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LJi cam doan
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hoc ctia PGS. TS. Nguyén Thanh Binh (Khoa Khoa hoc may tinh, Truong Dai hoc Cong
nghé Thong tin va Truyén thong Viét Han, Pai hoc ba Nﬁng) va TS. Lé Thi My Hanh
(Khoa Cong nghé Thong tin, Trudng Pai hoc Bach khoa, Pai hoc Pa Nang).

T6i cam doan cac két qua nghién ctru duoc trinh bay trong ludn 4n 13 trung thuc va
khong sao chép tir bat ky luan an nao khac. Mot sd két qua nghién ciru 13 thanh qua tap
thé va da duoc cac dong tac gia dong ¥ cho sir dung. Moi trich dan déu co ghi ngudn gdc

xuat xur ro rang.

Tac gia

NCS. Ha Thi Minh Phwong



Lo&i cam on

Trudc tién, tac gia xin gui 101 cam on dén Trudng Pai hoc Bach khoa - Pai Hoc Pa Ning
da tao moi diéu kién thuén loi cho tac gia trong thoi gian nghién ctru va hoan thanh Luan
an.

Vi 1ong kinh trong va biét on sau sic, tac gia xin gui 161 cam on t6i thay gido hudng
dan PGS. TS. Nguyén Thanh Binh va c6 TS. Lé Thi My Hanh di tin tinh gitp d& tac gia
tir nhitng budc di dau tién xay dung y tuéng nghién ciru, ciing nhu trong sudt qua trinh
nghién ctru va hoan thi¢n Luan an. Hai thﬁy ¢ da luon ung ho, dong vién va hd tro nhiing
diéu kién tot nhat dé tac gia hoan thanh ludn an.

Tac gia xin giri 101 cam on chan thanh t6i cc thay, ¢b gido va cac ban dong nghiép
ctia Truong Dai hoc Cong nghé Thong tin va Truyén théng Viét - Han - Dai hoc Da Ning

d3 tao moi diéu kién thuén loi va giup d& tic gia trong thoi gian hoc tap va nghién ciru.

Cuoi cung, voi tinh yéu tir day long, tac gia xin guri 101 cam on téi bd, me, anh, chi, em
cung chong va con cua tac gia, nhirng nguoi than yéu trong gia dinh da luén ¢ bén canh
tac gia, dong vién tac gid ve vat chat va tinh than dé tic gia viing tdm hoan thanh luén an

cua minh.

NCS. Ha Thi Minh Phwong
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Maé dau

1. Pit van dé

Trong thoi dai cong nghé s, phan mém di tro thanh mot thanh phan thiét yéu trong hau
hét cac linh vyre ctia khoa hoc k§ thuat va doi sdng xa hoi. Tir cac hé théng diéu khién cong
nghiép, hé thong ngan hang, dén cac img dung phan mém doanh nghiép va tiéu dung, tat
ca déu doi hoi do tin cay va chét luong cao nham dam bao an toan, hiéu qua va trai nghiém
ngudi dung. Tuy nhién, viéc dam bao chat lugng phan mém 1a mot thach thic 16m, doi hoi
ngudn lyc dang ké ca vé& nhan luc va chi phi. Theo Arar va cong su [1] va Ainapure va
cong su [2], cac hoat dong kiém thtr phan mém va dam bao chat luong chiém khoang 23%
tong chi phi trong cac du an phat trién phdn mém. Theo nghién ciru ctia Rana va cong
su [3], hoat dong dam bao chat lwong 1a mot trong nhiing cong doan ton kém nhét trong
qua trinh phat trién phan mém, khi cac k¥ su phai danh phan 16n thoi gian dé kiém tra va
xé4c minh tinh ding dan cia ma ngudn thay vi phét trién cac tinh ning méi. Theo béo cdo
tur Consortium for IT Software Quality (CISQ) nam 2022 [4], 2410 ty USD da dugc chi
dé chi cho chi phi chét lvgng phan mém tai Hoa Ky. Vi tbe d6 ting truong kho ma ngudn
khoang 7% mdi nim, va muc luong trong linh vuc CNTT ting khoang 3% mdi nim, thi
chi phi danh cho viéc tim va sira 16i phan mém vao nam 2020 udc tinh da 1én t6i khoang
607 ty USD. Piéu nay dan dén hang ty USD thiét hai hang nam cho cic doanh nghiép.
Ngoai ra, nghién ctru cia Pai hoc Cambridge [5] ciing cho thiy khoang 30—-50% thoi gian
1am viéc cua 1ap trinh vién 1a danh cho viéc tim kiém va khac phuc 16i. Diéu nay cho thy
16 rang rang 16i phin mém 1a mot van dé khong chi vé k¥ thuat ma con vé kinh té va chién

lugc quan tri.

Kiém thir phan mém 14 hoat ddng quan trong dugc thyc hién trong quy trinh phat trién
phan mém nham phat hién va loai bo 16i trude khi phan mém duoc dua vao van hanh trong
thue té. Tuy nhién, day ciing 13 mot trong nhiing giai doan tiéu ton nhiéu thoi gian va chi
phi nhét trong quy trinh phat trién phan mém. Viéc kiém thir toan bd cac mo-dun véi cing
mot mire d wu tién khong chi 1am gia ting chi phi ma con chua thyc sy hiéu qua d6i véi

cac dy 4n phan mém quy mo 16n. Cac phuong phéap truyén thong nhu kiém thir thu cong,



kiém thtr ty dong va phén tich tinh tuy van hitu ich nhung gip nhiéu han ché: tiéu ton tai
nguyén, phu thudc vao ky niang con nguoi, va khong tan dung duoc dit lidu lich sir dé dua
ra quyét dinh thong minh hon. Vi vy, xu hudng hién nay 1a chuyén tir kiém thir toan dién
sang kiém thtr c6 trong tAm, trong d6 cdc mo-dun c6 nguy co phat sinh 18i cao duoc vu
tién kiém thir trude. Trong bbi canh d6, viéc phat hién 16i sém trong vong doi phat trién
phﬁn mém tr& nén hét sirc cép thiét. Pé thuc hién dugc diéu do, cAn c6 cac mod hinh dy
doan 16i ph?m mém du chinh x4c nham hd trg nhan dién sém cac thanh ph?m tiém an rui
ro, tir d6 gitip t6i uu hoa ngudn lyc kiém thir va nang cao chat lugng phan mém. Do do,
bai toan du doan 16i phén mém, dic biét 1a st dung cac md hinh tri tu€¢ nhan tao, dang trd
thanh mot huéng di chién luge nham nang cao chat lugng phan mém mot cach chi dong,

hiéu qua va quy mo 16n.

Mot trong nhitng hudng tiép can ndi bat ctua du doan 16i phdn mém 12 st dung cac k¥
thuat hoc may va khai pha dir li¢u dé xac dinh cac mo-dun trong hé théng ¢ xac suét chira
16i cao. Cac phuong phap nay cho phép xay dung cac mé hinh du doan dua trén 15i trong
qua khu, dac trung ma nguén hoic cac dd do phén mém, tir d6 xép hang mirc d¢ rui ro va
ru tién kiém thir tvong Gmg [6]. Bang cach tap trung ngudn luc kiém thir vao cac khu vue
c6 kha ning xay ra 18i cao nhat, cac phuong phap nay khong chi gitip giam thiéu chi phi
va thoi gian kiém thir, ma con gop phan nang cao do tin cdy tong thé ctia hé thong va hiéu
qua van hanh cta doanh nghiép [7]. Muc tiéu cta ciac mé hinh du doan 16i phan mém la
xéc dinh cac mo-dun c6 kha nang d& xay ra 18i, chang han nhu tép, 16p, goi, phuong thirc
va ham trong hé thong phdn mém nhat dinh [8]. Trong nhiing nim qua, cac k¥ thuat hoc
méy da duoc ap dung rong rai dé phat trién cic mé hinh dy doan 18i phan mém. Céac ky
thuat nay st dung dir liéu 16i phan mém thu thap tir cac du 4n phan mém trude d6 dé huan
luyén mé hinh dy doan va xac dinh cac mo-dun c6 16i [9]. Dit lidu 16i nay cho phép kiém
tra xem mot mo-dun co thé duoc gan nhin 13 “cé 16i” hay “khéng 16i”. Viéc xay dung
cac do do dic trung ma ngudn 14 rat quan trong trong mé hinh dy doan 151 dua trén cac mé
hinh hoc may. Cac nghién ctru truée day [10] chi yéu tp trung vao viéc thiét ké cac dic
trung khac nhau mot cach thi cong dé phan biét gitta cac mo-dun 161 va mo-dun khong 15i.
Céc dic trung truyén thong duge xdy dung thi cong nay bao gom: do do Halstead [11]
dua trén sd lugng toan tir va toan hang trong ma nguén; do do McCabe [12] dua trén mirc
d6 phu thudc, dd do CK (Chidamber va Kemerer 1994) [13] dua trén ké thira; sb luong
ham va s6 dong ctia ma ngudn; do do MOOD (Metrics for Object-Oriented Design) [14]
dira trén cac yéu t6 nhu da hinh va lién két. Trong khi d6, nhiéu mé hinh hoc may st dung
trén cac tap dit lidu lich str bao gém cac dic trung mi ngudn trén va nhéin twong tmg (1i
hodc khong 15i) dé thyc hién huin luyén cac mé hinh dy doan 16i va dy doan cac mo-dun
161, chang han nhu Naive Bayes [15], Support Vector Machine [16], Decision Tree [17] va
Random Forest [18].... Trong qué trinh huan luyén, mé hinh dy doan thu nhén kién thirc vé



céc dic trung cta dy 4n phan mém va sir dung kién thirc nay dé du doan liéu mot mo-dun
mo&i ¢6 bi 161 hay khong [19]. Tuy nhién, ¢ nhiéu yéu té anh hudng dén hiéu suét ctia cac
md hinh dyu doan 16i, bao gé)m tap dir li¢u, do do ma nguén va céc van dé lién quan dén
tap dir liéu [20]. Qua khéo sat cac nghién ctru trong va ngoai nude, ¢ thé nhan thay rang
hiéu qua ctia md hinh dy doan 15i phu thudc chit yéu vao hai yéu t6 cdt 18i, bao gdm (i)
chat lugng dit liéu dau vao va (ii) kha ning biéu dién thong tin ciia ma ngudn. Hai yéu t6
nay quyét dinh truc tiép kha ning hoc, kha ning tong quat héa va do chinh xac cia mo
hinh dy doan. Vi vay, dé nang cao hi¢u qua dy doan 16i phﬁn mém can ¢ mot chién luge
nghién clru xuyén sudt, bat du tir viéc tdi wu hoa dit liéu dau vao nhim cai tién hiéu suét
ciia cidc mo hinh du doén 16i dua trén dic trung d6 do va déng thoi cling xay dung cac mo
hinh kha ning hoc biéu dién ma ngudn véi cac phuong phap hoc sau tét hon. Mot s6 thach

thirc d4ng ké trong dy doan 151 phan mém duogc trinh bay trong dudi day.

