé thi cé trong s6 (weighted graph): la do thi ma moi canh déu
dugc gan mot trong s6. Nguoc lai, khi khong zét trong sé cho cdc canh, ching ta cé do thi

khong trong sé6 (unweighted graph,).

Dinh nghia 2.4. Da do thi (multi-graph): la do thi cé nhiéu canh gitta hai dinh, ké cd
c6 thit tu lan khong cé thit tu.
Don do thi (single graph): la do thi vo hudng, khong cé trong s6 va khong cé khuyén lan

canh song song.

Dinh nghia 2.5. Do thi tuong trung (attributed graph): la do thi ma canh va dinh cé
thé chita cap qid tri gdan kem dé mo ta thong tin kem theo vdi cac thuc thé. Do thi cé trong
$6 cing cé thé zem nhu mot truong hop cia do thi tuong trung.

D6 thi nhan (labeled graph): la truong hop dic biét cia do thi tugng trung ma moi nhan
cé thé mé ta dinh va/hodc canh dé biéu thi kiéu hodc logi. Chc“zng han, mot mang cong tdc
¢6 thé co cdc tdc gid, dia diém va cdc an pham nhu cdc loai dinh, trong khi trich dan, dong
tac gia, kiéu zudt ban cé thé la mot sé loai canh. Cdc logi dinh va canh khdc nhau nhu vay
duogc zdc dinh bing nhan.

Do thi thuéc tinh (property graph): la do thi két hop cdc ddc trung cia da do thi nhan
co hudng, tuong trung.
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Dinh nghia 2.6. Do thi hai phia (bipartite graph): la do thi ma tip dinh V co thé
chia thanh hai tdp con khong giao nhau Vi va Vy ddm bdo maoi canh cia E ¢é mot dinh trong
Vi va mot dinh trong Va. Trong do thi hai phia, khong thé ¢é cdic canh noi cic dinh trong

cung mot tap con.

Dinh nghia 2.7. Do thi lién thong (connected graph): la do thi néu luon ton tai
duong di doi véi moi cdp dinh u,v € V. Nguoc lai, do thi dé sé duoc goi la do thi khong
lién thong (disconnected graph).

D6 thi day du (complete graph): la do thj vo hudng ma madi cdp dinh dugc két
noi bdi mot canh. Nhu vay, trong do thi nay, so canh |E| dugc xdc dinh bing cong thic
|E| = |V]* (V]| —1)/2 vdi |V| la s6 dinh.

Do thi c6 hudng day di (complete digraph): la do thi cé hudng ma moi cap dinh

dugc két noi bdi mot cap canh tuong ing vdi moi hudng. Trong do thi cé huong day di, so
canh dugc xdc dinh bang cong thic |E| = |V | (V]| —1).

Dinh nghia 2.8. D6 thi con (subgraph): do thi Gy = (Vy, Ey) la do thi con cia G =
(V,E) (ky hieu Gy € G) néu nhu Vo CV va Ey C E.

2.1.3 Céac dic diém chinh ctia dé thi

Ngoai cac khai niem lien quan dén cac kiéu do thi trén, mot s6 cac dac tinh sau hay duge

st dung trong phan tich do thi.

Dinh nghia 2.9. Tap dinh ldng giéng (neighbourhoods): cia mot dinh v la tip N cic
dinh lien ké (c6 canh noi) véi v. Trong do thi cé hudng, tap dinh ling giéng dén (incoming
nodes - Ny, ) sé khac biet vdi tap dinh lang giéng di (outgoing nodes - Noyy;)

Dinh nghia 2.10. Bdc cta mét dinh (degree): la so canh lién két cia mot dinh, ky
hiéu la d(v). Trong do thi c6 hudng, cac canh di va canh dén cia mot dinh sé cho phép zdc

lap bac di dyy(v) (outgoing degree) va bac dén di,(v) (incoming degree) ciia v.

Dinh nghia 2.11. Dwong kinh do thi (graph diameter): la gid tri tuong ing vdi do
dai duong di ngdan nhat lén nhat giga hai dinh bat ky trong do thi :

d = max Shortest Distance(u,v)
u,veV

Dinh nghia 2.12. Thanh phan lién théng (connected component): la do thi con lén
nhat cia mot do thi vo hudng ma bat ki cdp dinh nao trong do thi con dé déu cé duong di
dén nhau. (ti dé, do thi lien thong luon cé ding mot thanh phan lién thong chinh la toan bo
do thi).

Dinh nghia 2.13. Thanh phan lién thong manh/yéu (strongly/weakly connected

component): doi vdi do thi c6 hudng, thanh phan lién thong manh la do thi con ldn nhat
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ma luon ton tai duong di cé hudng doi vdi moi cip dinh trong do thi con dé. Trong truong
hop chi ton tai duong di vo hudng (tic khong xét dén hudng clia cac canh) gitia cac cap dinh,
do thi con lon nhat dé dudc goi la thanh phan lién thong yéu.

2.2 Biéu dién d6 thi

V6i kha nang mo hinh hoa mot cach triuc quan va hiéu qua ca cac thuc thé 1an cac moi
lien hé gitta ching, 1y thuyét do thi dude tng dung vao rat nhiéu linh vyc khac nhau. Mot
s6 cac linh vire dién hinh hién nay st dung do thi dé mo hinh hoa dit liéu c6 thé ké dén nhu
mang xa hoi, mang sinh hoc, mang phan phdi noi dung, mang luéi giao thong, mang ngit
nghia... [96]. Trong méi linh vitc cu thé, dé ¢ thé phuc vu cac phép toan xit Iy v& phan tich
chuyén biét, can phai c¢6 nhitng phuong phap, ki thuat to chite dit lieu do thi cho phit hop.
Viéc to chite dit lieu do thi phai ddm bao cho céc thao tac co ban, ching han nhu tim céc
dinh lan can ctia mot dinh, kiém tra hai dinh xem c6 lién két hay khong, cap nhat thém /xoa
dinh/canh... Trong phan nay, ching ta sé lam rd mot sé6 phuong phap dang duge sit dung
hién nay dé bic¢u dién dit lieu do thi.

2.2.1 Danh sach cac canh

Phuong phap don gidn nhat dé biéu dién dit lieu ctia mot do thi 1a sit dung mot danh
sach cac canh. Danh sach nay phai chita toan bo cac canh u, v ctia do thi G.

V6i phuong phép nay, viec to chic dit lisu ctia do thi duge cai dat rat don gian, khong
gian bo nhé can dé luu trit do thi tuong déi bé. Tuy nhién, viéc thue hién cac phép toan co
ban sé c6 do phtc tap rat cao, chdng han tim cac dinh lién ké ctia mot dinh vaAn can phai

duyét toan bé danh sach nay.

2.2.2 Ma tran lién ke

Dit ligu d6 thi c6 thé dudc to chiic dudi dang mot ma tran lien ké (adjecency matrix)
A gdm n hang va n cot, v6i n = |V|. Chang han, d6i véi do thi don gidn c6 huéng, khong
trong s6 G, c6 thé td chitc A ddm bao A(i,j) = 1 néu (4,5) € E va 0 néu nguge lai. Véi do
thi ¢6 trong s6, A(i,7) sé dude gan luon gia tri trong s6 w cla canh (4, ), tic A(i,j) = w.
Trong do thi vo huéng, ma tran A sé 13 ma tran doéi xing qua dudng chéo. Hinh duéi
day minh hoa ma tran lién ké ddi véi do thi tuong ting.
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Hinh 2.4: D6 thi c6 huéng va ma tran lien ké

D6i v6i phuong phap biéu dién do thi bing ma tran lién ké, ma tran dugc goi la thua
(sparse) néu phan lén cac phan ti clia n6 bang 0. Phan 16n cic do thi c6 quy mo s6 dinh
16n thudng ma sit dung phuong phap nay déu la ma tran lién ké thua, chidng han nhu cac
mang xa hoi.

Ma tran lién ké cho phép thi hanh cdc phép todn co ban nhu thém/xoa canh rat higu
qua: do phitic tap ciia cdc phép toan dé 1a O(1). Tuy nhién, thém/xoa dinh lai can phai t6
chitc lai do thi. Uu diém ctia phuong phép biéu dién nay con nim & diém nhiéu phép toan
trén do thi hoan toan cé thé quy vé mot loat cac ham thao tac trén ma tran. Han ché cla
phuong phap nam & do phiic tap vé khong gian 1a O(n?), ngay ca véi cdc ma tran thua va
khong phu thudc vao sb6 canh. Diéu nay dan dén véi mang xa hoi chéng han, khi s6 dinh lén

dén hang ty thi phuong phap biéu dién nay hoan toan khong kha thi.

2.2.3 Danh sach lién ké

Trong phuong phap biéu dién do thi nay, thong tin céc canh ctia mdi dinh trong do thi
dugc t6 chitc bing mot danh sach cac dinh lién ké v6i n6. Nhu vay, véi do thi vo huéng, mot
canh thé hién quan hé gifta dinh v« véi v thi danh séch lién ké clia u sé ¢6 v vi nguodc lai.
Hinh du6i day minh hoa bicu dién dang danh séach lién ké déi v6i do thi dudge minh hoa

trong hinh .
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Hinh 2.5: Danh séch lién ké
V6i cach to chite dit lieu nay, viec xac dinh cac dinh lién ké ctia dinh v chi don thuan 1a

duyét danh sach lién ké dinh v. Cac phép toan thém/xoéa dinh ciing rat don gian: bo sung

them dinh tuong ting véi viéc tao mot danh sach méi trong cho dinh d6; xoa mot dinh v thi
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ngoai loai danh sach tuong tng dinh dé can duyeét tit ca cac dinh trong danh sach dé dé
loai v khéi tat ci cac danh sach c¢6 v 1a lién ke.

Phuong phap to chitc theo danh sach lién ké c6 do phiic tap khong gian ding bang s6
dinh va canh O(]V| + |E|), va 16 rang phuong phap nay rat hieu qua dé biéu dién do thi
thua so véi phuong phap ma tran lién ke.

2.2.4 Ma tran lién thuodc

Ma tran lién thuoc (Incidence Matrix) 1& mot bién thé ctia phuong phap biéu dién ma
tran lién ké. Trong phuong phap nay, do thi G sé dugce thé hien bang ma tran I véi n = V|
hang, va m = |E| cot. Gia tri I(i,j) = 1 trong ma tran thé hién canh j c6 dinh 7, va nguge
lai thi I(i,j) = 0. V6i do thi c6 huéng, I(i,7) = 1 thé hién 4 14 dinh dén (outgoing) ctia
canh j va I(i,j) = —1 thi i sé 1a dinh dén (incoming). Hinh dudi day thé hién ma tran lien
thuoc ctia do thi minh hoa trong hinh [2.4] véi el = (1,2);e2 = (2,3);e3 = (2,4);e4 = (3,1)
va eb = (4,1):

el | e2 | el | e | ed

1711100 /|-1]-1
21-1]1 111710

3 -1 10

4 0|-110

Hinh 2.6: Ma tran lién thuoc bidu dién dd thi

Vé6i phuong phép nay, do phiic tap khong gian ctia ma tran lién thuoc la O(|V] * |E]).
Cac phép toan co ban trén do thi nhin chung cé do phiic tap tinh toan tuong duong ma tran

lien ke.

2.2.5 Ma tran hang thua nén

Ma tran hang thua nén (Compressed Sparse Row -CSR) 1a mot bién thé ctia ma tran
lién ké véi muc dich truy cap nhanh cac hang. Phuong phap nay duge dua ra tit nhitng nam
1967 [17], theo d6 dd thi G sé duge biéu dién bdi ma tran A thong qua ba mang mot chidu
tuong tng chita cac gia tri khac khong, gia tri hang va chi muc cot. Dat NNZ (number of
non-zero) 1 sb cac gia tri khac khong trong A, ma tran n x n (véi n = |V|) sé duge to chiic

duéi dang hang thong qua ba mang (AN, I A, JA) nhu sau:

e Méng AN c6 do dai NNZ luu céac gia tri khac 0 ctia A theo tht tu hang (row-major
order), tt tinh tit trai qua phai, tit trén xuéng dudi.
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e Mang IA c¢6 n+1 phan ti thé hien gia tri cong don cac phan tt khac 0 trong mdi hang.
Cu thé dugc tinh bang cong thiic TA[0] = 0; [ Afi] = TA[i—1]+s6_phan_ti khac 0
tai_hang i:i€ (1..n)

e Mang JA ciing c6 NNZ phan tit dé luu chi muc cot ciia cac phan tit khac 0 trong A

Chzzmg han, v6i do thi duge minh hoa bang ma tran ¢ hinh , ba mang CSR v6i NNZ =
5:n =5 sé dude thé hien nhu sau:

AN = [11111]
JA = [01345]
JA = [23411]

Hinh 2.7: Ma tran hang thua nén

Nhu vay, v6i cach biéu dién CSR nhu trén, ta chi can luu 15 gia tri trong 3 mang thay
vi 16 gia tri nhu trong ma tran lién ké. Thuyc té, khi xét v6i ma tran kich thuée n x m, CSR
biéu dién hiéu qua hon khi ¢6 6 NNZ < (n* (m — 1) — 1)/2. Phuong phap biéu dién nay
nhin chung cho phép thi hanh nhanh cac phép toan nhan vector ma tran [95].

Trong thuc té, con c6 thém céc phuong phap to chic dit lieu do thi khong hoan toan
dong nhat véi cac phuong phap da néu. Tuy thudc vio cac yéu cau thuc té khac nhau lién
quan dén t6i uu vé khong gian luu trit, t6i wu cho cac phép toan them/xoa/cap nhat hay toi
wu cho xtt Iy truy van ma c6 nhitng bién thé khac nhau ciia cac truy van trén [102]. Ngoai
ra, trong mot sé truong hop dic biét, cac cach thic biéu dién dit lieu do thi néu trén khong
phit hop, chang han khi biéu dién da do thi hay biéu dién dd thi c6 cac thuoc tinh gin véi
cac dinh/canh. Khi d6, chiing ta lai can phai c6 nhiing cach thic biéu dién bo sung déi voi
cac do thi do.

2.3 Cac phép toan chinh trén do thi

Trong phan nay, ching toi sé trinh bay nhitng két qua tém luge cac phép toan chinh trén
thi. Cac phép todn nay dugc chia lam hai loai chinh: (i) duyét do thi, va (ii) phan tich

(@)%

d
db thi [I8].

V6i Iy thuyét do thi, viec tién hanh cac truy van trén do thi bao gio ciing phai dya trén
qué trinh tham va duyet do thi. Diéu nay xuét phét tit ban chat biéu dién dit lieu ctia do
thi: cac dinh thuong duge st dung dé dai dien thuc thé trong khi cac canh thuong duge dac
ta cac quan hé gitta ching. Chinh vi thé, trong CSDL d6 thi ciing nhu cac bai toan duge mo
hinh hoé& bing do thi, cac phép toan duyét do thi co thé dugc xem nhu la trai tim ciia céc
thanh phan xtt Iy truy van.

Ngoai viéc duyet do thi, trong qua trinh phan tich do thi, mot s6 cac phép toan ciing

duge st dung chang han nhu tinh khoang cach gitta hai dinh, tim dudng di ngén nhat, tinh

Trang 21



CHUONG 2. €O SO LY THUYET

do trung tam, phan cum do thi... Trong chuong nay ching t6i ciing sé trinh bay cac dinh

nghia cu thé clia cac phép toan phan tich dd thi nay.

2.3.1 Duyét do thi

Dinh nghia 2.14. Duyét do thi (hay doi khi con goi tim kiém trén do thi) la qud trinh tham
(kiém tra hodc/va cap nhat) cic canh va cic dinh trong do thi. Qud trinh duyét do thi thuong
dugc phan logi dva theo thit tu cac dinh dugc kham pha.

Khi duyét do thi, vét cac dinh v canh da tham hinh thanh cac khai niem "walk-16i di",

"path-dudng di", "cycle-chu trinh" va duge dinh nghia nhu sau [55]:

Dinh nghia 2.15. Loi di (walk) la chudi lién tiép cac dinh va canh cia do thi. Khi duyét
do thi tu dinh u dén dinh v, cdc dinh va canh da tham trong qud trinh duyét hinh thanh 16

di gita w va v.

Dinh nghia 2.16. Duong di (path) la 16i di trong do thi ma khong cé dinh hay canh nao
duoc lap lai.

Dinh nghia 2.17. Chu trinh (cycle) la duong di ma dinh dau va cuoi tring nhau.

Trong qué trinh duyét do thi, c6 thé c6 nhitng dinh duge tham nhiéu hon mot lan néu
nhu dinh d6 ¢6 nhiéu dinh lién ké véi n6. Do d6, néu do thi cang "day" (dense), viec duyet
lai lai cang pho bién hon; ngudc lai, véi do thi thua, thoi gian duyét lai mot dinh sé it di.
Chinh vi diéu nay ma cac phuong phap duyét do thi bao gio ciing phai luu lai danh sach cac
dinh da duyét va trang thai da duyet hét cac dinh lién ké dé c6 thé kham phéa hét dudc cac
dinh trong do thi.

Duyét do thi thuong duge phan thanh hai phuong phap chinh: duyét theo chiéu rong
trude va duyet theo chiéu sau truge. Véi gia thiét do thi G duge bicu dién theo phuong phap
stt dung danh sach lién ké, ching ta sé tim hiéu k§ hon hai phuong phap duyét nay dudi
day:

2.3.1.1 Duyét theo chiéu rong truéc - BFS

Dinh nghia 2.18. Duyét theo chiéu rong trudc (Breadth-First Search - BFS) la gidi thudt
dé duyet cau tric di liu do thi. Gidi thudt nay cho phép ti mot dinh trong do thi, goi la
dinh goc, khdam phd tat cd cdc dinh lien ké cé cung do sau so vdi dinh goc trude khi chuyén

dén cdc dinh & do sau tiép theo [33].

Giai thuat nay lan dau dugc gidi thiéu trong cong bd ciia Edward F. Moore [76] nam
1959 dé tim duong di ngin nhit qua mé cung, va dugc phét trién sau d6 béi C. Y. Lee dé
xay dung gidi thuat dinh tuyén mach dién nam 1961 [57]. V6i céch tiép can duyet cac dinh
lién ké nhu thé, BFS c6 thé duge sit dung dé tinh khoang cdch ngin nhat (shortest distance)
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gitta hai dinh bat k¥ trong do thi. Ngoai ra, BFS cling duge st dung dé gidi bai toan tim
cac duong di tit mot dinh nguon dén tat cd cac dinh con lai cia d6 thi. Hinh sau minh hoa
qué trinh duyet theo BFS ddi v6i mot do thi ¢6 huéng véi dinh gbe 1a 0 [72]:

Hinh 2.8: Vi du vé duyét theo chiéu rong trude

Xét bai toan tim dinh ¢ tit dinh gbc v trong do thi G théa man diéu kién tim kiém C
(chang han, khoadng céch tit v dén ¢ 1a 10). Ma gia cho giai thuat duyét do thi G tit dinh gbc
v theo chiéu rong trude duge minh hoa nhu sau [33]:

Thuat toan 2.1: BFS(G,v): Ma gia phuong phap duyét theo chiéu rong trudce
1 Function BFS(G,v)

Input: G = (V, E);v € V; diéu kién tim kiém C

Output: t € V thod man dieéu kién tim kiém C

2 if v thod man dicu kién tim kiém then return v ;

3 Tao mang luu vét dinh da duyet Seen||V]] va khdi tao gia tri False ;

4 | Seenlv] =True ; /* danh diu v d3 dugc duyét */
5 Tao hang dgi @) va dua v vao () < v ;

6 | while Q # () do

7 t < Q.dequeue() ;

8 forall u € G.adjacentNodes(t) do /* xét cac dinh lién ké cla t */
9 if 1Seen[u] then

10 if © thod man diéu kién tim kiém C then return u ;

11 Seenlu] = True ; /* d&nh ddu u da duyét */
12 Q<+ u; /* dua u vao hang doi */
13 end

14 end

15 end

16 return null ;

Trong giai thuat chiing ta st dung mot hang doi @ dé luu nhitng dinh lién ké véi
dinh dang tham hién thoi ma chua duge duyét. Moi khi tham mot dinh, ching ta sé danh

dau lai dinh da duyét bang cach st dung mot vector kiéu bool c6 do 16n bang sé dinh ciia
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G, nhim tranh viec duyet lai hay tham chi tao vong lip bat tan. Véi phuong phéap td chic
dit lieu do thi dudi dang danh sach dinh lién ké, mdi khi duyét mot dinh, ching ta sé dua
toan bo cac dinh lién ké v6i n6 (xac dinh dua vao ham G.adjacent Nodes(v)) con chua duge
tham vao trong hang dgi Q. Nhu vay, véi viéc t6 chiic hang doi cac dinh sé duyét, BFS sé

cho phép ching ta tham céc dinh tuan tu theo do sau ké tit dinh gbc can tim.

Dinh 1y 2.1. D¢ phiic tap tinh todn cia phuong phdap BFS duyét theo chiéu rong trudc la
O(IV] + |E]).

That vay, v6i giai thuat , s6 dinh t6i da ching ta c6 thé dua vao hang doi Q 1a V.
Ngoai ra, véi vong lap ForAll, sb canh t6i da ching ta tham trong giai thuat nay 1a V. Do
d6, do phic tap tinh toan theo thoi gian cta gidi thuat nay 1a O(|V] + |E|).

Phuong phap duyét BFS cho phép gidi quyét dugc rat nhiéu bai toan do thi, chang han
nhu: kiém tra kha ning hai phia (bipartiteness) ctia do thi; tim dudng di ngin nhat vé s6
canh gita hai dinh; tinh ludong cyc dai trong mang theo phuong phap Ford-Fulkerson; xay
dung ham 16i theo giai thuat Aho-Corasick; ... [3§].

2.3.1.2 Duyét theo chiéu sau truéc - DFS

Dinh nghia 2.19. Duyét theo chiéu siu trudc (Depth-First Search - DFS) la gidi thudt dé
duyét cau tric di liéu do thi, cho phép ti mot dinh trong do thi, goi la dinh goc, khdam phd
cang za cang tot doc theo tiung dinh lién ké trudc khi quay trd lai. Hay khdc véi BFS khdm
phd cdc dinh anh em cung maic trude, DEFS cho phép kham phd cdc dinh con trudc khi quay
lai kham pha cdc dinh anh em [35].

Véi cach tiép can duyet do thi nhu vay, gidi thuat duyet DFS thuong st dung ngan xép
(stack) dé Iuu cac dinh chua duyét. Xét bai todn nhu ¢ muc trén: tim dinh ¢ tit dinh gbc v
trong do thi G théa man diéu kién tim kiém C'. Khi d6, ma gia ctia DFS dugc minh hoa nhu
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sau:
Thuat toan 2.2: DFS(G,v): Ma gid phuong phap duyét theo chiéu sau trudce
1 Function DFS(G,v)

Input: G = (V, E);v € V; diéu kien tim kiém C
Output: u € V thod méan diéu kién tim kiém C
2 if v thod man dicu kién tim kiém then return v;
3 Tao mang luu vét dinh da duyet Seen[|V|] va khéi tao gia tri False ;
4 Seenlv] = True ; /* danh diu v da dudc duyét */
5 Tao ngan xép S va dua v vao S <+ v ;
6 while S # () do
7 t < S.pop() ;
8 forall u € G.adjacentNodes(v) do /* xét cac dinh lién ké cla t */
9 if 1Seen[u] then
10 if u thod man diéu kién tim kiém C' then return u ;
11 S—u; /* dua u vao ngin x&p */
12 Seen[u] = True ; /* danh diu u di dugc duydt */
13 end
14 end
15 end
16 return null ;

Véi DFS, ta sé bat dau tham dinh "gbc" v da chon. Néu dinh nay chua thoid man dieu
kién tim kiém, ching ta sé chon lan lugt cac dinh lién ké u véi v dé duyet tiép. V6i médi dinh
u chua duge tham (dya vao vector kiéu bool c6 do 1én bang s6 dinh cilia V'), chung ta sé
duyét de quy dé tham tiép dinh con ctia u. Sau khi tham xong tat ca cac dinh con ctia u ma
khong tim thiy két qua mong mudn, DFS méi quay lui lai dé xét tiép cac dinh ciing mic
(hay cac dinh anh em) v6i u. Chinh vi vay, DFS s& ¢6 phép duyet cac dinh trong do thi theo
chiéu sau truée. Hinh dudi day minh hoa qué trinh duyét cdc dinh theo DFS tut dinh goc 0
[72]:

Hinh 2.9: Vi du vé duyét theo chiéu sau trude
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Dinh 1y 2.2. D¢ phic tap tinh todan cilia phuong phdap DFS duyét theo chiéu sau trudc ciing
la O(|V]+ |E]).

That vay, ciing tuong tu nhu phuong phap duyet BFS, sé dinh téi da ching ta cé thé
dua vao hang doi @ trong gidi thuat [2.2/14 V. Ngoai ra, véi vong lap ForAll, so6 canh toi da
ching ta tham trong giai thuat nay la V. Do d6, do phiic tap tinh toan theo thai gian cta
giai thuat nay 1a O(|V] + |E|).

Giai thuat DFS ciing cho phép gidi quyét hiéu qua nhiéu 16p bai toin khac nhau duya
tren 1y thuyét do thi, ching han: tim cac thanh phan lién thong trong do thi; tim céc cau
noi trong do thi; phat hién cac chu trinh trong do thi; sinh cac tit dé xac dinh tap giéi han
nhém ... [33].

2.3.2 Phan tich d6 thi

Ly thuyét do thi dugc ing dung trong nhiéu linh vitc khac nhau hién nay. Tuy thuoc vao
moi linh vye ting dung d6 ma viéc phan tich do thi duge tién hanh véi nhitng phuong phap
va k¥ thuat khac nhau. Mot s6 mién linh vuc ¢6 thé ing dung 1y thuyét dd thi dé phan tich
c6 thé liet ke nhu dudi day:

e Mang x4 hoi (social network): do thi dugc ting dung dé mé hinh hoa mang xa hai véi
cac thyc thé xa hoi va cac quan hé gitta ching [26]. Cac thuc thé nay thuong la con
ngudi, tuy nhién c6 thé 1a nhém, t6 chitc, qubc gia, Websites hay cac dn ban khoa

hoc...

e Mang sinh hoc (biological network): 1a do thi duge diing dé mo hinh hoa he théng sinh
hoc véi cac thanh phan nhu loai (species), té bao, phan ti, gen, tin higu, chuyén hoa...
Mang sinh hoc cho phép biéu dién toan hoc vé cac két ndi trong nghién citu sinh thai,
tién hod va sinh 1y hoc [’7]

e Mang lién két (link network): 14 dd thi ding dé thé hién cac quan hé gitta cic ddi tugng
né6i chung. Tt d6, dua trén phan tich lien két, cac ngan hang, co quan bao hiém c6 thé
phéat hien dugc gian lan; cac nha cung cap mang vién thong c6 thé quy hoach mang
phit hgp hon; nganh y hoc va dich t& hoc c¢6 thé kiém soat duge dich bénh...[77]

Mot s6 cac khai niém, phuong phap hay duge sit dung trong phan tich do thi sé dugc
trinh bay cu thé hon trong cac phan sau.
2.3.2.1 Tinh khoang cach

Trong do thi G, viéc xac dinh duong di ngan nhat tit mot dinh u dén dinh v sé cho phép
tinh duge khoang cach gitta ching. Tuy thuoc vao mdi kiéu do thi ma cach tinh khodng cach
gitta u va v dugce xay dung khac nhau.
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e Khodng cach gitta hai dinh u va v, kyj hiéu dis(u,v) cia do thi khong trong so G la so

canh trong duong di ngdan nhat, toi wu nhat tw w dén v.

o Vi do thi G c6 trong s6, khodng cach tic dinh u dén v, ki hieu dis(u,v), la tong tat cd

cdc gia tri trong so trong duong di ngdn nhat, toi wu nhat ti u dén v.

e Khodng cich Euclidean gitta hai dinh u va v la so dinh lien ké (ldng gieng) chung cia

cd u va .

D6i véi ca hai loai do thi néu trén, néu khong ton tai dudng di ngan nhat, khoang cach
tit w dén u duge coi nhu khong xac dinh. Trong trudng hop v = v thi dis(u,v) = 0. Thuyc
té, c6 thé c6 nhidu duong di ngan nhat tit u dén v, tuy nhién, dis(u,v) luon c6 gia tri khong
doi.

Ngoai cac khai niem khodng cach néu trén, trong phan tich do thi doi khi con sit dung do
do khoang cach Euclidean. Khodng cach nay thong thuong duge ding dé xéac dinh do tuong
dong gitta hai dinh. Trong cac mang xa hoi, khodng cach Euclidean giita hai nguoi dude xac
dinh chinh 1a s6 ban chung giita hai ngusi do6.

Tu khai niéem khodng cach néu trén, trong phan tich do thi, ching ta sé tinh dugc duong
kinh do thi theo ding dinh nghia da trinh bay ¢ muc tren.

2.3.2.2 Dudng di ngin nhét

Trong 1y thuyét do thi, duong di ngan nhat ti dinh « dén v duge dinh nghia 1a duong di
c6 khoang cach dis(u,v) ngan nhat. Véi do thi khong c6 trong s6, duong di ngan nhat chinh
1a duong di c6 s6 canh nhé nhat tit u dén v.

Trong thuc té, ching ta gap rat nhiéu bai toan tng dung lien quan dén tim duong di
ngan nhat. Chang han nhu tim dudng trong hé théng giao thong; tim sé ngusi it nhat dé
hinh thanh quan hé gitta hai ngudi trong mang xa hoi; tim duong di c6 do tré nhé nhat
(min-delay path problem); ... [2]

Dé tim duong di ngin nhat, Dijkstra la giai thuat hiéu qua nhat déi véi truong hop do
thi ¢6 trong s6 khong am [28]. Trong khi d6, véi do thi khong trong s6, giai thuat BFS duge
coi nhu gidi thuat hieu qua nhat dé xac dinh dudng di cling nhu khoadng cach ngin nhat ti
u dén v [53]. Mot bién thé ctia BFS cho phép cai thién duge higu nang tinh khoang cach
ngan nhat 13 thyc hién tinh BFS tit hai ca hai dinh nguon va dich. Cach tiép can nay hinh
thanh giai thuat duyet theo chiéu rong ca hai huéng bBFS (bi-directional BFS) [47] v6i ma
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gia duge minh hoa nhu sau:

Thuat toan 2.3: Giai thuat tinh khoang cach ngan nhat sit dung bBFS
1 Function BBFSDistance(G,u,v)

Input: G = (V,E); u,v eV
Output: khodng cach ngin nhat giita hai dinh u va v
2 if u == v then return 0 ;
3 Tao mang danh dau cac dinh da duyét tit ngudn Seenoyt[|V]], tit dich Seen;,[|V|] va khéi tao véi gia tri False ;
4 Tao hang dgi cac dinh sé& duyét theo chiéu di Qout, chidu dén Q;n;
5 Qout <+ u ; Seenout[u] = True; Distour = 0 ; /* danh diu u da dugc duyst */
6 Qin <+ v ; Seenin[v] = True; Distyn =0 ; /* danh diu v di dugdc duydt */
7 while (Qout # 0) && (Qin # 0) do
8 if Qout # 0 then
9 Distout = Distout + 1; € + Qout.dequeue() ;
10 forall ¢t € G.adjacentNodes(e) do
11 if !Seenout[t] then
12 if t == v then return Distoy: ;
/* N8u t di dudc duyét tit dich, trd vé tdng khodn céch tit t dén ngudn va dich */
13 if Seen;,[t] then return Distout + Distin ;
/* Néu khdng, danh diu ¢t da dudc duydt tit ngudn */
14 Seenout[t] = True; Qout < u ;
15 end
16 end
17 end
18 if Q;n # 0 then
19 Distip, = Distin + 1 ; € < Qin.dequeue() ;
20 forall ¢t € G.adjacentNodes(e) do
21 if !Seen;y[t] then
22 if t == v then return Dist;, ;
/* Néu t di dugc duyét tit ngudn, trad vé tdng khodn cach tit ¢ dén ngudn vi dich  */
23 if Seenout[t] then return Distout + Distyy, ;
/* Néu khdng, danh diu ¢ da dudc duydt tit dich */
24 Seenin [t] = True; Qin + u ;
25 end
26 end
27 end
28 end
29 return-1 ;

C6 thé thay, do phic tap tinh toan clia gidi thuat tinh khoang cach trén trong trudng
hop toi nhat van 1a O(|V] + |E|) do ching ta van phai duyét hét toan bo s6 dinh va s6 canh
ctia do thi.

Trong thuc té, ngoai bai toan tim duong di ngan nhat gita hai dinh trong do thi, ching

ta con gap mot sd bai toan bién thé tim duong di ngan nhat nhu sau:

e SSSP: I bai toan tim dudng di ngan nhat tit mot dinh ngudn w dén tat ca cac dinh
con lai trong do thi G (single-source shortest path hay viét tat 1a SSSP).

e SDSP: la bai toan tim dudng di ngan nhat dén dinh dich v tit tit cd cac dinh con lai
trong do thi G (single-destination shortest path hay viét tat 1a SDSP). Ro rang, véi do
thi c6 huéng, giai bai toan SDSP hoan toan c6 thé dya vao SSSP bing cach doi ngudc
chiéu tat ca cac canh trong G. Con déi véi do thi vo huéng, SDSP lai chinh 1a SSSP.

e APSP: 1a bai toan tim duong di ngan nhat gitta bat ky cip dinh w, v ndo trong do thi
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G (all-pairs shortest path hay viét tat la APSP).

V6i bai toan SSSP, chiing ta hoan toan c6 thé gidi duge thong qua viec duyst tit dinh
nguodn v bing giai thuat BFS déi véi kiéu do thi khong trong s6. Trong truong hop G 1a do
thi c6 trong s6, giai thuat Dijkstra dugce sit dung dé giai SSSP.

Viéc giai bai toan APSP c¢6 thé tién hanh thong qua viéc thuc hién tinh SSSP déi véi tat
cé cac dinh trong G. Liic d6, néu do thi c6 trong s6, do phiic tap ciia viec gidi APSP st dung
giai thuat Dijkstra d6i véi tat ca dinh trong V' sé 1a O(|V 2log(|V|) +|V||E|). Con d6i véi do
thi khong trong s6, st dung BFS cho tat ca cac dinh sé c6 do phitc tap 1a O(|V > + |V||E|).
Ngoai ra, chiing ta cling c6 thé sit dung giai thuat Johnson (c6 do phiic tap tinh toan la
O(|V2log(|V]) + |V||E])), hay Floyd-Warshall (v6i do phiic tap O(]V|? dé giai bai toan
APSP [26].

2.3.2.3 Do trung tam

Nhu da gidi thieu 6 trén, ly thuyét do thi hien duge st dung rong rai trong nhiéu linh
vie khac nhau, tit cac bai toan trong giao van, tin sinh hoc, quy hoach mang, phan tich
mang Internet... Mot trong nhitng tng dung dién hinh ctia 1y thuyét do thi hién nay chinh
I3 trong md hinh hod cac mang xa hoi [106][55][53]. Dé phan tich cac do thi, do trung tam
(centrality) chinh la d6 do quan trong va dugce st dung rong rai hién nay [2]. Do trung tam
huéng dén viéc tim cac dinh (tic thanh vien) "quan trong” nhat trong do thi. Khi ap dung
khai niem nay cho céc linh vuc khac nhau, ching ta cé thé tim duge cac dinh chinh trong
mang Internet hay cac dinh lam lan truyén dich bénh khi mo6 hinh héa bai toan lan bénh
dich bang do thi. Thuc té, khai niem "quan trong" dudc dinh nghia theo nhiéu cach khéc
nhau khi phan tich do thi. Tt d6, cling c6 nhiéu do do trung tam duge dé xuat dé lam 16
dugc tinh "quan trong" khi phan tich mang dé.

Hién nay, c6 bén loai do trung tam hay duge stt dung dé phan tich do thi mang néi chung
va dugce dinh nghia nhu sau:

Dinh nghia 2.20. Bdc trung tam (Degree Centrality) cia dinh v dugc dinh nghia

nhu s6 canh lien két voi dinh can zét. Do do nay dudc xdc dinh theo cong thic sau:
CD(v) =deg(v) :v eV (2.1)

Véi do thi c¢6 hudéng, do do nay con duge phan ra thanh bac trung tam di CD,,; (Outflow
Centrality) va bac trung tam dén (Inflow Centrality) C'D;,. Déi véi cdc mang xa hoi, bac
trung tam nay chinh 1a s6 ban clia mot ngudi trén Facebook; hay s6 ngusi theo doi (follower)
trong Twitter. Day r6 rang 1a do do x4c dinh duge nhitng ngudi ndi tiéng triuc tiép nhat trén

mang xa hoi.

Dinh nghia 2.21. D6 trung tam gan (Closeness Centrality) cia mot dinh v dugc
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dinh nghia dua theo cong thiic do Bavelas dé zudt nhu sau [T]):
1
ZuGV dSt(“? U)

vdi dst(u,v) la khodng cdch ngdn nhat ti dinh u dén v.

CC(v) = (2.2)

Tit d6, néu dinh v c¢6 do trung tam gan cang lén thi v cang gan véi cac dinh con lai.
Trong luan an nay, dé tranh xét nhitng dinh khong thé di dén dugc v (c6 gia tri oo) déi véi
dd thi khong két ni (disconnected graph), chiing ta c6 thé chi can tinh do do trung tam gan
CC d6i véi cac dinh v trong thanh phan lién thong 16n nhat (largest-component) I'g clia G.
Khi d6, néu dinh u khong thé dén duge tit cac dinh khac trong G, CC(u) = 0.

Bai toan tinh C'C cho tat ca cic dinh trong do thi G 1o rang c6 do phic tap tuong
duong vé6i bai toan SSSP cho tat ca cac dinh trong G, hay ciing tuong duong véi bai toan
APSP. Diéu d6 dong nghia do phiic tap tinh toan CC sé 1a O(]V|3) néu st dung giai thuat
Floyd-Warshall va O(|V [2log(|]V|) + |V||E|)) néu st dung gidi thuat Johnson. Véi nhimg do6
thi c6 s6 dinh rat 16n, ro rang viéc tinh toan C'C' cho tat ca cac dinh mat rat nhiéu thoi gian
tinh toan. Mot sb giai thuat tinh xap xi CC da dugc dé xuat, chang han Eppstein va cong su
da deé xudt giai thuat tinh xap xi ngdu nghien véi do phic tap la O(loi#ﬂE] + |V|log|V]))
[31][32] véi 16i cong €A c6 xac suat 1 — |—‘1/|, trong d6 € > 0 va A la dudng kinh ctia G. Sau
d6, Okamoto da phat trién phuong phap dé xép hang va thu dugc k-dinh c¢6 do trung tam
gdn CC cao nhat trong G ¢6 do phiic tap O((k + |V |3.1og3 [V)([V [log(|V]) + | E])) [82]

Dinh nghia 2.22. D trung tam trung gian (Betweenness Centrality) cia mot

dinh v dugc tinh bdi cong thic sau [27]:

BC(w)= Y 9(v) (2.3)

g
s#v£ELEV st

vdi o4 la so duong di ngan nhat ti dinh s dén t va o4 (v) la so duong di ngan nhat dé di

qua dinh v.

Thyc té, do do nay chinh 1a s6 luong cau ndi trung gian mot nguoi ddm nhiém khi xac
lap cac quan hé ngdn nhat gitta nhitng nguoi khéac, do Linton Freeman dua ra nam 1977 [36].
Trong cong trinh d6, Linton Freeman quan niém cac dinh c6 xac suat cao nam trén dudng
di ngan nhat gitta hai dinh dugc chon ngau nhién trong tap dinh V thi sé c¢6 do trung tam
trung gian nhat (high betweenness).

Khi trién khai, viec tinh BC cho tat ca cac dinh trong do thi G tuong duong véi bai toan
APSP. Diéu d6 dong nghia do phitc tap tinh toan sé 1a O(|V[?) néu sit dung gidi thuat Floyd-
Warshall; O(|V|?log(]V|)+|V||E|)) néu stt dung giai thuat Johnson. Nam 2001, Brandes [15]
c6 dé xuat ky thuat tich luy phu thuoc cho phép gidm do phic tap luu trit va c¢6 do phiic
tap tinh toan 1a O(|V|[|E|). Nhu vay, khi phan tich do thi thua, ching ta nén st dung giai
thuat Brandes, con d6i véi do thi day, nén st dung giai thuat Johnshon hay Floyd-Warshall.
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Dinh nghia 2.23. D¢ trung tam vector riéng (Eigenvector Centrality) la chi dau
dé do mic do dnh hudng cia mot dinh trong do thi. DEé tinh do do nay, ma tran lién ké
A = (ay,) duge st dung dé biéu dién mang G: a,, = 1 néu u két noi vdi v va néu khong

Ay = 0. Do trung tam vector riéng x ciua v duge dinh nghia nhu sau:

Ty = % Z Ty = ;Zama:t, (2.4)
)

teM (v teG

vdi M(v) la tap cdc dinh lien ké cia v va X la hang so6. Theo dang ma tran, ching ta cé:
Ar = xA.

Nhu vay, do trung tam vector riéng cho phép gan diém sb tuong ddi cho tat ca cac dinh
trong mang dua trén khai niem két néi véi nhitng dinh c6 diém cao thi déng gép lén hon
cho dinh dang xét so v6i két n6i véi cdc dinh diém thap[54]. Céc bién thé ciia do trung tam
Eigenvector c6 thé ké dén nhu do trung tam Katz (Katz Centrality) v xép hang trang (Page
Rank) ctia Google.

Vi du sau day minh hoa cac do do trung tam da néu & tren [84]:

Do trung tam
trung gian cao nhat

D0 trung tam
eigenvector

3 Do trung tam
cao nhat A

cao nhat

Do trung tam
gan cao nhat

0
Hinh 2.10: Mot s6 do do trung tam dién hinh trén do thi

Trong do thi G ¢ hinh nay, dinh j ¢6 CD[j] = 7 1a do trung tam cao nhat trong
G. Tuong ty, do trung tam gan CC[i] = 0,461538, do trung tam trung gian BCO[h] = 176
ciing 13 16n nhat. Ngoai ra, do trung tam vector rieng tai dinh d cling dat gia tri 16n nhat
rq = 0,4647 trong s6 cac dinh con lai trong do thi nay.

Trong thuec té, cac do do trung tam nay cé thé co cac bién thé khéac véi cach cai dat st
dung giai thuat khac nhau [79].
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Trong luan an nay, v6i muc tiéu dat ra, ching toi sé chi trong dén viéc nang cao hiéu
ning thi hanh cac phép toan dong thoi va tinh mot s6 do do trung tam doéi véi cac do thi
c6 quy md 16n ca vé s6 dinh 1an s6 canh (16n hon triéu dinh/canh). Hién nhién, cdc phuong
thitc nang cao hiéu nang ctia ching t6i cting phai dam bao hoan toan ap dung duge véi cac
dd thi quy mo trung binh vd nhé. Y tuéng chinh trong viec nang cao hiéu ning nay mot
phan dugc dua trén phuong phép thi hanh song song. Nhu da trinh bay ¢ muc 1.2, dé giai
quyét cac thach thic lien quan dén phan tich do thi quy mo 1én, tat ci cac cach tiép can
hién nay déu st dung phuong phap tinh toin song song. Tit d6, phan ly thuyét lien quan
dén tinh toan song song sé dudgc trinh bay so luge trong muc 2.4 dudi day.

2.3.3 Mat do do thi

Dinh nghia 2.24. Do do mat do (density) duge dinh nghia dua trén do do sé canh cia do
thi trén tong s6 canh toi da cé thé cé doi véi tap dinh cia do thi dé [109]. Cong thic tinh
mat do do thi D duoge dinh nghia nhu sau:

2|E|

P=wvi-o

(2.5)
vdi G la do thi don vo hudng. Trong truong hop G la do thi don c¢é hudng, D dudc tinh nhu

sau:
£

P=wvi—o

(2.6)

Nhu vay, v6i do thi day di vo huéng thi D = 1 v v6i mot sd trudng hop dic biet, mat
do do thi c6 thé c6 gia tri 16n hon 1, ching han véi dd thi ¢ vong lip tai cac dinh (solving
loops). Mat do do thi cho phép ching ta phan biét duge do thi day (dense graph) va do thi
thua (sparse graph) tuong ting véi gia tri D tiém can gia tri 1 hay khi c6 gia tri rat nho.

2.3.4 Phan cum d6 thi

Dinh nghia 2.25. Phdan cum do thi (graph clustering) la qud trinh phan chia do thi thanh
nhiéu nhém ma moi dinh trong nhém cé do tuong tu (chang han do trung tam gan) lon hon
so vdi cac dinh & nhom khac [935].

Dé phuc vu cho bai toan phan cum do thi, hé sé phan cum (Clustering Coefficient) da
duge dé xuat [94]. Day 1a do do miic do ma cac dinh trong do thi c6 xu huéng nhom lai
dude v6i nhau. Thye té déi véi cac do thi mang xa hoi, cac thanh vién thuong hinh thanh
cac nhom lien két tuong ddi chat v6i nhau véi cac quan hé xa hoi thong thuong. Tu do, hé

s6 phan cum cho phép danh gia miic do hinh thanh nhém ctia mot s6 cac dinh trong do thi.
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2.4 Tinh toan song song

Dinh nghia 2.26. Tinh todn song song (parallel computing) la kiéu tinh todn trong dé nhiéu
phép tinh (hodc viéc thi hanh nhiéu tién trinh) dugc tién hanh mot cach dong thoi dua trén
nguyén tdac nhitng bai todn lon déu cé thé chia thanh nhiéu bai todn nhd hon cé thé tién hanh
dong thoi [{2).

Tinh toan song song da dudc st dung rong rai ti nhiéu nam qua véi muc tiéu rat ngan
thoi gian thi hanh clia cdc bai toan can tinh todn nhanh [4]. C6 nhidu hinh thitc thé hien cia
tinh todn song song: (i) song song miic bit, (i) mic lénh trong CPU, (iii) mtc d liéu, hay
(iv) muc tac vu [I]. Hién nay, tinh todn song song da tré thanh mot dang thic (paradigm)
thong tri trong linh vyc kién tric may tinh duéi dang céc bo vi xit Iy da nhan (multi-core)
[102]. Hau hét cAc mAy tinh hién nay déu c6 nhiéu nhan va cac hé diéu hanh khai thac ha
tang tinh toan trén cac may tinh d6 deu vita duge xay dung dya trén cac phuong phéap tinh
toan song song, vira cung cap cac thu vien cho phép trién khai dude cac phép tinh dong thoi.

Céc phép toan khi dugce trién khai theo mo hinh tinh toan song song thuong dude goi
cac cac phép toan tuong tranh [5]. Viec thi hanh cdc phép toan tuong tranh noéi chung can
phai c6 phuong phap phoi hop gitta cac phép toan dé dé viec thao tac véi nhimg ving dit
licu chung hay st dung cac két qua 1an nhau dugc tién hanh mot cach nhat quan, ddm bao
S tin cay ciia két qué tinh toan [3]. Viéc cac he thong may tinh ngay nay déu hé trg kha
nang da nhiém, da nguodi diing chinh 1& dya vao nhitng thanh qua clia viéc gidi quyét cac
bai toan tuong tranh va khai thac duge thé manh tinh toan song song trén cic bo vi xit Iy
hién dai.

Viéc danh gia hiéu ning ctia cac mo hinh tinh toan song song hién nay thuong st dung
luat Amdahl (Amdahl’s Law) [3]. Amdahl cho ring heé s ting téc ciia mot chuong trinh
song song dugc xac lap dua vao ty 1é ma (code) P ciia chuong trinh dé duge song song hoa:

1
SpeedUp = 1P (2.7)
Tu d6, néu khong c6 phan nao trong chuong trinh duge song song, hé s6 tang toc SpeedUp =
1. Néu tat cd ma clia chuong trinh dugce song song hoa thi SpeedUp = co. Tuy nhién day
chi 1 truong hop phi thiyc té vi khong ton tai chuong trinh nao ma tat cd ma déu song song
dugc.
Khi xét them s6 luong CPU tham gia vao tinh toan song song, hé s6 nay dude xac dinh

bang biéu thic sau:
1
P

N

SpeedUp = 3 (2.8)

trong do6, P 1a ty 1é ma song song, N 1a s6 lugng CPU va S 1a ty 1é ma tuan tiy.

Tuong quan ciia cac tham sé nay dudge minh hoa cu thé nhu hinh sau:
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Luit Amdahl
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Hinh 2.11: Anh huéng ctia s6 CPU va t§ lé doan ma dugc song song dén hé sb tang toc

2.4.1 Kién tric hé théng tinh toin song song

Cac phuong phap tinh toan song song hién nay déu duya trén cac ha tang tinh toan cho
phép sit dung phdi ghép nang lyc tinh toan don 1é & cac bo vi xit 1y (Central Processing Unit
- CPU) dé hinh thanh hé théng tinh toan c6 thé xtt Iy duge nhidu phép todn hon. Cac hé

thong phan cing dé duge chia thanh céc kién tric dién hinh sau:

2.4.1.1 Kién tric bo nhé chia sé

Day 1a kién trtc phan ciing dudc st dung rong rai trong cac hé thong tinh toan hién nay.
Kién tric nay duge xay dyng trén cach tiép can chung la tat cd cac CPU déu c6 thé truy
cap stt dung bo nhé chinh nhu 1a khong gian dia chi toan cuc. Céc bo vi xit Iy CPU ¢6 thé
hoat dong doc lap v6i bo nhé deém cache riéng, nhung déu chia sé khong gian bo nhé. Dieu
d6 dan dén viéc thay doéi tit nhé trong khong gian bo nhé bdi mot CPU sé anh hudng dén
toan bo cac CPU truy cap dén tit nhé do.

Kién tric bo nhé chia sé thuong dude phan thanh hai loai 1a bo nhé chia sé truy cap
thong nhat (Uniform Memory Access - UMA) va bo nhé chia sé truy cap khong thong nhat
(Non-Uniform Memory Access - NUMA).
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Hinh 2.12: Kién trtc he thong tinh toan song song diya trén bo nhé chia sé

D6i v6i kién tric dya trén truy cap thong nhat UMA, cdc CPUs phai dong nhat va viec
tham chiéu dén khong gian bo nhé chinh 1& giong nhau. Kién tric nay duge st dung chi
yéu trong cic h¢ thong may tinh SMP (Symmetric Multiprocessor), doi khi con goi la kién
tric CC-UMA (Cache Coherent UMA). Thuat ngit "gan két bo nhé deém - cache coherency”"
sé¢ ddm bao khi mot CPU cap nhat tit nhé trong bo nhd, tat cad cac CPUs st dung tit nhé
d6 sé c6 bo nhé cache duge cap nhat gia tri méi cua tir nhé dé. Day cung 1a 1y do ma cong
nghé nay dude thuyc hién 6 phan cing trong viée xay dung cac CPU.

Con v6i kién tric chia sé bo nh6 NUMA, khong can thiét phai dam bao cac CPUs phai
dong nhat ciing nhu c¢6 ciing thoi gian tham chiéu dén bo nhé toan cuc. Day 1a kién tric
hay duge xay dung dya trén viéc két noi hai ho#ic nhiéu hé thong SMP va cho phép CPU tit
SMP nay c6 thé truy cap dén bo nhé ctia SMP khac. Co ché "cache coherency" ciing phai
duge cai dat trong cac hé thong d6, va vi vay, kién tric nay con doi khi duge goi 1a kién tric
CC-NUMA.

Nhu vay, kién tric chia sé bo nhé UMA va NUMA mang lai kha ning c6 thé tinh toan
song song trén ciing khong gian bo nhé duge chia sé chung. Tuy nhién, kién tric nay ciing
thiéu sy linh hoat khi can mé rong them CPUs va cang nhiéu CPUs thi hé théng lien két
ciing nhu co ché dong bo dit lieu trong bo nhé dem lai cang phtic tap.

2.4.1.2 Kién tric bo nhé phan tan

Kién tric bo nhd phan tan 1a kién trac tinh todn phan tan st dung mang truyen thong
dé két noi bo nhé lien bo xit 1y. Trong kién triic nay, mdi bo vi xit 1y ¢6 rieng khong gian bo
nhé cuc bo va khong duge anh xa (map) vao cadc CPU khac (khéac véi viee sit dung chung
khong gian bo nhé toan cuc nhu kién tric bo nhé chia sé). T do, viée cap nhat bo nhé cia
mot CPU khong anh hudng dén qua trinh tinh toan tai cic CPU khac va khong can cai dit

co ché cache coherency.
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Véi kién tric nay, viéc tuong tac gitta cac CPU trong qua trinh tinh todn song song sé
duge thic hién thong qua nhitng phuong thiic truyén thong mang, thong thuong duya vao
truyén cic messages trén mang cuc bo ethernet. Chuong trinh thi hanh tinh toan song song

phai ddm nhiém viéc truyén thong cling nhu dong bo di lieu gitta cdc CPUs v6i nhau. Kién

trac nay duge minh hoa nhu hinh duéi day:

MANG TRUYEN THONG

/

Hinh 2.13: Kién trtc hé thong tinh toan song song diya trén bo nhé phan tan

Déi nguge véi kién tric chia sé bo nhd, wu diém chinh ciia kién trac nay chinh la tinh
kha mé véi s6 lugng 16n CPU ciing nhu dung lugng bo nhé. Uu diém nita clia kién tric nay
14 mdi CPU c6 moi truong tinh doc lap, khong anh huéng dén cac CPU con lai. Vé nhudgc
diém, hiéu ning tinh toan song song ciia kién tric nay phu thuoc rat nhidu vao mang truyen

thong gitta cac CPU.

2.4.1.3 Kién triic boé nhé lai chia sé-phan tan

Kién trac bo nhé lai chia sé-phan tan 1a kién trac két hop ca hai kién tric da néu trén.
Cac he thong tinh toan hiéu niang cao hién nay trén thé gidi déu st dung kién tric lai nay.

Kién tric lai duge minh hoa nhu hinh sau:
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Hinh 2.14: Kién trtc hé thong tinh todn song song duya trén bo nhd lai chia sé-phan tan

Thanh phan chia sé trong kién trtc nay ciing dugc mé rong khong chi 1a chia sé bo nhé
ma con ca cac bo xit Iy do hoa (Graphics Processing Units - GPU). Thanh phan phan tan
1a mang ciia cdc may chia sé bo nhé hay GPU. R6 rang kién trtc nay cho phép tan dung
duge ca hai wu diém ciia hai kién tric néu trén, ting do linh hoat kha mé CPU lan khai

thac triet dé tinh toan song song trén ciing khong gian bo nhé chia sé.

2.4.2 Mo hinh lap trinh song song

Mo hinh lap trinh song song (parallel programming models) 14 mo6 hinh dé xay dung cac
hé théng tinh toan véi cac kién tric da trinh bay ¢ muc trén. Hién nay, cdc giai phap tinh

toan song song thuong duge xay dung dya vao mot s6 mo hinh lap trinh song song sau [5]:

e B0 nhd chia sé (khong stt dung luong): trong mo hinh lap trinh don gidn nay, qua trinh
tinh toan song song dugc thi hanh thong qua céc tién trinh (v6i tai nguyén bo nhd,
CPU riéng) nhung c6 vimg nhd chia sé chung dé doc/ghi theo co ché khong dong bo.
Do d6, céc co ché nhu st dung khoa, semaphores... can phai dudc st dung dé kiém
soat tuong tranh, tranh khoa chét... trong viéc truy xuat dén dit lieu chung gitta cac

tién trinh.

e St dung luong (threads): day la mo hinh lap trinh st dung bo nhé chia sé, tuy nhién
viec tinh toan song song dudc trién khai trong mot tién trinh bao ham nhiéu ludng
(threads) thi hanh tuong tranh. Méi luong sé c¢6 dit licu cuc bo nhung déu chia sé toan
bo tai nguyén ciia tién trinh cha. Thong thudng, mdi ludng sé duge giao phé dé thi

hanh mot ham va viéc tuong téc gitta cac luong thong qua khong gian bo nhé toan
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cuc. Diéu nay cling dan dén phai c6 co ché dong bo dé dam bao viec cap nhat dit lieu

chung gitta cac luong.

Vé mit 1ap trinh, mo hinh st dung ludng nay c6 thé duge thiyc hien hoac (i) sit dung
nhitng thu vién cung cap cidc ham dé cai dit chuong trinh song song (dién hinh 1a
POSIX Threads [10], Microsoft Threads [73], Java/Python threads[f, CUDA threads?),
hoic (ii) st dung cac chi thi da dugc nhing trong cac ngon ngit lap trinh dé xac lap
doan ma khi nao song song, khi ndo tuan tu (dién hinh 13 OpenMP[9], CilkPlus [49]).

e Bo nhd phan tan v6i phuong phap truyen thong diep (message passing): Trong mo
hinh lap trinh nay, cac tac vu sé ¢6 khong gian bo nhé riéng va c6 thé duge thi hanh
trén mot may tinh hodc trén nhiéu may khac nhau. Quéa trinh trao doi dit lieu gitta
chiing sé dugc tién hanh dya trén giti va nhan thong diép. Ve mat lap trinh, cai dit co
ché truyén thong diep thuong duge déng géi trong mot thu vien lap trinh. Lap trinh
vien phai st dung cac ham trong thu vien dé dé dam nhiém cai dit co ché song song
cho bai toan can gidi quyét. Thu vien MPI (Message Passing Interface) hién 1a thu
vien dugc stt dung rong rai nhat hién nay trong mo hinh lap trinh nay véi ba chuan la
MPI-1, MPI-2 va MPI-3 [§].

e Song song dit lieu: 1&4 mo6 hinh 1ap trinh song song st dung khong gian bd nhd toan

cuc nhung céc cong viéc song song tap trung thao tic véi céc tap dit lieu co cau tric
chung, ching han nhu mang hay khéi dit lieu. Mdi cong viéc tién hanh trén mot viing
khac nhau ctia dit lieu toan cuc d6. Mo hinh nay con ¢6 tén goi 1a mo hinh phan méanh
dia chi toan cuc (Partitioned Global Address Space - PGAS). Véi kién tric bo nhé
chia sé, tat ca cong viec c6 thé truy cap cau tric dit lieu qua bo nhé toan cuc. V6i
kién tric bo nhé phan tan, cau tric dit lieu nay c6 thé duge phan chia mot cach logic
hodc/va vat 1y gitta cac cong viec.
Hién nay, mo hinh nay ciing c¢6 nhiéu cai dat khac nhau dudce sit dung trong cac ngon
ngtt lap trinh khac nhau. Ching han nhu thu vien CoArray ctla Fortra; Unified
Parallel C' (UPC) nhiing trong ngon ngit C dé lap trinh kiéu SPMD (Single Program
Multiple Data: don chuong trinh, da da liéu) Mang toan cuc; X10, Chapel... [5].

e Mo hinh lai: 1a mo hinh lap trinh st dung nhiéu kiéu mo hinh trén két hgp cling véi
nhau. Hién nay, mot s6 kiéu lai hay duge st dung cé thé ké dén nhu két hgp MPI véi
mo hinh luong OpenMP; MPI v6i mo hinh luong st dung cac bo xit 1y do hoa GPU
(CUDA chang han); MPI véi Pthreads; ...

!Tham khéo tai https://docs.oracle.com/javase/tutorial/essential/concurrency/procthread.
html va https://en.wikibooks.org/wiki/Python_Programming/Threading

“Lap trinh luong véi Cuda http://cuda.ce.rit.edu/cuda_overview/cuda_overview.htm

3Tham khao thém tai https://en.wikipedia.org/wiki/Coarray_Fortran

4Tham khao chi tiét tai http://upc.1bl.gov/
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Nhin chung, cAc mo hinh lap trinh doc lap so véi kién tric bo nhd, ching han nhu mo
hinh lap trinh bo nhé chia sé ¢6 thé trién khai trén cac méy tinh c6 kién tric bo nhé phan
tan va nguoc lai. Trong s6 cac mo hinh trén, khong c6 mo hinh nao 1a "tot" cho tat ca cac
truong hop ma mdi moé hinh higu qua véi ting bai toan cu thé [102].

Trong cac gidi phap song song hoa dugc chiing toi tién hanh thic hién trong luan an nay,
mo hinh 1ap trinh song song sit dung da luong trén kién tric da CPU, da 16i dugc cht trong
thue hien. Cac giai phap song song sé dugce cai dat dya trén bo thu vien CilkPlus do Intel
xay dung [49].

Hinh 2.15: M6 hinh x1t 1y song song trong CilkPlus

Viéc lya chon CilkPlus ciing da dude chiing toi phan tich bang ca thuc nghiem 1an tham
khéo cac cong trinh lien quan. Trong s6 cac giai phap song song hoa hay dugc stt dung hién
nay nhu CilkPlus, Openl\/[7 VA Pthreadﬂ cong trinh cta Leist va Gilman [59] thong qua
nhitng thyc nghiém da minh ching bo thu vien CilkPlus cho hé s6 tang toc (speedup) tot
hon so véi OpenMP va Pthread.

2.4.3 Mot sb6 bai toan song song dién hinh

V6i nhitng ha tang tinh todn c6 hiéu ning ngdy cang cao hién nay, viéc ap dung tinh
toan song song dé khai thac hét ning luc phan cing ciing ngay cang dude quan tam. Tinh
toan song song hién duge stt dung trong pham vi rat rong, tit sinh hoc (phan tich chuéi DNA
chang han) dén kinh té (toan tai chinh). Cac dang bai toan thuong gap can tng dung tinh

toan song song la [4]:

Shttp://openmp.org/wp/
Shttps://computing.llnl.gov/tutorials/pthreads/
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e Dai s6 tuyén tinh day dic, thua.
e Phuong phap quang phd (chang han bién doi Fourier nhanh ctia Cooley—Tukey).
e Bai toan n-body (nhu mo phéng Barnes—Hut).

e Bai toan mang ludi cau tric (nhu Phuong phép ludi Boltzmann), phi ciu tric (nhu
trong phan tich phan tit httu han).

e Phuong phap moé phéng Monte Carlo.

e T5 hop logic (nhu k§ thuat mat ma kidu brute-force).

e Duyét do thi (nhu thuat todn tim dudng di ngian nhat).
e Quy hoach dong.

e Phuong phap nhanh va can...

2.5 Két chuong 2

Trong chuong nay ching to6i da trinh bay nhiing kién thic nén ting vé do thi gan véi
cac nghién cttu chuyén sau trong luan 4n. Mot trong nhitng xu huéng dién hinh trong viéc
quan ly dit lieu quy mo lén hién nay 1a 4p dung 1y thuyét dd thi dé nang cao hiéu nang xi
15. Theo céch tiép can d6, thuc thé sé duge biéu dién dudi dang dinh con quan hé giita céc
thuc thé duge thé hien duéi cac canh. Tt d6, cac khai niem, kiéu do thi ciing da duge ching
toi trinh bay tuong minh trong chuong nay trude khi diic ta chi tiét cac phuong phap biéu
dién dit lieu do thi.

Tt cac van dé do, ching toi da di sau gi6i thieu mot s6 cac phép toan chinh trong do thi
v6i hai loai chinh: cac phép toan duyét do thi va cac phép toan phan tich do thi. Cac phép
toan nay chinh 1a nén tang dé cho phép duyeét hiéu qua do thi, hinh thanh cac mo to xit 1y
truy van clia cac bai toan thuec té tng dung 1y thuyét do thi.

Trong luan an, tinh toan song song sé dude chi trong nghién citu ing dung dé nang cao
hiéu nang xit 1y cac phép toan trén do thi. Cac khai niém co ban lién quan dén linh virc nay
ciing dudc trinh bay trong chuong nay va sé 1a co sé dé xay dung cac phuong thiic cai thien
hiéu nang cac phép toan trén do thi.

Tit nhitng nén tang ly thuyét do, trong cac chuong ké tiép, ching toi sé di sau dic ta cac
két qua va dong gop chinh ciia luan 4n lien quan dén viéc cai thién hieéu nang tinh toan dya
theo céch tiép can sit dung biéu dién dit licu d6 thi phit hgp va nang cao hiéu ning thi hanh
cac phép toan dong thoi trén do thi c6 quy mo 16n. Pham vi nghién citu cia luan an chi tap

trung vao do thi khong trong s6, ¢6 quy mo 16én 6 mitc hang tri¢u dinh/canh (di nhién, céc
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két qua nghién citu ciia luan 4n hoan toan ap dung dugc v6i quy mo trung binh va nho).
Quy mo siéu 16n (hang ty dinh/canh) chua duge xét trong pham vi luan &n nay.

Tit do, chuong 3 ké tiép sé trinh bay vé t6i uu hoa cac phép toan dong thoi trén do thi
dong, quy mo 16n. Chuong 4 sé chi trong dén cac phép toan tinh do trung tam phuc vu

phan tich trén cac do thi quy mo 16n (chang han nhu cac do thi biéu dién mang xa hoi).
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Chuong 3

TOI UU HOA TRUY VAN
KHOANG CACH NGAN NHAT
TREN DO THI PONG

3.1 Giéi thigu

Ngay nay, ching ta séng trong xa hoi ma khai niém két noéi hinh thanh "mang" tré nén
quan trong va thé hién & khap moi linh vizc néi chung. Cdc mang nay, chang han nhu mang
xa hoi, mang sinh hoc, mang phan phdi noi dung, mang Iudi giao thong, mang ngit nghia...
déu sinh dit liéu v6i toc do nhanh va véi quy mo 16n. Dé xit 1y thach thic dit lieu 16n, cach
tiép can mo hinh hoa dit lieu dya trén do thi dugce coi 1a mot trong nhitng phuong phap tu
nhién va hiéu qui nhat hién nay [75] [74]. Véi viec sit dung 1y thuyét do thi, cadc dinh do6 thi
thuong duge st dung dé biéu dién cac thuc thé va cac canh duge thiét ké dé bicu thi tuong
tac, quan he gitta ching. Trong do thi, bai toan tim dudong di toi vu (ngdn nhat) 1a bai toan
xac lap duong di gitta hai dinh sao cho chi phi ctia duong di d6 1a thap nhat (chi phi nay
dugce tinh dya trén trong s6 gan véi ting canh trong truong hop xét do thi cé trong sb; véi
do thi khong trong s6, chi phi nay duge tinh bang sé canh cau thanh nén duong di do). Day
12 mot bai toan t6i wu héa co ban va da dude nghién cttu tit nhiéu ndm qua véi nhicu tng
dung thyc té: t6i wu hoa ludge do dinh tuyén trong mang Internet; tim duong di ngan nhat
trong mang luéi giao thong; tim kiém thong tin trong cac trang Web; x4c 1ap cac quan he
gitta cac thanh vién tham gia mang xa hoi...[97]. Nhu da gidi thiéu trong chuong 1, bai toan
tim duong di t6i wu hien da dugce giai quyét nho st dung gidi thuat BFS véi do thi khong
trong o6, hodc giai thuat Dijkstra v6i do thi c6 trong s6. Tuy nhién, khi trién khai thuc té
mot dd thi vita quy mé 16n vira c6 tinh dong, thay ddi lién tuc theo thsi gian nhut mang xa
hoi, viec x1t Iy cac truy van tim duong di t6i wu lai tré thanh mot thach thic 16n [104].

Trong chuong nay, ching toi trinh bay gidi phap ctia minh dé cai thién hicéu suat xi Iy
cac truy van dong thoi trén do thi c6 huéng, khong trong s6 véi quy mo 16n va cé tinh thay
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ddi nhanh. Chién luge ctia chiing toi dya trén cic ¥ tudng: (i) cau tric dit lieu thich hop,

(ii) gidm thiéu khong gian tim kiém, v& (iii) thi hanh song song hiéu qua.