Tht nhit, d6i v6i cac mo hinh du doan 13i truyén théng dua trén dac trung do do ma
ngudn, chat luong dit liéu dau vao 1a yéu t6 quyét dinh hiéu suat cia mé hinh. Mot thach
thirc dédng ké trong qua trinh xay dyng mé hinh 14 van dé dit liéu c6 sb chiéu 16n cua tap
dir liéu, nghia 1a su ton tai ctia qua nhiéu dic trung, bao gdm ca dic trung khong lién quan
hoic du thira. Cac dic trung khong lién quan 13 nhitng dic trung khong anh huéng dén 16i
phan mém; va céc bién du thira 1a nhitng dic trung (hodc bién doc 1ap) 6 mdi twong quan
manh v&i nhau, nghia la ching cung cap thong tin gan nhu gidng hét nhau. Didu nay gay
ra su du thira trong dir liéu va lam giam hiéu qua ctia mé hinh hoc may. Nhiéu nghién ctru
da chi ra rang diéu nay khong chi 1am gia tang chi phi tinh toan ma con anh hudng tiéu
cuc dén hiéu suét cia mot sé mo hinh du doén 131 nhat dinh [21]. Bén canh do, khao sat tai
liéu cho thay rang lua chon dic trung gitp cai thién hiéu suat ctia mé hinh phan loai [22].
Céc k¥ thuat lua chon dic trung dugc ap dung trong giai doan tién xur 1y dir liéu nham
nang cao hiéu qué ctia cic mo hinh dy doan 16i phan mém. Trong nhiing nim qua, da co
nhiéu nghién ctru lién tuc nham cai thién d6 chinh xac théng ké ctia mo hinh. Tuy nhién,
v6i cac tap dir liéu 16n, qua trinh huén luyén mé hinh dy doan 18i doi hoi nhiéu thoi gian
hon va tiéu ton nhiéu tai nguyén tinh toan hon, diéu nay ciing c6 thé anh hudng dén do
chinh x4c ctia du doan. Do do, viéc lua chon dac trung la can thiét [21]. Céc phuong phép
lya chon dac trung dugc sir dung trong hoc may va phan tich dir liéu nham lya chon mét
tap con cac dac trung hodc bién co lién quan tr mot tap dac trung ban dau 16n hon. Muyc
tidu clia cac phuong phap nay 1a nang cao hiéu suat ctia mo hinh, rat ngén thoi gian hun
luyén bang cach chon ra nhitng dic trung quan trong va mang nhiéu thong tin nhét [23]
va giam hién tuong qua khdp, mot hién twong ma mé hinh du doan hoat dong tét trén
tap dit liéu huin luyén nhung s& cho ra két qua khong t6t dbi véi tap dit liéu moi. Nhidu
phuong phap lua chon dic trung di duoc cac nha nghién ctru d& xuit nham cai thién hiéu

qua cia mo hinh dang dugc xem xét. Céac k¥ thuat lya chon dac trung cé thé duoc phan



loai rong rai thanh ba nhém chinh: filter, wrapper va embedded. Phuong phép filter ap
dung cac d6 do théng ké cho timg dic trung va lya chon cic dic trung c6 diém sb cao
nhat. Phuong phap wrapper st dung thuét toan hoc may dé danh gia hiéu suét cua ting
tap con ddc trung. Thuat toan s€ dugc huén luyén voi nhiéu tap con khac nhau, va tap con
mang lai hiéu sudt t6t nhat s& dugc chon. Trong khi d6, phuong phap embedded s& két hop
qua trinh Iya chon dac trung ngay trong thuat toan hoc may. Vi du, mét s6 thuat toan hoc
may c6 co ché lya chon dic trung tich hop sin, nhu Lasso regression, Decision Tree, va
Random Forest. Theo Savina Colaco va cong su [24], phuong phép dua trén wrapper la
ky thuat dugc str dung phé bién nhat trong s6 cac phuong phdp lua chon déc trung. Hién
nay, lwa chon dic trung van 13 mot hudng nghién ctru tiép tuc phat trién trong du doan 15i
phan mém. Mic du nhiéu phuong phép truyén thong dua trén filter, wrapper va embedded
da dugc ap dung rong rdi, nhung cac thach thic trong viée xtr Iy dir liéu phtc tap, c6 s6
chiéu cao va phan bb khong dong déu tiép tuc dit ra yéu cau cai tién. Do d6, bén canh viéc
xem xét cac phuong phap truyén thong, luan an nay ciing dé xuét va ap dung mot sb ky
thuat lya chon dac trung méi nham danh gia kha nang cai thién hi¢u suit ciia mé hinh du
doan 16i phﬁn mém. Qua @06, luan an gép phén xac dinh dugc nhitng k¥ thuat Iya chon dac
trung hiéu qua hon, ddng thdi mo rong nghién cru va tng dung thuc tién trong linh vuc

dy doan 16i.

Thur hai, sau khi loai bo cac dac trung du thura, hi€u qua cua mod hinh van chiu anh
huong dang ké boi hién twong mét can bang dir liu. Céac tap dir liéu dau vao du doan
16i phan mém c6 sy phan bd khong dong déu giita cac mau, bao gdm ca mau da sb va
mau thiéu sd, do d6 anh hudng dén hiéu suit ciia cac mo hinh dy doan 13i. Ban chét cua
tap dit liéu huan luyén c6 vai trd quan trong trong viéc quyét dinh hiéu suat cia moé hinh
phan loai [25]. Nhin chung, trong cac d do ctia du an phan mém, s luong mau khong 16
thudng 16n hon déng ké so véi s6 mau c6 16i, ddn dén thach thirc mat can bang 16p trong
cac md hinh du doén 16i. Khi duoc huin luyén trén cac tap dir licu mét can br:ing 16p, céac
mo hinh du doan 16i c6 xu hudng thién vi cac mau khong 16, trong khi dé dang phan loai
sai cac truong hop c6 16i [26]. Tuy nhién, khi cac tap dir liéu huan luyén duoc cin bang
lai, cdc md hinh du doan 13i c¢6 thé dat duoc hiéu suit du doan t6t hon [27]. Do @do, mét can
bang 13 mot trong nhitng yéu t6 chinh anh hudng dén hiéu suét va c6 thé dan dén cac mé
hinh du doan khong dang tin cdy, va ngdy cang c6 nhiéu nghién ctu tap trung giai quyét
van dé nay. Cac k¥ thuat 1dy mau dit liéu nhu 1dy miu ting (oversampling) va ldy mau
giam (undersampling) duoc sir dung rong rai dé xur Iy van dé mat can bang 16p trong du
doan 16i [28]. K¥ thuét 14y mau ting tao ra cac mo-dun méi thudc 16p thiéu sd bang cach
tong hop dit liéu nham tang sé lugng mau cia 16p nay. Nguoc lai, ldy mau giam loai bo
mot s mo-dun thude 16p da sb dé can bang ty 1¢ gitra hai 16p [29]. Ca hai nhom k¥ thuat
nay déu hudéng dén muc tiéu can bang su phan bd gitta cac 16p, tir d6 cai thién hiéu suat



ctia mo hinh dy doan. Trong bai toan dy doan 16i phan mém, k¥ thuat 1dy mau ting thuong
dugc uu tién hon so voi ki thuat 1dy mau giam, boi muc tiéu chinh 14 bd sung va mé
rong dir liéu cta 16p thiéu sd thay vi loai bo dit liéu cua 16p da sb, qua dé giir duoc nhiéu
thong tin huén luyén hon va cai thién kha ning hoc ctia mé hinh. Cac phuong phap lay
mau ting phd bién bao gdm Synthetic Minority Over-sampling Technique (SMOTE) va
cac bién thé cua n6 nhu Adaptive Synthetic Sampling (ADASYN), Borderline-SMOTE,
cung vo1 Random Oversampling. Trong d6, Random Oversampling chi don gidn 1a sao
chép cac mo-dun thude 16p thiéu sb dé can bang tap dir liéu, ma khong bo sung thong
tin méi [30]. Cach tiép can nay co thé khién mé hinh bi qud khép va hoat dong kém trén
cac mo-dun kiém thir chua tung gap. Nguoc lai, cac ky thuat dya trén SMOTE tao ra cac
mo-dun tong hop thudc 16p thiéu s bang cach ndi suy giita cac mo-dun 1an can (dua trén
khoang cach) [31, 32]. Tuy nhién, do cac mé-dun tong hop thuong c6 dic diém tuong tu
nhau, phuwong phép nay c6 thé thiéu su da dang, din dén qua khop va giam hiéu qua du
doan trén tap kiém thir. Trude nhitng han ché 46, mang sinh d6i khang (GAN - Generative
Adversarial Network) n6i 1én nhu mot huéng tiép can tiém nang nho kha nang hoc va sinh
dir liéu mo1 mot cach chan thuc hon. Khac voi cac ky thuat ndi suy truyén théng, GAN
hoc phan phdi dit liéu cta 16p thiéu sé thong qua qua trinh huin luyén déi khang giira
hai mang bao gém bd sinh va bg phan biét, tir d6 tao ra cac mau mdi co tinh da dang cao
va phan anh t6t hon dic diém cua dit liéu gdc. Viéc tmg dung GAN trong xtr Iy mét can
bang dit liéu khong chi gitp giam thiéu qua khdp ma con cé thé nang cao déang ké hiéu
suat dy doan 16i phan mém. Do d6, trong luan an nay, chiing to6i huéng dén viéc khai thac
tiém ning ctia mang GAN nhu mot giai phap hiéu qua cho cac phuong phap 1dy mau ting

truyén thong.

Tur viéc nghién ctru hai thach thic dat ra & trén cho théy viéc nang cao hi¢u qua du
doan 16i can dugc tiép can theo hudng t6i uwu hoa ddng thoi nhiéu khia canh cua dir liéu
dau vao. Trong d0, lya chon dic trung giup xay dung mot khong gian dic trung toi uu
hon, loai bo nhidu va giir lai cac thong tin c6 gia tri nhat ddi voi qua trinh phan loai; trong
khi cac k¥ thuat xir Iy mat can bang dit liéu giup cai thién su phan bé gitra cac 16p, tao
diéu kién dé mo hinh hoc duoc dﬁy du dac trung cua 16p thiéu s. Hai nhém ky thuat nay
khong thay thé ma bd sung cho nhau: Iya chon dic trung lam ting chat luong biéu dién
ctia dir lidu, con can bang dit liéu lam ting chat lwong phan b cua dit liéu huan luyén.
Viéc két hop déng thoi hai k¥ thuat dugce ky vong sé tao ra tap dir liu vira c6 tinh dai dién
cao, vura c6 phan bd hop 1y, tir d6 cai thién kha nang hoc, nang cao do chinh xéc, do on

dinh va kha ning tong quat hda cta cac mo hinh du doan 16i phan mém.
Xuét phat tir nhan dinh do, luan 4n khong xem lya chon dac trung va xu ly mat can
bang dir liéu 12 hai hudng nghién ciru doc 14p ma 13 hai budc ké tiép trong qua trinh ti wu

hoa dir lig¢u dau vao. Trén co s¢ xac dinh dugc tap dac trung to1 vu, ludn an tiép tuc nghién



ctru két hop cac phuong phép lya chon dic trung voi mo hinh sinh dir liéu dva trén mang
d6i khang sinh (GAN) nham xay dung tap dit liéu huén luyén cé chat lugng cao hon. Sy
két hop nay khong chi khic phuc dong thoi hién twong du thira dic trung va mat cin bang
dir liéu ma con gop phan nang cao hiéu suit va do chinh xac ctia cac mo hinh dy doan 15,
tao tién dé cho viéc nghién ctru cac phuong phap biéu dién ma ngudn tién tién & giai doan

tiép theo cua luan an.