Céc noi dung trong chuong nay duge to chitc nhu sau: trong muc 3.2 chiing toi sé trinh
bay dic ta chi tiét bai toan tdi uu hod cac truy van khodng cach ngan nhat trén do thi dong
quy mo 16n. Sau do6, trong cdc muc 3.3, 3.4 va 3.5 ching toi sé trinh bay lan lugt ba giai
phép dé giai bai toan tdi wu hod truy van da dat ra. Ti cac giai phap d6, ching toi da tién
hanh thitc nghiém, so sanh, danh gia v6i mot s6 giai phap khac da dugce cong bod trong muc
3.6. Muc cudi cuing clia chuong nay tém luge lai nhiing két qua va déng goép chinh. Cac két

qua cta chuong 3 ciing duge thé hieén trong cac cong bd sau:

e [DPH1] Phuong-Hanh DU, Hai-Dang Pham, Ngoc-Hoa Nguyen, “Optimizing the
Shortest Path Query on Large-Scale Dynamic Directed Graph”, BDCAT ’16 Proceed-
ings of the 3rd IEEE/ACM International Conference on Big Data Computing, Appli-
cations and Technologies, pp210-216, 2016. (SCOPUS, WoS)

e [DPH2] Phuong-Hanh DU, Hai-Dang Pham, Ngoc-Hoa Nguyen, “An Efficient Par-
allel Method for Performing Concurrent Operations on Social Networks”, Computa-
tional Collective Intelligence, Volume 10448 of the series Lecture Notes in Computer
Science, Springer, pp 148-159, 2017. (SCOPUS, WoS)

e [DPH3] Phuong-Hanh DU, Hai-Dang Pham, Ngoc-Hoa Nguyen, “An Efficient Par-
allel Method for Optimizing Concurrent Operations on Social Networks”, Transactions
on Computational Collective Intelligence. Lecture Notes in Computer Science (Q2), vol
10840, no XXIX, pp. 182-199. Springer 2018, ISSN 2190-9288 (0302-9743). (SCOPUS,
WoS)

3.2 Dac ta bai toan

Xét d6 thi G = (V, E) 1a do thi c¢6 tap dinh V va E 16n, tit vai trieu dinh dén hang ty
dinh, tit vai trieu canh dén vai tram ty canh (chéng han mang xa hoi Facebook hién da co
hon 2,3 t§ thanh vien; tit ndm 2012 da c6 hon 140 t§ quan he[]). Gid sit G lien tuc ¢6 nhimg
thay ddi (them /bét) vé s6 lugng thue thé V (titc s6 lugng dinh) va thay doi vé s6 lugng quan
hé (tic sé lugng canh), chang han nhu v6i trudng hop mo hinh hoa cdc mang xa hoi hién
nay. Céc quan hé E gitta cac thic thé trong G duge mo hinh hoa khong xét dén trong s6 va
c6 huéng. Ttc mdi cap (u,v) € E xac lap mot quan hé u c6 anh huéng v, nhung chua xéc
lap chiéu ngudc lai. Viec mo hinh hoa nay ré rang hoan toan cé thé md rong dé gidi quyét

cac bai todn tong thé nhu véi quan hé vo huéng thi chi can bd sung thém canh (v, u) € E;

1Xem chi tiét tai trang https://mashable.com/2012/10/05/the-most-important-facebook-number-
140-billion/
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quan hé c6 trong s6 thi bo sung lién tiép cac dinh trung gian tuong tng véi trong sé ching

han.

Trong luan an nay, vdéi ngit cdnh néu trén, ching toi quan tam dén bai toan xit 1y céac
truy van dong thdoi, tim cach xac lap quan hé t6i wu nhat dé thanh vien w a4nh hudéng dén
thanh vien v trong do thi G c6 kha nang c6 thay doi lien tuc. Day chinh 1a bai toan hay
gdp trén cac mang xa hoi ma ¢ do, s6 lugng thanh vién (tic cac dinh) cling nhu s6 lugng
quan he (cac canh) c6 sy bién dong lien tuc (them mdi, tu huy...). Ngay trong qué trinh do
thi dang thay doi do, co thé cé rat nhiéu truy van danh gia mic do quan hé giita hai thanh

vién thong qua viéc xac dinh khodng cich ngan nhat gitta chiing.

3.2.1 M5 hinh d# liéu va truy van

Nhu chuong 2 da trinh bay vé 1y thuyét do thi va cac phuong phap bieu dién dit lieu do
thi dién hinh, v6i do thi c6 huéng khong trong s6 G = (V, E), méi dinh ctia do thi sé dugc
dinh danh bdi mot s6 ty nhién. Diéu d6 dan dén tap dinh v sé duge 4nh xa trong khoang gia
tri [0..(|V| — 1)]. Con déi v6i cac quan he E, c6 ba cach dé biéu dién (nhu trong muc 2.2):
(i) danh sich canh, (ii) ma tran lién ké va (iii) danh sich lién ké. V6i gia thiét xét cac do thi
c6 quy md 16n, viec biéu dién theo kiéu ma tran lién ké sé khong hiéu qua do vuot quéa dung
lugng khong gian bo nhd chinh trong cac hé thong tinh toan thong thuong (thuc vay, véi G
c6 1 trieu dinh thi ma tran lién ké ma mdi phan tit dude cap phat 1 byte thi khong gian bo
nhé can cho ma tran lién ké sé 1a 10° x 10° x 1 = 10'2B = 10TB; r6 rang khong thé dua
tron ven vao bo nhé chinh clia mot may tinh thong thuong). Cau tric danh sach canh tuy
don gidn nhung cac phép toan cap nhat do thi lai c6 do phiic tap tinh todn cao. Véi nhiing
phan tich d6, biéu dién cac canh do thi c6 quy mo lén dua theo danh sach lién ké 1a cach
tiép can phit hop nhat.

D6i v6i phuong phép biéu dién canh bing danh sach lién ké, c6 hai ki thuat dé t6 chic

danh sich lién ké nay:

e Danh sach cac dinh canh dén ctia méi dinh:
V6i moi dinh v, tat ca cac canh dén (incoming edges) dinh v trong do thi sé dugc luu

trong cing mot danh séch chita lien tiép céc dinh tuong ting (incoming edges).

e Danh sach cac dinh canh di ctia méi dinh:
Tuong tu nhu phuong phap biéu dién bang danh sach cac dinh canh dén ctia méi dinh,
cac canh F trong G sé dudc biéu dién bang mot danh sach cac dinh lien tiép di méi

dinh (outgoing edges).

D6i v6i cac phép toan tren do thi, thong thuong c6 thé quy vé céc phép toan co ban
doc-read va ghi-write dit lieu. Khi do, phép ghi dit liéu sé tuong tng vdi cac thao tac thém
hodc xo4a canh trong do thi; trong khi phép doc dit lieu do thi tuong ting véi cac thao tac
duyet, tinh khodng céch t6i wu hay phan tich do thi. Mdi phép toan doc/ghi dit lieu do thi
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n6i chung déu c6 thé duge coi nhit mot truy van (query) trong doé thi [I11]. Ngoai ra, hau hét

cac phép toan doc trén do thi déu lien quan dén viéc thi hanh phép toan hoac 1a duyét theo
chiéu sau truée-DFS, hodc 1a duyét theo chiéu rong truée-BFS [75]. Trong pham vi luan an
nay, ching to6i sé tap chung chinh vao céc phép duyéet do thi dé tim duong di ngin nhat giita
hai dinh. Phép toan nay tuong ting véi cac truy van tim mdi quan hé ngin nhat dé tiép can
mot thanh vién trong mang xa hoi, hodic 1a nén tang dé phan tich do thi.

V6i nhitng phan tich dé, cac phép toan trén do thi hoan toan cé thé duge mo hinh hoa
dira theo ba phép toan chinh sau:

Dinh nghia 3.1. Thém canh [A’ u v]: Day la phép todn hudng dén cap nhat/thay doi do
thi hién thoi G bang viéc bo sung thém mot canh khac tu dinh dau w dén dinh cudiv. Trong
truong hop canh (u,v) da ton tai trong tip canh E, do thi G sé khong thay doi. Néu mot
trong hai dinh (hodc cd hai) cia canh mdi chua cé trong do thi, V phdi duoc cap nhat, bo
sung thém dinh do.

Dinh nghia 3.2. Xod canh ['D’ u v|: Phép todn nay cé nhiém vu cap nhat do thi hién thoi
bang cdach loai b6 canh (u,v) trong tap canh E. Trong truong hop canh nay khong ton tai
trong do thi, G phdi dugc ddm bio khong cé su thay doi.

Dinh nghia 3.3. Truy van ['Q' u v]: Phép todn nay tuong iing vdi truy van tim khodng cach
ctia duong di ngdn nhat tw dinh dau w dén dinh cuoi v trong do thi G. Néu khong ton tai
duong di gitta chiing hodc mot trong hai dinh dé khong ton tai, két qud trd ve la -1. Ngodi

ra, khodng cdach ngdn nhat gitta bat ky dinh nao vdi chinh né luon bang 0.

V6i viec mo hinh ho4 cac thao tac do thi diya trén ba phép toan trén, phan 16n cic thao

tac trén do thi déu c6 thé dugce tién hanh thong qua ba phép toan doé.

3.2.2 Bai toan t6i wu hoa truy van khoang cach ngin nhat trén
do thi dong

Tit mo6 hinh dit lieu va thao tac néu trén, trong luan an nay, bai toan nghién citu t6i wu
héa truy van khoang céch ngdn nhat trén do thi dong dude phéat biéu nhu sau:
Xét do thi G = (V, E) tai thoi diém t c6 n phép todn tuong tranh (concurrent operations)
{op1, 0p3...,0p, }. Moi phép toan op; tuong wng vdi mot trong ba phép toan da dac ta & trén
va dugc biéu dién bing bo ba op; = (a,u,v;); trong dé a € A’/ D'/ Q'] la ki€u phép todn
thao tdac vdi cap dinh (u,v).

Yéu cau toi wu hoa truy van khodng cdch ngdn nhat dat ra la phdi tién hanh i@ lj n phép

todn dé mot cach nhanh nhat cé thé ma van dim bdo dudc tinh nhat qudn cia G doi vdi thit

tu thi hanh ching.
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Tuong tu nhu viéc xt 1y v6i cac giao téc tuong tranh (concurrent transaction) trong cac

hé quan tri CSDL hay cac tién trinh tuong tranh trong hé diéu hanh, tap cidc phép toan
tuong tranh trén G sé duge mo hinh hoa qua trinh xt Iy theo mot lich thi hanh S (schedule)
cac phép toan cap nhat va truy van khodng cach ngan nhat. Trong S, thi ty thi hanh moi
thao tac op; 1a rat quan trong, dic biét ddi véi cac phép cap nhat G c6 gay anh hudng dén

cac phép truy van khoang cach.

Dinh nghia 3.4. Lich thi hanh S = {op1, ops...,0p,}: La tap cic phép toan op; = (a;, u;, v;)
c6 thit ty trén do thi G, trong dé a € [[A') D'/ Q'] la kiéu phép todn thao tic vdi cap dinh

(u,v).

Hinh sau day minh hoa vi du xit Iy mot s6 lich thi hanh cac phép toan tuong tranh trong
mot do thi. Trong vi du nay, gid sit ban dau do thi G duge c¢6 4 dinh va 5 canh. Tai thoi
diém t, c6 tap 4 phép toan dong thai tren G (v6i 3 phép truy van Q va 1 phép toan them
canh), trong dé thit ty yéu cau thyc hién cac phép toan dé duge thé hien gidng nhu thi tu
cac phép toan trong lich S1. Khi do, cho du ¢6 ap dung nhitng phuong phap xi 1y song song
khac nhau, viéc thi hanh lich S1 ddm bao dugc tinh nhat quan néu [Q 1 3] =2; [Q 1 5] = 3
va [Q 5 1] = -1. Tuong ty nhu thé d6i véi lich S2 (véi 1 phép thém canh, 1 phép x6a canh
va 2 phép truy van), viec thi hanh S2 véi nhiing phuong phép khac nhau cling phai dam
bao két qua thu duge 1a nhat quan: [Q 1 3] =2 va [Q 1 3] = 4.

_ Lich §1 Két qua Lich 2 Két qui
Db thi G

Q13 2 A35
A45 3 Q13

. Q15 -1 . D23
Q51 Q13
F F

Hinh 3.1: Cac phép toan tuong tranh trén do thi

V6i mo hinh d6, viée giai bai toan da dat ra tuong ting véi viée tim lich thi hanh S’
tuong duong véi S dé khi thi hanh céc phép toan trong S’ thi thu duge cling tap két qua
truy van nhu khi thi hanh S nhung c6 thé thi hanh mot cach téi wu dé nang cao hiéu nang,
dong thoi van phai ddm bao tinh nhat quan ctia G. Ciing tuong ti nhu khai niem nhat quan
(consistency) trong co s6 dit lieu, tinh nhat quan ctia G duge dinh nghia nhu viéc ddm béo
dit lieu dd thi G chi dugc phép thay ddi theo ding mong mudn khi thi hanh cac phép toan
dong thoi S. Diéu do6 c6 nghia viéc thi hanh cac phép toan trong S cho du c6 tuong tranh
luon phai chuyén do thi G tit mot trang thai nhat quan dén mot trang thai nhat quan khac.

Viéc thi hanh t6i wu S’ can phai duge xay dung dua theo chién luge to chic dit lieu do
thi hop 1y két hgp véi phuong phap khai thac duge nhitng mo hinh kién tric may tinh hién
dai ngay nay (cu thé nhu khai thac hét cac tai nguyén multi-cores, multi-cpu, dung lugng
bd nhé cache 16n...).
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3.2.3 Cach tiép can giai quyét bai toan dit ra

Tit mo hinh bai toan do, viéc thye thi lich S dude ching toi tién hanh theo huéng xay
dung gidi phap thi hanh trén cac hé thong tinh toan da CPU, nhiéu 16i va c6 khong gian bo
nhé chinh 16n. Hién nay, cac he thong tinh toan c6 ho trg sé luong (threads) dong thoi ti
30-100 tuong doi thong dung. Hon nita, khong gian bo nhé chinh tit 128GB dén 1TB ciing
da rat pho dung. Chinh vi thé, cac giai phap clia chiing toi sé chi tap trung nghien ctu, deé
xuat nhitng gidi phap xi 1y cac lich thi hanh truy van tuong tranh trén cting mot hé thong
tinh toan, chua can phai md rong thi hanh trén cdc cum may tinh hay cac siéu may tinh.

Giai phap chinh trong viéc nang cao hiéu qua thi hanh S hién nay déu tap trung dén
viéc song song hoa xtt 1§ cac phép toan trong S. Trong chuong nay, ching toi sé dé cap chi

tiét ve cac gidi phap dude dé xuat trong viec x1t 1y song song lich thi hanh S nay.

3.3 Giai phap 1: akGroup

Dé tién hanh tap céc phép toan tuong tranh S trén G mot cach hiu qua, gidi phap
akGroup ma ching toi dua ra dya trén chién luge xit 1y véi ba ¥ tudng chinh:

1. xay dung cau trac dit lieu phit hgp dé nang cao ty 1é cache hit trong CPU:;

2. t6i gian khong gian tim kiém dua trén viéc lia chon linh hoat hang doi dé duyeét cac
dinh khi tién hanh gidi thuat bBFS; va

3. cai dat hieu qua co ché song song hoa bBFS dua trén bo thu vien CilkPlus.

Trong gidi phap nay, viéc thi hanh cac phép toan tuong tranh trong S dudgc tién hanh
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dura trén cach tiép can minh hoa bang giai thuat |3.1 sau day.

Thuat toan 3.1: akGroup: Giai thuat thi hanh lich .S
1 Function akGroup(G, S)

Input: DO thi G va lich thi hanh cac phép toan tuong tranh Sla, u, v];
Output: G duge cap nhat va danh sach Dist[.] chita khodng cach ngan nhat theo
S
2 query _num < 0 ;
3 | Khdi tao mang Q ; /* 1luu truy van tinh khodng céach */
4 | foreach (a,u,v) € S do
5 if a =" A’ then
/* Khéng cadp nhat G néu (u,v) da cé trong G */
6 if v € G.outgoingFEdges|u| then continue ;
/* Thi hanh truy vin trudc khi bd sung canh */
7 if (query num > 0) then exec queries(Q, Dist) ;
8 add__edge(u,v) ;
9 end
10 else if a« =’ D’ then
/* Khong cadp nhat G néu (u,v) khdng tdn tai trong G */
11 if v € G.outgoingFEdges|u| then continue ;
/* Thi hanh truy van truéc khi xoa canh */
12 if (query _num > 0) then exec queries(Q, Dist) ;
13 del edge(u,v) ;
14 end
15 else if a =" )’ then
16 ‘ Qlquery _num] < (u,v) ; query _num+ = 1;
17 end
18 end
19 if query num > 0 then
20 exec_queries(Q, Dist) ;
21 end
22 return Dist[.] ;

Trong giai thuat [3.1] cdc phép todn truy vin khoang cach ngén nhat trong lich S s& duge
tich liy lai trong mang . Viéc don cac phép toan truy van nay cho phép ching ta c6 thé
tién hanh song song céc truy van khoang cach dé khong anh hudng dén tinh nhat quan cia
do thi G.

D6i v6i cac phép toan cap nhat (a,u,v) trong lich S, ching sé duge bat dau bang cac
phép kiém tra su ton tai ciia canh dé trong G. Néu canh d6 da ton tai thi khong thi hanh
phép toan thém canh ntta. Va tuong ty, néu canh dé khong ton tai trong G, thi sé khong
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thi hanh phép xéa canh dé nita. Sau khi kiém tra xong, trudc khi thuc hién phép toan cap

nhat do thi (thém/xo4), cac truy van khoang cach ngdn nhat sé duge tién hanh trude, tranh
tinh trang phai kiém tra sau tinh ding din clia mot canh khi xét trong cac truy van lien
quan dén canh cap nhat. Diéu nay ciing cho phép toan bo cac phép toan cap nhat trong S
sé dude tién hanh theo ding thit ty xuat hién va do d6 luon dam bao dude tinh nhat quan
ctia G. Viéc thi hanh cac truy van tinh khoang cach sé dugc luu lai trong danh sach Q va sé
duge thuc hién song song trong exec queries().

Nhu vay, vé ban chat, viéc thi hanh lich S trong giai thuat dugc tién hanh theo ding
thit tu clia cac phép toan trong S. Vi thé, do thi G luon duge dam bio tinh nhat quin ca
trong va sau khi thi hanh lich S.

Phan sau day sé trinh bay chi tiét ba ¥ tudng chinh ctia gidi phap:

3.3.1 Cau tric d@ liéu do thi phit hop

Nhu da phan tich & trén, dit lieu do thi c6 thé duge biéu dién bang céc danh séch dinh
lién ké&. Tuy nhién, néu to chitc G theo kiéu |V| mang chita cac dinh lién ké dén hay di ctia
mdi dinh v € V thi khi cap nhat dit liéu, van c6 dit lieu do thi sé khong thé dam bao tinh
cuc bo (locality, titc duge cap phat trong bo nhé chinh lien tiép nhau).

Thong thuong, khi thi hanh lénh trong CPU, cé lénh va/hay du liéu sé duge tai tit khong
gian bo nhé chinh néu nhu chua c6 trong bo nhé déem cache trong CPU. D6 chinh 13 truong
hgp "cache miss" va nguge lai, néu lenh/dit lieu da c6 trong bo nhd cache roi thi goi la
"cache hit". Bo nh6 cache ctia CPU thudng dudc t6 chiic theo khéi c6 dung lugng 64B,
thong thuong dugc chia lam 2 dén 3 mic cache. Chinh vi thé, néu dit lieu can duge xit 1y
lien tiép ma dudc t6 chitc ¢6 tinh cuc bo thi sé tang dugc ty 1é cache hit khi thi hanh. Sy
khéac biet vé thoi gian khi xtt 1y tuong ting véi cac truong hgp cache miss/cache hit duge
minh hoa nhu théng ké trong bang [3.1F}

Bang 3.1: Thoi gian thao tac bo nhé

Chi phi (ns) Cha giai
Tham chiéu mic cache L1 0.5 > 2 ALU instruction latency
Du doan sai ré nhanh 3
Tham chiéu mic cache L2 4 8x L1 cache
Mutex lock/unlock 17
Tham chiéu bo nhé chinh 100 25x L2 cache, 200x L1 cache

V6i nhitng phan tich d6, dit lieu do thi can phai duge luu trit lien tiép nhau trong khong

gian bo nhd. Khi d6, méi khi truy cap mot dinh v, cdc dinh cling mitc v6i v sé c6 xac suat

2Thong tin them c6 thé doc tai http://people.eecs.berkeley.edu/ rcs/research/interactive_

latency.html
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da duge dua vao trong bo nhé cache cao hon. Gidm duge viéc truy xuat dén bo nhé chinh

ro rang sé nang cao duge hiéu qua trong xit Iy cic truy van do thi.
T ¥ tudng do, dit lieu dd thi G sé duge bicu dién nhu sau:

e Mdi dinh v sé duge dinh danh bang mot s6 tu nhien nam trong khoang [0..(|V] — 1)]

e Cac dinh dén/di cia mot dinh sé duge luu trit trong mot ving lien ké clia mot mang

tuong tng goi la incoming edges/outgoing edges.

e Viéc dinh vi va s6 lugng cac dinh lién ké clia v trong mang incoming edges / out-
going _edges d6 sé duge tién hanh dya theo mang chi muc incoming index / outgo-
ing index. Dé tang ty lé "cache hit", s6 dinh lién ké num va vi tri bat dau pos trong

incoming _edges | outgoing index s& dugc luu theo cap ké nhau (pos, num).

P thi ID cac

Mang céc dinh dén

N A W NP
A B B WD

Mang chi muc | o| o| o| 2| 2| 1| 3| 1|
cac dinh dén

IN
=

Chi muc D=1 D=2 ID=3 D=4
T T cla dinh ¥ @ 2
Vi tri bat dau D=0 SO dinh dén

Hinh 3.2: Minh hoa cu trac di lieu do thi

Dé phuc vu cho viéc duyét do thi theo ci hai chiéu, chiing toi sé tién hanh biéu dién G
v6i cd hai mang cac dinh lien ké dén va lién ke di. V6i phuong phap d6, do thi G sé c6 cau

tric dit lieu gom:

e incoming _edges,incoming _index kiéu Integer (4-bytes) dé biéu dién tat ci cic canh
theo kiéu dinh lién ké dén trong G, trong d6 incoming index dé luu cip vi tri va sb

lugng dinh lién ké (pos, num).

e outgoing edges,outgoing index ciing c6 kicu Integer dé biéu dién tat ca cac canh
theo kiéu lién ké di trong G. Tuong tu, cac cap (pos, num) duge luu trong mang chi

muc outgoing index dé xac dinh vi trif bit dau va sé dinh di ctia mbi dinh trong G.

Viéc stt dung ca danh sach lién ké dén va di cho phép duyét do thi theo ca hai huéng doéi
vli cac truy van tim dudng di theo gidi thuat bBFS[19)].
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3.3.2 Téi wu hoa cac phép toan cap nhat

Viéc cap nhat do thi G v6i cau tric dit lieu néu trén sé dude tién hanh qua cac thia tuc

thém va xo4 canh trén G.

3.3.2.1 Thém canh méi

Dua vao cau tric dit liéu néu trén, ching t6i xem xét hai ¥ tuéng chinh dé thuc hién viec

thém canh mdi nhu sau:

o Cap phat trudc bo nhd "bucket"”
Trong méang chita dinh lién ké, sau mdi 32 dinh sé c¢6 dy phong truée mot ving nhé dé
phuc vu thém cic dinh dén/di ctia canh méi. Viing nhé nay duge goi tat 1a BUCKET.
Gia tri mic dinh cia BUCKET la 8, ¢6 nghia la t6i da 8 dinh c¢6 thé duge bo sung vao

sau modi doan 32 dinh trong méang di lieu dinh lién ke.

e Dich vé cudi danh sdch
Dich toan bo cac canh dén/di lien quan dén hai dinh ctia canh thém méi vé cudi danh
sach chita cac dinh dén/di incoming _edges/outgoing _edges nhu minh hoa & hinh .

1| 2] 2 Thém mp’i
dinh dén

Mang céc dinh dén

Dich toan bo cac
dinh dén vé cu6i

Mang cac dinh dén 3

Mang chi muc
cac dinh dén

. . Chi muc D=1 D=2 D=3 D=4
Dbo6i chi muc bat dau Icga %inh

dinh dén = Tang thém 1

Hinh 3.3: Phép toan b6 sung thém canh trén do thi

Dura trén cac thit nghiem thyec té, ching toi thay ¥ tudng thit hai cho thoi gian thi hanh
hiéu qua hon so véi ¥ tudng thit nhat. Ly do nim chinh trong céch to chiic dit liéu ctia ching:
¥ tudng thi hai cho phép khéi tao duge méang chita cac dinh lién tiép nhau, trong khi véi y
tudng thit nhat, ching ta lai tao ra nhiéu khe trong (slots) trong danh sach dinh lién ke. T
d6 co thé dan dén t¥ lé "cache miss" cao hon so véi ¥ tudng thi hai.

Nhu da trinh bay ¢ dau muc, dé dam bao dude G luoén nhat quan trong qua trinh thi
hanh cic thao tac trong S, cic truy van khoang cach can phai duge thi hanh truée. T do,
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thit tuc them canh add_edge(u,v) vao do thi G dugc minh hoa nhu giai thuat :

Thuat toan 3.2: akGroup: Thém canh (u,v) vao do thi G

1 Function add _edge(u,v)

Input: G dugc biéu dién béi
mcoming _edges,incoming _index,outgoing _edges, outgoing index

Output: G duge cap nhat canh (u,v)

/* Cap nhat u vado ming 1idn k& dén incoming_edges */
2 incoming _index[v].num+ =1 ;
3 incoming_index[v].pos = incoming _edges.length ;
4 Chuyén cac dinh dén ciia v vé cubi incoming edges va thém u;

/* Cap nhat v vao mdng 1liédn k& di outgoing_edges */
5 outgoing _index[u].num+ =1 ;
6 outgoing _index[u].pos = outgoing edges.length ;
7 Chuyén cac dinh di tit u vé cudi outgoing edges va thém v ;

3.3.2.2 Xoa mot canh

Véi cau trac dit lieu do thi nhu da mo ta, phép toan xoa canh dugce thuyc hién don gidn
hon nhiéu so véi phép toan thém canh. Thao tdc nay chi can thuyc hién viéc gidm s6 dinh
dén/di trong mang chi muc va loai di dinh tuong ting ctia canh can xo4 trong danh sach dinh

dén/di incoming/outgoing _edges. Phép toan nay dugc minh hoa nhu hinh dudi day:

Dinh bi x6a

4

Mang cac dinh dén

Mang chi muyc ol o]s >l 1314l
cac dinh dén
\ Y J \ Y J Y J - v F N Y J
Chi muc D=1 ID=2 \ D=3 D=4
cta dinh - i
ID=0 Giam di 1

Hinh 3.4: Thi hanh phép todn xo4 canh trong do thi

Ciing tuong tu nhu phép toan thém canh, dé ddm bao tinh nhat quan va két qua truy
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van tra vé chinh x4c, néu viéc xoa canh liéen quan dén cac truy van tinh khodng cich ngin

nhat, toan bo cac truy van luu trong () sé duge thi hanh trude khi tién hanh xoa canh. T
do, thao tac xoa canh dugec minh hoa theo thuat toan sau:

Thuat toan 3.3: akGroup: Xo4 canh (u,v) trong do thi G

1 Function del edge(u,v)
Input: G duge biéu dién bdéi

mmcoming _edges,incoming index,outgoing edges, outgoing index; ()
chita danh sach cac truy van khoang cach hién thoi

Output: G khong con canh (u,v)

/* Cap nhat théng tin cac dinh dén */
2 Loai dinh u trong danh sach cac dinh dén ctia v trong incoming edges ;
3 mmcoming index.num— =1

/* Cap nhat thdéng tin céc dinh di */
4 Loai dinh v trong danh sach cac dinh di cta v trong outgoing edges ;
5 outgoing indexr.num— =1 ;

3.3.3 T6i uu cac truy van

Trong gidi phap nay, cac truy van tinh khodng cach ngan nhat gitta hai dinh sé duge tich
lu§ vao trong danh sach @ dé tién hanh song song trong hé théng tinh toan. Nhu da phan
tich ¢ chuong 2, BFS la giai thuat hicu qua nhat dé tinh khodng cach ngin nhat giita hai dinh
trong do thi khong trong s6, c6 huéng va c6 quy mo 16n. Tuy nhién, v6i truy van tinh khoang
cach ngdn nhat tit v dén v, dé nang cao hiéu qua thi hanh BFS, can phai tién hanh theo ca
hai chiéu di tit u va lan ngugc tit dinh dén v (giai thuat bidirectional BFS-bBFS) két hop vdi
ky thuat sit dung 1 bit dé luu vét da duyét trong hang doi [19][58]. Viéc thi hanh song song
@ sé dugc tién hanh theo cac k§ thuat tinh toan hiéu nang cao nhiam khai thac hét ning luc
tinh toan ctia cac hé théng tinh toan hién dai multicore, multi-CPU. Tt d6, viéc thi hanh
cac truy van trong Q sé dua vao gidi thuat tinh duong di ngan nhat ComputeShortestl(u,v)
va phuong phap song song hoé cac truy van trong Q.

3.3.3.1 Giai thuat tinh khoang cach ngin nhét

Viéc tinh khoang cach ngan nhat tit u dén v trong do thi c6 huéng khong trong s6 G
sé dya tren giai thuat bBFS. Y tudng chinh ctia bBFS la duyet BFS theo ci hai chiéu: tit
w duyét dan theo chiéu rong trudc va tit v lan ngude lén ciing theo chiéu rong. Qué trinh
duyeét chi két thic khi ton tai dinh ndm trong ca hang doi duyét ciia chiéu di va chieu dén.
Khi d6, khoang cach ngan nhat chinh la tong khoang cach tit v dén dinh nim chung dé va
tu dinh nay dén v.

Dé giam kich thuéce cac hang doi duyet BFS, chiing ta sé sit dung mot bit dé xac lap trang

Trang 53



CHUONG 3. TOI UU HOA TRUY VAN KHOANG CACH NGAN NHAT TREN DO THI
DONG
thai mot dinh & da duyet hay chua duge duyét trong G. Ngoai ra, viéc lira chon chiéu duyét

trong bBFS ciing sé 4nh hudng dén hi¢u nang thi hanh cia gidi thuat ComputeShortestl.
Qué vay, xét truong hop duyet BFS theo hai chidu nhu minh hoa & hinh [3.5] néu ching ta
chon chiéu duyéet dua vao s6 lugng dinh trong mdi hang doi di/dén nhu cong trinh [19] va
véi truy van tim duong di ngan nhat tit dinh nguon 1(src) dén dinh dich 9(dst). Khi do,
chiing ta chon hang doi di ciia dinh nguon 1 trude (vi chi ¢6 1 dinh con) va dinh di 3 sé& dugc
duyeét trude. Khi do, sé c6 (1+6=7) dinh dugc dua vao hang doi di va dinh dwa vao hang
doi dén (khi xét dinh dich 9).

Hinh 3.5: Duyét hai chiéu BFS dé tinh khoang cach ngan nhét

Dé gidm khong gian tim kiém (thong qua gidm s6 dinh phai duyét), ching toi da dé xuat
¥ tudng tinh chinh giai thuat bBFS véi chién luge phan tich § mitc sau hon nhu sau: khi xét
mdi dinh (miic 0) chiing ta sé chon chiéu duyét tiép dya trén hang dgi chidu nao c6 tong cac
dinh con (mtc 1) va cac dinh chau (mtc 2) bé nhat. Chang han, véi truong hop nhu minh
hoa & hinh , khi duyét dinh 1, hang doi di sé c6 1 dinh con miic 1 va 6 dinh chau mic
2, tong 1a 7. Trong khi d6, néu xét dinh 9 trude, hang dgi dén sé c6 2 dinh con mic 1 va
1 dinh chau mic 2, tong 1a 3. Nhu vay c6 thé thay néu ching ta chon chiéu dén dé duyet
dinh 9 trudc, chi can 2 lan duyét 1a ching ta da tim duge duong di ngan nhat; trong khi
néu ching ta chon duyét theo chiéu di tit dinh 1, ching ta phai duyét qua 7+2=9 dinh méi
tim duge duong di ngin nhat. Tit d6, c6 thé thay viec tinh toan chon chicu duyét dia trén
chién thuat da néu hieéu qua hon.

Toém lai, chién thuat duyet bBFS clia chiing toi doi v6i cac truy van tinh khodng cach

ngan nhat dugc mo ta nhu sau:

e St dung hai mang bitmaps di va dén dé mdi bit x4c lap trang théi dinh tuong ting vi
tri bit d6 da dugc duyét hay chua.

e Stt dung chién lIuge lya chon chiéu duyet BFS c6 ghi nhan thém s6 luong cac chau

trong hang dgi: theo chiéu di hay dén dua trén tong s6 dinh con va dinh chau ¢ méi
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hang dogi.

Tt d6, cac truy van tinh khodng cach ngan nhat trén G sé dudc thuce hién dya trén sy két
hop giai thuat § chuong 2 vé6i k¥ thuat stt dung mang bitmaps luu trang thai (nham giam
kich thuée hang dgi va tang ty ¢ cache hit) va chién luge duyét bBFS néu trén. Do thi G sé
dugc biéu dién bdi cac mang lién ké incoming edges, incoming index, outgoing edges,
outgoing index; cho phép duyét dugc theo ca hai chiéu. Hai mang bitmap incoming map
va outgoing map duge cap phat truée dé phuc vu luu vét cac dinh da duyet. Qua trinh thi
hanh cac budc chinh trong giai thuat tinh khodng cach ngan nhat duge minh hoa chi
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tiét trong ham ComputeShortestl sau day.

Thuat toan 3.4: akGroup: Giai thuat tinh khodng cidch ngén nhat (u,v)

1 Function ComputeShortestl(u,v)

Input: G dugc biéu dién béi incoming _edges,incoming index, outgoing edges, outgoing index;
incoming _map, outgoing map la hai mang bitmaps dé danh dau cac dinh da duyeét
Output: Gia tri la khodng cdch ngin nhét tit u dén v
2 if u == v then returnO ;
3 if (incoming num[v] == 0)or(outgoing num(u] == 0) then return-1 ;
4 in__queue < v; set_bit(v,in_map) ; /* khdi tao in_queue va danh diu da duyét v */
5 out _queue < u; set_bit(u,out _map ; /* khdi tao out_queue va danh diu di duyét u */
6 in_cost = 0;0ut_cost =0 ; /* khodng céch t8i/tit u/v */
7 count = 1;0ut_size = outgoing numl[u];in_size = incoming num/[v];
8 while (count > 0) do
9 if (out_size < in_size) then /* theo hudng di tit dinh ngudn */
10 out_size = 0;out_cost+ = 1;count =0 ;
11 while out queue not empty do
12 e < out_queue ;
13 foreach n € outgoing edges[e] do
14 if test bit(n,out map) then
15 if n == v then /* n 1a dinh dich */
16 ‘ Clear all bits of in/out maps; return out_cost ;
17 end
18 if test bit(n,in_map) then Clear all bits of in/out maps; return in_ cost + out_cost ;
19 out _queue < n;count+ = 1;out_size+ = outgoing num(n]; set bit(n,out map);
20 end
21 end
22 end
23 out size+ = count;
24 end
25 else /* theo hudng ngudc tit dinh dich */
26 in_size = 0;in__cost+ = 1; count = 0;
27 while in_queue not empty do
28 e < in__queue ;
29 foreach n € incoming edgese] do
30 if test bit(n,in_map) then
31 if n == u then /* m 1a dinh ngudn */
32 ‘ Clear all bits of in/out maps; return in_ cost ;
33 end
34 if test bit(n,out map) then
35 ‘ Clear all bits of in/out maps; return in_ cost + out_cost
36 end
37 in_queue < n;count+ = 1;in_size+ = incoming _num(n]; set _bit(n,in_map) ;
38 end
39 end
40 end
41 out _size+ = count;
42 end
43 end
44 Clear all bits of in/out maps ;
45 return-1 ;

3.3.3.2 Xit Iy song song truy van

Dé c6 thé tién hanh song song céc truy van tim khoang cach ngin nhat, giai phap cla

chiing toi dé xuat dya vio cac ¥ tudng sau:
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e Song song hoa qua trinh thuyc hién cic truy van tinh khodng cach trén cac luong khac
nhau chtt khong song song qué trinh tinh khodng cich ngan nhat. Cach tiép can nay
cho phép trong mdi luong, viéc tinh toan trén dit lieu do thi khai thac duge tinh cuc

bo dit lieu do thi, tit d6 nang cao dude hiéu nang bo nhé dém cache.

St dung hai hang d¢i toan cuc dé chita cidc dinh dén/di khi duyet do thi (goi la
incoming _queue va outgoing _queue); Viéc x1t 1§ truy van tim khoang cach ngan nhat
dugc tién hanh trong mot luong rieng biet va st dung mot mang incoming queue va

outgoing queue riéng cho luong do.

Hai mang toan cuc dé luu vét cac dinh da duyét (in_maps va out _maps). Hai mang
luu vét nay sé duge cap phat truée va moéi mang c6 kich thude 1a M“?va x thread Num

phan tit kiéu Integer (4-bytes) véi threadNum la s6 ludng song song, Max_V tuong

tng v6i s6 dinh 16n nhét c6 thé co trong do thi G. Viéec st dung bitmap dé danh dau
trang thai duyet dinh cho phép gidm kinh thuéc di 32 lan so vé6i viec st dung mot
tir kiéu Integer. Ngoai ra, viéc cap phat truéc hai mang nay tuong tng véi s6 luong
song song sé cho phép chiing ta giam thoi gian khéi tao hai mang nay. Dé tranh viec
phéi mat nhiéu thoi gian khdi tao cac mang nay khi kich thuée |V| 16n, in_maps va
out _maps sé phai dudc xoa hét trang thai da bat khi két thic dé c6 thé sit dung lai

trong lan truy van ké tiép trong luong do.

Giai phap song song sé dugc cai dat dya trén bo thu vién CilkPlus do Intel xay dung
[49]. Viec lya chon CilkPlus ciing da duge ching toi phan tich bang ca thyc nghigm
1an tham khéo céac cong trinh lien quan [59]. Ngoai ra, ching toi cling da tién hanh cac
thtt nghiem danh gia véi ca CilkPlus, OpenMP va pThread, cac két qua thit nghiém
ciing da minh chitng hiéu nang ctia CilkPlus 13 t6t hon so vé6i cd hai bo thu vién con

lai.

Tit d6, ham exec queries sé dude tién hanh theo gidi thuat sau:

Thuat toan 3.5: akGroup: Thi hanh song song cac truy van tinh khodng cich ngan
nhat trong G

1 Function exec _queries(Q, Dist)

Input: D6 thi G va tap cac truy van Q
Output: Danh sach Dist chita gia tri khoang cach ngan nhat tuong tng véi cac
truy van trong S
/* Thi hanh song song vong For s dung thu vién CilkPlus */
2 for i« = 0 to query _num do
s || o) < Qi
4 Distli] = ComputeShortestl(u,v);
5 end
6 return Dist[.] ;
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3.3.4 Danh gia thuat toan

Vé mit 1y thuyét, viec thi hanh lich cac phép toan dong thoi S theo phuong phap trude
khi thyc hién cac phép toan cap nhat thi tién hanh song song cac truy van khoang cach ngan
nhat luon dam bao duge tinh ding din ctia cic phép toan trén do thi. Ro rang 1y do nam
& cac phép toan cap nhat duge thuc hién tuan tu nén luon ddm bao tinh nhat quan cta do
thi. Trong khi cac truy van khodng cach ngan nhat, 1a cac truy van thuoc dang chi doc dit
lieu, luon duge thyc hién trén dit lieu do thi nhat quan nén luon ddm bao duge tinh ding
dan ctia viéc thi hanh lich S.

Tuy nhién, viéc to chiic dit lieu nhu da trinh bay trong gidi phéap néu trén nhin chung
chua mang lai hiéu qua cao trong viéc thi hanh cac phép toan cap nhat. Hon nita, viéc xit ly
di chuyén toan bo cac dinh lién ké vé cudi mang khi thi hanh nhiéu lan lai tao ra nhing khe
hong dit licu, lam giam ti 1é cache hit. Day ciing 1a 1y do khi chiing t6i mang gidi phap nay
tham gia cudc thi ACM SigMod Programming Contest nam 2016 thi chi dat giai Ba [97].

Déi v6i giai thuat tim dusng di ngdn nhat bBFS c6 st dung mang bitmaps dé danh dau
dinh da duyét va bo sung them chién luge lira chon dua vao tong sé con va chau ciia mbi dinh
da nang cao hiéu nang cua giai thuat khi thi hanh. Tuy nhién, do phtc tap tinh toan cta
gidi thuat ComputeShortestl van la O(|V| + |E|) v6i trudng hop toi nhat 1a phai duyét tat
cd dinh va canh ctia G méi tim duge duong di ngan nhat. Trong thic té, néu gid sit khoang
cach ngan nhat gitta hai dinh (u,v) 1a k va trung binh méi dinh v € G ¢6 b canh di/dén,
khi d6 néu tién hanh gidi thuat BFS thong thuong, ching ta sé phai duyét trung binh qua
s6 dinh 1a 1+ b+ b> + ... + b*, titc ¢6 do phiic tap 1a O(bk). Trong khi sit dung bBFS duyét
cé hai chiéu, s6 dinh can duyét trung binh sé 1a 2 + 2b + 2b% + ... + 2b§7 titc do phtc tap lac
bay gio chi con O(bg). Nhu vay, trong truong hop binh thuong, bBES ¢6 do phitc tap gidam
mot nita ham ma so véi BES.

Viéc danh gia thong qua thyc nghiem sé duge chung toi trinh bay chi tiét § muc 3.6 cia
chuong nay.

3.4 Giai phap 2: akGroupPlus

Nhu da danh gia so luge 6 trén, giai phap 1 khi xit 1y cac phép toan tuong tranh trong
lich thi hanh S trén do6 thi G chua thic syt hiéu qua & cac phép toan cap nhat. Day chinh la
dong luc chinh dé ching toi tiép tuc nghien ctu, dé xuat nhitng cai tién trong viec mo hinh
ho4 dit lieu do thi va cac phép toan tuong tranh doi véi bai toan da dat ra trong luan an.

Viéc cai tién giai phap 1 cling sé duge chiing toi thuc hién trén ca hai phuong dién: thay
doi cach thitc to chitc dit lieu cho phit hgp hon va 4p dung nhing ki thuat song song hoa
céc truy van mot cach hiéu qua hon doi véi ci cac phép toan cap nhat 1an truy van tinh

khoéng cach ngan nhat.
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3.4.1 T6 chic dit lieu dd thi kem trang thai

Trong giai phap 2 nay, dit lieu do thi sé ducc t6 chic dudi dang mang danh sach cac
dinh lién ké. Ching t6i sé khong to chiic don tat cd cAc mang lién ké thanh mot mang nhu
trong gidi phéap 1, thay vao d6 ching toi stt dung mang incomingEdges/outgoingEdges ¢
|V'| phan t ma mdi phan ti chita mot danh séach dinh lién ké dén hodc di.

Dé c6 thé song song hoa nhiéu truy van dong thoi, ching toi sit dung giai phap luu lai
vét cac canh duge cap nhat trong qua trinh thi hanh lich S. Day la ¥ tuéng da dugec nhém
H minor free[46] sit dung, véi viec mo hinh hoé céc canh béi 3 trang thai: ALIVE tuong
ting véi canh d6 ton tai trong G; DEAD dé thé hién canh d6 da bi xo4 khoi G vi UNKNOWN
dé thé hien canh d6 dang dugc cap nhat bdi cac phép toan trong S. Nhu vay, cac phép toan
cap nhat canh sé thiét lap trang thai UNKNOWN cho cac canh d6. Khi xtt 1y cac truy van
tinh khodng cach ngan nhat, néu gap canh c6 trang thai UNKNOWN, ta can phai xét ky
hon tht tur thi hanh cac phép toan trong lich S dé quyét dinh canh nay c6 duge st dung
hay khong. Két thic viéc thi hanh cac phép toan trong S ching ta méi tién hanh ghi nhan
chinh thic cac canh c6 trang thai UNKNOWN vé thanh ALIVE hay DEAD tuy thuoc vao
phép tinh cap nhat cudi cung lien quan dén canh d6. Viéc sit dung trang thai cac canh khi
thi hanh cac phép toan trong S c6 thé duge minh hoa nhu hinh sau day:

Trang thai canh

— ALIVE (blue)
Phép toin DEAD (red)
A53 UNKNOWN (green)
Q13 ét qui

Két qua

D23
Q13 :
: 4

oo ™ 4

o ; Thi hanh cac phép toan cip nhit Ghi nhin cac phép toan cip nhit
Do thi ban dau va truy van trén G

Hinh 3.6: Thi hanh cac phép toan tuong tranh cé thé hién trang thai

Néu ching ta thu hep pham vi chi xét dén nhitng do thi c6 s6 dinh |V| < 230 =
1.073.741.824 (titc chua xét dén nhitng do thi kiéu nhu Facebook chang han), khi d6, dinh
danh moéi dinh chi can dung 30 bits thay vi du 4-bytes nhu gidi phap 1. Khi d6, cac dinh
trong danh sach lién ké dén/di ctia m&i dinh c6 thé danh 2 bits cudi dé ma hoa trang thai
cta canh d6 (vi chi ¢6 3 trang thai).

T ¥ tudng dé, dit lieu do thi ciing sé duge to chiic theo ca chiéu di 1an chiéu dén nhu

Sau.

e (i) Mdi dinh duge dinh danh béng mot sb 4-bytes;
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e (ii) Cac dinh canh dén/di ctia dinh u sé& duge luu trong vector c6 sap xép thit tu tang

dan incoming Edges|u]/outgoing Edges[u]. Mdi phan t1t v kich thudc 4 bytes ctia vector
d6 sé duge ma hod nhu sau: 30 bits trai nhat dau tien dé dinh danh dinh dén/di; 2
bits con lai dé thé hien trang thai ctia canh (u,v) (ALIVE, DEAD, UNKNOWN c6
thé dugc gan tuong ting 1a 00, 01, 10 ching han). Ban dau, v6i méi (u,v) € E, gia
tri cdc dinh u/v duge luu trong incoming Edges|v]/outgoing Edges[u] v6i trang thai 2
bits cudi tuong tng véi ALIVE.

Viéec to chiic cac danh sach dinh lién ké theo cé chiéu di 1an chiéu dén sé cho phép chiing ta

duyét BFS theo cé hai chiéu[19)].

3.4.2 X1 ly cac phép toan tuong tranh

Dua vao phuong phap t6 chiic dit lieu do thi néu tren, viec thi hanh céc phép toan tuong
tranh trong S sé duge xit 1y theo cac bude sau:

e Luu lai c6 thit tu cac phép toan cap nhat vao mang Updates; cic phép toan truy van

duong di ngan nhat vao mang Queries;

e Tién hanh xtt Iy tuan tu cic phép toan cap nhat va danh dau céc canh dude cap nhat
ve trang thai UNKNOWN;

e Tién hanh xt 1§ song song cac truy van duong di ngan nhat;

e Cap nhat chinh thic trang théi cic canh lién quan dén cac phép toan cap nhat, tic
chuyén trang thai cac canh d6 tit UNKNOWN vé DEAD (néu bi xo4) hay ALIVE (néu
duge thém vao);
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Cac budc xtt Iy trén c6 thé duge minh hoa cu thé hon qua giai thuat duéi day:
Thuat toan 3.6: akGroupPlus: Giai thuat thi hanh lich S

1 Function akGroupPlus(G, S)
Input: Do thi G va danh sach S ¢6 n phép toan (a, u,v) véi ’a’ 1a phép toan

Output: G ghi nhan tat ci cap nhat trong S va danh sach khodng cach ngan
nhat Dist[.] clia tat ca truy van 'Q’
2 for t=0; t < n; t++ do

3 (a,u,v) = S[t];

4 if a =" Q' then

5 ‘ Queries.push _back(t,u,v) ; /* ddy bd (t,u,v) vido cubi Queries */

6 end

7 else

8 ‘ Updates.push _back(t,a,u,v) ; /* ddy (t,a,u,v) vao cubi Updates */

9 end

10 end

11 UpdateSerial(Updates) ; /* Cap nhat trang thai cic canh theo gidi
thudt [3.7] */

12 Dist[] = ParallelQuery(Queries) ; /* Thi hanh song song céc truy vén

tinh khodng cich ngin nhit ’Q’ theo gidi thuat |3.11] */

13 CommitSerial(Updates) ; /* Ghi nh&n cdc canh thém/x04 trong G theo
gidi thuat (3.8 */

14 return Dist[.] ;

Trong gidi thuat nay, méi bo khi dua vao ca hai vectors Queries va Updates déu kem
theo mot tham s6 nhan thoi gian ¢ dé xac dinh thit ty phép toan trong lich S. Tham sb nay
sé dugc sit dung trong cac giai thuat cap nhat va tinh khoang cach dé xac dinh trang thai
chinh xac mdi canh UNKNOWN tai thoi diém xtt Iy méi truy van tinh khoang cach.

Veé tinh dung dén ctia gidi thuat c6 thé thay tat ca cac dinh cap nhat lien quan dén
phép toan truy van khoang cach ngan nhat déu dugc kiém tra, xac dinh lieu ¢6 thé xét dinh
do6 trong phép toan do6 hay khong. Vi thé, tat ca cic phép toan trong S luon duy tri duogc
tinh nhat quan ctia do thi G va két qua cac phép toan truy van khodng cich tra vé 1a hoan

toan gidng nhu thi hanh lich S mot cach tuan tu.

3.4.3 Tbi uwu hoa cac phép toan cap nhat

Tat ca cac phép toan cap nhat (them/xo4) canh trong vector Updates sé duge thi hanh
bang cach cap nhat trudc tien trang thai UNKNOWN déi véi cac dinh lien quan dén céac
canh thém/xo0a trong incomingFEdges/outgoingFEdges. Viéc ghi nhan chinh thitc cdc phép
toan cap nhat sé duge tién hanh sau khi da hoan thanh qua trinh x1t Iy cac truy van khoang

cach ngan nhat trong Queries. Trong qué trinh xit 1y cac truy van d6, nhan thoi gian sé
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duge sit dung dé xac dinh khi nao thi ghi nhan cac canh ¢6 trang thai UNKNOWN.

Thuat toan 3.7: akGroupPlus: Cap nhat cac canh trong lich S

1 Function UpdateSerial(Updates)

Input: Updates: vector chita cac phép toan cap nhat kem nhan thoi gian
(t,a,u,v); do thi G;

Output: G duge cap nhat trang thai mot s6 canh bdi Updates

2 foreach (t,a,u,v) € Updates do

3 if a =="A’ then

4 ‘ InsertNode(outgoing Edges[u], v); Insert Node(incomingEdges|v], u) ;

5 end

6 else

7 ‘ RemoveN ode(outgoing Edges|u], v); RemoveN ode(incomingEdges[v],u) ;
8 end

9 end

Trong giai thuat nay, ham InsertNode(sortedVector,v) c¢6 chiic nang bo sung dinh v
vao ding vi tri tuong tng véi gid tri v trong vector sortedV ector duge sap xép theo thi tu
dinh tang dan. Viéc st dung vector c¢6 thit tu nay cho phép tim nhanh duge vi trf can bo
sung, hogc phéi loai bo (st dung tim kiém nhi phan). Néu v da c6 trong sortedVector va c6
trang thai ALIVE, InsertNode sé khong thay ddi vector sortedV ector. Néu khong, v sé dugc
thiét lap trang thai UNKNOWN dé trong ca hai trudng hgp v chua c6 trong sortedVector
va v c6 nhung trang thai khong phai ALIVE. Viéc xac dinh trang thai UNKNOWN dé cho
phép chiing ta danh dau can phai xét dinh v k§ hon (cu thé 1a dya vao thi tuy trong lich thi
hanh) dé c¢6 ghi nhan hay khong khi thi hanh cac phép toan.

Tuong tu, ham DeleteNode(sortedV ector,v) ddm nhiém viéc cap nhat trang thai loai
bé mot canh tuong tng véi dinh v trong sortedVector. Néu dinh v khong ton tai trong
sortedV ector hodc c6 ton tai nhung trang thai ctia v 1a DEAD, sortedV ector sé khong doi.
Nguogc lai, dinh v sé duge gan trang thai UNKNOWN trong sortedV ector.

Hai vectors toan cuc incomingSum[v] va outgoingSum[v] dugc sit dung dé Iuu s6 lugng
tat ca cac dinh di va cac dinh dén v da duge dua vao danh sach dinh lién ké tuong tng
incomingEdges[v] va outgoingEdges[v]. Cac tham s6 nay sé dugde sit dung dé phuc vu cho
viec Iya chon chiéu duyét trong giadi thuat bBFS dé thuec hién céc truy van tinh khodng céch
ngan nhat. Trong qua trinh thi hanh gidi thuat hai vectors nay sé chua duge cap nhat
lai ma chung chi duge cap nhat sau khi da ghi nhan thyc sy cac canh thém mdéi hay xoa
di trong G. Viéc cap nhat sau nay c6 thé khién cho gia tri s dinh con va chau khi xét Ia
chon huéng di ctia bBFS khong thuc sy chinh xac. Tuy nhién, ching ta sé chap nhan cac gia
tri tuong déi d6 dé dam bao cac gia tri nay la khong doi khi thi hanh cac truy van khoang
cach, tit d6 cho phép song song hoa dugc tap 16n hon céc truy van khoang cach.

Sau khi cac truy van tinh khoang cach da dugc thi hanh xong, viéc ghi nhan chinh thiic
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trang thai cac canh duge cap nhat trong Updates sé duge thé hien qua thuat toan duéi

day. Cac vectors incomingSum va outgoingSum ltc nay méi duge cap nhat lai cac gia tri

chinh xéc dua vao cac phép thém/xoa canh trong Updates.

Thuat toan 3.8: akGroupPlus: Ghi nhan cac phép toan cap nhat
1 Function CommitSerial(Updates)

Input: Updates chiia cac phép toan cap nhat (¢, a,u,v); do thi G v6i mot sd canh
c6 trang thai UNKNOWN;
Output: GG va hai vectors incomingSum, outgoingSum duge ghi nhan béi
Updates
2 foreach (t,a,u,v) € Updates do
3 if a =="A’ then
4 CommitAdd(outgoingEdges|u],v) ;
5 outgoingSum/|u]+ = outgoingEdgelv].size() ;
6 Commit Add(incomingEdges[v],u) ;
7 incomingSum[v|+ = incomingEdges|u].size() ;
8 end
9 else
10 Commit Delete(outgoing Edges|u], v) ;
11 outgoingSum|u]— = outgoing Edge|v].size() ;
12 CommitDelete(incoming Edges[v], u) ;
13 incomingSum[v|— = incomingEdges|u].size() ;
14 end
15 end

Trong giai thuat nay, cac ham CommitAdd va CommitDelete ddm nhiém viéc ghi nhan
thue sy trang thai ALIVE hay DEAD tuong ting v6i phép toan cap nhat. Viéc thi hanh hai

ham nay cling dugc tién hanh trén ci hai mang vectors outgoingEdges va incomingEdges.

3.4.4 Téi wu hoa cac truy van tinh khoang cach ngin nhét
3.4.4.1 Giai thuat tinh khoang cach ngin nhét

Tuong tu nhu giai thuat tinh khodng cach ngin nhat dya trén phuong phap duyét
theo chiéu rong trude ca hai huéng (bBFS), viec xit 1y cdc truy van tinh khodng céch
ngan nhat trong gidi phap nay clia chung toi ciing dya trén bBFS. Chién lugce lya chon
chieu duyét ciing tuong tw nhu trong giai thuat [3.4/ [DPH1]. Ngoai ra, cdc mang bitmaps
incomingMaps/outgoingMaps) ciing duge sit dung trong moi ludng dé luu vét dinh da duyst
trong bBFS. Viéc xac dinh sit dung hay khong sit dung cac canh ¢6 trang thai UNKNOWN
hoan toan dya vao thit ty ciia truy van va dugde giao pho cho ham IsEdgeAlive(n, e, state, t)

V6i nhitng tu tudng do, viec thi hanh truy van tinh khodng cach ngan nhat gitta hai dinh
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u, v s¢ duge minh hoa bang thuat toan sau day:

Thuat toan 3.9: akGroupPlus: Tinh khoang cach ngian nhat gitta (u,v)

1

w

© W N o oA

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7

Function ComputeShortest2(t, u, v)
Input: (¢,u,v): truy vin (u,v) tai thai diém t; inMap, out Map: mang dé luu vét duyet; inQueue, outQueue:

hang dgi dé luu cac dinh chudn bi duyét; incomingSum, outgoingSum va doé thi G

Output: gia tri khodng cich ngin nhét tit v dén v

if u == v then returnO ;

if (incomingEdges[v].size() == 0) || (outgoingEdges[u].size() == 0) then Return -1 /* khdng cé dudng di tit
u dén v */;

inQueue < v; setBit(v,inMap) ; /* khdi tao inQueue vi dénh diu da duyét v */

outQueue <+ u; setBit(u, outMap) ; /* khdi tao outQueue va danh diu di duyét u */

inCost = 0,outCost =0 ; /* khdi tao khodng cach tit/dén u/v */

outSize = outgoingSum/(u]; inSize = incomingSum|[v] ;
while (outSize > 0)&&(inSize > 0) do
if (outSize < inSize) then /* theo hudng duyét céc dinh di outQueue */
outSize = 0; outCost+ =1 ;
while outQueue not empty do
e + outQueue ;
foreach n € outgoingFEdges|e] do
if ltest Bit(n, out Map) then
state = GetState(n) ; /* x&c dinh trang thai dinh u */
if (state==ALIVE)||((state& UNKNOWN) && IsEdgeAlive(e,n,state,t)) then

if testBit(n,inMap) then

‘ Clear all bits of inMap & outMap; return inCost + outCost ;
end
outQueue < n; set Bit(n, out Map) ;

end

end

end

outSize+ = outgoingSumle] ;
end
end
else /* theo hudng dén inQueue */
inSize = 0;inCost+ =1 ;
while inQueue not empty do
e + inQueue ;
foreach n € incomingEdges[e] do
if ltest Bit(n,inMap) then
state = GetState(n) ; /* x8c dinh trang thai dinh u */
if (state==ALIVE)||((state& UNKNOWN) && IsEdgeAlive(n,e,state,t)) then

if testBit(n,outMap) then

‘ Clear all bits of inMap & outMap; return inCost + outCost ;
end
inQueue < n; setBit(n,inMap) ;

end

end
end

inSize+ = incomingSumle] ;

end

end
end
Clear all bits of inMap & outMap ;

return-1 ;

Trong giai thuat nay, ham setBit(v, map) ddm nhiém gan gia tri 1 cho bit tai vi tri v

trong mang map. Trong khi d6 ham test Bit(v, map) tra vé gia tri bit tai vi tri v trong méng
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map. Viéc xac dinh trang thai cia mot dinh u (dua vao 2 bits cuéi) sé dugc xac dinh thong

qua ham GetState(u) (v6i cai dit dua trén cac phép dich bits dé tra vé 2 bits cudi).

D61 v6i cac canh c6 gia tri trang thai UNKNOWN (titc cac canh dang duge cap nhat
thong qua cac phép toan trong S), ching ta sé dya vao nhan thoi gian ¢ clia truy van so vdi
cac phép toan cap nhat trong Updates dé quyét dinh st dung hay khong st dung canh dé.
Y tudng d6 sé duge cai dit trong ham IsEdgeAlive(u, v, t, state) nhu minh hoa duéi day:

Thuat toan 3.10: akGroupPlus: Kiém tra mot canh (u,v) c6 duge ghi nhan & thoi

diém t hay khong

1 Function IsEdgeAlive(u,v,t, state)

Input: Bo (u,v, state,t) gom canh (u,v) véi trang thai hién thoi state tai thoi
diém t; Updates

Output: TRUE néu (u,v) duge ghi nhan tai thsi diém ¢; FALSE néu khong

2 i = lower _bound(Updates, (u,v,t,0)) ;

3 if i == Updates.begin() then return (state&l) ==0 ;
4 (lu, v, la,lt) = Updates[i — 1] ;

5 if (u == 1lu && v ==1v) then return (la=="A") ;

6 return (state&1) ==0;

Trong giai thuat nay, ching ta st dung ham lower bound da dugc cai dat trong cac thu
vien chuan C++. Ham nay cé chiic ning tim (dua trén giai thuat tim kiém nhi phan) va tra
vé con tro iterator tré t6i phan tit dau tién trong mang da dudc siap xép Updates ddm bao
khong nho6 hon bo (u,v,t,0). Véi truong hop dau tien (i == Updates.begin()), canh (u,v)
khong xuat hién trong tap cac phép toan cap nhat Updates. Tit d6, canh nay sé dugc st
dung trong cac phép toan tinh khodng canh néu ¢ trang thai ALIVE hoic UNKNOWN (ttic
(state&1) == 0 tra veé gia tri TRUE). Néu tim dugce bo (u, v, t,0) trong Updates, canh (u,v)
sé chi duge st dung néu nhu phép toan tuong ting véi bo dé trong Updates 1a "A’ (phép
thém canh).

Nhu vay, c6 thé khang dinh duge giai thuat cho phép tinh duge chinh xéac tai thoi
diém thi hanh trong lich S khoang céch ngin nhéat giita v va v. Diéu nay ciing nhu két qua

thuc nghiem & muc 3.6.3.3 cho phép khing dinh dugc tinh ding din ctia giai thuat nay.

3.4.4.2 Xit ly song song truy van

V6i tap céac truy van da duge luu trong vector Queries, ciing tuong tir nhu da phan tich
trong muc trén, bo thu vien CilkPlus dugc sit dung dé cai dat tinh toan song song céc truy
van trong Queries. Mot diém cling dang nhan manh & day la ching t6i vAn st dung céc
mang toan cuc inMaps va outMaps dude cap phat bo nhé truée véi so bits tuong ting véi
s6 dinh nhan vé6i s6 ludng c6 thé thi hanh trén hé théng tinh toan. Khi d6, méi ludng thi
hanh cac phép tinh khodng cach ngan nhat sé hoat dong doc lap trén mot ving dit liéu cla

cac mang toan cuc ndy. Y tudng nay ciing duge cai dit tuong tu véi cac hang doi inQueue
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va outQueue.

Tt d6, viec xtt Iy song song cac truy van khoang cach trong Queries duge tién hanh nhu
trong giai thuat duéi day:
Thuat toan 3.11: akGroupPlus: Thi hanh song song cac truy van khodng cach ngan
nhat trén do thi G
1 Function ParallelQuery(Queries)

Input: Queries chita cic truy van khodng cach (u,v) tai thai diém t; do thi G
Output: Danh sach Dist|.] chita cdc khoang cach tuong ting
/* Thi hanh song song vong For su dung thu vién CilkPlus */
2 for i =0;i < Queries.size();1 + + do
3 (u,v,t) < Queries|i] ;
4 Dist[i] = ComputeShortest2(u,v,t) ;
5 end
6 return Dist[.];

3.4.5 Danh gia thuat toan

Viéc thi hanh lich S theo gidi phap nay van dam bao dugc tinh ding dan va tinh nhat
quan ctia do thi G. That vay, mdi phép cap nhat canh trong S luon Trong gidi phap nay,
viéc thi hanh lich S ciing luon ddm bao dugce tinh ding dan ciing nhu tinh nhat quan cia
do thi G. That vay, mdéi phép toan cap nhat canh trong S luon chuyén trang théai canh do
vé UNKNOWN. Tuy nhién, trong qué trinh tinh khoang cdch ngan nhat khi thi hanh song
song, viec canh dé6 c6 duge st dung hay khong (thong qua ham IsEdgeAlive) sé duge xéac
dinh dya vao nhan thoi gian ¢ (tuong tng vé6i thit tuw phép toan cap nhat so véi cac phép
toan tinh khoang cach ngan nhat). Tt d6, cac phép tinh khodng céch ngdn nhat luon duge
thiic hién trén nhitng dit lieu do thi nhat quan va cho cac két qua nhu mong dgi.

V6i viée t6 chiic dit lisu dd thi cho phép nhing luoén trang thai méi canh vao trong 2 bits
khong dugc stt dung (da phan cac do thi/mang hién nay déu c6 s6 dinh khong vigt qua mot
ty, ngoai trit Facebook), viéc tién hanh cac phép toan cap nhat duge trién khai tuong doi
thuan 1gi so véi gidi phap 1. Trong cac phép toan d6, cong viéc chinh 1a tim dén vi tri danh
sach dinh lién ké da duge sdp xép tang dan (do phiic tap O(log(n))) va cap nhat trang thai.
Viéc khong xoa thuc su dinh trong danh sach lién ké gitp tranh phai t chic lai danh séch
dé. Ngoai ra, viéc t6 chiic theo cach thitc nay ciing mang lai hieu qua déi véi cac phép toan
x04 canh roi sau dé lai thém lai chinh canh dé chang han.

D6i véi giai thuat tim duong di ngan nhat, do phitc tap ctia ComputeShortest2 trong
truong hgp toi nhat van 1a O(|V| + | E|). Tuy nhién, cling gidng nhu trong giai phap 1, néu
tinh trung binh méi dinh ¢6 b canh dén/di va khoang cach ngén nhat trung binh 1a k, khi
d6 do phiic tap trung binh clia gidi thuat nay van la O(b%).

V6i viée stt dung trang thai UNKNOWN dé danh dau cac canh can phai cap nhat trong
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lich S, qua trinh xtt 1§ cac truy van, ltc bay gio, c6 thé dudc tién hanh song song véi toan bo

cac truy van trong S. Day ciing 1a uu diém ctia phuong phap nay so véi phuong phap 1 néu
tren (co the bi ngat quang khi gap cac phép toan cap nhat). Va khi tién hanh thyc nghiem,
hiéu nang clia gidi phap nay tot hon so v6i akGroup trong gidi phap 1 (chi tiét duge trinh
bay trong muc 3.6 ciia chuong nay).

3.5 Giai phap 3: bigGraph

3.5.1 Y twdng chinh

Dura trén gidi phap akGroupPlus, ching toi nhan thiy 13 ngay c cac phép toan cap nhat
ciing ¢6 thé duge thi hanh song song néu dam bao céc thao tac cap nhat tren danh sach lién
ke outgoingEdges|vy] /incomingEdges|v;] phai dugc thi hanh tuan ty trén mot luong ¢ rieng
biet. Tt d6, néu ching ta thi hanh song song thread Num ludng, ching ta cé thé tién hanh
xit Iy dong thai thread Num phép toan cap nhat trén thread Num danh sich cac dinh lién
ké c¢6 dinh danh khac nhau ma khong can phai sit dung bat ky ki thuat kiém soat tuong
tranh nao. Y tudng nay duge minh hoa nhu trong hinh dudi day:

Danh sach dinh di

46 [D2 4] — ThreadID 2

W O — W

8 9 [A 6 8] ThreadID 6
[A 6 9] '

O 1 W — n

Hinh 3.7: Song song cac phép toan cap nhat do thi

Trong hinh doi v6i cac phép toan cap nhat danh sach dinh di 6, chiing ta can phai
thi hanh tuan tu dé ddm béo tinh nhat quan ctia do thi G (hoic khong phai xit 1y tuong
tranh). Tuy nhién, r6 rang cac phép toan cap nhat danh sach céc dinh di ctia dinh 2 va 6 ¢6
thé tién hanh song song doc lap véi nhau ma khong anh huéng dén tinh nhat quan cia G.

V6i § tuéng do, giai phap bigGraph duge xay dung hoan toan diyra trén giai phap 2,
nhung bd sung them k§ thuat song song cac phép toan cap nhat. Khi dé, lich thi hanh cac
phép toan tuong tranh S sé duge xit Iy theo cac bude sau:
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e Luu lai c6 thit tu cac phép toan cap nhat vao mang Updates; cic phép toan truy van

duong di ngan nhat vao mang Queries;

e Tién hanh xi 1y song song cic phép toan cap nhat va danh dau céc canh duge cap

nhat vé trang thai UNKNOWN véi v tuéng: mé numT hreads luong dong thoi; viec

cap nhat danh sach dinh lién ké ctia v chi dugc phép tién hanh trén luong thit v mod

numT hreads.

e Tién hanh xit 1y song song cac truy van dudng di ngan nhat;

e Cap nhat chinh thtc trang thai cdc canh lién quan dén cac phép toan cap nhat, tic
chuyén trang thai cac canh d6 tit UNKNOWN vé DEAD (néu bi xo4) hay ALIVE (néu
duge thém vao) theo phuong phép xit Iy song song véi cung § tudéng néu trén;

Céc bude xit Iy trén c6 thé duge minh hoa cu thé hon qua giai thuat dudi day:

Thuat toan 3.12: bigGraph: Giai thuat thi hanh lich S

1 Function bigGraph(95)

10

11

12

13

14

end

thuit

end

else

end

Input: Do thi G va danh sach S ¢6 n phép toan (a,u,v) véi ’a’ 1a phép toan
Output: G ghi nhat tat cd cap nhat va danh sach khodng cach ngan nhat Dist|[.]

clia tat ca truy van 'Q’

3.13

for t=0; t < n; t+4 do
(au,v) = S[t] ;
if a =" Q' then

‘ Queries.push _back(t,u,v) ; /* ddy bd (t,u,v) vdo cubi Queries */
‘ Updates.push _back(t,a,u,v) ; /* ddy (t,a,u,v) vao cudi Updates */

UpdateParallel(Updates) ; /* C3p nhit trang th&i cic canh theo gidi

*/

Dist[] = ParallelQuery(Queries) ; /* Thi hanh song song céac truy vén
tinh khodn cich ngdn nhit ’Q’ theo gidi thuat [3.11] =/
CommitParallel(Updates) ; /* Ghi nh3n cac canh thém/xo0a trong G

theo gidi thudt (3.14] */

return Dist[.] ;

Nhu vay, trong gidi phap niy, ching ta sé diing lai toan bo cach tiép can xit 1y song song

cac truy van trong gidi phap akGroupPlus.
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3.5.2 Giai thuat song song hoa cac phép toan cap nhat

Nhu da phan tich 6 trén, cac phép toan cap nhat sé dugc song song hoa dya trén y tudng:
md numThreads luong dong thoi; viec cap nhat danh sach dinh lién ké ctia v chi duge phép
tién hanh trén luong thtt v mod numT hreads.