Thir ba, mic du viéc tdi wu hoa dir liéu dau vao co thé nang cao dang ké hiéu suat cia
cac mo hinh du doan truyén théng, hudng tiép can ndy van ton tai mot s han ché. Trude
hét, cac mo hinh dy doan yéu cau trich xuat dic trung thi cong, va hiéu qua ctia mo hinh
phu thudc nhiéu vao chét lugng va muc do phu hop cua cac d6 do dugc chon [33]. Hon
nita, cac tap dic trung truyén thong thuong khong phan anh duoc théng tin ngit nghia caa
mé ngudn, mot trong nhimng yéu té quan trong trong du doan 16i phan mém, do d6 lam
giam kha ning ctia mé hinh trong viéc hiéu ciu trac va hanh vi sdu hon ctia phin mém.
Mac du hai doan ma nguén thé hién céac dic diém 1ap trinh tuong déng vé d6 dai ma, chire
nang, va chudi ky hiéu thé cia ma ngudn, chiung van c6 thé duoc biéu dién dudi dang
vec-to dic trung théng qua cac dic trung truyén théng. Tuy nhién, théng tin ngit nghia va
cu phép gitra hai doan ma lai c¢6 su khéc bi¢t dang ké. Do do, dé xay dyng cdc mo hinh
du doan 16i phan mém mot cach chinh xac hon, can c6 cac dic trung c6 kha ning phan
biét dugc nhimng khéac biét ngit nghia nay. Dé biéu dién cac ddc trung ngit nghia va ca
phap, mot sé phuong phéap thuong duoc hay sir dung nhu cay ca phap triru tuong (AST
- Abstract Syntax Tree), d6 thi ludng diéu khién (CFG - Control Flow Graph) va d6 thi
ludng dir lidu (DFG - Data Flow Graph), mé hinh ngon ngir danh cho ma ngudn. Céc dic
trung trich xuat tir nhitng phuong phap nay s& dugc dua vao hoc béi mé hinh hoc sau
nham ning cao hiéu qua cua cdc md hinh du doan 15i phdn mém. Lin va cong su [34]
sir dung (Bi-LSTM - Bidirectional Long Short-Term Memory) dé hoc biéu dién ciia AST
trong viéc phat hién cac ham dé bi 16i. Gupta va cong su [35] phat trién mot mang no-ron
tuan ty nhiéu 16p két hop véi tap trung chi ¥ (attention), c6 tén 13 DeepFix, nham dy doan
vi tri ctia cac 16i trong chuong trinh. Zhou va cong su [36] xay dung mé hinh (LSTM -
Long Short-Term Memory) dua trén ciu triic hai chiéu va cay nhim nang cao kha ning
hoc déc trung va hiéu qua du doan. Ho st dung mot 16p biéu dién khong gian vec-to dé
trich xuat dic trung dau vao cho LSTM-BT va thuc hién du doan. Tuy nhién, cdc mang
tuan ty khong thé biéu dién thong tin ¢t phap va ngit nghia duoc trich xudt tir cay ct phap
triru twong va ching gip kho khan trong viée nim bét cac mbi quan hé phy thude phire tap
trong ma ngudn [36]. Do ddc diém xir 1y tudn tu ctia cdc mo hinh hoc sdu nhu LSTM va
RNN gip khé khin khi mé hinh hoa cac quan hé phu thudc xa trong ma ngudn. Khi chiéu
dai chuong trinh ting 1én, thong tin tir cac cdu 1énh & dau chudi c6 xu hudng bi suy giam

hozc mat dan trong qua trinh truyén qua nhiéu budc thoi gian, 1am han ché kha ning nim



bat cac mdi quan hé giira cac thanh phan nam cach xa nhau trong chwong trinh. Dong thoi,
co ché xir Iy tuan ty cling 1am giam kha nang tinh toan song song, dan dén thoi gian huin
luyén dai hon va khé mo rong ddi v6i cac du 4n phan mém c6 quy mé 16n. Trong khi do,
kién trac Transformer véi co ché self-attention cho phép mé hinh danh gia truc tiép mirc
d6 lién quan giita moi cdp token trong ma ngudn ma khong phuy thudc vao khoang cach
vi tri ctia chiing trong chudi. Nho d6, mé hinh ¢6 thé dé)ng thoi hoc dugce cac quan hé phu
thudc ngan va dai, chang han nhu mdi lién hé giira khai béo va str dung bién, giita 10i goi
ham va dinh nghia ham, hodc gitra cac cAu trac diéu khién nam & nhitng vi tri cach xa nhau
trong chuong trinh. Bén canh d6, co ché self-attention con hd trg tinh toan song song, giup
nang cao hiéu qua huin luyén va cai thién kha ning mé rong cia mé hinh ddi voi cac tap
dir liéu 16n. Xuét phat tir nhitng wu diém do, luan an lya chon nghién ctru va phat trién
md hinh hoc siu dua trén kién triic Transformer nham nang cao hiéu qua du doan 16i phan
mém. Cu thé, luéin an khai thac biéu dién mé ngudn thong qua ky thudt nhiing FastText két
hop véi co ché self-attention ctia Transformer dé hoc truc tiép cac dic trung ch phap va
ngit nghia ctia chuong trinh. Hudng tiép can nay dugc ky vong s& khic phuc nhiing han
ché cta cac mé hinh dua trén dic trung duoc thiét ké thu cong cling nhu cac mang hoc

sau tuan tu.

Tir nhitng phén tich vé cac van dé dit ra trong nghién ctiru du doan 16i phin mém &
trén c6 thé thay rang, viéc Iya chon hudng tiép can phu hop dong vai trd quan trong trong
viéc nang cao hiéu qua cua cic mé hinh dy doan. Céc nghién ctru hién nay chu yéu phat
trién theo hai hudng tiép can chinh, bao gém du doan 16i phén mém dua trén cac do do
mé ngudn va dya trén cac dic trung ngir nghia cia ma ngudn. Mdi hudng tiép can khai
thac nhiing loai thong tin khac nhau tir ma ngudn, c6 nhirng wu diém, han ché va pham
vi 4p dung riéng. Viéc phan tich, ddi chiéu hai huéng tiép can nay khong chi gitip 1am rd
xu huéng phat trién ctia linh vige ma con 1a co s dé xac dinh dinh huéng nghién ciru cua
luan 4n va lam ndi bat tinh méi ciing nhu cac dong gop khoa hoc dat duoc. Hudng tiép
can dua trén d6 do ma nguén khai thac cac dac trung dinh lugng nhu dd phuc tap, kich
thudc va lich sir thay doi cia ma ngudn. Uu diém ciia hudng tiép can nay 1a chi phi trich
xuét dic trung thép, md hinh c6 kha nang dién giai tdt, dé trién khai trén cac du 4n thuc
té va hoat dong hiéu qua ngay ca khi dit liéu huén luyén khong 16n. Tuy nhién, cac do do
ma ngudn chu yéu phan anh cac dic diém bé mit cia phan mém nén chua biéu dién day
du ngit canh lap trinh, cdu triic ca phap va y nghia ngit nghia cia ma ngudn. Do d6, kha

ning phat hién cac mau 156i phuc tap hodc cac quan hé phu thudc dai han con han ché.

Nguoc lai, hudng tiép can dya trén dic trung ngit nghia ma ngudn sir dung céac biéu
dién nhu ma thong bao (token), ciy cl phap triru tuong (AST), do thi ludng diéu khién
(CFG), dd thi luéng du liéu (DFG) hodc cac biéu dién duoc hoc tu dong thong qua céac

mo hinh hoc sau nhu CNN, RNN, GNN, Transformer va cic mé hinh ngén ngit ma ngudn



(CodeBERT, GraphCodeBERT,...). Huéng tiép cin nay c6 kha ning khai thac sau cac quan
hé ¢t phap va ngit nghia, hoc dugc cac dic trung biéu dién c6 tinh khai quat cao va nang
cao do chinh xéac cua dy doan 13i, dic biét ddi vai cac hé théng phﬁn mém 16n va phtc
tap. Tuy nhién, phuong phap nay doi hoi chi phi tinh toan cao, yéu cau tap dir liéu 10n,
chit lugng gan nhin tot va qua trinh huan luyén, tinh chinh mé hinh phtc tap hon so vai

cac phuong phap dua trén 6 do ma ngudn.

Tir gbe d6 pham vi ap dung, cac phuong phéap dua trén do do ma ngudn phu hop véi
céc bai toan yéu cau kha ning trién khai nhanh, tai nguyén tinh toan han ché hodc can tinh
giai thich cao. Trong khi d6, cac phuong phéap dua trén dac trung nglt nghia thich hop véi
cac hé thdng c6 quy mé 16n, dir liéu phong phu va yéu cau do chinh xac du doan cao. Hai
huéng tiép can khong mang tinh thay thé hoan toan ma cé tinh b sung cho nhau; viée két
hop cac dic trung dinh lwong véi cac biéu dién ngit nghia dang dwoc xem 1a xu hudng
nghién ctru ddy tiém ning nham khai thac dong thoi thong tin thdng ké, cu trac va ngir

nghia cia ma nguon.

Trong bbi canh d6, luan an ‘D do4n 16i phin mém dya trén ma ngudn” duge chon
lam ndi dung ctia ctia luan 4n Tién si k¥ thuat nhim dong gép cho sy phat trién va dua
vao tng dung thuc té trong nganh cong nghé phan mém. Luan an hudng t&i viée phat trién
cac phuong phéap dy doan 16i phan mém c6 kha ning hd tro hidu qua cho hoat dong kiém
thir, gitp rat ngan thoi gian tim kiém 131, t6i wu hoa quy trinh kiém thir va giam thiéu chi
phi lién quan. V&i muc tiéu nghién ciru va phat trién cac phuong phap nang cao hiéu qua
du doan 16i phin mém theo hai hudng tiép can bd trg. Hudng thir nhat tap trung nang
cao chat lugng cdc mo hinh dy doan dya trén dic trung d6 do ma ngudn thong qua lya
chon dic trung va xtr Iy mét can bang dit liéu bang cac mé hinh GAN. Hudng thr hai
tap trung khai thac truc tiép thong tin ¢t phap va ngit nghia cia ma ngudn bang mo hinh
FastText-Transformer nham khic phuc nhitng han ché cua cac dic trung duoc thiét ké thu
cong. Cac két qua nghién ctru cua luan an tao thanh mat 19 trinh hoan chinh, c6 tinh ké
thira tir cai thién chét luong dir li€u, cai thi¢n qua trinh hoc cia mé hinh dén nang cao kha
niang biéu dién ma ngudn, gop phan nang cao do chinh xac va kha ning tmg dung ctia cic

md hinh dy doan 18i phan mém trong thyc tién.