Cac giai thuat cap nhat mdi sé duge trinh bay cu thé dudi day:

Thuat toan 3.13: bigGraph: Song song hoé cac phép toan cap nhat trong S

1 Function UpdateParallel(Updates)

Input: Updates: vector chita caAc phép toan cap nhat kém nhéan thoi gian (¢, a,u,v); dd thi G; threadNum la s
ludng t6i da mudn thi hanh song song cac phép cap nhat
Output: G dudc cap nhat trang thai mot s6 canh béi Updates
/* Thi hanh song song vong For st dung thu vién CilkPlus v8i outgoingEdges */
2 for w=0;w < threadNum;w + + do
3 foreach (t,a,u,v) € Updates do
4 if © mod threadNum == w then
5 if a =="A’ then
6 ‘ InsertNode(outgoing Edges|u],v) ;
7 end
8 else
9 ‘ RemoveN ode(outgoingEdges[u], v) ;
10 end
11 end
12 end
13 end
/* Thi hanh song song vdng For st dung thu vién CilkPlus véi incomingFEdges */
14 for w=0;w < threadNum;w + + do
15 foreach (¢,a,u,v) € Updates do
16 if v mod thread Num == w then
17 if a =="A’ then
18 ‘ InsertNode(incomingEdges|v],u) ;
19 end
20 else
21 ‘ RemoveN ode(incomingEdges[v], u) ;
22 end
23 end
24 end
25 end

Trong giai thuat nay, hai vong For long nhau dam nhiém viéc mé thread Num luong khac
nhau, vd mdi phép cap nhat dinh v chi duge tién hanh trong ludng c6 dinh danh w néu dam
bao vmodthread Num == w. VG6i rang budc do, hai vong lap nay ro rang chi cho phép thuc
hién duy nhat mot 1an cap nhat mdi bo trong Updates. Didu nay cho phép khang dinh duge
tinh dang dan ctia gidi thuat nay khi thi hanh cidc phép toan cap nhat trén do thi G.

Con ddi véi viec ghi nhan thuc sy cac phép toan cap nhat sau khi da tinh xong cac truy
van tinh khodng cach ngén nhat, ham CommitParallel dude minh hoa nhu gidi thuat
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duéi day:

Thuat toan 3.14: bigGraph: Ghi nhan cac phép toan cap nhat

1 Function CommitParallel(Updates)

10

11

12

13

14

15

16

17

18

19

20

21

Input: Updates chiita cac phép toan cap nhat (¢, a,u,v); do thi G v6i mot sd canh
c6 trang thai UNKNOWN;

Output: G va hai vectors incomingSum, outgoingSum duge ghi nhan bdéi

Updates

/* Thi hanh song song vong For st dung thu vién CilkPlus */

foreach (t,a,u,v) € Updates do

if a =="A’ then

CommitAdd(outgoingEdges|u],v) ;

CommitAdd(incoming Edges|v], u) ;
end

else

CommitDelete(outgoing Edges|u],v) ;
Commit Delete(incoming Edges|v], u) ;

end

end

foreach (t,a,u,v) € Updates do

if a =="A’ then

outgoingSum|ul+ = outgoing Edge[v].size() ;

incomingSum[v|+ = incomingEdges|u].size() ;

end
else
outgoingSumlu]— = outgoing Edge|v].size() ;
incomingSum|v]— = incomingEdges|u].size() ;
end
end

Trong gidi thuat nay, ching ta tién hanh song song cac phép toan ghi nhan cap nhat

tréen G thong qua cac ham CommitAdd va CommitDelete gidng nhu trong gidi phap 2

akGroupPlus. Tuy nhién, viéc cap nhat cac gia tri tong sé dinh con dugc tach rieng dé tranh

phai xit Iy tuong tranh. Cac phép toan nay thuc hién tuong déi nhanh nén duge tién hanh

tuan t ma khong can phai xit I song song.

3.5.3 Danh gia thuat toan

D6i v6i giai phap nay, ro rang viéc thi hanh lich S cling cho két qua ding dan va dam

bédo dugc tinh nhat quan ctia do thi G. That vay, gidi phap bigGraph diya hoan toan trén
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akGroupPlus, chi khac biét 6 kha nang song song hoa ca qua trinh thi hanh cac phép toan

cap nhat. Dya trén cau tric dit lieu do thi dang lién két lién ke, viéc thi hanh cap nhat canh
(u,v) o rang chi &nh hudng dén cidc mang outgoing Edges[u] va incomingEdges|v]. Tt do,
néu cac phép toan cap nhat dong thoi can phai tién hanh trén nhiéu dinh khac nhau thi
chiing c6 thé thi hanh song song ma khong anh hudng dén tinh nhat quéan cia dit lieu do
thi G.

Vé mit 1y thuyét, gidi phap bigGraph c6 do phitc tap tinh toan tuong duong véi giai
phap akGroupPlus. Tuy nhién, v6i viec bo sung théem phuong phép song song hoé cac phép
toan cap nhat, thoi gian thi hanh cac phép toan tuong tranh trong S chic chin sé hieu qua
hon so v6i akGroupPlus. Thite nghiém trong muc 3.6 ctia chuong nay da minh chiing khing
dinh nay.

3.6 Thuc nghiém va danh gia

Trong phan nay, ching toi sé trinh bay cac két qua thuyc nghiém danh gia cac gidi phap
mo hinh hoa cac phép toan tuong tranh trén do thi da dugc trinh bay & trén.

3.6.1 MGoi truong va dut liéu thuc nghiém
3.6.1.1 Mobi truong thit nghiém, danh gia

Ba giai phap da trinh bay trong chuong 2 da duge ching t6i tién hanh thi nghiém danh

gia trén nhidu moi trudng tinh toan khac nhau, cu thé nhu sau:

e Giai phap akGroup da tham gia cudc thi ACM SigMod Programming Contest 2016,
duge thuce nghiém trén hé thong tinh toan véi cau hinh 2 x Intel(R) Xeon(R) CPU E5-
2697 v4 @ 2.30GHz (45MB Cache, 18-cores per CPU), bo nhé chinh 128GB, CentOS
Linux release 7.2.1511, gcc 6.3.0. Giai phap akGroup da dugc cai dat st dung ngon
ngit C chuan.

e Chiing toi cling tién hanh thit nghiem danh gia gidi phap akGroup vdi cac bo dit lieu
khac, trén mdy tinh c4 nhan véi cdu hinh Intel® Core™ i7-3720QM (6MB Cache, up
to 3.60 GHz, 4 cores-8 threads), bo nhé 8GB, CentOS 7, gec 5.1.1.

e V6i cac thit nghiem, danh gia cac giadi phap 2 va 3, ching to6i da tién hanh trén he
thong tinh toan hiéu ning cao ciia Truong Dai hoc Cong nghé, v6i cau hinh 2 x
Intel(R) Xeon(R) CPU E5-2697 v4 @ 2.30GHz (45MB Cache, 18-cores per CPU), bo
nhé chinh 128GB, CentOS Linux release 7.2.1511, gce 6.3.0. He thong tinh toan nay
duge cau hinh cho phép thi hanh t6i da 36 luong song song (do cau hinh tat chiic nang
hyperthreading trén 2 CPU). Céc gidi phap akGroupPlus va bigGraph déu duge cai
dat sit dung ngon ngit C++.
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3.6.1.2 Dt liéu thuc nghiém

Cac giai phap xu 1y phép toan tuong tranh trén do thi déu duge ching toi tién hanh véi
nhitng bo dit lieu da dugce cong bb tit cac t6 chiic ¢6 uy tin khoa hoc trén thé gidi.
3.6.1.2.1 D liéu twr cudc thi SigMod Programming Contest 2016

Dit liéu ctia cuoc thi nay 1a 4 do thi c6 huéng khong trong sé6 quy mo 16n dugde sit dung
dé danh gia két qua ctia 33 doi tham gia. Thong tin chi tiét vé 4 dd thi nay dugc téng hop
trong bang dudi day:

Bang 3.2: Théng ké céc do thi sit dung trong SigMod 2016

Tap thit nhé | Tap thit trung binh | Tap thit 16n | Tap thit rat 16n
S6 dinh 1.574.074 2.000.000 1.971.281 6.009.555
S6 canh 3.232.855 5.000.000 5.533.214 16.518.948

Trong cac tap thit nay, ngoai nhitng tham s6 lien quan dén s6 dinh, s6 canh do thi, quy
mo tap thit con phu thuoc vao s6 lugng phép toan dong thoi diing trong méi tap thit. Cac
tham s6 lien quan dén s6 phép toan thém, xo4 canh cling nhu s6 truy van khodng cach ngan

nhat khong dugc cong bd cong khai trong cuodc thi nay.

3.6.1.2.2 D lieu SNAP

Ngoai cic bo dit lieu ctia SigMod, chiing t6i ciing da tién hanh lya chon va thu thap
cac bo dit lieu do thi ndi tiéng khac dé tién hanh thit nghiem. Hién nay, cac bo dit lieu do
thi duge truong Dai hoc Stanford cong bb van duge xem la nhitng bo dit lieu dién hinh dé
danh gia cac cong cu xtt ly do thi [62]. Cac bo dit lieu nay duge tap hgp goi tat 1a SNAP
(Stanford Large Network Dataset Collection) [61]. Qua khao sat, ching t6i da chon hai bo
dit lieu chinh 14 Pokec va LiveJournal dé tién hanh cac thuc nghiem danh gia. Bang sau
minh hoa céc dic diém chinh ciia hai bo dit lieu nay ciing véi bo dit lieu SigMod da duge

cong bod cong khai:

Bang 3.3: Thong ké cac bo dit lieu do thi st dung trong thiyc nghiem

Tham sb SigMod | Poked’ | LiveJournal®
S6 canh 1.574.074 | 68.993.773 30.622.564
S6 dinh 3.232.855 | 4.847.571 1.632.803
Duong kinh (khoang cach ngan nhat 16n nhat) 9 16 11

Trong SNAP, bo dit lieu LiveJournal duge tap hgp tit mot mang xa hoi mién phi truc

tuyén hién c6 hon 39 trieu thanh vien ctia Nga (nhung dat tru sé chinh ¢ San Francisco,
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My) [63]. Mang x& hoi LiveJournal cho phép cac thanh vien duy tri cdc bai viét, blog ca

nhan va nhém; cho phép cac thanh vién xac lap quan hé ban be véi thanh vién khac. Tap
dit lieu LiveJournal cia SNAP da tap hop duge hon 4,8 triéu thanh vién véi hon 68 triéu
quan hé (da duge xit ly an danh). Trong khi d6, Pokec cling 13 mot mang xa hoi tryc tuyén
noi tiéng tai Slovakia, ngay ca khi da c6 Facebook [100]. Trong bo dit lieu Pokec da duge xi
Iy an danh ngusi ding cong bd trong SNAP, c¢6 1,6 trieu ngudi tham gia véi hon 30 trieu

két ndéi quan he.

3.6.2 Phuong phap thi nghiém, danh gia

Trong cac thitc nghiém chting t6i tién hanh, do thi c6 huéng khong trong s6 G ban dau

sé duge cung cap dudi dang mot tép van ban, cau tric nhu sau:
e MGdi dinh sé duge dinh danh bang maot s6 tir nhién c6 gia tri toi da la 230 — 1;

e Modi canh trong do thi duge luu trén mot hang trong tép, phan cach hodc bang ky tu
cach, hoac ky tu tab.

e Cic thong tin mo ta c6 dua vao tép dit lieu, tuy nhién phai bat dau bang ky tu "#".

3.6.2.1 Sinh cac tap lich thi hanh thi nghiém

Dé thuan lgi cho viéc kiém tra va danh gia cac két qua thyc nghiém, tap céc lich thi hanh
tuong tranh S ciing sé duge luu trong mot tép vin ban. Mbi dong sé thé hien mot phép toan
op; the hién bo (auv) v6i a 1a ky tu tuong tng véi phép toan them ’A’, xoa 'D’, hay truy
van khoang céch ngin nhat 'Q’. Dé danh dau két thic mot lich S, ching toi sit dung ky tu
F (Finish) trén mot hang riéng. Phuong phap t6 chtic lich thi hanh nay ciing tuong ty nhu
khai niém (6 (batch) dua ra trong cuoc thi ACM SigMod Programming Contest 2016 [97].

Dé ¢6 cac tap dit lidu chita cac lich thi hanh S thit nghiem (goi tat 1a workload), chiing
toi da xay dung cong cu theo dung quy dinh da néu trén. Tap cac lich thi hanh dugce sinh
v6i 1.000.000 phép toan bao ham ca cac phép toan cap nhat 1an truy van khodng cach ngin
nhat. Thyec té, phan bd s6 lugng cac phép toan thém/xoa canh/truy van thudng khac nhau,
nhung da phan la ching ta can phai xt Iy cac phép truy van nhiéu hon so véi cap nhat.

Chinh vi thé, ching toi da sinh ra hai tap workloads nhu sau:

e Tap workload c6 s6 truy van khodng cach nhiéu hon sé c6 phan bd cidc phép toan
Q/A/D lan lugt 1a 0,8/0,1/0,1; tiic trong 1.000.000 phép toan ciia tép dit licu nay sé
c6 800.000 truy van khoang cach ngan nhat 'Q’; 100.000 phép toan thém canh A’ va
100.000 phép toan xoa canh 'D’. Tap workload nay goi tat la tap 8-1-1.

e Tap workload c6 s6 lugng phép toan cap nhat 16n hon sé c6 phan bd cac phép toan
Q/A/D lan lugt 1a 0,5/0,4/0,1; titc trong 1.000.000 phép toan cla tép dit lieu nay sé
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c6 500.000 truy van khoang cach ngan nhat ’Q’; 400.000 phép toan thém canh 'A’ va
100.000 phép toan xoa canh 'D’. Tap workload nay goi tat 1a tap 5-4-1.

Ly do lya chon ty 1¢ 0,5/0,4/0,1 cia chting t6i xuat phat tit nhan xét da phan véi cac do thi
thie té, diac biet 1a ddi véi cac bai toan mo hinh hod mang xa hoi thic té, cac phép toan
x04 canh (tic loai bé quan hé) tuong doi it so véi cac phép thém canh [I8][109].

Tt cac tap dit lieu workload nay, thong qua hai bo cong cu NetworkX [81] va SNAP
C++ [60], ching toi da cho tién hanh chay tuan tu tap cac phép toén tuong tranh trong cac
tep workloads néu trén va sinh ra cac tép két qua tuong tng (khi thi hanh, cdc bo cong cu
NetworkX va SNAPC++ deéu cho cing mot két qua ddi véi moi tap workload). Céc tep két
qué nay sé duge luu lai lam co s6 dé kiém tra tinh ding din ctia cic phuong phap dude xay

dung trong cac muc trudec.

3.6.2.2 Phuong phap do

Viéc do hiéu nang ca ba giai phap ma chung t6i da trinh bay cting nhu cac giai phap
khéc phuc vu so sanh, danh gia déu duge tién hanh trén cing mot moi truong thic nghiem
va cung bo dit lieu thuc nghiém.

Dé danh gia hieu nang thi hanh ctia ba gidi phap nén trén, vé co ban ching toi sé tién
hanh cai dit trén cac hée thong tinh toan, tit do thay doi tham sé vé s6 ludng dong thoi dé
xac dinh céc hé s6 tang toc (speedup) [102][DPH3]. Véi céc giai phap 2 va 3 khi ching toi
da c6 hé thong tinh toan hiéu nang cao, sd luong dong thoi duge tién hanh thyc nghiém sé
tang lan lugt tx 1, 2, 4, 8, 16, 24, va 32 ludng (do hé thoéng tinh toan c6 t6i da 36 luong).
D@ tranh nhiing tac dong tit cac tién trinh khac &nh hudng dén két qua thit nghiem, mdi khi
thiyc nghiem mot giai phap nao, ching toi tién hanh lap lai 10 1an va sau d6 1ay gia tri thoi
gian trung binh dé danh gia giai phap doé.

Viéc do hiéu ning clia cac gidi phap trong cic thuc nghiém ciia ching toi duge tién
hanh v6i cong cu harness duge nhém nghién cttu "Data System Group" ciia truong Dai hoc
Waterloo xay dung nam 2015 dé do thsi gian thi hanh cac giai phap xit Iy truy van trong
cac cuoc thi cia ACM SigMod Contest [l Cong cu nay c6 ci phap harness <init-graph>
<workload> <result> <solution>, trong d6 <init-graph> 1a tép chita dit lieu do thi ban
dau; <workload> 1a tép chia cac lich thi hanh truy van tuong tranh; <result> 1a tép chia
két qua cac truy van tuong tng véi cac lich thi hanh trong <workload>; va <solution> 1a
tép thi hanh tuong ting véi gidi phap can do. Cong cu harness nay st dung cau tric timeeval
va ham gettimeofday trong thu vién chuan sys/time.h dé do va tra vé thai gian thi hanh cia
modi giai phap trén toan bo hé thong tinh toan véi don vi mili giay.

Mot diém ciing can nhan manh thém la cong cu harness ciing dam nhiém chic nang
danh gia tinh dung dan cia gidi thuat can danh gia dya vao tap két qua chinh thitc da sinh
tir trude luu trong tép <result>>. Trong qua trinh danh gia, gidi thuat sinh ra bat ky két qua

5Tham khao tai trang https://uwaterloo.ca/data-systems-group/

Trang 74


https://uwaterloo.ca/data-systems-group/

CHUONG 3. TOI UU HOA TRUY VAN KHOANG CACH NGAN NHAT TREN DO THI
DONG
sai khac so v6i két qua chinh thic, cong cu danh gid nay sé hién thi thong béo 15i tuong tng

v6i truy van dé va diung thi hanh qua trinh danh gia.

3.6.3 Thit nghiém va danh gia két qua

Dua trén moi truong thiuce nghiém, dit lieu da thu thap véi cac workloads sinh ngau nhién
va phuong phap thic nghiém néu trén, ching toi da tién hanh cai dat va thyc nghiem ca ba
gidi phap xit 1y cac truy van khodng cach ngan nhat da trinh bay & trén. Toan bo cic két
qua thuc nghiem thu duge dya trén cong cu danh gia harness déu minh chiing ca ba giai
phap da dé xuat (akGroup, akGroupPlus va bigGraph) déu cho két qua thyc hién cac truy
van diang, ddm bao duge tinh nhat quan khi thi hanh cac lich thi hanh dong thoi. Diéu nay
ciing cho phép khang dinh thém tinh ding din ctia cac giai thuat da dé xuét trong luan an
(da duge chiing minh 1y thuyét ¢ cdc muc trén). Do d6, trong cadc muc tiép theo, ching toi

sé khong dé cap dén két qua didm bao tinh ding din clia cic gidi thuat nay nita.

3.6.3.1 K&ét qua tir cuéc thi ACM SigMod Programming Contest 2016

V6i giai phap 1, nhém akGroup cia ching toi da tham gia cuéc thi ACM SigMod Pro-
gramming Contest nam 2016 va da dudc gidi Ba tai cuoc thi d6. Két qua cac lan chay tot
nhat trén nén tang hé théng thit nghiem clia cuoc thi véi cau hinh 2 x Intel(R) Xeon(R)
CPU E5-2697 v4 @ 2.30GHz (45MB Cache, 18-cores per CPU), bo nhé chinh 128GB, Cen-
tOS Linux release 7.2.1511, gcc 6.3.0 duge trinh bay trong bang duéi day (bao gom ca két

qué ctia doi nhat va nhi):

Béng 3.4: Két qua thiyc nghiem trén he thong danh gia cia ACM SigMod 2016 (giay)

Doi tham du | Tap th nhé | Tap thit trung binh | Tap thi 16n | Tap thi rat 16n
H minor free 0,107 0,220 0,886 2,333
uateam 0,202 0,217 1,085 2,123
akGroup 0,118 0,494 1,284 2,878

3.6.3.2 Danh gia giai phap akGroup

Ngoai viec tham gia cudc thi trén, dé danh gia giai phap akGroup, ching toi da tién
hanh thyc nghiém, so sanh véi mot sé6 phuong phap nhu chi dung BFS thong thuong doi véi
truy van khoang cach (goi tat 1a BFS+CilkPlus (vAn dimg thu vien CilkPlus dé tién hanh
song song)); bd cong cu xit Iy cac phép toan tuong tranh st dung NetworkX va Pythonﬁ;
bo cong cu st dung thu vien SNAP C++ . Workload dugce chiung t6i sit dung trong thirc
nghiém nay 1& bo dit lieu c6 da phan 1a truy van khodng cach, tic bo 8-1-1 véi 1.000.000

Shttp://dsg.uwaterloo.ca/sigmodi6contest/reference.tar.gz
"https://snap.stanford.edu/releases/Snap-2.4.zip
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phép toan cho cd ba bo dit lieu da néu trén. Két qua thuc nghiem dude tong hop véi 10

lan chay khac nhau trén hé thong tinh toan 14 may tinh xach tay cau hinh Intel® Core™
i7-3720QM (6MB Cache, up to 3.60 GHz, 4 cores-8 threads), bo nhé 8GB, CentOS 7, gcc
5.1.1. Bang dudi day minh hoa cac két qua thiyc nghiem ma ching toi da thu duge:

Bang 3.5: Két qua danh gia giai phap akGroup so véi mot s6 cong cu khéc

Tap dw liéu | akGroup | BFS+CilkPlus NetworkX SNAP C++

SigMod Test 1,428s 18,078s 3319,4s 5045s

LiveJournal | 32,045s 55,630s Khong thé thi hanh >24h
Pokec 14,286s 27,8255 >10h >15h

Dua trén bang két qua nay cé thé thiy giai phap akGroup nhin chung da mang lai
hiéu qua thi hanh tét hon so v6i cac gidi phap khac duge thit nghiem. Diéu nay minh
chiing viéc sit dung cau tric dit lieu do thi phu hgp, chién luge lya chon huéng duyét BFS
theo c& hai chiéu va phuong phap song song hod stt dung CilkPlus ctia ching toi da cho
phép riat ngan thoi gian thi hanh cac phép toan tuong tranh trén do thi. Cac két qua thi
hanh ciing nhu toan bo ma nguon clia akGroup déu c6 thé truy cap cong khai tai dia chi
https://github.com/hanhdp/shortest_path. Day ciing 1a két qui ma ching toi da cong
b6 trong cong trinh [DPH1] tai hoi thio BDCAT vé quan 1y dit liéu 16n nam 2016.

3.6.3.3 Danh gia giai phap akGroupPlus

Bdi vi giai phap akGroup van con chua hiéu qua déi v6i cac phép toan cap nhat, va cling
dua trén cac két qua tir cdc nhém khac tham gia cuoc thi ACM SigMod Contest 2016, ching
toi da tién hanh nghién ctu mé rong giai phap nay dé hinh thanh giai phap méi mang tén
akGroupPlus. Giai phap thtt hai nay dudce xay dung dya trén phuong phap to chiic dit licu
kiéu vector dinh lién ké, trong d6 c6 nhing thong tin trang thai canh vao 2 bits cubi ciia
modi dinh. Tt d6 cho phép nang cao duge hiéu nang clia cid phép toan cap nhat 1an truy van
khoang céch.

Dé danh gia hieu niang akGroupPlus, ching t6i da tién hanh thuc nghiém so sanh
giai phap nay vdéi hai giai phap khac la: akGroup - giai phap cii da trinh bay 6 trén; va
H minor free giai phap da dugc giai nhat trong cugc thi ACM SigMod Contest 2016.

Qué trinh thic nghiém ciing van dude tién hanh véi cad hai bo dit lieu 8-1-1 va 5-4-1 va
v6i cac do thi SigMod, Pokec va Livejournal. S6 luong ludng dugce thay doi ti 1, 2, 4, 8, 16,
24, va 32 luong dé danh gia do tang toc clia mdi gidi thuat (he théng tinh todn hiéu ning
cao chi ¢6 t6i da 36-luong). Mdi mot giai phap sé duge thyce thi lap lai 10 1an va 1ay két qua
trung binh. Két qua thyc nghiém duge minh hoa qua cac hinh dudi day:
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(b) Két qua danh gia véi tap 5-4-1

Hinh 3.8: Két qua danh gia véi bo dit lieu Sigmod Dataset
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(b) Két qua danh gia véi tap 5-4-1

Hinh 3.9: Két qua danh gia véi bo dit lieu Pokec Dataset
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(b) Két qua danh gia véi tap 5-4-1

Hinh 3.10: Két qua danh gia vé6i bo dit lieu LiveJournal Dataset

Trong hinh [3.8] thoi gian thi hanh ciia akGroup 1a lau nhat v ¢6 xu hudng tang khi sb
lugng ludng thi hanh dong thoi duge tiang len. V6i giai phap nay, do sit dung to chiic dit licu
kiéu mang mot chiéu, va di chuyén toan bo danh sach lién ké ctia mot dinh vé cudi v6i phép
toan thém canh. Do d6 sé dan dén tinh trang mat di tinh cuc bo dit lieu. T d6, khi tang
s6 luong lén, thoi gian thi hanh ctia akGroup khong nhitng khong gidm ma lai tang. Ly do
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chii yéu dén tit viec mat tinh cuc bo dit licu lam ting ty 1é cache miss, va dan dén tang thoi

gian thi hanh.

Trong khi d6, akGroupPlus va H_minor_free c6 thoi gian thi hanh gidm ti lé v6i s6
luong tang len. Trong thiic nghiém nay, akGroupPlus khong ¢6 duge hiéu nang tot nhat khi
thi hanh vé6i 1 luong (tiic thi hanh tuan ty). Tuy nhién, véi cdc truong hop con lai, gidi phap
nay deu c6 thoi gian thi hanh 1a it nhat so véi hai gidi phap con lai. D6i véi bo workload
SigMod 5-4-1 véi s6 lugng truy van cap nhat 16n (ttc viée truy xuat dén dit lieu do thi nhiéu
hon), khi tang tit 24 len 32 luong thi thoi gian thi hanh workload nay khong gidam ma lai
tang len. Ly do viec thi hanh 32 luong song song c6 thé dan dén lam giam ty lé cache hit,
tang s6 luong truy xuat dit lieu do thi trong bo nhé chinh va tit d6 lam tang thoi gian thi
hanh.

Déi v6i bo dit lieu Pokec, nhu minh hoa & hinh , thoi gian thi hanh cta ca ba giai
phap déu gidm khi s6 lugng luong thi hanh dong thoi tang lén, dic biét trong giai doan tang
tir 2 dén 16 luong. Véi tap dit lieu kiem tra Pokec 8-1-1, akGroup lai c6 két qua tot nhéat véi
truong hop chi sit dung 1-2 luong dong thoi. Tuy nhién, khi s6 lugng ludng thi hanh tang len,
akGroupPlus lai 13 gidi phap luon mang lai thoi gian thi hanh it nhat. Ciing tuong tu véi bo
dit lieu Pokec 5-4-1, akGroup c6 thoi gian thi hanh t6t nhat véi truong hop 1 luong nhung
véi cac truong hop con lai akGroupPlus déu vugt troi so véi akGroup va H minor free.

D6i vé6i bo dit lieu LiveJournal, ciing tuong tu nhu so véi bo dit lieu Pokec, akGroupPlus
luon mang lai két qua thoi gian thi hanh t6t hon so véi hai gidi phap con lai ngoai trit khi
thi hanh tuan tu.

Trong tat ca cac thuc nghiem neéu trén, c6 thé thay thoi gian thi hanh ciia ca ba giai
phap déu khong gidm tuyén tinh khi tang tuyén tinh s6 luong dong thoi. Ly do chinh cia
didu d6 dau tien phai ké dén la cac phép toan tuong tranh bao ham ca cac phép cap nhat
do thi nén c6 sy phu thuoc 1an nhau. Thit hai, viéc ting s6 luong lén ciing lam gidm ty lé
cache hit khi truy xuat dit lieu do thi (do cang c6 nhiéu luong thi hanh thi nguy co dit lieu
nam trong cache bi thay thé bdi cac luong khac cang cao). Chinh vi thé, véi cac do thi ¢6
dit lieu quy mo 16n, s6 luong luong thi hanh song song can phai duge lya chon theo nhiing
thuc nghiém cu thé clia timg bai toan.

Giai phap nay ciia ching t6i cling da duge cong bo tai hoi thao quoc té ICCCI nam 2017
[DPH2]. Toan bo dit lieu, két qua thyc nghiém cling nhu ma nguon chuong trinh clia giai
phép nay c6 thé truy cap mién phi tai dia chi https://github.com/hanhdp/akGroupPlus/.

3.6.3.4 Danh gia giai phap bigGraph

V6i gidi phap bigGraph, ching toi da dé xuat duge co ché xi Iy song song cac phép
toan cap nhat do thi. Trong thuc nghiém danh gia bigGraph, ching t6i da tién hanh danh
gia so sanh bigGraph véi cd akGroup; H minor free; va mot sé cong cu khéc nhu

uoa_team (doi gianh gidi nhi); gStreamPKU:; va whilel (hai doi dong giai Ba cung véi
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akGroup) dua trén ca ba bo dit licu ma ching t6i da dé cap ¢ trén. V6i he thong tinh toan

hiéu nang cao ciia ching toi, s6 lugng luong sé duge thit nghiem lan lugt 1a 1, 2, 4, 8, 16,
24, va 32 threads. Cac két qua thu dugc 1a thoi gian thi hanh cac giai phap dugc tinh trung
binh tir 10 1an chay khac nhau. Mot diéu kha ngac nhién trong qué trinh thit nghiém cac giai
phap 1a trong khi cd 5 gidi phap khac déu c6 két qua chinh xac, chi rieng gidi phap whilel
lai trd vé két qua khong dung véi mong dgi, tit d6 ching toi khong duwa gidi phap nay vao
phan két qua nita. Céc giai phap nhu st dung SNAP C++ hay NetworkX (Python) cling
khong duge quan tam trong thiuc nghiém nay do chiing chua duge cai dat cac giai phap song
song hoa truy van [DPH1].

Két qua thuc nghiem ching t6i da thu duge sé duge thé hién tren céc hinh dudi day.
Trong céac hinh két qua do, chiing t6i cling hién thi them thong tin vé thsi gian thi hanh tét
nhat clia ting giai phap véi ca 10 lan chay va s6 lugng ludng thay doi tit 1 dén 32 nhu da

noi trén.
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(b) He sb tang toc
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(b) He sb tang toc
Hinh 3.12: Két qua thuc nghiém véi bo dit lieu Sigmod 5-4-1
V6i cac bo workloads SigMod 8-1-1 va SigMod 5-4-1, ¢6 thé thay giai phap bigGraph
cho két qua vuot troi so véi cac giai phap khac, ké ca akGroupPlus va H minor free.

Hai do thi biéu thi hé s6 tang téc thu duge ciing minh chiing kha nang song song hoé ciia

bigGraph tuyén tinh vé6i s6 luong thanh dong thoi.
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(b) Hé sb tang toc

Hinh 3.13: Két qua thuc nghiém véi bo dit lieu Pokec 8-1-1
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(b) He sb tang toc

Hinh 3.14: Két qua thuc nghiém véi bo dit lieu Pokec 5-4-1

Tuong tu v6i cac bo workloads Pokec 8-1-1 va Pokec 5-4-1, thai gian thi hanh tap truy
van déu c6 xu huéng giam khi sé luong luong dong thoi tang lén va bigGraph ciing cho két
qua vugt troi so véi cac gidi phap khac. Déi véi cac bo dit lieu nay, do Pokec 1a do thi mang
xa hoi c6 quy mo vita phai d6i v6i ha tang tinh toan duge ching toi st dung, hé s6 tang toc
ctia bigGraph c6 thé thay tang tuong déi tuyén tinh véi s6 luong dong thai. Diéu nay ciing

minh chiing ré hon hiéu qua song song ciia giai thuat bigGraph so v6i céc gidi thuat con lai.
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Hinh 3.15: Két qua thic nghiem vé6i bo dit lieu LiveJournal 8-1-1

(b) Hé sb tang toc
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(b) Hé sb tang toc

Hinh 3.16: Két qua thuyc nghiém véi bo dit lieu LiveJournal 5-4-1

Két qua thiyc nghiém véi hai bo workloads LiveJournal 8-1-1 va LiveJournal 5-4-1 cfing
déu minh chitng bigGraph cho thai gian thi hanh t6t nhat so véi cac giai phap khac; ké ca
giai phap akGroupPlus da néu trén. Nhu vay c6 thé khang dinh, vé6i ca ba bo dit lieu thi
nghiém va hai workloads 8-1-1 hay 5-1-1 thi bigGraph déu c6 hiéu nang thi hanh t6t hon so
véi cac gidi phap con lai; hé s6 tang toc ciia bigGraph déu c6 xu thé tang khi s6 luong luong
song song dudc tang lén.

Thoi gian thi hanh ngan nhat clia mdi gidi phap trén moi bo di lieu dude thong ké trong
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bang dudi day. S6 ludong song song c6 thoi gian thi hanh ngdn nhat ciing duge hién thi kem

theo trong bang nay:

Bang 3.6: Thong ké hiéu nang tot nhat

. SigMod Pokec LiveJournal
Giai phap
8-1-1 5-4-1 8-1-1 5-4-1 8-1-1 5-4-1
akGroup 453 (1T) | 447 (1T) 8269 (8T) | 10148 (4T) | 20597 (8T) | 20317 (2T)
H minor free | 517 (24T) | 725 (24T) | 1987 (32T) | 1690 (32T) | 5878 (32T) | 4219 (32T)
uoa_team 1427 (1T) | 1359 (1T) | 5385 (16T) | 2857 (16T) | 5587 (16T) | 3814 (16T)
gSteamPKU | 945 (4T) | 1401 (32T) | 3375 (32T) | 2887 (32T) | 6256 (32T) | 4640 (32T)
akGroupPlus | 410 (16T) | 526 (8T) | 1785 (32T) | 1469 (32T) | 5848 (32T) | 4013 (32T)
bigGraph 373 (8T) | 463 (32T) | 1599 (32T) | 1242 (32T) | 5537 (32T) | 3718 (32T)

Tit bang thong ké nay c6 thé thay bigGraph cho két qua tot nhat so véi toan bo cac giai
phéap con lai. Diéu dé c6 dude dua trén phuong phap to chie dit lieu dd thi phit hop nhing
trang thai canh vao 2 bit cudi ctia méi dinh lién ké va k§ thuat song song hoa ca dbi véi cac
phép toan cap nhat do thi lan truy van khodng cach ngan nhat.

Toan bo ma nguon, dit lieu va két qua thit nghiem ciia gidi phap nay déu cé thé truy cap
mién phi tai dia chi https://github.com/hanhdp/bigGraph/. Két qua nay ciing dugc chiing
toi cong bo trong tap chi qubc té Transactions on Computational Collective Intelligence,
Springer, ndm 2018 [DPH3].

3.7 Két chuong 3

Trong chuong nay, ching toi da dic ta bai toan xit I cac truy van khoang cach ngan
nhat trén do thi dong, quy mo 16n. Vé co ban, cac phép toan trén do thi cé thé duge chia
thanh hai 16p: (i) cac phép toan cap nhat bao gom theém, xo4 canh (ngay ca doi véi do thi
thuoc tinh, viéc thay doi thuoc tinh nao dé trong do thi cling c6 thé quy vé phép toan xoa
canh 1di bd sung thém canh c¢6 thuoc tinh mdéi chéang han); va (ii) cac phép toan truy van
trén do thi, dudc tién hanh thong qua cac gidi thuat duyet do thi hodc xac dinh duong di
ngin nhat gitta cac dinh chang han. Khi sé lugng dinh ciing nhu canh trén do thi 16n len,
viéc tién hanh xit 1y cac truy van do6 1o rang can phai c6 nhitng phuong phap, kj thuat phit
hop dé c6 thé hieu nang xi 1 truy van t6t nhat co thé.

V6i viée tap trung nghién citu cic do thi khong trong 6, c6 huéng va ¢6 quy mo dinh/canh
16n, trong bai toan x1t Iy caAc phép toan tuong tranh ching toi chi trong dén truong hop cac
phép toan cap nhat va truy van khodng cach ngan nhat giita cac dinh duge gii dén lien tuc,
dong thoi trén do thi. Lic do, cic phép toan dé can phai dude thi hanh véi diéu kien dam
béo dugc tinh toan ven, nhat qui ctia nhitng dit lieu do thi. Tt d6, cac phép toan tuong
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tranh trong do thi dude mo hinh ho4d nhu mot lich thi hanh cic phép toan S trén do thi G.

Tit mo hinh bai toan do6, viéc tién hanh thyc thi lich S duge ching toi dé xuat thong
qua ba giai phap khac nhau. Trong gidi phap 1 (akGroup), dé khai thac cac hé thong tinh
toan c6 dung lugng bo nhé chinh 16n va cac bo vi xit 1y nhiéu 16i, ching toi da sit dung ba ¥
tudng chinh chinh dé giai quyét bai toan dat ra: to chic dit lieu do thi thich hgp dé ting toc
do truy cap trong bo dem CPU; gidm thiéu khong gian tim kiém bang cach lya huéng duyeét
c6 s6 Iugng con va chau it hon déi v6i thuat toan duyét hai chiéu bBFS; va thi hanh céac
truy van khoang cidch ngan nhat mot cach hieu qua thong qua phuong phap xit 1y song song
dua vao bo thu vien CilkPlus. O giai phap nay, dit lieu do thi dugce t6 chic trén hai mang
chita toan bo cac dinh lién ké va hai mang chi muc dé luu s6 dinh lién ké va vi tri bat dau
trong mang dit ligu do thi. Cach t6 chiic nay duge tién hanh déi v6i ca chidu di (outgoing)
va chiéu dén (incoming) dé cho phép c6 thé tién hanh tinh khodng cdch ngan nhat duya theo
duyet BFS ca hai chiéu. Mac du cach thiic t6 chite dit lieu nay cho phép nang cao hic¢u qua
ban dau ctia dit lieu do6 thi (di lieu lien ké nén c6 tinh dia phuong cao, tit d6 nang cao dugc
ty 1é cache hit), nhung cac phép toan cap nhat (dic biét thao tac thém canh) lai ¢6 hiéu
nang khong cao.

Tit cac diém han ché & giai phap 1, ching toi da dé xudt giai phap 2 v6i mo hinh to
chitc dit ligu do thi khac di. V6i phuong phap nhing kém trang thai canh do thi (st dung 2
bits cudi clia dinh danh dinh lién ké), cdc phép toan cap nhat duge chia lam hai giai doan:
chuyén trang thai cdc canh c6 thao tac cap nhat (thém/xoa) thanh UNKNOWN va sau khi
hoan thanh cac truy van tinh khoang cidch xong mdi ghi nhan thic sy cac canh d6 véi cac
trang thai them (ALIVE) hay bi xo4 di (DEAD). Véi cach t6 chiic dit liéu nay, viéc thi hanh
toan bo cac truy van khoang cach trong S dugc tap hgp lai va xit 1y song song trén hé thong
tinh toan. Tw d6, hiéu nang ctia qué trinh xit 1y S da dugc cai thién nhu da duge minh
chiing trong thiyc nghiém thit 2 ciia chiing to6i. Mac du vay, mdi chi c6 cac truy van khoang
cach trong S dudc tién hanh song song trong khi cic phép toan cap nhat van chi duge xit 1y
tuan tu.

Trong gidi phap 3, ching toi da dé xuat k§ thuat cho phép tién hanh song song cac phép
toan cap nhat véi ¥ tudng c6 thé tién hanh song song cac phép toan cap nhat trén cac danh
sach dinh lién ké khac nhau. Tu § tudng do6, ching toi da xay dyung phuong an tién hanh
song song cac phép toan cap nhat. Cac thiyc nghiem dugce ching toi tién hanh véi gidi phap
nay ciing da minh ching duge hiéu qua ctia qua trinh song song ca cac phép toan cap nhat
l1an tinh khodng cich ngan nhét.

V6i cac gidi phap duge dé xuat trong luan an, cac gidi thuat song song déu dam bao tinh
cuc bo thi hanh trong méi ludng. Do dé, khong c6 su trao doi gitta cac ludng va khong can
phéi c6 co ché kiém soat tuong tranh.

Tt d6, véi cac truy van dong thoi trén do thi c6 huéng, khong trong s6, quy mo 16n, ro
rang giai phap bigGraph la giai phap t6i wu nhat so véi cac giai phap con lai (ké ca akGroup
va akGroupPlus). Do d6, bigGraph 14 phit hgp nhat dé gidi quyét bai todn nghien ciu da
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dit trong chuong nay ctia Luan an.

Trong thuc té, ngoai viéc can phai tién hanh céc truy van khodng cich ngan nhat trén
do thi dong nhu trong bai toan da dic ta trong chuong nay, viéc phan tich do thi con can
phai tinh toan xac dinh mot s6 do do nhu da gidi thiéu trong Chuong 2 (chzzmg han nhu
do trung tam gan, do trung tam trung gian, ...). Vi thé, dua trén cach tiép can to chic dit
liu phit hgp va tinh toan song song da minh ching duge hiéu qua trong bai todn néu trén,
ching toi da tién hanh nghién citu va dé xuat duge mot s6 nhitng gidi phap nang cao dudge
hiéu qua trong qua trinh tinh toan mot s6 do do trung tam phuc vu phan tich do thi quy

mo 16n. Cac két qua lien quan dén van dé d6 sé dude trinh bay chi tiét trong Chuong sau.

Trang 90



Chuong 4

NANG CAO HIEU NANG TINH bO
TRUNG TAM TREN DO THI

4.1 Giéi thiéu

Ly thuyét do thi hien dudc st dung rong rai trong nhiéu linh vyc khac nhau, tit cac
bai toan trong giao van, tin sinh hoc, quy hoach mang, phan tich mang Internet, mang xa
hoi... Dé phan tich cac do thi, do trung tam (centrality) chinh la d6 do quan trong va dugc
stt dung rong rai hién nay[2], huéng dén viec tim cac dinh "quan trong” nhat, hay gay anh
huéng 16n nhat t6i cac dinh khac trong do thi. Khi 4p dung khai niém nay cho cac linh vuc
khéac nhau, ching ta c6 thé tim duge cac dinh chinh trong mang Internet, hay céc dinh lam
lan truyén dich bénh khi mo hinh héa bai toan lan bénh dich bang do thi. Thyc té, khai
niém "quan trong" dugc dinh nghia theo nhiéu cach khac nhau khi phan tich do thi. Tt do,
ciing c¢6 nhiéu do do trung tam dude dé xuat dé lam 16 dude tinh "quan trong" khi phan
tich mang do.

Mot trong nhitng tng dung dién hinh ctia 1y thuyét do thi hién nay chinh la trong mo
hinh hoa cic mang xa hoi [53), 55, [106]. Dé quan 1y mang xa hoi, nhidu phuong phap phan
tich mang x4 hoi da dugc dé xuat va sit dung trong thiic té. Phan tich mang xa hoi dugc
dinh nghia 13 qué trinh diéu tra cic cau tric mang xa hoi thong qua viéc st dung mang va
Iy thuyét do thi [R5]. Vi vay, phuong phap nay duge coi 1a mot ki thuat quan trong trong
xa hoi hoc hién dai.

Trong chuong nay, ching toi sé dé cap dén mot s6 phuong phap hién dang duge st dung
dé tinh mot 6 do do trung tam, cu thé 1a hai do do phd dung: (i) do trung tam gan va (i)
do trung tam trung gian trén do thi khong trong s6, ¢ thé c6 huéng hodc vo huéng. Trén
¢o 86 do, luan an sé trinh bay phuong phap cai thién hiéu nang tinh toan hai dé do trung
tam nay va tién hanh thit nghiém trén cac bo dit lieu mang x4 hoi do mot s6 to chiic ¢ uy

tin cong b6. Mot phan déng gép ctia chuong nay dude thé hién trong cong bd sau:
e [DPH4] Phuong-Hanh DU, Hai-Chau NGUYEN, Kim-Khoa NGUYEN, and Ngoc-
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Hoa NGUYEN.“An Efficient Parallel Algorithm for Computing the Closeness Central-
ity in Social Networks”. In The Ninth International Symposium on Information and
Communication Technology (SolCT 2018), pp. 456-462, December, 2018. ACM, USA.
(SCOPUS, WoS)

4.2 Bai toan dat ra

Nhu da trinh bay phan truée vé cac do do trung tam, hai trong nhitng chi dau trung
tam dude sit dung rong rai nhat trong cac bai toan phan tich do thi la "do trung tam gan"
(closeness centrality) va "do trung tam trung gian” (betweenness centrality) [53]. Trong céc
phép toan phan tich do thi, do trung tam gan dudc xem nhu khai niém can bdn cia do do
trung tam [52]. Viéc tinh do trung tam gan ctia mot dinh trong do thi doi héi phai gidi quyét
bai todn tim tat ca cic cip duong di ngan nhat gitia cac dinh (ttic phai duyet SSSP véi tat
cd cac dinh). Vi vay can phai thyc hién thuat toan tim kiém theo chiéu rong truée (BFS)
trén mot mang khong c6 trong s6 hosic thuat toan Dijkstra trén mot mang cé trong s6. Tuy
nhién, khi s6 lugng thanh vien (ttc s6 dinh) cling nhu s6 lugng quan hé (s6 canh) rat 16n,
chéng han nhu mang x& hoi Facebook, thi can phéi c6 nhiing phuong phap theo kiéu "chia
dé tri" mai c6 thé tinh duge do do nay [86].

Mot diém ciing can phai nhan manh thém & day 1a khi nghién ctu cai thién hiéu ning
tinh do trung tam gan va do trung tam trung gian, chting t6i chi quan tam dén nhitng do

thi khong trong s6, c6 thé c6 huéng hosc vo hudng.

4.2.1 Tinh d6 trung tam gan

Qua trinh tinh do trung tam gan ctia cac dinh trong dd thi G = (V, E) c¢6 thé dugc minh
hoa bang Giai thuat Giai thuat nay st dung phuong phap duyét do thi theo chiéu rong
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truée (BFS) dbi véi moi dinh v ctia V' va luu lai gia tri trong vector CCv] [79].

Thuat toan 4.1: Gidi thuat co ban tinh do trung tam gan
Input: G = (V, E);T¢(v) biéu dién danh sach dinh lién ké ctia v
Output: CCJ|forallveV

CCv] < 0,Yv e V

Sum(v] + 0,Yv eV ;

3 foreach s € V do

4 FCls| + 0;

5 Q) < empty queue;

Ju—

N

6 Q.push(s);
7 dst[s| « 0;
8 CCls| + 0;

9 dstlv] < =1,Yv € V s;
10 while () is not empty do

n || v e Qpop0):
12 forall w € I'¢(v) do

13 if dis|w] = co then

14 Q.push(w);

15 dstlw] < dst[v] + 1;
16 Sum|v] + dst[w];
17 end

18 end

19 end

20 CC[s] <= 1/Sum][s] ;

21 end

22 return CC[[;

Do phiic tap tinh toan cua giai thuat nay 1a O(|V| * (V| + |E|)). Thyc té, viec thi
hanh tinh toan xac dinh do trung tam gan clia tat ca cac dinh trong do thi c6 quy mo 16n
¢ vé s6 dinh va s6 canh thuong khong thé thi hanh tuan tu do do phic tap tinh todn qué
16n [21]. Tt d6 c6 thé thay v6i nhitng mang xa hoi nhu Facebook hay Youtube, thoi gian
thi hanh tinh do trung tam gan doi véi tat ca dinh la rat 16n. Diéu nay cling dugce thé hien
trong thuc nghiém clia chiing t6i (duge trinh bay & muc sau), chang han véi mot tap dit lieu
nhoé thé hieén cong dong trong Youtube, viéc tinh do trung tam gan ctia 1.134.890 dinh véi
2.987.624 canh da mat 147.924 giay [DPH4].

Nhu da phan tich trong mot s6 nghién citu lien quan & muc 1.2, song song hoa gidi
thuat duge xem nhu mot trong nhitng phuong phép hiéu qua nhat dé co thé cai tién
hiéu néing tinh toan do trung tam gan [19]. Tuy nhién, cac giai phap nhu NetworKit[99] hay
TeexGraph[101],..., chua xét va khai thac dén mo hinh phan cidp bo nhé trong cac hé thong
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tinh toan dé gidm dugc ty 1¢ cache miss va tang cache hit [DPH1]. Mot s6 cong trinh nghién
citu khéc da st dung cac he théng tinh toan hiéu ning cao phan tan dé tinh toan do trung
tam gan, chang han nhu Pregel [69], GraphLab [107] hay Giraph [25] da c6 thé thao téc véi
nhitng mang c¢6 dén hang nghin ty canh [24]. Tuy vay, céc bo cong cu dé can phai duge trién
khai trén nhitng nén tang tinh toan phic tap chang han nhu siéu may tinh [107] va khong
thiie syt hieu qua déi véi bai toan can tinh toan do trung tam véi cac mang thuc c¢d khong
qué 16n nhu Facebook va moi truong tinh todn han ché.

Tt nhitng phan tich, danh gia d6, trong luan an nay, ching to6i sé chu trong nghién cttu
phuong phap, ki thuat dé cai thién qua trinh tinh do trung tam gan, dic biet ddi v6i nhing
do thi ¢6 s6 dinh/canh 16n (hang triéu).

4.2.2 Tinh do trung tam trung gian

Do trung tam trung gian BC, dugc Freeman dé xuat tit 1977 [36], 1a mot trong nhiing
do do dugc st dung rong rai trong phan tich do thi néi chung nham xac dinh nhitng dinh
quan trong trong do thi. Do do nay da dugc ap dung dé phan tich d6 thi/mang trong nhiéu
linh vitc khac nhau nhu trong van tai [I12], sinh hoc - y té [16], phan tich mang xa hoi dé
phét hien cong dong [23], phat hién nguy co khing b [53], ...

Tit dinh nghia do trung tam trung gian 2.22 da dugdc trinh bay & chuong 2, dé tinh duge
do do nay cho tat ca cac dinh V trong do thi G = (V, E), ching ta can phai giai bai toan
tim duong di ngdn nhat treén tat ca cac cip dinh trong G (ttc bai toan APSP). Ro rang,
khi s6 dinh va s6 canh ctia G 16n, viéc thi hanh qua trinh tinh APSP sé c¢6 thoi gian rat 16n
néu 4p dung phuong phap tinh thong thuong sit dung giai thuat Floyd-Warshall (do phtic
tap tinh toan 1a O(|V'|*)) hay giai thuat Johnson (vé6i do phiic tap O(|V [2log(|V]) + |V ||E])).
Cho dén thsi diém nay, gidi thuat rat hieu qua dé tinh chinh xac do trung tam trung gian
vGi tat ca cac dinh trong G van 13 gidi thuat do Brandes dé xuat tit nam 2001 v6i do phiic
tap thoi gian 1a O(|V|.|E|) trén do thi khong trong s6 va O(|V|.|E| + |V|?.log(|E|)) trén do
thi c6 trong s6 [105]. Ma gia ctia thuat toan Brandes [15] véi do thi khong trong s6 dugc
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minh hoa nhu trong giai thuat duéi day:

Thuat toan 4.2: Giai thuat co ban tinh do trung tam trung gian

1

10

11

12

13

14

15

16

17

18

19

Input: G = (V, E), dugc td chitc nhu méang vector Edges]][]

Data: queue Q < empty, stack S khdi tao réng va c6 thé chita duge |V| dinh ;
dist[v]: luu khodng cach tit dinh nguon dén v ;

Pred[v]: chita danh sach cac dinh trén duong di ngdn nhat tit dinh nguon dén v ;
o[v]: 6 dudng di ngan nhat tir dinh nguon dén v ;

8[v]: do thugc clia dinh nguon vao dinh v ;

Output: BC[.] v6i moiv € V

foreach s € V do

/* Pha 1. Duyét theo kiéu bai toan SSSP */
foreach v € V do Pred[v] + empty list ;
foreach v € V' do dist[v] < oo;0[v] - 0 ;
dist[s] < 0;0[s] « 1; Q.push(s) ;
while @) not empty do
v <= Q-pop(); S.push(v) ;
foreach w € Edges[v] do
/* w chua dugc duyét x/
if dist{w] == oo then dist[w] « dist[v] + 1; Q.push(w) ;
/* (v,w) n3m trén dudng di ngin nhit */
if dist{w] == dist[v] + 1 then o[w] + o[w] + o[v]; Pred[w].push _back(v);
end
end
/* Pha 2: Tich luj - tinh ngugc lai 43 thudc tit cédc dinh di duyét x*/
foreach v € V do J[v] < 0;
while S not empty do
w <+ S.pop() ;
for v € Predw] do 6[v] « d[v] + 2.1 + d[w]);
if w # s then BC[w] < BCw] + d[w];
end
end
return BC|] ;

Trong gidi thuat nay, viéc tinh do trung tam trung gian dugc lip lai v6i tat ca cac dinh

s € V, mdi lan tinh §(s|v) v6i moi v € V trong hai pha. Pha dau tien la pha duyét theo

chiéu rong truéc BFS dé xac dinh khoang cach va dudng di ngin nhat tit s dén cac dinh con

lai trong V. Pha tht hai duyét ngugc lai cac dinh da duyét & pha 1, tic tuong tng véi ti
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dinh xa s nhat quay vé, dé tinh do phu thuoc theo phuong trinh (4.1) dusi day [15]:

5(slv) = 3 (?(S’”) (14 (s, w)) (4.1)

: ‘ (s, w)
w:(v,w)EE and dist(s,w)=dist(s,v)+1

Tuong tuy nhu d6i véi do trung tam gan, ngay ca vé6i gidi thuat Brandes nay, qué trinh
tinh do trung tam trung gian nay ciing mat rat nhiéu thoi gian néu s6 dinh/canh cia do thi
qué 16n. Chang han véi 100 triéu dinh va 100 triéu canh thi to hgp s6 phép tinh can phai
thi hanh khi tinh do trung tam da l1a rat 16n: 10'® hay 10 triéu ty.

D@ cai thien toc do tinh do trung tam trung gian, nhiéu gidi phap tinh xap xi do do nay
da dugce dé xudt, chang han st dung ki thuat lay mau [20, 32, 89, 68]; st dung meo dé cai
thien hieu nang [6], 12, R, 91, 105]. Cach tiép can tinh todn song song trén hé théng tinh
toan da chip, da 16i ciing duge ap dung trong viéc cai thién hiéu nang tinh do trung tam
trung gian BC(ching han nhu NetworKit [99], TeexGraph [101]. Nang cao hi¢u nang tinh
BC ciing duge quan tam nghién cttu trén GPU, chang han nhu gidi phap MGBC [13]. Ciing
tuong ty nhu ddi véi viec tinh do trung tam gan CC, trén cic siéu may tinh cling c6 nhiing
giai phap nhu GraphLab [107] hay Apache Giraph [25].

Trong khuon khd luan an nay, ching toi chi tap trung nghién citu viéc cai thieén, nang
cao hiéu nang tinh chinh x4c do trung tam trung gian BC bang cach to chiic cau tric di
licu do thi mot cach phu hgp va xay dung ki thuat tinh toan song song giai thuat Brandes
theo mo hinh bo nhé chia sé (viec két hgp them véi GPU sé duge dinh huéng nghién citu
trong thoi gian t6i).

4.3 Nang cao hiéu nang tinh do trung tam

Duta vao nhitng phan tich da néu, ching toi da tién hanh nghién ctu va xay dung giai
phap nang cao hiéu ning tinh do do trung tam gan trén do thi khong trong s6. Giai phap

cua chiing t6i dyra trén tu tudng:

1. St dung cau tric dit lieu phit hop dé nang cao tinh cuc bo dit lieu, tit d6 nang cao ty

lé cache hit trong mo hinh bo nhé chia sé, nang cao hiéu nang truy xuat bo nhd.

2. Ap dung giai thuat duyét theo chiéu rong trude dbi véi tat ca cac dinh (SSSP) két hop
v6i ki thuat st dung mang bitmaps dé gidm thicéu thsi gian truy xuat kiém tra dinh
da duyét trong hang dgi.

3. Song song hoa cac phép tinh SSSP v6i mo hinh lap trinh luong sit dung bo thu vien
CilkPlus.
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4.3.1 Cau trac di liéu phi1 hop

Dit lieu ctia dd thi quy mé 16n G = (V, E) sé dugc biéu dién theo phuong phap st dung
cac danh sach dinh lién ké nhu da trinh bay 6 chuong trude: méi thanh vien sé duge gdn ma
dinh danh trong khoang tit 0 dén |V| — 1. D6i v6i dit ligu canh, cac vectors dinh lién ké ¢6
sap xep sé duge dung dé luu thong tin quan hé gitta cac thanh vien [DPH2]. Tt d6, dit lieu
canh sé& dugc biéu dién trong mang vectors Edges[u] Vu € V. Day la phuong phap tb chiic
dit lieu mang lai kha nang c6 ty lé cache hit cao nhat khi tham chiéu dén dit lieu do thi.

Cac dinh da dugc duyét theo phuong phap BFS sé duge luu vét trong mot vector, ma
mdi bit trong vector sé thé hien trang thai da ducc duyéet hay chua duyeét ciia dinh tuong
ing véi vi tri bit ay.

D6i véi hang doi @ ding dé luu vét cac dinh v sé duge duyét, ching toi ciing da 6 chic
cau tric hang doi dé ngoai Iuu vét dinh thi luu kem Iuon khodng cach tit dinh nguon s dén
dinh v tuong ng. Viéc to chitc nay cho phép c6 luon duge gia tri khodng céch tit s dén v
trong bo nhé dém cache moi khi xét dinh v (tic tdng duge ty 1é cache hit).

4.3.2 Giai thuat song song tinh dé trung tam gan

T giai thuat co ban minh hoa & , viéc tinh do trung tam gan C'C hoan toan dya vao
phuong phap duyét do thi BFS theo chiéu rong truée.

Dé giam kich thuéc hang dgi khi duyet, mdi khi duyéet BFS déi v6i dinh u, ching ta sé
stt dung mang Maps ma & d6 vi tri bit thit v thé hien trang thai duyét hay chua ctia dinh
v. Hang dgi Queue ciing dugc t6 chiic dac biet dé luu luon duge gia tri khodng cach ngan
nhat tit u dén dinh da duyéet trong Queue.

Dé c6 thé khai thac duge thé manh tit cac bo vi xit 1§ da 16i cling nhu nhitng hé théng
tinh toan da vi xtt 1y, chting t6i sé tién hanh tinh do trung tam gan CC theo phuong phap
tinh toan song song. Cach tiép can tinh toan song song ctia ching toi diya trén viéc thi hanh
song song cac phép tinh do trung tam gan trén cac dinh khac nhau chit khong phai song
song qua trinh duyét va tinh duong di ngan nhat tit mot dinh dén tat ci cac dinh con lai
(SSSP). Cach tiép can nay cho phép viec duyet SSSP duge thuyc hien trong méi luong chuyéen
biet, tit d6 c6 thé khai thac duge nhitng dit liu lién ké nhau trong cache, nang cao ty lé
cache hit.

Do kich thuée cac hang doi Queue 16n (c6 s6 phan tit bang V), thé nén thoi gian cap
phat bo nhé cho Queue cling sé mat nhiéu thai gian. Tuong ty nhu thé déi véi mang danh
dau duyéet Maps. Vi vay, chiing toi sé cap phat trudec bo nhé chita cic mang nay tuong tng
v6i s6 luong c6 thé thi hanh song song. Ciing dua vao danh gia & chuong trude, bo thu vien
tinh toan song song CilkPlus sé& dudc st dung dé cai dit qua trinh tinh toan song song do
trung tam gan.

Qua trinh song song tinh do trung tam gan ctia ching t6i duge trinh bay nhu trong gii

Trang 97



CHUONG 4. NANG CAO HIEU NANG TiNH DO TRUNG TAM TREN DO THI

thuat sauu:
Thuat toan 4.3: Giai thuat song song tinh do trung tam gan
Input: G = (V, E) represented by Edges|]]]
Output: CCJ[]forallveV
1 CCv] « 0,Sum[v] < 0, Mapsjv] « 0 YveV;
/* Thi hanh song song st dung thu vién Cilk Plus */

2 for s =0 to Edges.size() do

3 Q) < empty queue; Q.push(s);
4 SetBit(s, Maps) ; /* Danh diu s da dugc duyét */
5 CCls| + 0; FC[s] < 0; dst < 0 ;
6 while () is not empty do
7 dst <— dst + 1;
/* Duyé&t cédc dinh clng mic td s trong hang dgi @ */
8 while () is not empty do
9 v+ Q.pop();
/* Duyét céac dinh 1ién ké véi s */
10 forall w € Edges|s] do
/* néu chua duyét */
11 if TestBit(w) then
12 Q.push(w, dst) ; /* luu lai khodng céach tit v dén w */
13 SetBit(w, Maps) ; /* danh diu w 43 duyét */
14 end
15 end
16 end
17 Q.nextLevel() ; /* chuyén dén mic k& tiép */
18 end
19 if Sum[s] # 0 then CC|[s] < 1/Sum]s] ;
20 end

21 return CC[[;

C6 thé thay, do phiic tap tinh toan vé thdi gian ctia giai thuat nay O(|V] * (|[V| + |E|))
tuong tu nhu do phiic tap ciia giai thuat co ban da trinh bay & phan trén khi trién khai véi
mot luong. Trong truong hop gidi thuat nay duge thi hanh song song véi t luong, do phiic

tap thoi gian clia giai thuat sé duge gidm di ¢ 1lan va c6 gia tri 1a O(w)

4.3.3 Giai thuat song song tinh do trung tam trung gian

T giai thuat co ban minh hoa & , viéc tinh do trung tam trung gian BC hoan toan
dita vao phuong phap duyeét do thi BFS theo chiéu rong trudc.
Chiing toi ciing tién hanh tinh do trung tam trung gian BC theo phuong phap tinh toan
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Thuat toan 4.4: Giai thuat song song tinh do trung tam trung gian

10

11

12

13

14

15

16

17

18

19

20

Input: G = (V, E), dugc td chitc nhu méng vector Edges]][]

Data: queue Q < , stack S khdi tao rdng va c6 thé chiia duge |V| dinh ;

dist[v]: luu khodng cach tit dinh nguon dén v ;

Pred[v]: chita danh sach cac dinh trén duong di ngan nhat tit dinh nguon dén v ;
o[v]: $6 duong di ngan nhat tit dinh nguon dén v ;

8[v]: do thuoc clia dinh nguon vao dinh v ;

reducer BCv]: vector chita gia tri BC ctia dinh v cho phép cap nhat tuong tranh khi
thi hanh song song v6i thu vién Cilk Plus ;

Output: BC|.] v6i moi v € V

/* Thi hanh song song st dung thu vién Cilk Plus */
for s =0 to Edges.size() do
/* Pha 1. Duyét theo kidu bai toan SSSP */
foreach v € V do Pred[v] + empty list ;
foreach v € V' do dist[v] < oo;0[v] - 0 ;
dist[s| < 0;0[s] < 1; Q.push(s) ;
while () not empty do
v <= Q.pop(); S.push(v) ;
foreach w € Edges[v] do
/* w chua dugc duyét x/
if dist[w]| == oo then dist|w] < dist[v] + 1; Q.push(w) ;
/* (v,w) n3m trén dudng di ngin nhit */
if distjw] == dist[v] + 1 then o[w] < o[w] + o[v]; Pred[w].push_back(v);
end
end
/* Pha 2: Tich luj (tinh ngudc lai dinh 43 dugc duyét) x/
foreach v € V' do J[v] < 0;
while S not empty do
w <+ S.pop() ;
for v € Pred[w] do 6[v] + d[v] + %(1 + d[w]);
/* Dam bdo thi hanh tuong tranh chinh xé&c */
if w # s then reducer BCw] < reducer BC[w] + 0[w];
end
end
reducer BC.move_out(BC) ; /* Trd két qud vé cho vector BC */
return BC|] ;
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song song dé c6 thé khai thac duge thé manh tit cac bo vi xit Iy da 16i cing nhu nhing hé
thong tinh toan da vi xit 1§, cu thé 1a thi hanh song song cac phép tinh do trung tam trung
gian trén cac dinh khac nhau.

Viéc cap phat truée bo nhé chita mang @ ciing duge thyc hién tuong ty nhu déi véi giai
thuat tinh do trung tam gan. Bo thu vién tinh toan song song CilkPlus ciing dudc sit dung
dé cai dat qua trinh tinh todn song song do trung tam trung gian.

Qué trinh tinh do trung tam trung gian sé dugc thi hanh song song nhu minh hoa trong
giai thuat

Tuong tu nhu khi tinh do phic tap v6i gidi thuat song song tinh do trung tam gan, giai

thuat nay nay khi thi hanh song song véi ¢ luong thi do phtc tap tinh toan la O('V‘tﬂ)

4.4 Thuc nghiém va danh gia

Dé c6 thé danh gia cu thé hon vé giai thuat song song tinh hai do trung tam gan CC va
do trung tam trung gian BC, chtng t6i da tién hanh cai dat giai thuat, lira chon mot sd bo
cong cu phan tich do thi da bao gdm cac ham tinh cic do trung tam va st dung mot sé bo

dit lieu mang x& hoi da duge mot s6 to chite c6 uy tin cong bo.

4.4.1 Moi truong thi nghiém, danh gia

Giai thuat song song tinh do trung tam gan C'C clia chung toi da duge cai diat bang
ngon ngtt C++ trén moi trudng tinh toan ctia Truong Dai hoc Cong nghe, véi cau hinh 2
x Intel(R) Xeon(R) CPU E5-2697 v4 @ 2.30GHz (45MB Cache, 18-cores per CPU), bo nhé
chinh 128GB, CentOS Linux release 7.2.1511, gce 6.3.0. Hé thong tinh toan nay duge cau
hinh cho phép thi hanh t6i da 36 luong song song (do cau hinh t&t chitc nang hyperthreading
trén 2 CPU).

4.4.2 D liéu thuc nghiém

Dé kiém nghiem giai thuat trén, ching toi da thu thap cac bo dit lieu mang xa hoi duge
cong bo tit hai t6 chiic 16n: SNAP (Stanford Large Network Dataset Collection) [61] va
Aminer Datasets for Social Network Analysis [I13]. Céc bo di lieu duge sit dung trong thuc

nghiém danh gia ctia ching toi gom:

o gemsec-Facebook: Day 1a bo dit liu gom tam mang con dude xay dung dé biéu dién
nhitng trang Facebook da dugc kiém tra chinh thdng (blue verified Facebook pages).
Cac trang Facebook nay dugec mo hinh hoa biang cac dinh do6 thi trong khi cic canh
thé hien lien két gitta cac trang d6. Do giéi han thoi gian nén ching toi chi chon hai
mang 16n trong bo dit licu gemsec-Facebook dé tién hanh thit nghiém la: Politician and
Artist.
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e cgo-Facebook: Day 1a bo dit licu dugce xay dung tit cac danh séch ban (friends lists) cia
Facebook. Cac danh sach nay duge thu thap tit cac thanh vién tham gia khao sat dua
trén tng dung Facebook.

e com-DBLP: Day la bo dit lieu thé hién mang dong tac gia DBLP.
e com-Youtube: Day 1a bo dit lieu thu thap tit cong dong trong mang xa hoi Youtube.

o Flickr: Day la bo dit lieu thu thap tit mang chia sé anh Flickr thé hién quan hé giita

cac thanh vién cong dong nay.

Trong s6 cac bo dit lieu trén, Flickr 1a bo dit lieu thé hién do thi khong két ndi trong khi
cac bo dit lieu con lai déu theé hién 1a do thi cé két ndi. Thong tin micu ta cu thé cac tham
s6 chinh thé hién cac bo dit lieu nay minh hoa & bang [1.1] dusi day:

Bang 4.1: Thong tin théng ké vé cac dit lieu mang xa hoi thit nghiem

Bo dw liéu S6 canh | S6 dinh | Dudng kinh
ego-Facebook (DS1) 88.234 4.039 8
gemsec-Facebook Politician (goi tat DS2) | 41.729 5.908 14
gemsec-Facebook Artist (DS3) 819.306 50.515 11
DBLP (DS4) 1.049.866 | 425.957 23
Youtube (DS5) 2.987.624 | 1.157.828 24
Flickr (DS6) 9.114.557 | 214.626 10

4.4.3 Két qua thuc nghiém va danh gia
4.4.3.1 Giai phap nang cao hiéu nang tinh dé trung tam gan

Tit ma nguodn cta giai phap bigGraph da dude ching toi dé cap 6 chuong 2 , chang toi
da tién hanh cai dat giai phap song song hoa qui trinh tinh do trung tam gan trén do thi
mang x4 hoi bang ngon ngt C++ va sit dung thu vién lap trinh song song theo mo hinh
luong CilkPlus. Toan bo ma nguon clia giai phap nay cling nhu cac két qua thyc nghiem ma
chiing t6i da tién hanh déu duge cong bo tai dia chi GitHub: https://github.com/hanhdp/
parallel_closeness_centrality/.

Dé danh gia hiéu ning clia giai phap ma chiing t6i da xay dung trong bigGraph, hai bo
cong cu tieu biéu da dugce ching toi gidi thieu ¢ phan Mé dau dudce ching toi chon dé so
sanh 1a: TeexGraph va NetworKit. Ca hai bo cong cu nay va bigGraph déu duge cai dit trén
ha tang phan cting da dugc dé cap 6 phan trén.