2. Muc tiéu, ddi twong va pham vi nghién ciru

Muc ti€u cua luan an la nghién ctru vé bai toan dy doan 161 phan mém, tap trung vao vi¢c
phén tich cac van dé, han ché va thach thirc con ton tai trong cac phuong phap du doan
hi€n nay. Trén co sé do, luan an nghién ctru, dé xuat va phat trién cac ky thuat hoc may va

hoc sau nham nang cao hi¢u suat cua mé hinh dy doan 161 phan mém. Luén an tap trung



vao muc tiéu cu thé sau:

« Thi nhit, ludn 4n nghién ctru tong quan vé du doan 16i phan mém va céac k¥ thuat
dugc nghién ctru trong dy doan 161 phan mém; tinh hinh nghién ctru va tng dung

cua du doan 161 phan mém trong nudc va trén the gioi.

« Thir hai, luan an tap trung vao viéc nghién ciru va dé xuét cac phuong phap lya chon
dic trung nham loai bo nhiing dic trung du thira hodc khong lién quan trong tap dix
lidu dy doan 16i phan mém, gitp giam nhiéu va d6 phic tap ctia mé hinh, dong thoi
nang cao chét luong cua dir ligu dau vao va do chinh xac cua qué trinh du doan
16i. Bén canh d6, luan 4n phan tich va danh gia hiéu qua cta cac k¥ thuat lwa chon
dic trung, dong thoi dé xudt tich hop cac phuwong phéap nay voi ki thuat xt Iy mat
can béng dit liéu dé cai thién chat luong du doan trong cac hé¢ théng cO phan b 13i

khong dong déu.

* Thu ba, tiép theo, trén co s¢ tap dac trung da dugc ti wu, luan an tap trung vao viéc
giai quyét van dé mat can bang 16p trong cac mé hinh dy doan 161 phdn mém nham
nang cao hiéu suit va do chinh xac cia mé hinh. Luan 4n huéng dén viéc phan tich
anh hudng cia su mAt can béng dit liéu dén hiéu nang mo hinh dy doan 161, déng
thoi dé xuat p dung cac ki thuat 1y mau dit liéu dé can bang lai tap huin luyén két
hop véi ap dung cac phuong phap chon dic trung; dic biét luan an dé xuat sir dung
mang d6i khang (GAN) nhu mot giai phap tao dit liéu tong hop co tinh chan thuc
cao hon, phan anh t6t hon phan phdi toan cuc va mdi quan hé giira cac dic trung.
Viée két hop hai nhom k¥ thuét lya chon dac trung va can béng dir li¢u hudng téi
muc tiéu tdi vu hoa toan dién dit liéu dau vao, qua dé nang cao hi¢u suét va do chinh

xac cua cac mo hinh du doan 161 phan mém.

* Tht tu, trén co so nhitng gidi han cia cac mo hinh du doan dua trén dac trung dugc
thiét ké thu cong, luan an nghién ctru hudng tiép can dya trén hoc sdu nham khai
théc tryc tiép thong tin ¢t phap va ngit nghia cia ma ngudn. Cu thé, luan an dé xut
giai phap khai thac thong tin ct phap va ngit nghia cta chuong trinh dé mé hinh
c6 thé hoc dugc cac dic trung ngit nghia quan trong, qua d6 nang cao do chinh xéac
va kha niang khai quat hoa trong dy doan 15i phan mém. Tur 46, luan an dé xuat mo
hinh du doan 16i phﬁn mém duya trén kién trac Transformer, két hop v6i embedding

bang Gensim FastText duogc trich xuét tir cdy AST ctia ma ngudn.

Duya vao muc tiéu nghién cru néi trén, ludn an tap trung vao ddi twong nghién ctu cua
luén 4n bao gdm cac phuong phép va ky thuat trong du doan 18i phdn mém, cac k¥ thuat
lya chon dac trung, xur 1y mét can b::ing dit liéu nham tdi vu tap dir licu dau vao, trich

xuat dac trung ngir nghia va ct phdp cua ma nguon, mé hinh word-embedding d€ hoc céac



véc-to biéu dién cho chudi token trong ma ngudn, cing v6i cac md hinh hoc méy va hoc
sau duoc sir dung dé xay dung hé thong du doan 16i phan mém c6 chat luong. Doi tugng
nghién ctru nay cung cap co so 1y thuyét va thuc tién cho viéc nghién ciru, phat trién va

cai tién chat lugng ctia cdc mo hinh du doéan 161 phan mém.

Pham vi nghién ctru cua ludn 4n nay tap trung nghién ciru bai toan dy doan 18i phan
mém trén céc du an duge phat trién bé‘mg ngon ngir 14p trinh Java. Viéc lya chon Java Xuét
phat tir tinh phé bién ctia ngdn ngir nay trong phat trién phan mém, ddng thoi cac b dir
lidu chuan dugc str dung rong rii trong nghién ctru dy doan 18i phan mém, nhu NASA,
PROMISE va Apache, chu yéu dugc xay dung tir cac du an Java. Diéu nay tao diéu kién
thuan loi cho viéc xay dung, danh gia va so sanh cac phuong phap dé xuit véi cac nghién

cuu hién co.

3. Nhiém vu nghién ctru va két qua dat duoc

Xac dinh muc ti€u va doi tuong nghién ctru nhu trén, luan an tap trung vao thuc hién cac

nhiém vu chinh sau day:

1. Nghién ctru téng quan vé du doan 13i phén mém, bao gém cac khai niém, vai tro,
quy trinh dy doan 161 va cac mo hinh hoc may, hoc sau da dugc ap dung trong du
doan 16i phan mém. Trén co s& phan tich, danh gia cac cong trinh nghién ctru trong
va ngoai nudc, xac dinh nhiing han ché va thach thuc nghién ctu, lam co s& cho
viéc dé xuit cac phuong phap va mé hinh du doan 15i phan mém.

2. Nghién ctru cac phuong phap nang cao cht luong dit liéu dau vao cho mé hinh du
doan 16i phan mém thong qua lwa chon dic trung. Nhiém vu nay tip trung vao viée
phan tich, danh gia va dé xuat cac phuong phap lua chon dic trung nham loai bo
cac ddc trung du thira hodc khong lién quan dén 15i, giam nhidu, giam s6 chiéu dir
lidu va xay dung tap dic trung toi wu, qua d6 nang cao hiéu qua hoc va do chinh xéac

cua cac mo hinh du doén 16i.

3. Trén co so tap dic trung da duoc t6i uu, nghién ctru cac phuong phap xir Iy mét can
bang dit liéu nham nang cao chit luong tip dit liéu huan luyén. Luan 4n tap trung
phan tich anh huéng cta hién twong mat can bang dit liéu dén hiéu qua du doan 16i,
dong thoi nghién ctru va dé xuat két hop cac phuong phép lua chon dic trung voi
cac ky thuat léy mau, dic biét 1a mang ddi khang sinh (GAN). Viéc két hop lua chon
dic trung va xtr Iy mat can bang dit liéu huéng ti muc tiéu tdi wu hoa toan dién dir
liéu d4u vao, gop phan nang cao hiéu suat, do chinh xac va kha ning tong quat hoa

cta cac mo hinh du doan 161 phan mém.
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4. Sau khi t6i wu hoa dit liéu dau vao cho cac mé hinh du doan dua trén cac dic trung
duoc thiét ké thu cong truyén thong, nghién ciru huéng tiép can dua trén hoc sau
nhim nang cao kha ning biéu dién ctia ma ngudn. Cu thé, luan an nghién ctru cac
phuong phap trich xuat théng tin ¢t phap va ngit nghia tir ma ngudén nham biéu dién
chwong trinh duéi dang dic trung c6 ¥ nghia phuc vu cho bai toan du doan 15i phan
mém. Ddng thoi, nghién ctru kién trac Transformer trong cac mé hinh hoc siu va
xtr Iy ngdn ngir tu nhién dé tan dung kha ning hoc biéu dién ngit canh va quan hé
phu thudc giita cac thanh phan trong ma nguén, qua d6 nang cao hiéu suat cia mo
hinh du doan.

Céc két qua chinh cta luan an bao gom:

1. Luan an da hé thong héa co sé 1y thuyét, quy trinh va cac van dé anh huong dén
chat lwong ctia mé hinh dy doan 18i phan mém, qua d6 hinh thanh nghién ctru tong
thé két hop gitra tién xur ly dir li€u, lya chon dac trung, can b?mg dir liéu va trich

xuat dac trung ngtr nghia ma nguodn.

2. Luan 4n da dé xuit giai phap phan tich, danh gia hiéu qua vai trd cia cic phuong
phap lya chon dic trung trong viéc nang cao chat lwong ctia mé hinh dyu doén 15i.
Dong thoi, dé xuat két hop cac ki thuat xir Iy mét can bang dit liéu véi cac phuong
phap chon déc trung dé cai thién hon nita chat luong du doén cac mo hinh.

3. Ludn an dé dé xuat giai phap t6i uu va can bang dit liéu dau vao bang cach két hop cac
phuong phap lya chon dic trung (Recursive Feature Elimination va Autoencoders)
vé6i cac bién thé GAN (bao gdm CTGAN, WGANGP, VanillaGAN, CopulaGAN va
TGAN) dé sinh thém mau cho 16p thiéu s. Két qua thuc nghiém trén nim bo dir
liéu 161 phan mém cho thdy CTGAN, WGANGP va VanillaGAN cho hi¢u suit vuot
tréi so voi cac phuong phap truyén thong nhu SMOTE hay ADASYN, ddng thoi
khang dinh rang viéc két hop chon dic trung va sinh dit liéu bang GAN gitip nang

cao d¢ hi¢u suat va kha nang khai quat cia mo hinh du doan 161 phan mém.

4. Luan an d3 dé xuét, xay dung va thir nghiém thanh cong moé hinh dy doan 16 phﬁn
mém FastText-Transformer, két hop giita mo hinh nhung tir Gensim FastText va
kién tric hoc sau Transformer nham khai thac hiéu qua thong tin ngir nghia va ct
phap tiém an trong ma ngudn théng qua cau tric cay ct phap triru tuong. Tir d6 tao
tién dé cho viéc 4p dung mé hinh nay trong cac cong cu hd trg kiém thir phan mém

va danh gia chat luong ma ngudn ty dong.
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4. Cau truc cia luan an

Hinh 0.1 trinh bay céu trac tong thé cia luin an, dugc t chic theo hai hudng nghién ctru
chinh. Huéng thir nhét tap trung vao dy doan 16i phan mém dua trén dic trung do do ma
nguén, bao g@)m cac k¥ thuat lya chon dac trung, trich xuét dic trung va mé rong dir lidu
nham nang cao kha ning phan loai. Huéng thir hai mé rong sang dy doan 13i dua trén ct
phap va ngir nghia cia ma ngudn, noi cac mé hinh hoc su va cac phuong phap biéu dién
ma nguén duoc khai thac dé cai thién hiéu qua dy doan. Trén co sé cac ndi dung nghién
ctru dé dat muc tiéu dé ra va dam bao tinh logic va tinh théng nhét, luan an duge ciu trac
gdm cac chuong nhu sau:

/Dw dodn 16i phin mém \
dira trén m3 nguén

-

Chwong 1. Tfing guan de
doin 15i phin mém

|
! !

] Du dodn 16i phin mém dua tré
D doan loi phan mém dira trén ; an m,p ,Efl?m :ra Eﬂ
N . N - dae treng co phap va ngir nghia
dic treng 36 do mi ngudn - %
mi ngudn

l
! !

- : ~.

Chwong 3. Két hop cic Lk thuit hea

chon dic trmg va lay mau dir lién
trong di dodin loi phin mém

Chwong 4. Dy doidn 15i phin
mém dira trén hoc siu

Chl.ro’ngl :\Iﬁng cao kha ning dw
doan 161 bang cic phwong phap
hra chon dic trirng

- Phwong phap 1y mau di liéu nhim e p!lap elne

- Ph hap lya chon dic t - 2 S ra trich xuat da it nghia/
s s o e e | Ly g | [ 0 g ki

- Phuwong phap trich xuit dic treng |glani|) . i = - Pheong phap Word-embedding aé
- Mo hinh hoc may va hoc siu dﬁ“;ﬂi"‘h e B Bl biZn difa token thinh voctc

"—-.\Mc“ﬁ hinh hoc may va hoc sdu Mo hoc séu

v

Chwong 5. Téng két

- Pong gop cua luan an
- Van dé con ton ta
N - Nghién ciru tirong lai )

Hinh 0.1: Cau trtc cta luan an.

Chwong 1: Tong quan duw dodn 16i phan mém. Chuong nay trinh bay cac khai niém

co ban vé du doan 16i phin mém, dong thoi gidi thiéu cac ki thuat, phwong phap va mé
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hinh trong linh vyc ndy, qua dé cung cap cii nhin tong quan vé tinh hinh nghién ctru va

xu hudng phat trién cia bai toan dy doan 16i phan mém trong nhitng nim gan day.

Churong 2: Néng cao kha néing di dodn 16i phan mém bang cdc phwong phdp lira chon
ddc trung. Chuong nay giéi thiéu tong quan vé phuong phap lua chon dic trung trong dur
doan 18i phan mém. Trén co s ctia cac nghién ctru lwa chon dic trung, dé xuat nghién ctru

va danh gid hiéu qud cua cac phuong phap lua chon dac trung.

Churong 3. Két hop cdc ky thudt lwa chon déc trung va ldy mau dir liéu trong di dodn
16 phc”in mém. Dé cai tién chét luong cua cac md hinh du doan 16i phén mém dua trén dic
trung ma ngudn, da c6 nhidu ky thuét cai tién duoc nghién ciru, trong d6 két hop cac ki

thuat lya chon dac trung va léy mau dit liéu dugc dé xuét.

Churong 4. Dur dodn 16i phan mém diea trén hoc sdu. Chuong nay trinh bay dé xuat mo
hinh dy doén 16i phan mém dua c6 kha ning hoc cac dic trung ngit nghia quan trong cta

chwong trinh phan mém nham cai thién chat lugng dyu doan ciia mé hinh.

5. Pong gop chinh cua Luan an

« Nang cao hiéu qua du doan 15i phan mém théng qua viéc danh gia va so sanh co hé
thdng céc phuong phéap lwa chon dic trung filter va wrapper nham xéac dinh tap dac
trung t6i wu, gop phan giam chiéu dir liéu, loai bo cac dic trung du thira va khong
lién quan, tir d6 cai thién d6 chinh xac va cung cp co sé thir nghiém gitip lwa chon

phuong phap phi hp cho bai toan du doan 16i phan mém.

« Dé xuat va danh gia thir nghiém viéc tmg dung cic mé hinh sinh dir lidu d6i khang
GAN va céc bién thé ciia chung nham giai quyét van dé mat cin bang dir liéu trong
cac tap dir liéu 16i phan mém dang bang. Ap dung cac md hinh GAN nham tao di
liéu tong hop chit lugng cao cho 16p thiéu sd, tir @6 can bang phan phdi 16p, cai
thién do chinh x4c va ting kha ning khai quat héa cia cac md hinh dy doan 16i
phan mém. Két qua nghién ctru cung cip co sd thir nghiém quan trong gitp cac nha
nghién ctru lya chon phuong phép sinh dit liéu phu hop cho cac bai toan hoc may c6
dir liéu mat cin bang trong linh vuc cong nghé phan mém. Trén co s& tap dic trung
duoc ti wu, ludn 4n dé xuat két hop cac phwong phap Iya chon dic trung Recursive
Feature Elimination (RFE) va Autoencoder véi cac mo hinh sinh dir li€u dua trén
mang d6i khang GAN nham giai quyét bai todn mét can bang dir liéu trong du doan
16i phan mém. Két qua thuc nghiém cho thay viéc két hop RFE va Autoencoder véi
cac bién thé GAN, dac biét la CTGAN, WGANGP va VanillaGAN, tao ra tap dit

liéu huén luyén c6 chét lugng cao hon, gitip cadc mo hinh du doan dat hiéu suit vuot
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troi so v4i cac k¥ thuat 1dy mau truyén théng nhu SMOTE va ADASYN. Két qua
nay khang dinh rang viéc t6i wu hoa dong thoi tap dic trung va can bang dir lidu la
huéng tiép can hiéu qua, gop phan ning cao do chinh xac, kha ning tong quat hoa

va tinh 6n dinh ctia cac mo6 hinh du doan 161 phan mém.

Pé xuat mo hinh hoc siu dya trén kién tric Transformer, két hop véi biéu dién ngir
nghia ma ngudn bang k¥ thuat FastText embedding duoc trich xuét tir ciy cu phap
trou tugng. Mo hinh dugc thiét ké nham khai thac va hoc tu dong cac dac trung ca
phap va ngit nghia tiém an trong ma ngudn, tir d6 nang cao kha ning nhan dién va
du doan cic mo-dun dé phét sinh 18i. Khac véi cac phuong phép truyén thong dya
trén dac trung tha cong, mo hinh dugc dé xuit co kha nang trich chon biéu dién
véc-to ngit nghia co y nghia tir ciu trac AST, ddng thoi khic phuc han ché cia cac
mang tuan ty trong viéc mé hinh hoa cac phy thude phirc tap trong ma ngudn. Bang
cach str dung co ché (self-attention) cua Transformer, mo hinh c6 thé nim bt quan
hé ngir canh toan cuc, gop phan cai thién do chinh xac va tinh khai quat hoa trong

du doan 16i phan mém.
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Chuong 1

Tong quan dy dodn 16i phan mém

Chuong nay trinh bay tong quan vé linh vuc du doan 101, cac k¥ thuat nham cai tién hi¢u
suat cac mo hinh dy doan 161 phan mém dya trén ma nguon va cac ting dung trén co so

t6ng hop va phén tich cac cong trinh nghién ctru lién quan.

1.1 Du dodn 16i phin mém

1.1.1 Khainiém

Nhiéu tmg dung cua linh vyc cong nghé phan mém di duoc trién khai pho bién trén nhiéu
hé théng, chang han nhu hé théng phong tha an ninh qudc gia, hé thdng kiém soat khong
lru va hé théng mang hodc ludi dién cho cac thiét bi tiéu dung [37]. Tuy nhién, trén thuc
té, khong thé tao ra mot phan mém hoan toan khong c6 18i do cac gidi han vé nhan luc,
ngan sach va thoi gian. Do d6, can ¢ mot chién luoc phi hop dé phat hién 16i phan mém
thong qua quy trinh 1ap ké hoach hop 1y. Ldi phan mém 1a mot 18i 4n trong 1ap trinh, va
mot s6 nguyén nhan phé bién dan dén 16i phan mém c6 thé bao gdm: myc tiéu du 4n phi
thyc té hodc udc tinh tai nguyén khong chinh xac do yéu cau hé théng khong phi hop [38].
Viéc loai bo cac 161 nay gitp cai thién chit lugng phan mém va kiém soat chi phi. Hon
nita, cac 16i ton tai trong hé théng phan mém anh huong dén chat lugng va do tin cay cua
phan mém. Ngay ca nhimng 15i nho ciing c¢6 thé dan dén dau ra sai va hanh vi khong mong
mudn cua chuong trinh, tir d6 gy ra that bai cho dy 4n. Dé phu hop véi muyc tiéu chinh
ctia k§ su phan mém 13 cung cip va dam bao phan mém khoéng c6 16i cho nguoi ding cubi,

phan mém phai duoc kiém thir k¥ ludng [10].

Dy doan 18i phan mém [39] tép trung vao viéc thiét ké va phat trién cac mo hinh du



doan dua trén dir liéu phén mém (vi du: do phtrc tap ciia ma nguén, lich str thay doi, V.V.)
dé du doan 13i trong cac phan ma méi (tirc 1a tép, 16p, phuwong thirc, v.v.). Cac md hinh du
doan nay gitip cic nha phat trién phdn mém tap trung vao cac mo-dun dé xay ra 16i va tdi
vu hoa nd lyc ciing nhu tai nguyén cta ho [40]. Trong nhiéu nam qua, cac k¥ thuat hoc
méy dd duoc ap dung dé phat trién cic mé hinh dy doan 15i phan mém. Nhitng k¥ thuat
nay str dung dit liéu 18i phan mém lich st (thu thap tir cac du an phan mém trude do) dé
huén luyén mé hinh du doan va xac dinh cac mo-dun co 16i. Ban dau, cac phuong phap
xay dung mo6 hinh dy dodn dua trén cac ky thuat hoc may truyén théng nhu Naive Bayes
(NB) [15], Support Vector Machine (SVM) [16], Decision Tree (DT) [17], v.v. Nhitng m6
hinh nay duoc huin luyén trén dir liéu lich st va sir dung mot tap hop cac d6 do dé toi uu
hoa qué trinh hoc. Pé xac dinh mot tép ma ngudn cé chira 18i hay khong, mét tac vu du
doan dugc ky hiéu 1a predict(f), trong d6 tép f 1a ddu vao va ham tra vé gié tri 0 néu khong
6 151 va 1 néu c6 16i. Ham phén loai ndy predict(f) dugc xap xi théng qua qua trinh hoc

tr mot tap mau duoc cung cép trong bo dir licu huén luyén.