Dé phan tich he s6 tang toc (speedup), chiing toi da tién hanh danh gia trudc tien giai
phap bigGraph véi s6 lugng ludng thi hanh song song thay ddi tit 1 (tuong tng véi trudng

"https://github.com/hanhdp/bigGraph/
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hogp thi hanh tuan ty) dén s6 ludng t6i da (36 luong) c6 thé thi hanh song song trong hé
thong tinh toan. Vi méi bo dit liéu, ching toi tién hanh tinh do trung tam gan 10 lan cho
tat ca cac dinh. D6i v6i nhitng bo dit lieu do thi quy mo 16n nhu Youtube, DBLP va Flickr,
thoi gian thi hanh dé tinh dugc do trung tam gan nhin chung la rat cao nhu minh hoa &
bang T do, viéc so sanh gitta bigGraph va hai bo cong cu phan tich mang xa hoi con
lai (TeexGraph va NetworKit) sé tap trung stt dung ba bo dit lieu dau: ego-Facebook-DS1;
gemsec-Facebook Politician-DS2; va gemsec-Facebook Artist-DS3. Két qué thuc nghiém clia
chiing toi duge tong hgp diya trén viéc tinh thoi gian thi hanh trung binh ctia ca 10 lan chay
thit nghiem déi v6i mdi giai phap va dude thé hien ¢ bang sau:

Béang 4.2: Thoi gian (giay) va he sb tang tdc ctia bigGraph khi tinh do trung tam gan

S6 ludng . DS1 . DS2 . DS3
Thoi gian | Speedup | Thai gian | Speedup | Thoi gian | Speedup
1 1,031 1,00 1,546 1,00 195,276 1,00
2 0,552 1,87 0,819 1,89 97,527 2,00
4 0,306 3,37 0,415 3,72 49,136 3,97
8 0,169 6,11 0,223 6,95 26,418 7,39
16 0,095 10,82 0,129 12,03 14,491 13,48
32 0,054 19,07 0,069 22,48 7,481 26,10
36 0,052 19,89 0,060 25,96 6,648 29,37

Hinh sau thé hién ré hon sy thay ddi clia hé s6 ting téc speedup clia bigGraph khi s6

ludng song song thay doi:

Thoi gian thi hanh CC
e=@==cgo-Facebook
==@==pemsec-Facebook Politician
100,000
gemsec-Facebook Artist
& 10,000
C:
c
5
221,000
o]
=
}_
0,100
0,010
1 2 4 o 8 16 32 36
S6 luéng

Hinh 4.1: Thoi gian thi hanh bigGraph khi tinh do trung tam trung gian
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Hé so tang toc CC
30,00
ego-Facebook
25,00 ==@==pgemsec-Facebook Politician
==@==pgemsec-Facebook Artist
20,00
o
>
T 15,00
]
o
n
10,00
5,00
0,00
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Hinh 4.2: Danh gia heé s tang toc bigGraph khi tinh do trung tam trung gian

Nhu minh hoa ¢ hinh cang nhicu ludong song song chiing ta co thé tién hanh, thoi
gian thi hanh tinh do trung tam gan cang ngan. T d6, ching toi quyét dinh chon s6 luong
song song 1a 36 luong (s6 luong toi da trén hé théng tinh todn ctia ching t6i) khi thi hanh
so sanh danh gia hiéu nang gita bigGraph va NetworKit, TeexGraph.

Bang sau minh hoa thoi gian trung binh ctia 10 1an thi hanh qua trinh tinh do trung tam

gan clia ca ba gidi phap néu trén:

Béng 4.3: Thoi gian tinh do trung tam gan (giay)

B6 du liéu NetworKit | TeexGraph | bigGraph
ego-Facebook 0,468 0,052 0,032
gemsec-Facebook Politician 1,192 0,071 0,056
gemsec-Facebook Artist 182,890 9,808 6,405
DBLP 3363,286 326,659 153,753
Flickr 540,944 309,058
Youtube 147.924,400 4.418,191 2.168,677

Trong bang nay, ngoai trit bo dit lieu Flickr 1a do thi khong két ndi nén NetworKit khong

thé tinh do trung tam gan. Cac cong cu khac déu thi hanh va tra vé do trung tam gan mot

cach chinh xéc v6i tat ca cac bo dit liu.
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The&i gian tinh CC cac bd dir liéu 147.924,40
100.000,00 | I

M BigGraph

10.000,00 4.418,19
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1.000,00

NetworKit | | 540,94 { |
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Politician Artist

Hinh 4.3: Thoi gian thi hanh thyc nghiém tinh do trung tam gan

Két qua thire nghiem thu dude cho phép khing dinh giai phap song song dé tinh do trung
tam gan ctia ching t6i trong bigGraph c6 hiéu nang tot hon so véi nhitng bo cong cu con
lai. Bang [4.4] cho thay hé s6 tang toc ctia bigGraph déi v6i ca 6 bo dit lieu déu nhanh hon
tr 1,27 dén 2,12 va tir 14,78 dén 68,21 so vdi 2 bo cong cu con lai, lan Iugt 14 TeexGraph va
NetworKit.

Bang 4.4: He s6 tang t6 ciia bigGraph so v6i TeexGraph va NetworKit khi tinh do trung

tam gan

Bo6 du liéu TeexGraph /bigGraph | NetworKit/bigGraph

ego-Facebook 1,66 14,78

gemsec-Facebook Politician 1,27 21,23

gemsec-Facebook Artist 1,53 28,56

DBLP 2,12 21,87

Flickr 1,75
Youtube 2,04 68,21

D6i véi viee danh gia tinh ding dan ciia ba bo cong cu nay khi thi hanh song song, chiing
toi da sit dung bo cong cu NetworkX dé tinh tuan tuy do trung tam gan ciia cac do thi sit
dung trong thirc nghiém va luu ra tép. Tép nay duge sit dung dé so khép véi két qua tinh do
trung tam gan ctia cd bigGrap, TeexGraph vA NetworKit thi hanh song song véi 36 luong.
Két qua thuc nghiem khang dinh ca ba giai phap nay déu c6 két qua tring khép véi két qua

da sinh ra tit cong cu NetworkX.
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Nhu vay, thuc nghiém vé6i tat ca sau bo dit licu, gidi phap bigGraph déu thi hanh qua
trinh tinh do trung tam gan trong thoi gian ngan hon. Két qua nay minh chiing hiéu ning
ctia bigGraph da dudc cai thién so v6i nhitng bo cong cu phan tich mang xa hoi dién hinh
hién nay. Hieu nang bigGraph dugc ci thién ro rang dya vao (i) cau tric dit lieu do thi phu
hop (cho phép giam thai gian truy cap dit lieu do thi trong bo nhé chinh nhd t6 chiic lién ké
va sit dung méang bitmaps dé danh dau cac dinh da duyét) va (ii) phuong thiic song song hoé
giai thuat BFS dya vao bo thu vién CilkPlus nhu ching t6i da phan tich trong muc 4.3.2.

Cac két qua nay clia ching toi da dugce cong bo trong ky yéu hoi thdo SoICT nam 2018
(cting ndm trong chi muc SCOPUS va WoS) [DPH4].

4.4.3.2 Giai phap nang cao hiéu nang tinh do trung tam trung gian

Tit ma nguon clia gidi phap bigGraph véi gidi phap song song gidi thuat tinh do trung
tam gan néu trén, ching toi da tiép tuc cai dit gidi phap song song hoa qué trinh tinh
do trung tam trung gian bang ngon ngit C++ va st dung thu vién 1ap trinh song song
theo mo hinh ludng CilkPlus. Toan bo ma nguon ciia gidi phap nay ciing nhu cac két qua
thiic nghiem ma ching toi da tién hanh déu dugc cong bod tai dia chi GitHub: https:
//github.com/hanhdp/parallel_betweenness_centrality/.

Viéc danh gia hiéu nang cua giai phap ma chiung toi da xay dung trong bigGraph sé dugc
so sanh véi ca hai bo cong cu tiéu biéu trong phan tich do thi mang xa hoi quy mo 16n 1a
TeexGraph va NetworKit. Ca hai bo cong cu nay va bigGraph déu duge cai dat trén ha tang
phan cting da dugc dé cap 6 phan trén.

Ciing tuong ty nhu viéc danh gia tinh ding din vé6i gidi thuat tinh do trung tam gan,
chiing t6i ciing da st dung bo cong cu NetworkX dé tinh tuan ty do trung tam trung gian
clia cd 6 do thi st dung trong thic nghiem va luu ra tép. Dya trén két qua thu duge khi
tinh do trung tam trung gian cia ca bigGrap, TeexGraph va NetworKit thi hanh song song
v6i 36 ludng ddi v6i 6 bo dit lieu. Két qua thyc nghiem khang dinh ca ba gidi phap nay
déu c6 két qua tinh do trung tam trung gian trung khép véi két qua da sinh ra tit cong cu
NetworkX.

Dé phan tich hé s6 tang toc (speedup), ching toi da tién hanh danh gia trude tién giai
phap bigGraph véi s6 lugng ludng thi hanh song song thay ddi tit 1 (tuong tng véi trudng
hop thi hanh tuan ty) dén s6 luong t6i da (36 ludng) c6 thé thi hanh song song trong hé
théng tinh toan. D6i v6i nhitng bo dit lieu do thi quy mo 16n nhu Youtube, DBLP va Flickr,
thoi gian thi hanh dé tinh duge do trung tam trung gian nhin chung rat cao nhu minh hoa &
bang . T do, viéc so sanh gitta bigGraph va hai bo cong cu phan tich mang xa hoi con lai
(TeexGraph va NetworKit) sé tap trung st dung ba bo dit lieu dau: DS1, DS2 va DS3. Két
qua thuc nghiém ctia ching toi dude tong hop dua trén viéc tinh thoi gian thi hanh trung
binh ctia ca 10 lan chay thit nghiem déi v6i méi giai phap va duge thé hien ¢ bang sau:
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Bang 4.5: Thoi gian (giay) va he s6 tang toc clia bigGraph khi tinh do trung tam trung gian

S6 Tudng . DS1 . DS2 . DS3
Thai gian | Speedup | Thoi gian | Speedup | Thoi gian | Speedup
1 3,03 1,00 8,20 1,00 1129,47 1,00
2 2,52 1,20 7,44 1,10 832,76 1,36
4 1,51 2,01 4,52 1,82 556,46 2,03
8 0,92 3,29 2,61 3,15 330,64 3,42
16 0,54 5,62 1,60 5,14 196,46 5,75
32 0,28 10,79 0,89 9,19 118,92 9,50
36 0,23 13,26 0,74 11,01 99,85 11,31

Hinh sau thé hién ré hon sy thay ddi ctia hé s6 ting tdc speedup ctia bigGraph khi s6

ludng song song thay doi:

Thei gian thi hanh tinh BC
10000,00 ==@==epo-Facebook

==@=pgemsec-Facebook Politician

1000,00 L —_— ==@==pgemsec-Facebook Artist

100,00 ﬂ\xﬁ
10,00
1,00 .—\‘\\\*‘.

0,10

Thoi gian (gidy)

1 2 4 . 8 16 32 36
S6 ludng

Hinh 4.4: Thoi gian thi hanh tinh d6 do BC ctia bigGraph (giay)
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Hé sé ting tdc tinh BC
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Hinh 4.5: Danh gia hé s tang toc tinh do do BC ctia bigGraph

Nhu minh hoa & hinh cang nhiéu ludong song song ching ta c6 thé tién hanh, thoi
gian thi hanh tinh do trung tam trung gian cang ngan. T d6, ching t6i quyét dinh chon s6
luong song song la 36 luong (s6 luong t6i da trén hé thong tinh toan ctia ching toi) khi thi
hanh so sanh danh gi& hiéu nang gitta bigGraph va NetworKit, TeexGraph.

Bang sau minh hoa thoi gian trung binh ctia 10 1an thi hanh qua trinh tinh do trung tam

trung gian cia ca ba giai phap néu trén:

Bang 4.6: Thai gian tinh do do BC (giay)

Bo dw liéu bigGraph | TeexGraph | NetworKit
ego-Facebook 0,23 0,31 0,56
gemsec-Facebook Politician 0,84 0,84 1,70
gemsec-Facebook Artist 99,85 110,58 234,12
DBLP 2345,62 2694,78 4823,47
Flickr 3.506,34 4.44793 7.694,61
Youtube 56.071,60 68.744,80 90.522,30

Ngoai viéc so sanh, danh gia vé thoi gian, ching toi cling da tién hanh so sinh danh gia
két qua do trung tam trung gian thu duge clia ci ba gidi phap. Két qua 1a ca ba giai phap
déu tra vé danh sach do trung tam trung gian giong nhau véi cd 6 bo dit lieu néu trén. Bang
két qua thuc nghiem nay minh ching ro nét giai thuat tinh do trung tam trung gian

ma ching t6i xay dung trong luan an c6 thai gian thi hanh nhé hon so véi hai bo céng cu
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TeexGraph va NetworKit. Minh hoa chi tiét vé thoi gian thi hanh ctia ci ba cong cu nay
duge thé hien ¢ hinh [4.6) dudi day:

Tho'i gian tinh BC cac bo dir liéu 90522,30

100000,00 68744,8q'

56071,60
7694,61
10000,00 4823,47 4447,93
234567 269478/ 200,34
1000,00
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99,85 110,58
100,00
10,00
1,70
1,00 —

0,84
-0,56 074 %

010 — 023%31

Time (in seconde)

ego-Facebook gemsec-Facebook gemsec-Facebook DBLP Flickr Youtube
Politician Artist
B bigGraph B TeexGraph NetworKit

Hinh 4.6: Thoi gian thi hanh thuc nghiém tinh do do BC

Két qua thuc nghiem thu duge cho phép khang dinh duge giai phap song song tinh do
trung tam trung gian clia ching toi trong bigGraph c6 hiéu nang t6t hon so v6i nhitng bo
cong cu con lai. Bang cho thay hé s6 tang tdc ciia bigGraph do6i véi ca 6 bo dit lieu
déu nhanh hon tit 1,11 dén 1,35 va tit 2,06 dén 2,44 so véi hai cong cu con lai, lan luct 1a
TeexGraph va NetworKit.

Bang 4.7: Hé s6 tang toc ciia bigGraph so véi TeexGraph va NetworKit khi tinh do do BC

Bo dit liéu TeexGraph /bigGraph | NetworKit /bigGraph
ego-Facebook 1,35 2,44
gemsec-Facebook Politician 1,13 2,28
gemsec-Facebook Artist 1,11 2,34
DBLP 1,15 2,06
Flickr 1,27 1,61
Youtube 1,23 2,19

Tt két qua thyce nghiem trén, c6 thé thay véi tat ca sau bo dit lieu, giai phap bigGraph
déu thi hanh qua trinh tinh do trung tam trung gian trong thoi gian ngin hon. Két qua
nay minh ching hiéu nang ctia bigGraph da dugce cai thién so v6i nhitng bé cong cu phan
tich do thi dién hinh hién nay. Ciing tuong tu nhu véi gidi phap nang cao hiéu nang tinh do

trung tam gan, gidi phap tinh do trung tam trung gian ctia ching toi c6 hiéu ning tét hon
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so vdi NetworKit va TeexGraph déu dya vao (i) cau tric dit licu do thi phit hgp dé gidm
thoi gian truy cap di lieu do thi trong bo nhé chinh va (ii) phuong thiic song song hoé giai
thuat Brandes dya vao bo thu vien CilkPlus. Két qua nay dang dugde chiing toi giii xét dang
trén tap chi chuyén nganh trong thoi gian t6i.

4.5 Két chuong 4

Trong chuong nay, chung t6i da tap trung nghién cttu nang cao hiéu nang qua trinh tinh
toan mot sd do do trung tam trén do thi. Hai do do trung tam quan trong trong phan tich
do thi da duge chiing toi lya chon nghién citu sau trong luan an nay l1a: (i) do trung tam gan
va (ii) do trung tam trung gian.

Tt cac khao sat, danh gia cic nghién citu lien quan dén viéc tinh hai do do nay, ching
toi da tién hanh nghién citu, dé xuét hai giai phap dé tinh hai do trung tam do tren do thi
khong trong s6 (ca c6 huéng va vo huéng). Ca hai giai phap déu dya trén nhing giai thuat
tinh do trung tam c6 do phiic tap tinh toan tot nhat hién nay, tit d6 thuyc hien két hop (i)
t6 chiic dit lieu do thi phit hgp va (ii) k¥ thuat tinh toan song song. D6i v6i qué trinh tinh
\VI*(I‘QIHEI))

do trung tam gan, giai phap ching t6i xay dung c6 do phiic tap 1a O( . VGi t 12 s

ludng c6 thé thi hanh song song. Déi véi giai phap tinh do trung tam trung gian, do phc

M) Cac thyc nghiém ching toi tién hanh

tap tinh toan ctia giai thuat duge cai dat 1a O(
v6i cac bo dit lieu do thi dude cung cap tit cac to chiic ndi tiéng (gom 6 bo dit lieu) da cho
phép khéng dinh dugc hiéu qua vuct troi ciia hai gidi phap ching toi xay dung trong luan
an so v6i mot s6 bo cong cu phan tich do thi nhu NetworKit va TeexGraph.

Chién lugc tinh hai do trung tam da trinh bay & trén hoan toan c6 thé md rong dé nang
cao hiéu nang tinh cac do trung tam con lai nhu do trung tam vector riéng, do trung tam

pagerank, ...
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Chuong 5

KET LUAN VA HUGNG PHAT
TRIEN

5.1 Cac doéng gbép chinh

Thuyc té da ching minh duge tinh hiéu qua ctia 1y thuyét do thi trong nhitng bai toin
thuc tién, chang han nhu mo hinh hoa céc phép toan trén mang xa hoi Facebook, Twitter...
Luan an nay quan tam dén viéc ing dung 1y thuyét dé dé giai quyét bai toan quan trong:
nang cao hiéu nang xit 1y cac phép toan dong thoi trén do thi. Vé6i dinh huéng do6, chung toi
da tién hanh xac 1ap muc tieu va cac noi dung nghien cttu chinh ctia luan an (da trinh bay 6
Chuong 1). Qua cic két qua ca vé Iy thuyét 1an thyc nghiem da duge trinh bay cu thé trong
luan an, c6 thé khéng dinh riing toan bo muc tieu va cac ndi dung nghién ctu dé ra da dugc

hoan thanh, véi cac déng gép chinh bao gom:

1. M6 hinh hoa qué trinh xtt 1y cac phép toan tuong tranh trén do thi quy mo 16n dua
vao lich thi hanh céc phép toan dong thai va diya vao cau tric dit lieu phu hgp; tit d6
cho phép nang cao hiéu nang bo nhé dém cache va gidm thoi gian truy xuat dén bo
nhé chinh.

2. D& xuat ba giai phap (akGroup, akGroupPlus va bigGraph) dé nang cao hiéu nang thi
hanh céc truy van dong thoi trén do thi dong quy mo 16n véi kha nang thi hanh song

song ca cac truy van duyét do thi 1an cap nhat do thi.

3. Nang cao hiéu nang qua trinh tinh hai do do trung tam: do trung tam gan va do trung
tam trung gian trén do thi quy mo 16n, véi gidi phap bigGraph duge xay dung dua
trén viéc to chic dit lieu do thi phit hgp va song song hoa cac phép tinh SSSP trén

moi thanh vién ctia mang.

Trong luan an, chting to6i da dac ta bai toan xi 1y cac truy van khoang céch ngan nhat

tren do thi dong, cach tiép can chia cac phép toan trén do thi thanh hai 16p: (i) cac phép
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toan cap nhat bao gom thém, xoa canh (ngay cd dbi véi do thi thuoc tinh, viée thay doi
thuoc tinh nao dé trong do thi ciing ¢6 thé quy vé phép toan xoa canh rdi bo sung them
canh c6 thuoc tinh méi chang han); va (i) cac phép toan truy van trén do thi, dugc tién
hanh thong qua cac giai thuat duyét do thi hosic xac dinh duong di ngan nhat gitta cac dinh.
V6i viec tap trung nghién citu cac do thi khong trong so, c6 huéng va c6 quy mo dinh/canh
16n, bai toan xit 1y cac phép toan tuong tranh dugce ching toi chi trong dén truong hop cac
phép toan cap nhat va truy van khodng cach ngan nhat giita cac dinh duge gii dén lién tuc,
dong thaoi trén do thi. Lic nay, cac phép toan dé can phai duge thi hanh véi dieu kien dam
bédo dugc tinh toan ven, nhat quan ctia dit lieu do thi. T do6, cac phép toan tuong tranh
trong do thi duge mo hinh hoa nhu mot lich thi hanh cic phép toan S trén do thi G.

Dé giai quyét bai toan do, viéc tién hanh thyc thi lich S dude ching t6i dé xuat thong
qua ba giai phap khéc nhau. Ca ba giai phap nay déu dya trén § tudng chinh la (i) xay dung
cau tric dit lieu do thi phit hop dé nang cao hiéu ning ctia bo nhé dém cache; (ii) lua chon
huéng duyét do thi mot cach linh hoat dua khong chi vao s6 luong dinh con ma céa sb luong
dinh chau ctia mdi hang doi; va (iii) dé xuat giai phap song song hod cac truy van dong thoi,
cd dbi véi cac phép toan cap nhat 1an truy van khodng cach ngan nhat trén do thi. V6i cac
giai phap dude dé xuat trong luan an, cic gidi thuat song song déu dam bao tinh cuc bo dit
lieu khi thi hanh trong mdi luong, tit dé tranh su trao doi giita ching va khong can st dung
cd ché kiém soét tuong tranh.

Trong gidi phap 1 (akGroup), dit liéu do thi duge to chiic trén hai mang chita toan bo
cac dinh lién ké va hai mang chi muc dé luu s6 dinh lién ké va vi tri bat dau trong mang
dit lisu do thi. Cach td chitc nay duge tién hanh ddi véi ca chidu di (outgoing) va chiéu dén
(incoming) dé cho phép c6 thé tién hanh tinh khodng cdch ngdn nhat dua theo duyet BFS
c4 hai chiéu. Mic du cach thiic to chiic dit lieu ¢ tinh cuc bo cao, nang cao duge ty 1é cache
hit, nhung cac phép toan cap nhat (dic biét thao tac thém canh) lai ¢6 hiéu nang khong
cao. Két qua nay duge ching toi cong bd trong cong trinh [DPH1] tai hoi thao BDCAT vé
quan ly dit lieu 16n nam 2016.

Tit cac diém han ché ¢ gidi phap 1, chiing toi da dé xuat giai phap 2 (akGroupPlus) véi
mo hinh t6 chitc dit lieu do thi khéc di. Vé6i phuong phap nhing kém trang théai canh dd thi
(st dung 2 bits cubi ctia dinh danh dinh lién ké), caAc phép toan cap nhat dugc chia lam hai
giai doan: chuyén trang thai cic canh c6 thao tac cap nhat (thém/xoa) thanh UNKNOWN
va sau khi hoan thanh cac truy van tinh khodng cach xong mdi ghi nhan thuc sy cac canh
d6 v6i cac trang thai them (ALIVE) hay bi xo4 di (DEAD). Véi cach t6 chic dit ligu nay,
viéc thi hanh toan bo cac truy van khoang cach trong S dudc tap hop lai va xit Iy song song
trén he thong tinh toan. T d6, hieu ning clia qua trinh xit Iy S da dugce cai thien nhu da
duge minh chiing trong thyc nghiém thit 2 cta ching t6i. Mic du vay, méi chi ¢ cac truy
van khoang cach trong S dugc tién hanh song song trong khi cac phép toan cap nhat van
chi duge x1t Iy tuan tu. Gidi phap nay ctia ching to6i ciing da duge cong bd tai hoi thdo quoc
té ICCCI nam 2017 [DPH2].
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Trong giai phap 3 (bigGraph, ching toi da dé xuat ki thuat cho phép tién hanh song
song cac phép toan cap nhat véi ¥ tudng cé thé tién hanh song song cac phép toan cap nhat
trén cac danh sach dinh lién ké khac nhau. Tt ¥ tudng d6, ching toi da xay dung phuong
an tién hanh song song cic phép toan cap nhat. Cac thyc nghiem duge ching toi tién hanh
v6i giai phap nay ciing da minh chiing duge hiéu qua ctia qué trinh song song ca cac phép
toan cap nhat 1an tinh khodng cich ngan nhat. Két qua nay ciing duge ching toi cong bo
trong tap chi quoc té Transactions on Computational Collective Intelligence, Springer, nam
2018 [DPH3].

Déi v6i cac phép toan phan tich do thi, trong luan an nay, ching to6i da quan tam nghién
cttu vé cac do do trung tam. V6i cach tiép can tuong ty nhu viec xit 1y truy van dong thoi
néu trén, ching toi da xay dung dugde hai giai thuat tinh do trung tam gan va do trung tam
trung gian hiéu qua hon, v6i ¥ tudng dua trén viec to chite dit lieu do thi hop 1y va song song
hoa qua trinh xt Iy bai toan SSSP. Giai phap nay ctia ching t6i, duge dat tén la bigGraph,
cling da dudc tién hanh thic nghiem danh gia so véi mot s6 bo cong cu khac c6 ciing mién
ting dung 13 TeexGraph va NetworKit. Cac két qua thuyc nghiém danh gia do trung tam gan
cho thay giai phap bigGraph ctia chtiing t6i nhanh hon TeexGraph va NetworKit lan lugt ti
1,27 dén 2,12 va 14,78 dén 68,21 lan. Két qua nay ctia ching toi da duge cong bo trong ky
yéu hoi thao quoc té SoICT nam 2018 [DPH4]. Déi véi cac két qua danh gia do trung tam
trung gian, giadi phap bigGraph ciing cho hiéu ning thi hanh tét hon so v6i hai bo cong cu
TeexGraph va NetworKit lan lugt tit 1,11 dén 1,35 va tir 2,06 dén 2,44 lan. Nhitng két qua
nay cling da dudc tong hgp va giii bai bdo xét dang trong tap chi chuyén nganh trong thoi
gian toi.

Toan bo cac cong trinh da cong b clia ching toi déu dude xuat ban trong cac ky yéu
hoi théo, tap chi ¢6 chi muc trong SCOPUS va WoS.

5.2 Han ché cua luan an

Do nhitng han ché c& vé thoi gian, vé nguon lyc 1an sy giéi han vé khong gian nghién
citu, nhitng nghién citu trong luan 4n ciing con nhiéu diém chua thé giai quyét hoac chua

dugc dé cap dén. Mot s6 diem han ché nay c6 thé duogce liet ke dudi day:

e Cac noi dung nghién citu cia lugn an con chua thé tién hanh véi nhitng do thi/mang
x& hoi ¢6 quy mo siéu 16n, chang han nhu Facebook véi s6 luong dinh hon hai ty va
hon nghin ty canh: Han ché nay xuat phat tiu giéi han cac bo dit lieu thuc duge cong
b6 cong khai quy mo 16n nhu thé con han ché (cac hang nhu Facebook ciing khong
thé cung cap dugc toan bo dit licu do thi ctia ho véi cong dong). Ngoai ra, niang lyc
hé théng tinh todn ma nghién citu sinh c¢6 thé sit dung ciing khong thé cho phép xtt Iy
ducgc véi nhitng dit lieu quy mo siéu 16n nhu thé.

e Mot s6 do do trung tam nhu do trung tam vector riéng, do trung tam xép hang trang...
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con chua duge nghién ctu, cai dat trong phan tinh cac do trung tam. Day 1a han ché

do thdi gian clia nghién ctu sinh chua c¢6 di dé tién hanh duge cac nghién citu nay.

e Céc két qua nghien cttu ctia luan an chua duge ting dung cu thé vao cac bai toan thuc
té: do nhitng giéi han vé nguon Iuc néu trén nén cac két qua ctia luan an chua thé tich
hop, hinh thanh duge mot s6 san pham nhu mong muén ctia ching toi, chang han nhu
mot hé quan tri CSDL do thi hay mot bo thu vien hoan chinh phuc vu cho cac 16p bai

toan duyét va phan tich do thi/mang xa hoi.

5.3 Hudng phat trién tuong lai

Toan bo nhitng han ché ché da néu trén déu dude ching toi xac dinh sé 14 nhitng nghién
cttu duge chi trong tién hanh trong thoi gian téi.

Trong thoi gian tdi, nhitng do thi quy mo siéu 16n cling sé dudc ching t6i quan tam
nghién citu dé c6 thé lam chii duge nhitng cong nghe xit 1y déi véi quy mo dit lieu dd thi
sieu 16n d6. Déi vé6i cac do do trung tam ciing nhu cac phép toan phan tich do thi, ching
toi ciing sé tién hanh cai dit trong thoi gian t6i dé hinh thanh nén bo cong cu hoan chinh
phuc vu cho céc 16p bai toan duyét va phan tich do thi/mang xa hoi. Ngoai ra, véi nhing
tiem nang ctia CSDL do thi, trong tuong lai gan, ching toi sé huéng dén nhitng nghién citu
chuyén sau hon trong viéc téi wu hoa xit 1y cac truy van trén do thi thuoc tinh; cho phép
x1t Iy hiéu qua hon cac truy van trén do thi dong, thay ddi theo thsi gian (evolving graph
database)...

Trang 113



DANH MUC CAC CONG BO CUA
LUAN AN

[DPH1] Phuong-Hanh DU, Hai-Dang Pham, Ngoc-Hoa Nguyen, “Optimizing the
Shortest Path Query on Large-Scale Dynamic Directed Graph”, BDCAT ’16 Proceed-
ings of the 3rd IEEE/ACM International Conference on Big Data Computing, Appli-
cations and Technologies, pp210-216, 2016. (SCOPUS, WoS)

[DPH2] Phuong-Hanh DU, Hai-Dang Pham, Ngoc-Hoa Nguyen, “An Efficient Par-
allel Method for Performing Concurrent Operations on Social Networks”, Computa-

tional Collective Intelligence, Volume 10448 of the series Lecture Notes in Computer
Science, Springer, pp 148-159, 2017. (SCOPUS, WoS)

[DPH3] Phuong-Hanh DU, Hai-Dang Pham, Ngoc-Hoa Nguyen, “An Efficient Par-
allel Method for Optimizing Concurrent Operations on Social Networks”, Transactions
on Computational Collective Intelligence. Lecture Notes in Computer Science (Q2), vol
10840, no XXIX, pp. 182-199. Springer 2018, ISSN 2190-9288 (0302-9743). (SCOPUS,
WoS)

[DPH4] Phuong-Hanh DU, Hai-Chau NGUYEN, Kim-Khoa NGUYEN, and Ngoc-
Hoa NGUYEN. “An Efficient Parallel Algorithm for Computing the Closeness Central-
ity in Social Networks”. In The Ninth International Symposium on Information and
Communication Technology (SolCT 2018), pp. 456-462, December, 2018. ACM, USA.
(SCOPUS, WoS)



Tai liéu tham khao

1]

8]

[9]

S. Adve, V. Adve, G. Agha, M. I Frank Maria, M. Garzaran, J. Hart, W.-m. Hwu,
R. Johnson, K. Rakesh Kumar, D. Marinov, K. Nahrstedt, D. Padua, M. Parthasarathy,
S. Patel Grigore Rosu, D. Roth, M. Snir, J. Torrellas, and C. Zilles. Parallel computing

research at illinois the upcrc agenda. November 2008.

R. Alhajj and J. Rokne. Encyclopedia of Social Network Analysis and Mining. Springer,
1st edition, 2014. ISBN 978-1-4614-6169-2.

G. S. Almasi and A. Gottlieb. Highly Parallel Computing. Benjamin-Cummings
Publishing Co., Inc., Redwood City, CA, USA, 1989. ISBN 0-8053-0177-1.

K. Asanovic, R. Bodik, B. Catanzaro, J. James Gebis, P. Husbands, K. Keutzer,
D. A. Patterson, W. Plishker, J. Shalf, S. Williams, and K. Yelick. The landscape
of parallel computing research: A view from berkeley. EECS Department, University
of California, Berkeley, EECS-2006-183:56, 12 2006.

K. Asanovic, R. Bodik, J. Demmel, T. Keaveny, K. Keutzer, J. Kubiatowicz, N. Mor-
gan, D. Patterson, K. Sen, J. Wawrzynek, D. Wessel, and K. Yelick. A view of the
parallel computing landscape. Commun. ACM, 52(10):56-67, Oct. 2009. ISSN 0001-
0782. doi: 10.1145/1562764.1562783. URL http://doi.acm.org/10.1145/1562764.
1562783.

M. Baglioni, F. Geraci, M. Pellegrini, and E. Lastres. Fast exact computation of be-
tweenness centrality in social networks. In 2012 IEEE/ACM International Conference
on Advances in Social Networks Analysis and Mining (ASONAM), pages 450-456, 08

2012. ISBN 978-1-4673-2497-7. doi: 10.1109/ASONAM.2012.79.

D. S. Banerjee, S. Sharma, and K. Kothapalli. Work efficient parallel algorithms for

large graph exploration. In 20th Annual International Conference on High Performance

Computing, pages 433-442, Dec 2013. doi: 10.1109/HiPC.2013.6799125.

B. Barney. Message passing interface (mpi). https://computing.llnl.gov/
tutorials/mpi/, .

B. Barney. Openmp. https://computing.llnl.gov/tutorials/openMP/, .

115


http://doi.acm.org/10.1145/1562764.1562783
http://doi.acm.org/10.1145/1562764.1562783
https://computing.llnl.gov/tutorials/mpi/
https://computing.llnl.gov/tutorials/mpi/
https://computing.llnl.gov/tutorials/openMP/

TAI LIEU THAM KHAO

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[20]

B. Barney. Posix threads programming. https://computing.llnl.gov/tutorials/
pthreads/, .

S. Beame. Understanding and Improving Graph Algorithm Performance. PhD thesis,

University of California, Berkeley, 2016.

M. Bentert, A. Dittmann, L. Kellerhals, A. Nichterlein, and R. Niedermeier. An adap-
tive version of brandes’ algorithm for betweenness centrality. Computing Research
Repository-CoRR, abs/1802.06701, 2018. URL http://arxiv.org/abs/1802.06701.

M. Bernaschi, G. Carbone, and F. Vella. Scalable betweenness centrality on multi-gpu
systems. In Proceedings of the ACM International Conference on Computing Frontiers,
CF ’16, pages 29-36, New York, NY, USA, 2016. ACM. ISBN 978-1-4503-4128-8. doi:
10.1145/2903150.2903153. URL http://doi.acm.org/10.1145/2903150.2903153.

P. Boldi and S. Vigna. Axioms for centrality. Internet Mathematics, 10(3-4):222-262,
2014. doi: 10.1080/15427951.2013.865686.