. 1 Néutép f co chira 151
predict(f) = (1.1)
0 Nguoc lai

Tuy nhién, caic mo hinh hoc may thuong dbi mat vi mot sd han ché nhét dinh. Th
nhat, d6i véi tap dit liéu 161, khong phai tit ca cac dic trung déu c6 gi tri phan loai; nhiéu
dac trung c6 thé du thira hodc nhiéu. Vi vay, dua vao ap dung phuong phép lua chon dic
trung, cac dir liéu khong lién quan dugc loai bo, tir d6 cai thién tde dd hoc va hi¢u qua du
doan ctia mo hinh. Tht hai, trong cac tap dit liéu du doan 16i ph'?ln mém, sd lugng mo-dun
chira 16i thudng rat nhé so véi s6 lugng mo-dun khong c6 18i. Ty 1é mat can bang nay dan
dén viéc cac md hinh hoc may c6 xu hudng dir doan thién vé 16p “khong co6 16i”. Van dé
nay dit ra nhu cu cip thiét phai nghién ctru cac k¥ thuét can bang dir liéu. Thi ba, ddi
v6i cac mo hinh dy doan 16i truyén théng, can phai trich xuét dic trung mot cach thii cong
dé xay dung cac mo hinh nay, trong khi chat luong ciia cac do do dic trung ma ngudn anh
hudng truc tiép dén hiéu suit cia mo hinh d6 [17]. Hon nita, cac dic trung truyén thong
khong xem xét dén dic trung ngit nghia va ca phap (mot dic trung quan trong cua dy doan
16i phan mém) ctia ma ngudn. Do d6, cdc md hinh gan dy di 4p dung céac thuat toan hoc
sau [41, 42] nhu Deep Belief Network (DBN), Convolutional Neural Network (CNN) va
LSTM d¢é khai thac ngit nghia ndi bat va thong tin ngit canh khi dy doan 16i phan mém.
Céac md hinh nay trich xuat cac niit cy thé tir cay ct phap triru twong dugc trich xuét tir ma
ngudn va chuyén cac nit d6 thanh chudi dé dwa vao mé hinh hoc sau dé xuit. M6 hinh nay
tao ra cac véc-to dé biéu dién cac dic trung ngit nghia ctia chuwong trinh. M6 hinh sir dung

ca nhan 16i va cac dic trung duoc tao ra da dat hiéu suit dang ké trong du doan 15i ca trong
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cung dy 4n va gitta cac dy 4n so v&i cac mo hinh truyén théng dua trén dic trung. Vi vay
trong luan an nay, luan an xem xét nghién cuu dén ca noi dung Iya chon dac trung va can
béng dit liéu dbi v6i cac mo hinh doan 13i phﬁn mém dya trén do do dic trung ma nguén
nham cai thién hiéu sudt moé hinh du doan 16i va mé hinh dua trén phan tich ct phap, ngir

nghia.

1.1.2  Quy trinh dy doan 16i phan mém
Hinh 1.1 trinh bay quy trinh dy doan 18i phan mém [43].

M&u dit liéu méi

M6-dun phan mém gom Céc mau dir lieu A C 0
Trich d&c trung va nhan huén luyén
rien Tién xr ly dir liéu Xay dyng mo
xuéit tap B 2 B 2 inh du dodn
@, i C 5 ‘
S :
Kho dit ligu B 1

Khong 16i|:| .
Dy doén l6i Diéu chinh tham s8 Danh gia hiéu suat

Dén nhan cho cac
méau dit liéu méi

Hinh 1.1: Quy trinh du doan 15i phan mém

1. Thu thap dit liéu: Tap dit liéu 16i c6 thé dugc tao ra hodc thu thap tur cac kho dir licu
cong khai khac nhau nhu PROMISE, NASA va Apache.

2. Tién xu ly dit liéu: Tap dit liéu dung cho du doan 16i phﬁn mém thuong tiém an
nhiéu han ché, chéng han nhu nhiéu trong dir li¢u, su tdn tai cua céac dic trung du
thira hodc khéng mang ¥ nghia, su xuit hién cta cac gia tri ngoai lai, cling nhu van
dé mat can bang giira cac 16p. Do d6, cac ki thuat tién xir Iy dir 1iéu khac nhau dugc
ap dung, chéng han nhu chuin hoa dit liéu, lya chon dic trung, trich xuét dac trung

va lay mau dir liéu, nham phuc vu viéc nang cao chat lwong du doan Ioi.

3. Trich xuét dic trung va tao tap dir li¢u huén luyén: Trong budc nay, cac thudc tinh
dic trung duoc tao ra dua trén thong tin thu thap tir ma ngudn va dir liéu nhat ky
phat trién ctia dy an phan mém. Cac dic trung d trich xuét dugc két hop véi thong
tin 151 dé tao thanh tap dir liéu hudn luyén, dong vai tro 1a dau vao cho mé hinh hoc

may nham du doan 101.
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4. Xay dung md hinh du doan 18i dugc thuc hién bang cach ap dung cac phuong phap
thong ké va thuat toan hoc may trén tap dir liéu hun luyén. Sau qua trinh huin
luyén, mé hinh c¢6 kha ning nhan dién cac moé-dun phan mém tiém 4n nguy co phat
sinh 16i.

5. Panh gia hi¢u suét: Sau cac budc huin luyén, mot tap dir ligu kiém thir duoc st
dung dé danh gia mo hinh du doan 16i. Hiéu suét cia mé hinh ¢6 thé duoc do luong
bang cach so sanh gia tri du doan cta cic mo-dun dé mic 16 do mé hinh tao ra voi
gia tri thuc té cua cac mo-dun nay, st dung cac do do chuan nhu accuracy (Acc),
precision (P), recall (R), Fl-score (F1), Area Under the Curve (AUC) va Matthews
Correlation Coefficient (MCC).

6. Diéu chinh tham sb: Cac tham sb ctia mé hinh dwgc didu chinh nham dat d6 chinh

xac cao va cai thién hiéu suat.

7. Du doan 16i: M6 hinh du doén 16i duogc ap dung dé xac dinh cac mo-dun phﬁn mém

c¢6 kha ning chtra 18i trong cac du an thuc té.

1.2 Cac phuong phap dy doan 16i phdn mém

Céc k¥ thuat du doan 16i phan mém truyén thong chil yéu dua trén dic trung d6 do ma
nguén, bao gé)m cac do do do phuc tap, do két ndi, do gén két, kich thuéc ma, hodc cac
d6 do hudng ddi twgng. Cac d6 do nay phan anh dic tinh ciu trac va chat luong ctia ma
ngudn, tir ¢ hd trg cic mo hinh hoc may nhu Logistic Regression, Naive Bayes, SVM,
Random Forest hay cac thuat toan metaheuristic trong viéc phan loai mo-dun 16i va khong
16i. Tuy nhién, cac do do trén chi mé ta ma ngudn & mic dinh luong, chua phan anh day
du ngit canh ca phap va mdi quan hé ngir nghia gitta cac thyc thé trong chuong trinh. Do
d6, cac phuwong phap méi hién nay chuyén sang khai thac dic trung ct phap va ngit nghia
ctia ma ngudn dé ting kha ning hiéu suit ctia cic mo hinh di doan. Cac muc tiép theo s&
trinh bay chi tiét hai nhém phuong phap du doan 151 phan mém, bao gdm phuong phéap du
doan 156i phan mém dya trén dic trung do do ma ngudn va phuong phép dua trén dy doan
16i phan mém dic trung ct phap va ngit nghia, nhim 1am rd co s& 1y thuyét va cach tiép

can cua tung hudng nghién ciu.

1.2.1 Duy dodan16i phan mém dya trén dic trung do do ma nguén

DPé dam bao quy trinh dam bao chat luong phdn mém dat hiéu qua va hiéu suét cao, cac
nha phat trién thudng can udc lugng chit luong ciia cac thanh phan phan mém dang duoc

xdy dung. Vi myc dich nay, cac d6 do ma ngudn da dugc gidi thiéu. Thong qua cac do
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do, du an ph?ln mém c6 thé duoc phan tich mét cach dinh Iuwgng va chét luwong ctia nd co
thé duoc dénh gia mot cach hé thong. Thong thudng, mdi d6 do ma ngudn phan dnh mot
s6 dic tinh chuc nang nhét dinh cua dy an, chéng han nhu d6 géng két, ké thira, mirc do
thay d6i ma,... Cac d do nay dugc sir dung dé suy luan vé cac thudc tinh chét luong bén
ngoai nhu dd tin cdy, kha nang kiém thir hodc muc do dé phéat sinh 16i. Cac mo hinh du
doan 16i thuong duoc xay dung dua trén cac do do phén mém duoc trich xut truc tiép tur
mi ngudn. Cac ky thuat hoc may da duoc ap dung trong nhiéu nim dé phat trién cac mé
hinh dy doan 16i phan mém. Nhiing k¥ thuat niy str dung dit liéu 16i phan mém trong qua
khir (thu thap tir cac du 4n phdn mém trude d6) dé hudn luyén mé hinh dy doan va xéac
dinh cac mo-dun c6 16i [9]. Trong qua trinh huén luyén, md hinh dy doan hoc dugc dac
diém cta du an phan mém va sir dung kién thie nay dé xac dinh liéu mot mo-dun chua
thiy trudc d6 c6 16i hay khong [19]. Tuy nhién, truée khi xay dung mé hinh du doan, viéc
tién xtr Iy dit liéu 1a budc bit budc, boi hau hét cac bo dit liéu nay déu gip phai hai vin dé
chinh: sé chiéu 16n, va mét can bang 16p. Viéc lua chon diing cac tap con d6 do phin mém
c¢6 anh hudng truc tiép dén hiéu ning tong thé ciia mé hinh du doan [44]. Hiéu qua cia
cac mo hinh dy doan 16i phu thudc dang ké vao cac do do nay; vi vay, viéc lya chon tap
dic trung phu hop 13 diéu thiét yéu nham t6i uu hoa hiéu nang cta cac mé hinh dugc trién
khai trong viéc phat hién cac 16p 16i. Ngoai ra, rong cac bo do do cua dy an phén mém,
s6 luong trudong hop khong 161 ludn vuot tri so véi sb truong hop co6 161, dan dén thach
thirc mét can béng 16p trong cac mo hinh du doan 16i. Khi duoc huén luyén trén cac bo dir
liéu mat can bang nay, mo hinh dy doan 15i ¢6 xu hudng thién vi cac vi du khong 15i va
dé phan loai sai cac truong hop 16i. Khi cac b dit liéu huan luyén duogc can béng lai, cac
mé hinh du doan c6 thé dat duge hiéu nang du doan tdt hon; vi vay, cac ky thuat léy mau
dir liéu 1a phwong phap quan trong xir Iy vin d& mat can bang 16p trong cac bo dir licu
du doan 161 phén mém nhim nang cao hiéu suit cia mé hinh dy doan 13i. Cac tiéu muc
tiép theo s& trinh bay chi tiét vé dic trung d6 do ma ngudn, cac phuong phap lwa chon dic
trung va trich xuét dic trung, ciing nhu cac ki thuat 1dy mau dir liéu duoc sir dung trong

du doan 16i phan mém.

1. Pic trung do do ma ngudn
Mot yéu t6 then chdt ctia bat ky quy trinh ki thuat ndo chinh 1a do ludng. Cac phép
do duoc sir dung nham hiéu 16 hon céac thudc tinh ctia mé hinh ma chung ta xay
dung. Quan trong hon, ching dugc dung dé danh gia chat lugng cua san pham ky
thuat hodc quy trinh tao ra san pham d6. Khac véi cac nganh ky thuat khac, cong
nghé phan mém khoéng dya trén cac dinh luat dinh luong co ban cia vat 1y. Nhiing
phép do tuyét dbi nhu dién ap, khdi luong, van tde hay nhiét ¢6 hiém khi xuét hién
trong linh virc phin mém. Thay vao d6, chung ta tim cach x4y dung mét tap hop cac

phép do gian tiép dé hinh thanh nén cac do do (metrics) nham phan anh chét luong
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cua mdt dang biéu dién phﬁn mém nao d6. Nhan thire duge tim quan trong cua cac
dd do phan mém, da cé nhiéu do do dugc dé xuat dé do luong. Nhirng do do nay co
gang nam bat cac khia canh khac nhau cua san pham phan mém ciing nhu quy trinh

phat trién phan mém.