U. Brandes. A faster algorithm for betweenness centrality. = The Journal of
Mathematical Sociology, 25(2):163-177, 2001. doi: 10.1080/0022250X.2001.9990249.

E. Bullmore and O. Sporns. Complex brain networks: graph theoretical analysis of
structural and functional systems. Nature Rev. Neurosci., 10:186-198, 3 2009. doi:
10.1038 /nrn2575.

A. Bulug, J. T. Fineman, M. Frigo, J. R. Gilbert, and C. E. Leiserson. Paral-
lel sparse matrix-vector and matrix-transpose-vector multiplication using compressed
sparse blocks. In Proceedings of the Twenty-first Annual Symposium on Parallelism
in Algorithms and Architectures, SPAA 09, pages 233-244, New York, NY, USA,

2009. ACM. ISBN 978-1-60558-606-9. doi: 10.1145/1583991.1584053. URL http:
//doi.acm.org/10.1145/1583991.1584053.

W. M. Campbell, C. K. Dagli, and C. J. Weinstein. Social network analysis with
content and graphs. LINCOLN LABORATORY JOURNAL, 20(1):39-45, 2013.

V. T. Chakaravarthy, F. Checconi, F. Petrini, and Y. Sabharwal. Scalable single
source shortest path algorithms for massively parallel systems. In 2014 TEEE 28th

International Parallel and Distributed Processing Symposium, pages 889-901, May

2014. doi: 10.1109/IPDPS.2014.96.

M. H. Chehreghani. An efficient algorithm for approximate betweenness centrality
computation. The Computer Journal, 57(9):1371-1382, Sept 2014. ISSN 0010-4620.
doi: 10.1093/comjnl/bxu003.

Trang 116


https://computing.llnl.gov/tutorials/pthreads/
https://computing.llnl.gov/tutorials/pthreads/
http://arxiv.org/abs/1802.06701
http://doi.acm.org/10.1145/2903150.2903153
http://doi.acm.org/10.1145/1583991.1584053
http://doi.acm.org/10.1145/1583991.1584053

TAI LIEU THAM KHAO

[21]

[22]

23]

[24]

[26]

28]

[29]

D. Chen, L. Lii, M.-S. Shang, Y.-C. Zhang, and T. Zhou. Identifying influential nodes
in complex networks. Physica A: Statistical Mechanics and its Applications, 391(4):
1777 — 1787, 2012. ISSN 0378-4371. doi: https://doi.org/10.1016/j.physa.2011.09.017.
URL http://www.sciencedirect.com/science/article/pii/S0378437111007333.

Y. Cheng, F. Wang, H. Jiang, Y. Hua, D. Feng, Y. Wu, T. Zhu, and W. Guo. A
highly cost-effective task scheduling strategy for very large graph computation. Future
Generation Computer Systems, 89:698 — 712, 2018. ISSN 0167-739X. doi: https://doi.
org/10.1016/j.future.2018.07.010. URL http://www.sciencedirect.com/science/
article/pii/S0167739X17323683.

B. Chikhaoui, M. Chiazzaro, S. Wang, and M. Sotir. Detecting communities of author-
ity and analyzing their influence in dynamic social networks. ACM Trans. Intell. Syst.
Technol., 8(6):82:1-82:28, Aug. 2017. ISSN 2157-6904. doi: 10.1145/3070658. URL
http://doi.acm.org/10.1145/3070658.

A. Ching. Scaling apache giraph to a trillion edges. https://www.facebook.
com/notes/facebook-engineering/scaling-apache-giraph-to-a-trillion-
edges/10151617006153920.

A. Ching, S. Edunov, M. Kabiljo, D. Logothetis, and S. Muthukrishnan. One trillion
edges: Graph processing at facebook-scale. Proc. VLDB Endow., 8(12):1804-1815,
Aug. 2015. ISSN 2150-8097. doi: 10.14778/2824032.2824077. URL http://dx.doi.
org/10.14778/2824032.2824077.

T. H. Cormen, C. E. Leiserson, R. L. Rivest, and C. Stein. Introduction to
Algorithms. MIT Lincoln Laboratory Series. The MIT Press, 3rd edition, 2009. ISBN
9780262033848.

S. Das. Efficient algorithms for analyzing large scale network dynamics: Centrality,

community and predictability. PhD thesis, Missouri University of Science and Tech-

nology, 2018.

E. W. Dijkstra. A note on two problems in connexion with graphs. Numerische
Mathematik, 1(1):269-271, 1959. doi: 10.1007/BF01386390.

S. Duggirala. A detailed analysis of nosql and newsql databases for bigdata ana-
lytics and distributed computing. In P. Raj and G. C. Deka, editors, A Deep Dive
into NoSQL Databases: The Use Cases and Applications, volume 109 of Advances in
Computers, chapter 1, pages 1 — 49. Elsevier, 2018. doi: https://doi.org/10.1016 /bs.
adcom.2018.01.004. URL http://www.sciencedirect.com/science/article/pii/
S50065245818300135.

Trang 117


http://www.sciencedirect.com/science/article/pii/S0378437111007333
http://www.sciencedirect.com/science/article/pii/S0167739X17323683
http://www.sciencedirect.com/science/article/pii/S0167739X17323683
http://doi.acm.org/10.1145/3070658
https://www.facebook.com/notes/facebook-engineering/scaling-apache-giraph-to-a-trillion-edges/10151617006153920
https://www.facebook.com/notes/facebook-engineering/scaling-apache-giraph-to-a-trillion-edges/10151617006153920
https://www.facebook.com/notes/facebook-engineering/scaling-apache-giraph-to-a-trillion-edges/10151617006153920
http://dx.doi.org/10.14778/2824032.2824077
http://dx.doi.org/10.14778/2824032.2824077
http://www.sciencedirect.com/science/article/pii/S0065245818300135
http://www.sciencedirect.com/science/article/pii/S0065245818300135

TAI LIEU THAM KHAO

[30]

[31]

[35]

[38]

[39]

S. Duggirala. Newsql databases and scalable in-memory analytics. In P. Raj and G. C.
Deka, editors, A Deep Dive into NoSQL Databases: The Use Cases and Applications,
volume 109 of Advances in Computers, chapter 2, pages 49 — 76. Elsevier, 2018. doi:
https://doi.org/10.1016/bs.adcom.2018.01.004. URL http://www.sciencedirect.
com/science/article/pii/S0065245818300135.

D. Eppstein and J. Wang. Fast approximation of centrality. In Proceedings of the
Twelfth Annual ACM-SIAM Symposium on Discrete Algorithms, SODA ’01, pages

228-229, Philadelphia, PA, USA, 2001. Society for Industrial and Applied Mathe-
matics. ISBN 0-89871-490-7. URL http://dl.acm.org/citation.cfm?id=365411.
365449\

D. Eppstein and J. Wang. Fast approximation of centrality. Journal of Graph
Algorithms and Applications, 8(1):39-45, 2004. URL http://eudml.org/doc/52454.

S. Even. Graph Algorithms. Cambridge University Press, 2nd edition, 2011. ISBN
0521736536.

R. Fan, K. Xu, and J. Zhao. A gpu-based solution for fast calculation of the betweenness
centrality in large weighted networks. PeerJ Computer Science, 3:e140, Dec. 2017.
ISSN 2376-5992. doi: 10.7717 /peerj-cs.140. URL https://doi.org/10.7717/peerj-
cs.140.

A. Farooq, G. J. Joyia, M. Uzair, and U. Akram. Detection of influential nodes using

social networks analysis based on network metrics. In 2018 International Conference on

Computing, Mathematics and Engineering Technologies (iCoMET), pages 1-6, March

2018. doi: 10.1109/ICOMET.2018.8346372.

L. C. Freeman. A set of measures of centrality based on betweenness. Sociometry, 40
(1):35-41, 1977. ISSN 00380431.

L. C. Freeman. Centrality in social networks conceptual clarification. Social

Networks, 1(3):215 — 239, 1978. ISSN 0378-8733. doi: https://doi.org/10.1016/

0378-8733(78)90021-7. URL http://www.sciencedirect.com/science/article/
pii/0378873378900217.

A. V. Goldberg, D. S. J. C. Demetrescu, C. Demetrescu, and D. S. Johnson. The
shortest path problem : ninth DIMACS implementation challenge. American Mathe-

matical Society, DIMACS; New ed. edition, 2009. ISBN 0821843834.

M. Gong, G. Li, Z. Wang, L. Ma, and D. Tian. An efficient shortest path ap-
proach for social networks based on community structure. CAAI Transactions on
Intelligence Technology, 1(1):114 — 123, 2016. ISSN 2468-2322. doi: https://doi.org/10.

Trang 118


http://www.sciencedirect.com/science/article/pii/S0065245818300135
http://www.sciencedirect.com/science/article/pii/S0065245818300135
http://dl.acm.org/citation.cfm?id=365411.365449
http://dl.acm.org/citation.cfm?id=365411.365449
http://eudml.org/doc/52454
https://doi.org/10.7717/peerj-cs.140
https://doi.org/10.7717/peerj-cs.140
http://www.sciencedirect.com/science/article/pii/0378873378900217
http://www.sciencedirect.com/science/article/pii/0378873378900217

TAI LIEU THAM KHAO

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

1016/j.trit.2016.03.011. URL http://www.sciencedirect.com/science/article/
pii/S2468232216000123.

J. E. Gonzalez, Y. Low, H. Gu, D. Bickson, and C. Guestrin. Powergraph: Distributed
graph-parallel computation on natural graphs. In Proceedings of the 10th USENIX

Conference on Operating Systems Design and Implementation, OSDI’12, pages 17—
30, Berkeley, CA, USA, 2012. USENIX Association. ISBN 978-1-931971-96-6. URL
http://dl.acm.org/citation.cfm?id=2387880.2387883.

J. E. Gonzalez, R. S. Xin, A. Dave, D. Crankshaw, M. J. Franklin, and I. Stoica.
Graphx: Graph processing in a distributed dataflow framework. In Proceedings of the
11th USENIX Conference on Operating Systems Design and Implementation, OSDI’'14,
pages 599613, Berkeley, CA, USA, 2014. USENIX Association. ISBN 978-1-931971-
16-4. URL http://dl.acm.org/citation.cfm?id=2685048.2685096.

A. Grama, A. Gupta, G. Karypis, and V. Kuma. Introduction to Parallel Computing.
Addison Wesley, 2nd edition, 2003. ISBN 8131708071.

A. Guerrieri. Distributed computing for large-scale graphs: Models, Algorithms,
Applications. PhD thesis, Universit‘a degli Studi di Trento, 2015.

A. Hagberg, P. Swart, and D. S. Chult. Exploring network structure, dynamics, and

function using networkx. In In Proceedings of the 7th Python in Science Conference
(SciPy), pages 11-15, 01 2008.

D. Hallac, J. Leskovec, and S. Boyd. Network lasso: Clustering and optimization in
large graphs. In Proceedings of the 21th ACM SIGKDD International Conference
on Knowledge Discovery and Data Mining, KDD ’15, pages 387-396, New York, NY,
USA, 2015. ACM. ISBN 978-1-4503-3664-2. doi: 10.1145/2783258.2783313. URL
http://doi.acm.org/10.1145/2783258.2783313.

H minor free. Engineering distance queries on highly evolving networks. http:
//dsg.uwaterloo.ca/sigmodi6contest/downloads/H_minor_free-poster.pdf,
2016.

R. C. Holte, A. Felner, G. Sharon, N. R. Sturtevant, and J. Chen. Mm: A bidirectional
search algorithm that is guaranteed to meet in the middle. Artificial Intelligence, 252:
232 — 266, 2017. ISSN 0004-3702. doi: https://doi.org/10.1016/j.artint.2017.05.004.
URL http://www.sciencedirect.com/science/article/pii/S0004370217300905.

E. E. Tan Robinson, Jim Webber. Graph Databases: New Opportunities for Connected
Data. O’Reilly Media, 2nd edition, 2015.

Intel. Cilk plus programming. https://www.cilkplus.org, 2018.

Trang 119


http://www.sciencedirect.com/science/article/pii/S2468232216000123
http://www.sciencedirect.com/science/article/pii/S2468232216000123
http://dl.acm.org/citation.cfm?id=2387880.2387883
http://dl.acm.org/citation.cfm?id=2685048.2685096
http://doi.acm.org/10.1145/2783258.2783313
http://dsg.uwaterloo.ca/sigmod16contest/downloads/H_minor_free-poster.pdf
http://dsg.uwaterloo.ca/sigmod16contest/downloads/H_minor_free-poster.pdf
http://www.sciencedirect.com/science/article/pii/S0004370217300905
https://www.cilkplus.org

TAI LIEU THAM KHAO

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

F. Jamour, S. Skiadopoulos, and P. Kalnis. Parallel algorithm for incremental be-
tweenness centrality on large graphs. IEEE Transactions on Parallel and Distributed
Systems, 29(3):659-672, March 2018. ISSN 1045-9219. doi: 10.1109/TPDS.2017.
2763951.

H. Jeong, S. P. Mason, A.-L. Barabési, and Z. N. Oltvai. Lethality and centrality
in protein networks. Nature, 411(6833):41-42, 2001. ISSN 1476-4687. doi: 10.1038/
35075138. URL https://doi.org/10.1038/35075138.

U. Kang, S. Papadimitriou, J. Sun, and H. Tong. Centralities in large networks:
Algorithms and observations. pages 119-130, 04 2011. doi: 10.1137/1.9781611972818.
11.

M. Kaya, J. Kawash, S. Khoury, and M.-Y. Day. Social Network Based Big Data
Analysis and Applications. Lecture Notes in Social Networks. Springer International
Publishing, 1st edition, 2018. ISBN 978-3-319-78195-2,978-3-319-78196-9.

J. Kim and J.-G. Lee. Community detection in multi-layer graphs: A survey. SIGMOD
Rec., 44(3):37-48, Dec. 2015. ISSN 0163-5808. doi: 10.1145/2854006.2854013. URL
http://doi.acm.org/10.1145/2854006.2854013.

A. Kouznetsov and M. Tsvetovat. Social Network Analysis for Startups. O’Reilly
Media, Inc., 1st edition, 2011. ISBN 9781449311377.

A. Kyrola. Large-scale Graph Computation on Just a PC. PhD thesis, School of
Computer Science, Carnegie Mellon University, Pittsburgh, 2014.

C.Y. Lee. An algorithm for path connections and its applications. IEEE Transactions
on Electronic Computers, 10(3):346-65, 2016. doi: 10.1109/TEC.1961.5219222.

C. E. Leiserson and T. B. Schardl. A work-efficient parallel breadth-first search
algorithm (or how to cope with the nondeterminism of reducers). In Proceedings
of the Twenty-second Annual ACM Symposium on Parallelism in Algorithms and
Architectures, SPAA 10, pages 303-314, New York, NY, USA, 2010. ACM. ISBN
978-1-4503-0079-7. doi: 10.1145/1810479.1810534. URL http://doi.acm.org/10.
1145/1810479.1810534.

A. Leist and A. Gilman. A comparative analysis of parallel programming models for
c¢++. In In The Ninth International Multi-Conference on Computing in the Global
Information Technology, ICCGI 2014, pages 121-127, March 2014. ISBN Arno Leist

Andrew Gilman.

J. Leskovec and A. Krevl. Snap for c++. http://snap.stanford.edu/snap/
download.html, June 2014.

Trang 120


https://doi.org/10.1038/35075138
http://doi.acm.org/10.1145/2854006.2854013
http://doi.acm.org/10.1145/1810479.1810534
http://doi.acm.org/10.1145/1810479.1810534
http://snap.stanford.edu/snap/download.html
http://snap.stanford.edu/snap/download.html

TAI LIEU THAM KHAO

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[71]

J. Leskovec and A. Krevl. SNAP Datasets: Stanford large network dataset collection.
http://snap.stanford.edu/data, June 2014.

J. Leskovec and R. Sosi¢. Snap: A general-purpose network analysis and graph-mining
library. ACM Transactions on Intelligent Systems and Technology (TIST), 8(1):1,
2016.

J. Leskovec, K. J. Lang, A. Dasgupta, and M. W. Mahoney. Community structure
in large networks: Natural cluster sizes and the absence of large well-defined clusters.
CoRR, abs/0810.1355, 2008. URL http://arxiv.org/abs/0810.1355.

H. Li. Centrality analysis of online social network big data. In 2018 IEEE 3rd
International Conference on Big Data Analysis (ICBDA), pages 38-42, March 2018.
doi: 10.1109/ICBDA.2018.8367648.

Q. Li and W. Wei. A parallel single-source shortest path algorithm based on bucket
structure. In 2013 25th Chinese Control and Decision Conference (CCDC), pages
3445-3450, May 2013. doi: 10.1109/CCDC.2013.6561544.

LiveStats. Internet live stats.  http://www.internetlivestats.com/.

A. Louni and K. P. Subbalakshmi. Who spread that rumor: Finding the source of
information in large online social networks with probabilistically varying internode

relationship strengths. IEEE Transactions on Computational Social Systems, 5(2):
335-343, June 2018. ISSN 2329-924X. doi: 10.1109/TCSS.2018.2801310.

A. Mahmoody, C. E. Tsourakakis, and E. Upfal. Scalable betweenness centrality max-
imization via sampling. In Proceedings of the 22Nd ACM SIGKDD International
Conference on Knowledge Discovery and Data Mining, KDD ’16, pages 1765-1773, New
York, NY, USA, 2016. ACM. ISBN 978-1-4503-4232-2. doi: 10.1145/2939672.2939869.
URL http://doi.acm.org/10.1145/2939672.2939869.

G. Malewicz, M. H. Austern, A. J. Bik, J. C. Dehnert, I. Horn, N. Leiser, and G. Cza-
jkowski. Pregel: A system for large-scale graph processing. In Proceedings of the
2010 ACM SIGMOD International Conference on Management of Data, SIGMOD
10, pages 135-146, New York, NY, USA, 2010. ACM. ISBN 978-1-4503-0032-2. doi:
10.1145/1807167.1807184. URL http://doi.acm.org/10.1145/1807167.1807184.

A. McLaughlin and D. A. Bader. Accelerating gpu betweenness centrality.
Communications of the ACM, 61(8):85-92, July 2018. ISSN 0001-0782. doi:
10.1145/3230485. URL http://doi.acm.org/10.1145/3230485.

L. Mertz. What can big data tell us about health?: Finding gold through data mining.
IEEE Pulse, 7(5):40-44, Sep. 2016. doi: 10.1109/MPUL.2016.2592242.

Trang 121


http://snap.stanford.edu/data
http://arxiv.org/abs/0810.1355
 http://www.internetlivestats.com/
http://doi.acm.org/10.1145/2939672.2939869
http://doi.acm.org/10.1145/1807167.1807184
http://doi.acm.org/10.1145/3230485

TAI LIEU THAM KHAO

[72]

73]

[74]

[75]

[76]

[77]

78]

[80]

R. T. Michael T. Goodrich and M. H. Goldwasser. Data Structures and Algorithms
in Java. Wiley, 6th edition, 2014. ISBN 1118771338.

Microsoft. Processes and threads. https://docs.microsoft.com/en-us/windows/

desktop/procthread/processes-and-threads|

D. K. Mishra, X.-S. Yang, and A. Unal. Data Science and Big Data Analytics. Springer,
1st edition, 2018.

J. Mondal and A. Deshpande. Managing large dynamic graphs efficiently. In
Proceedings of the 2012 ACM SIGMOD International Conference on Management
of Data, SIGMOD ’12, pages 145-156, New York, NY, USA, 2012. ACM. ISBN 978-
1-4503-1247-9. doi: 10.1145/2213836.2213854. URL http://doi.acm.org/10.1145/
2213836.2213854.

E. F. Moore. The shortest path through a maze. In International Symposium on the
Theory of Switching, page 28592, 1959.

F. Moradi. Improving Community Detection Methods for Network Data Analysis.

PhD thesis, Department of Computer Science and Engineering, Chalmers University
of Technology, Sweden, 2014.

A. Mukkara, N. Beckmann, M. Abeydeera, X. Ma, and D. Sanchez. Exploiting locality
in graph analytics through hardware-accelerated traversal scheduling. In 51st Annual
IEEE/ACM International Symposium on Microarchitecture, MICRO 2018, Fukuoka,
Japan, October 20-24, 2018, pages 1-14, 2018. doi: 10.1109/MICRO.2018.00010.

E. R. Nathan. Analyzing Centrality Indices in Complex Networks: an Approach Using

Fuzzy Aggregation Operators. PhD thesis, Department of Computer Science, Technis-

che Universit at Kaiserslautern, 2018.

W. Nawaz, K. Khan, and Y. Lee. Core analysis for efficient shortest path traversal
queries in social graphs. In 2014 TEEE Fourth International Conference on Big Data
and Cloud Computing, pages 363-370, Dec 2014. doi: 10.1109/BDCloud.2014.11.

NetworkX. Software for complex networks. | http://networkx.github.io.

K. Okamoto, W. Chen, and X.-Y. Li. Ranking of closeness centrality for large-
scale social networks. In Proceedings of the International Workshop on Frontiers in
Algorithmics, FAW’2008, pages 186195, 2008.

H. Ortega-Arranz, D. R. Llanos, and A. Gonzalez-Escribano. The Shortest-Path
Problem: Analysis and Comparison of Methods. Morgan & Claypool, 2014. ISBN
1627055398.

Trang 122


https://docs.microsoft.com/en-us/windows/desktop/procthread/processes-and-threads
https://docs.microsoft.com/en-us/windows/desktop/procthread/processes-and-threads
http://doi.acm.org/10.1145/2213836.2213854
http://doi.acm.org/10.1145/2213836.2213854
 http://networkx.github.io

TAI LIEU THAM KHAO

[84]

[85]

[86]

[87]

[33]

[89]

[90]

[91]

[94]

D. Ortiz-Arroyo. Discovering Sets of Key Players in Social Networks, chapter 2, pages
201-213. Springer, London, 2010. ISBN 978-1-84882-228-3.

E. Otte and R. Rousseau. Social network analysis: a powerful strategy, also for the
information sciences. Journal of Information Science, 28(6):441-453, 2002. doi: 10.
1177/016555150202800601. URL https://doi.org/10.1177/016555150202800601.

M. Park, S. Lee, O. Kwon, and A. Seuret. Closeness-centrality-based synchronization
criteria for complex dynamical networks with interval time-varying coupling delays.
IEEE Transactions on Cybernetics, 48(7):2192-2202, July 2018. ISSN 2168-2267. doi:

10.1109/TCYB.2017.2729164.

S. R. Proulx, D. E. Promislow, and P. C. Phillips. Network thinking in ecology and
evolution. Trends in Ecology & Evolution, 20:345-353, 2005. ISSN 00380431. doi:
10.1016/j.tree.2005.04.004.

R. Puzis, Y. Elovici, P. Zilberman, S. Dolev, and U. Brandes. Topology manipulations
for speeding betweenness centrality computation. Journal of Complex Networks, 3(1):
84-112, March 2015. ISSN 2051-1310. doi: 10.1093/comnet/cnu015.

M. Riondato and E. M. Kornaropoulos. Fast approximation of betweenness centrality
through sampling. Data Mining and Knowledge Discovery, 30:438-475, 2016. ISSN
1384-5810. doi: 10.1007/s10618-015-0423-0.

A. Roy. Memory hierarchy sensitive graph layout. Computing Research
Repository-CoRR, abs/1203.5675, 2012. URL http://arxiv.org/abs/1203.5675.

A. E. Sariytice, K. Kaya, E. Saule, and U. V. Catalyiirek. Graph manipulations for
fast centrality computation. ACM Trans. Knowl. Discov. Data, 11(3):26:1-26:25, Mar.
2017. ISSN 1556-4681. doi: 10.1145/3022668. URL http://doi.acm.org/10.1145/
3022668.

G. Scano, M. Huguet, and S. U. Ngueveu. Adaptations of k-shortest path algorithms for
transportation networks. In 2015 International Conference on Industrial Engineering
and Systems Management (IESM), pages 663-669, Oct 2015. doi: 10.1109/IESM.2015.

7380229.

S. E. Schaeffer. Graph clustering. Computer Science Review, 1(1):27 — 64, 2007.
ISSN 1574-0137. doi: https://doi.org/10.1016/j.cosrev.2007.05.001. URL http://www.
sciencedirect.com/science/article/pii/S1574013707000020.

J. Scott and P. J. Carrington. The SAGE Handbook of Social Network Analysis. Web
Information Systems Engineering and Internet Technologies. SAGE Publications Ltd.,
London, 2014. ISBN 9781847873958. doi: 10.4135/9781446294413.

Trang 123


https://doi.org/10.1177/016555150202800601
http://arxiv.org/abs/1203.5675
http://doi.acm.org/10.1145/3022668
http://doi.acm.org/10.1145/3022668
http://www.sciencedirect.com/science/article/pii/S1574013707000020
http://www.sciencedirect.com/science/article/pii/S1574013707000020

TAI LIEU THAM KHAO

[95]

[96]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

R. Sedgewick and P. Flajolet. An Introduction to the Analysis of Algorithms. Addison-
Wesley Professional, 2nd edition, 2013. ISBN 032190575X.

S. Sherif and E. Pardede. Graph Data Management: Techniques and Applications. IGI
Global, 1st edition, 2012.

SigMod. The acm sigmod programming contest. http://dsg.uwaterloo.ca/
sigmodi6contest/.

G. M. Slota. Irregular Graph Algorithms On Modern Multicore, Manycore, And
Distributed Processing Systems. PhD thesis, College of Engineering, The Pennsyl-

vania State University, 2016.

C. L. STAUDT, A. SAZONOVS, and H. MEYERHENKE. Networkit: A tool suite
for large-scale complex network analysis. Network Science, 4(4):508-530, 2016. doi:
10.1017/nws.2016.20.

L. Takac and M. Zabovsky. Data analysis in public social networks. In Proceedings of

the International Scientific Conference & International Workshop Present Day Trends

of Innovations, pages 272-278, May 2012. ISBN 978-3-319-27260-3.

F. W. Takes and E. M. Heemskerk. Centrality in the global network of corporate
control. Social Network Analysis and Mining, 6, 2016. doi: 10.1007/s13278-016-0402-5.

R. Trobec, B. Slivnik, P. Buli¢, and B. Robi¢. Introduction to Parallel Computing.
From Algorithms to Programming on State-of-the-Art Platforms. Springer, 2018. ISBN

978-3-319-98833-7.

R. J. Trudeau. Introduction to Graph Theory. Dover Publications, 2nd edition, 1994.

L. H. U, H. J. Zhao, M. L. Yiu, Y. Li, and Z. Gong. Towards online shortest path
computation. IEEE Transactions on Knowledge and Data Engineering, 26(4):1012—
1025, April 2014. ISSN 1041-4347. doi: 10.1109/TKDE.2013.176.

F. Vella, M. Bernaschi, and G. Carbone. Dynamic merging of frontiers for accelerating
the evaluation of betweenness centrality. J. Exp. Algorithmics, 23:1.4:1-1.4:19, Mar.
2018. ISSN 1084-6654. doi: 10.1145/3182656. URL http://doi.acm.org/10.1145/
3182656.

S. Wasserman and K. Faust. Social Network Analysis: Methods and Applications

(Structural Analysis in the Social Sciences). Cambridge University Press, 1st edition,

1994. ISBN 0521382696.

Trang 124


http://dsg.uwaterloo.ca/ sigmod16contest/
http://dsg.uwaterloo.ca/ sigmod16contest/
http://doi.acm.org/10.1145/3182656
http://doi.acm.org/10.1145/3182656

TAI LIEU THAM KHAO

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

J. Wei, K. Chen, Y. Zhou, Q. Zhou, and J. He. Benchmarking of distributed computing
engines spark and graphlab for big data analytics. In 2016 IEEE Second International

Conference on Big Data Computing Service and Applications (BigDataService), pages
10-13, March 2016.

R. J. Wilson. Introduction to Graph Theory. Pearson Publisher, 5th edition, 2010.

G. Xu, Y. Zhang, and L. Li. Web Mining and Social Networking: Techniques
and Applications. Web Information Systems Engineering and Internet Technologies.
Springer US, 1st edition, 2011. ISBN 1441977341.

S. A. Yahia, M. Benedikt, L. V. S. Lakshmanan, and J. Stoyanovich. Efficient network
aware search in collaborative tagging sites. Proc. VLDB Endow., 1(1):710-721, Aug.
2008. ISSN 2150-8097. doi: 10.14778/1453856.1453934. URL http://dx.doi.org/
10.14778/1453856.1453934.

N. Yakovets. Query Processing On Attributed Graphs. PhD thesis, University of
Pittsburgh, 2016.

J. Yang and Y. Chen. Fast computing betweenness centrality with virtual nodes on
large sparse networks. PLOS ONE, 6(7):1-5, 07 2011. doi: 10.1371/journal.pone.
0022557. URL https://doi.org/10.1371/journal.pone.0022557.

Y. Zhang, J. Tang, Z. Yang, J. Pei, and P. S. Yu. Cosnet: Connecting heterogeneous
social networks with local and global consistency. In Proceedings of the 21th ACM

SIGKDD International Conference on Knowledge Discovery and Data Mining, KDD
"15, pages 1485-1494, New York, NY, USA, 2015. ACM. ISBN 978-1-4503-3664-2. doi:
10.1145/2783258.2783268. URL http://doi.acm.org/10.1145/2783258.2783268.

Y. Zhang, V. Kiriansky, C. Mendis, S. Amarasinghe, and M. Zaharia. Making caches
work for graph analytics. In 2017 IEEE International Conference on Big Data (Big
Data), pages 293-302, 2017. doi: 10.1109/BigData.2017.8257937.

Trang 125


http://dx.doi.org/10.14778/1453856.1453934
http://dx.doi.org/10.14778/1453856.1453934
https://doi.org/10.1371/journal.pone.0022557
http://doi.acm.org/10.1145/2783258.2783268

	GIỚI THIỆU CHUNG
	Động lực nghiên cứu
	Cấu trúc dữ liệu phù hợp để nâng cao hiệu năng thi hành các phép toán trên đồ thị
	Xử lý các truy vấn khoảng cách ngắn nhất trên đồ thị động quy mô lớn
	Nâng cao hiệu năng tính các độ đo quan trọng trong phân tích đồ thị quy mô lớn

	Một số nghiên cứu liên quan
	Mục tiêu, phạm vi nghiên cứu, đóng góp và bố cục của luận án
	Mục tiêu nghiên cứu
	Phạm vi và phương pháp nghiên cứu

	Các đóng góp chính của luận án
	Tổ chức của luận án

	CƠ SỞ LÝ THUYẾT
	Lý thuyết đồ thị
	Khái niệm
	Kiểu đồ thị
	Các đặc điểm chính của đồ thị

	Biểu diễn đồ thị
	Danh sách các cạnh
	Ma trận liền kề
	Danh sách liền kề
	Ma trận liên thuộc
	Ma trận hàng thưa nén

	Các phép toán chính trên đồ thị
	Duyệt đồ thị
	Duyệt theo chiều rộng trước - BFS
	Duyệt theo chiều sâu trước - DFS

	Phân tích đồ thị
	Tính khoảng cách
	Đường đi ngắn nhất
	Độ trung tâm

	Mật độ đồ thị
	Phân cụm đồ thị

	Tính toán song song
	Kiến trúc hệ thống tính toán song song
	Kiến trúc bộ nhớ chia sẻ
	Kiến trúc bộ nhớ phân tán
	Kiến trúc bộ nhớ lai chia sẻ-phân tán

	Mô hình lập trình song song
	Một số bài toán song song điển hình

	Kết chương 2

	TỐI ƯU HOÁ TRUY VẤN KHOẢNG CÁCH NGẮN NHẤT TRÊN ĐỒ THỊ ĐỘNG
	Giới thiệu
	Đặc tả bài toán
	Mô hình dữ liệu và truy vấn
	Bài toán tối ưu hoá truy vấn khoảng cách ngắn nhất trên đồ thị động
	Cách tiếp cận giải quyết bài toán đặt ra

	Giải pháp 1: akGroup
	Cấu trúc dữ liệu đồ thị phù hợp
	Tối ưu hoá các phép toán cập nhật
	Thêm cạnh mới
	Xoá một cạnh

	Tối ưu các truy vấn
	Giải thuật tính khoảng cách ngắn nhất
	Xử lý song song truy vấn

	Đánh giá thuật toán

	Giải pháp 2: akGroupPlus
	Tổ chức dữ liệu đồ thị kèm trạng thái
	Xử lý các phép toán tương tranh
	Tối ưu hoá các phép toán cập nhật
	Tối ưu hoá các truy vấn tính khoảng cách ngắn nhất
	Giải thuật tính khoảng cách ngắn nhất
	Xử lý song song truy vấn

	Đánh giá thuật toán

	Giải pháp 3: bigGraph
	Ý tưởng chính
	Giải thuật song song hoá các phép toán cập nhật
	Đánh giá thuật toán

	Thực nghiệm và đánh giá
	Môi trường và dữ liệu thực nghiệm
	Môi trường thử nghiệm, đánh giá
	Dữ liệu thực nghiệm
	Dữ liệu từ cuộc thi SigMod Programming Contest 2016
	Dữ liệu SNAP


	Phương pháp thử nghiệm, đánh giá
	Sinh các tập lịch thi hành thử nghiệm
	Phương pháp đo

	Thử nghiệm và đánh giá kết quả
	Kết quả từ cuộc thi ACM SigMod Programming Contest 2016
	Đánh giá giải pháp akGroup
	Đánh giá giải pháp akGroupPlus
	Đánh giá giải pháp bigGraph


	Kết chương 3

	NÂNG CAO HIỆU NĂNG TÍNH ĐỘ TRUNG TÂM TRÊN ĐỒ THỊ
	Giới thiệu
	Bài toán đặt ra
	Tính độ trung tâm gần
	Tính độ trung tâm trung gian

	Nâng cao hiệu năng tính độ trung tâm
	Cấu trúc dữ liệu phù hợp
	Giải thuật song song tính độ trung tâm gần
	Giải thuật song song tính độ trung tâm trung gian

	Thực nghiệm và đánh giá
	Môi trường thử nghiệm, đánh giá
	Dữ liệu thực nghiệm
	Kết quả thực nghiệm và đánh giá
	Giải pháp nâng cao hiệu năng tính độ trung tâm gần
	Giải pháp nâng cao hiệu năng tính độ trung tâm trung gian


	Kết chương 4

	KẾT LUẬN VÀ HƯỚNG PHÁT TRIỂN
	Các đóng góp chính
	Hạn chế của luận án
	Hướng phát triển tương lai

	DANH MỤC CÁC CÔNG BỐ CỦA LUẬN ÁN
	TÀI LIỆU THAM KHẢO