Mot s6 do do duge st dung dé do luong cung mat khia canh cua phﬁn mém; vi dy,
c6 nhiéu d6 do dugc dé xuit dé do muc do lién két (coupling) giita cac 16p khac
nhau. Do d6, cac nha phat trién phﬁn mém can chi rd mdi quan h¢ gitra cac do do
khac nhau cting do ludng mot khia canh phan mém. Chang han, néu ching ta mudn
biét kich thudc ctia mot chiée ban, co thé co nhiéu do do lién quan nhu chiéu dai,
chiéu rong, dién tich, hay dudng chéo cta ban. Tuy nhién, cic phép do chiéu dai
va chiéu rong da du, boi cac do do khac co thé dugc suy ra tir chung khi can thiét.
Tuong tu trong linh vuc phﬁn mém, cin xé4c dinh nhitng d6 do thuc su can thiét va
cung cap thong tin hiru ich; néu khong, nha quan 1y sé& bi rdi bai qua nhiéu con sd
va muc tiéu str dung d6 do s& bi sai 1éch.Khi dbi chiéu s6 luong do do hién ¢ v6i sd
luong déc trung cdt 161 ma chung thuc su phan anh, cé thé nhan théy mot murc do
du thira dang ké. Bang 1.1 va Bang 1.2 trinh bay mét s6 d6 do McCabe, Halstead

[11, 12] va hudng ddi tugng duogc st dung trong du doan 151 phan mém.

Bang 1.1: Do do McCabe, Halstead trong du doan 16i phan mém

TT Dj do Ky hiéu Ngudn M5 ta
1 |Cyclomatic Complexity v(G) McCabe Cac duong di doc 1ap vé mat cau tric dicu khién
Biéu thi mirc d6 ma mot db thj ludng diéu khién
2 |Essential Complexity ev(G) McCabe (flowgraph) c6 thé duge rat gon bang cach phan
tach tit ca cac dd thi con (subflowgraphs)
Do phire tap chu trinh (cyclomatic complexity)
3 |Design Complexity iv(G) McCabe ctia db thi ludng diéu khién di duogc rat gon
(reduced flowgraph) cuia mot mo-dun.
. S6 dong ma dugc xac dinh dya trén cac quy udc
4 |Lines of code LOC McCabe dém dong do McCabe d& xudt.
5 |n n Halstead Téng s toan tir va toan hang
6 | Volume \4 Halstead Do kich thude thong tin cuia chuong trinh
7 |Program length 1 Halstead Do d¢ dai logic cua chuong trinh
8 |Difficulty d Halstead Phan anh murc d6 kho cia chuong trinh
9 |Intelligence i Halstead U'éc lugng thong tin thuc sy hitu ich so véi do kho
10 | Effort e Halstead Téng nd luc cén thibt dé cai dat mot chuong trinh.
11 |Halstead b Halstead Do do Halstead
12 | Time Estimator t Halstead Udc luong thoi gian
13 |10Comment 10Comment Halstead S6 dong chu thich
14 |10Code 10Code Halstead S6 dong duge dém
15 |10Blank 10Blank Halstead S6 dong trong dugc dém
16 |uniq_Op nl Lines of code measure | S lugng toan tir duy nhat
17 |uniq_Opnd n2 Lines of code measure| S lugng toan hang duy nhét
18 |total Op N1 Lines of code measure | Téng s6 toan tir
19 |total Opnd N2 Lines of code measure| Tng s toan hang
20 |Flow graph branchCount Branch-count B.lf 4 th!. ? 0 lugng nhénh trong 46 thi dong
dicu khién
21 |10CodeAndComment |10CodeAndComment | Lines of code measure | Biéu thj tng sb dong ma va dong chu thich
22 | Defects Defects Goal field {fa}se, tr,u?}: bjéu t}l i \;i.éCNmé—dun C 0 hrogic
khong co it nhat mdt 1601 da dugc bao céo.
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Bang 1.2: Do do hudng ddi twong trong du doan 151 phan mém

-
=

bo do

Hwéng ddi twong  Source

ZSSGEONISCouonswn -

—_
O

NN
o — O

Response for a Class (RFC)

Number of Attributes per Class (NOA)
Number of Methods per Class (NOM)
Weighted Methods per Class (WMC)
Coupling between Objects (CBO)
Data Abstraction Coupling (DAC)
Message Passing Coupling (MPC)
Coupling Factor (CF)

Lack of Cohesion (LCOM)

Tight Class Cohesion (TCC)

Loose Class Cohesion (LCC)
Information-based Cohesion (ICH)
Method Hiding Factor (MHF)
Attribute Hiding Factor (AHF)
Number of Children (NOC)

Depth of Inheritance (DIT)

Method Inheritance Factor (MIF)
Attribute Inheritance Factor (AIF)
Number of Methods Overridden

by a Subclass (NMO)
Polymorphism Factor (PF)

Reuse ratio

Specialization ratio

Class

Class

Class

Class

Coupling

Coupling

Coupling

Coupling

Cohesion

Cohesion

Cohesion

Cohesion
Information Hiding
Information Hiding
Inheritance
Inheritance
Inheritance
Inheritance

Polymorphism

Polymorphism
Reuse
Reuse

[Chidamber94] [13]
[Henderson96] [45]
[Henderson96] [45]
[Chidamber94] [13]
[Chidamber94] [13]
[Henderson96] [45]
[Henderson96] [45]
[Harrison98] [14]
[Chidamber94] [13]
[Braind99] [46]
[Braind99] [46]
[Lee95] [47]
[Harrison98] [14]
[Harrison98] [14]
[Chidamber94] [13]
[Chidamber94] [13]
[Harrison98] [14]
[Harrison98] [14]

[Henderson96] [45]

[Harrison98] [14]
[Henderson96] [45]
[Henderson96] [45]

« Cyclomatic Complexity v(G) do luong s lugng cac duong di doc 1ap tuyén

tinh trong d6 thi ludng diéu khién ctia chuong trinh.

v(G)=e—n+2

(1.2)

Trong d6 e 1a s6 lwong canh va n 14 s luong nut trong db thi ludng diéu khién.

v(G) phan anh mirc d¢ phirc tap ctia ludng diéu khién trong chuong trinh; gia

tri cang 16n cho thay cau trac diéu khién cang phirc tap. Theo McCabe, céac

moé-dun c6 v(G) > 10 duoc xem 1a c6 kha ning cao phat sinh 16i.

« Essential Complexity ev((G) phan anh mirc 4 ma mot d6 thi ludng diéu khién

c6 thé duoc giam thiéu thong qua viéc phan ra toan bd cac do thi con cua G.

Véim 1a s6 luong cac do thi con.
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Design Complexity, ky hi¢u la iv(G), dugce dinh nghia 1a 9 phirc tap chu trinh
cta d6 thi luéng diéu khién d3 duoc rat gon cia mot mo-dun. Do thi luéng diéu
khién G ctia mé-dun duge rat gon nham loai bo cac thanh phéan phirc tap khong

anh huong dén mdi quan hé tuong tac gitra cac mo-dun trong thiét ké.

Volume v do kich thudc thong tin ctia chuong trinh.
v =N x logy(n) (1.4)

Trong d6, N = N; + Ny 1a téng sb toan tir va toan hang,n = ny 4+ ny 1a téng

sd toan tir va toan hang duy nhat.

Program length [ do do dai logic cua chuong trinh, voi
l=V*/N (1.5)

Trong d6, N = N1+ N2 1a tong sd toan tir va toan hang ctia chuong trinh va
V* 1a kich thudc cua chuong trinh trong trudng hop cai dat tdi thiéu.

V5= (2+ py) x10ga(2 + py) (1.6)

V6i 11y biéu thi sb lwong toan hang duy nhat trong cai dat t6i thiéu.

Difficulty d phan anh muc d9 kho cua chuong trinh.

d=1/I (1.7)

Intelligence ¢ wdc luong thong tin thuc sy hiru ich so véi do kho.
i=L V' (1.8)

Vé6i L' =1/d

Effort e 1a téng nd luc can thiét dé cai dat mot chuong trinh.

e=uv/l (1.9)

Time Estimator ¢ wéc luong thoi gian dé viét chuong trinh.

t=e/18 (1.10)
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» Response for a Class (RFC) dugc dinh nghia la tdp hop cac phuong thic co
thé duoc thuc thi dé dap lai mot théng diép dwoc giri téi mot ddi twong cua
16p do. B do RFC dugc xac dinh boi:

RFC = |RS| (1.11)

trong d6 RS 1a tap phan hdi cia 16p, duge xac dinh nhu sau:

RS == Mz Uall jRij (112)

Trong d6, M; 1a tap hop tat ca cac phuong thirc dugc dinh nghia trong 16p
(tong s6 1a n), va R; = {R;;} 1a tap hop cac phuong thic dugce goi béi cic
phuong thtrc thude M.

« Number of Attributes per Class (NOA) do ludng tong s6 cac thudc tinh dugc
dinh nghia trong mot 16p.

« Number Of Methods per Class (NOM) do ludng téng sd cac phuong thire dugc
dinh nghia trong mot 16p.

« Weighted Methods per Class (WMC) biéu thi tong do phtrc tap clia tat ca cac
phuong thic trong mét 16p. Dé tinh todn do phirc tap cuia mot 16p, d6 do phuc
tap cu thé duoc lwa chon (vi du: d6 phirc tap chu trinh — cyclomatic complexity)
can duoc chuan hoa, sao cho d6 phuc tap danh nghia ctia mdi phuong thirc ¢6

gié tri bang 1.0.

Xét mot 16p K; gom cac phwong thire M;, . . ., M,, duoc dinh nghia trong 16p
d6. Goi C4, ..., C, 1an luot 1a do phirc tap ctia cac phuong thirc twong tng.
Khi @6, d6 do WMC duoc xac dinh nhu sau:

WMC =Y ¢ (1.13)

=1

« Coupling between Objects (CBO) biéu thi sé luong cac 16p khac ma 16p d6
c6 mbi quan hé lién két. Hai 16p duoc xem 1a c6 lién két khi cac phwong thirc
duogc khai bao trong mdt 16p st dung cac phuong thirc dugce dinh nghia trong

16p con lai.

« Message Passing Coupling (MPC) s lwong cac cau lénh truyén thong diép

(message-passing statements) dugc dinh nghia trong mét 16p. Theo d6, néu
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hai phuong thirc khac nhau trong 16p A cung truy cap (goi) mot phuong thirc
thudc 16p B, thi gia tri MPC s& bang 2.

Coupling Factor (CF) do ludng lién két (coupling) giita cac 16p c6 thé phat
sinh do truyén thong diép hodc do cac mdi lién két ngir nghia tinh giita cac
thé hién ciia 16p. Trong thiét ké hudng ddi tugng, ngudi ta cho rang cac 16p
nén giao tiép voi cang it 10p khac cang tbt, va ngay ca khi co giao tiép, lwong
thong tin trao d6i cling nén dugc giam thiéu & muc thip nhat. D6 do Coupling

Factor dugc dinh nghia nhu sau:

Z;‘g Z;F:CI [is_client(C;, C;)]

cr TC? -TC

(1.14)

trong d6 T'C' 1a téng s6 16p trong hé théng. Ham is_client(C., Cy) dugc xéac

dinh nhu sau:

. . 1, néuCc:CsVéCc#Cs
is_client(C., Cy) = (1.15)
0, trong cac trudong hgp con lai
Céac mdi lién két phét sinh tir quan h¢ ké thira khong duoc tinh trong chi sd
CF, do trong quan h¢ ké thira, mot 16p von d3 c6 mic do phu thudc cao vao
cac 10p cha ctia no. Néu khong c6 16p nao lién két voi 16p khac thi CF = 0%.
Nguoc lai, néu tat ca cac 16p déu lién két vi moi 16p con lai thi CF = 100%.

Lack of Cohesion (LCOM) do ludng mirc do thiéu gian két giita cac phuong
thirc trong mot 16p thong qua viée xem xét cac bién thé hién hay cac thudc tinh
duoc st dung boi cac phuong thirc d6. Xét mot 16p C; gdm n phuong thic
My, M,, ..., M,.Goi I; 14 tap hop tit ca cac bién thé hién dugc st dung boi
phuong thirc M;. Khi d6, ton tai n tap hop twong tng {11, I, ..., I,,}.

Pinh nghia hai tap P va () nhu sau:

P={(,1)| NI =0}, (1.16)
Q={{;1;) | ;N 1; # 0}. (1.17)

Néu tit can tap {1, I5,...,I,} déula 0 thi P = 0.

P|—1Q|, néul|P|>
Leon_ JIPI=1al néulPl> (@ W
0, nguoc lai
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Mot gia tri LCOM duong va 16n cho thiy muic do gin két ciia cac 16p 1a thap.
Vi vay, mot gia tri LCOM nho 1 diéu mong mudn trong thiét ké hudng dbi

tuong.

Tight Class Cohesion (TCC) 14 ty 1é phan trim cac cap phuong thic cong khai

ctia mot 10p ¢o sir dung chung it nhat mot thudc tinh.

Loose Class Cohesion (LCC) do ludng mirc d6 lién két gitra cac phuong thirc
cong khai trong mot 16p, bao gém ca cac mdi lién két truc tiép va gian tiép
thong qua 101 goi phuong thirc. LCC dugc tinh bang ty 1é phan trim cac cp
phuong thirc c6 lién két v6i nhau. So v6i TCC, LCC md rong pham vi danh

gia bang cach xét thém cac quan hé gian tiép.

Information-based Cohesion (ICH) ctia mét 16p duoc dinh nghia 1a sé lan mot
phuong thue trong 16p goi cac phuong thirc khac cua chinh 16p d6, trong do
mdi 1o goi dugc tinh trong $6 dua trén $6 lugng tham s6 cua phuong thurce

duoc goi.

Method Hiding Factor (MHF) 1a chi s6 dung dé danh gia mirc do dong goi
(encapsulation) ctia cac phuong thirc trong mot hé thong huéng ddi twong.
Chi sd nay phan anh ty 18 cac phuong thirc khong duoc truy cap tir cac 16p
khac. Cu thé, véi mdi phuong thirc duge khai bao trong mét 16p, néu phuong
thirc d6 khong thé duoc goi tir bat ky 16p nao khac, nd dugce tinh gia trj 13 1;
nguoc lai, néu phuong thirc co thé dugc s dung boi it nhét mot 16p khac thi
duoc tinh 14 0. Gia tri MHF ciia toan hé thdng dugc tinh bang cach ldy tong
cac gia tri ndy chia cho tong sé phuong thirc dugc dinh nghia trong tat ca cac
16p.

Attribute Hiding Factor (AHF) 1a chi sb dung dé do luong mirc d6 dong goi
(encapsulation) ctia cac thudc tinh trong mot hé théng hudng di twong. Chi
s6 nay phan anh ty 18 cac thudc tinh khong thé dugce truy cap tir cac 16p khac.
AHF duogc dinh nghia nhu sau:

AR = T et (1= V(Ax)

> Aa(C)

(1.19)
Trong d6: TC' 13 tong sb 1p trong hé thong; Aq(Cy) 1a s6 thudc tinh dugc khai

bao trong 16p C;; V(Ay;) 1a mac d6 hién thi cua thudc tinh A,;.

Gia tri V (Ay;) duoce xac dinh nhu sau:
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TC
V(Aw) =) is_visible(Aq;, C;) (1.20)

=1

Ham is_visible( A, C;) dugc dinh nghia boi:

1, néuj # ivaldp C; cb thé truy cap thugce tinh A,
is visible(Aq;, Cj) = j #ivalép C; y cip
0, nguoc lai

(1.21)

Nhu vdy, mot thudc tinh dugc tinh gia tri 1 0 néu n6 c6 thé duge sir dung boi
it nhat mot 16p khéc, va dugce tinh gia tri la 1 néu no khong thé duogc truy cap
tir bat ky 16p nao khac. Gia tri AHF cua toan hé théng duoc xac dinh bang ty
1€ gitra téng sb thudc tinh duge che giéu va téng s6 thudc tinh duge khai bao

trong hé thong.

Number of Children (NOC) 1a chi sé do luong mirc do ké thira ciia mot 16p,
duoc xac dinh bang s luong cac 10p con truc tiép ké thira tir 16p d6 trong ciy
phan cép ké thira. Chi s6 nay phan anh vai tro ctia 16p trong cau trac hé théng

va muc do tai str dung thong qua co ché ké thira.

Depth of Inheritance (DIT) 1a chi s biéu thi d6 sau cua mét 16p trong cdy phan
cap ké thira, duoc xac dinh bang s6 luong cac 10p to tién (ancestor) tir 1op dé
dén 16p gdc clia cay. Trong trudng hop ton tai da ké thira, gia tri DIT dugc liy
bang d6 dai 16n nhét cua duong di tir 16p dang xét dén 16p gbe.

Method Inheritance Factor (MIF) 1a chi sé & muc toan hé théng, dung dé do
ludng mirc do sir dung co ché ké thira phuong thic trong thiét ké hudng d6i
tuong. Chi s6 ndy phan 4nh ty 1¢ cac phuong thirc duge ké thira so voi tong
s6 phuong thire hién c6 trong toan bd hé théng. V& mit hinh thirc, MIF dugc

dinh nghia nhu sau:

MIF = %;2 Aj\j (( )) (1.22)

trong d6:T°C' 1a tong s6 16p trong hé thong; My(C;) 1a s6 phuong thire duoc
khai bao trong 16p C;; M;(C;) 1a ) phuong thirc dugc ké thira trong 16p C;;
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M,(C;) 1a tong s phuong thirc sdn c6 cua 16p C;, duoc xac dinh boi:

M, (C;) = My(C;) + M;(Cy) (1.23)

Chi s6 MIF cho biét mtrc d6 ma céc 16p trong hé thong tan dung cac phuong
thirc duge ké thira tir cac 16p cha. Gia tri MIF cang 16n thi mtrc 6 st dung ké
thira trong hé théng cang cao, phan anh kha ning tai str dung va cau tric ké

thira ctia thiét ké phan mém.

Number of Methods Overridden by a subclass (NMO) do luong sd phuong
thtrc cua 16p cha bi ghi d¢ boi phuong thire cta 16p con.

Polymorphism Factor (PF) 14 chi s dung dé do luong mirc d6 da hinh (polymorphism)
trong thiét ké hudng d6i twong. Chi s nay phan anh muc d6 sir dung co ché

ghi dé phuong thirc (method overriding) trong cdy phan cip ké thira ctia hé
thdng. PF duoc dinh nghia nhu sau:

PF = —& ZTCM( ) (1.24)
> im1 (M (C;) x DC(C)]

Trong d6: T'C' 1a tong sb 16p trong hé thong; M, (C;) la s6 phuong thirc moi
dugc khai bao trong 16p C;; M,(C;) 1a s6 phuong thirc ghi d¢ trong 16p C;;
DC(C;) 1a s6 lugng 16p con (descendants) cua 16p C; trong cay ké thira.

Chi s6 PF biéu thi ty 18 giita s6 phuong thirc thyuc sy dugc ghi dé va sb phuong
thitc ¢6 kha ndng bi ghi dé trong toan bd hé thdng. Gia tri PF cang 16n cho
thiy mirc d6 sir dung da hinh cang cao, phan anh tinh linh hoat va kha ning
mo rong cua thiét ké huong ddi tuong.

Reuse Ratio (U) danh gia mutrc d6 tai sir dung co6 thé dat dugc giita cac 16p

trong hé théng. Reuse Ratio dugc dinh nghia nhu sau:

_ Number of Superclasses
~ Total Number of Classes

(1.25)

Trong d6:Total Number of Classes 1a téng sb 16p trong hé thong; Number of
Superclasses 13 s6 16p dong vai tro 1a 16p cha (superclass) trong quan hé ké
thira. Chi sé U phan 4nh muc d6 tai st dung théng qua co ché ké thira trong
thiét ké huéng d6i tugng. Gia tri U cang 16n cho thdy mirc do tai st dung giira

cac 1op cang cao.
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« Specialization Ratio (S) 13 chi s6 dung dé do luong mic d6 chuyén biét héa
(specialization) trong thiét ké hudng ddi tuong. Chi s6 nay phan anh mbi quan
hé giita cac 16p cha va cac 16p con trong cay phan cip ké thira cta hé thong.

Specialization Ratio dugc dinh nghia nhu sau:

_ Number of Superclasses

Number of Subclasses (1.26)
Trong d6, Number of Superclasses 1a s6 16p dong vai tro 1a 16p cha trong hé
théng; Number of Subclasses 14 s6 16p con tham gia vao quan hé ké thira. Chi
s6 S cho biét mirc d6 ma cac 10p trong hé thdng dugc chuyén biét hoa thong
qua co ché ké thira. Gia tri S cang nho cho thdy hé théng c6 nhiéu 16p con hon,
phan anh mtrc d6 chuyén bi¢t hoa cao; nguoc lai, gia tri S 16n cho théy thiét

ké it phan nhanh va mirc 46 chuyén biét hoa thap hon.

2. Lua chon dic trung

Céc nha nghién ctru [48, 49] da xé&c dinh dugc cac do do ma ngué)n c6 mbi tuong
quan manh véi 18i trong céc tap dir liéu 16i phan mém, dua trén cac yéu té nhu do
phtre tap ctia ma ngudn va phan tich quy trinh phat trién. Cac do do nay ciing dugc
goi 1a thugc tinh hoac ddc trung. Tuy nhién, khong phai tat ca cac thudc tinh déu
pht hop dé xay dung mé hinh du doan 16i. Thoi gian can thiét dé huin luyén mo
hinh va chét lugng du doan cia n6 c6 thé bi anh hudng tiéu cuc boi cac thude tinh
du thira va khong lién quan, thuong dugc goi 1a chiéu dit liéu cao. Cac nghién ciru
trude day [50, 51] dd ching minh ring cac ky thuat lya chon dic trung va trich
xudt ddc trung gitip giam thiéu van d& chiéu dir liéu 16n trong céc tap dir lidu 16i
phan mém. Céac phuong phap lya chon dic trung ngay cang duoc chii trong hon
nho kha nang cai thién do chinh xac cua du doan va rat ngén thoi gian xay dung mo
hinh [49]. C6 ba loai phuong phap Iya chon dac trung chinh: filter [52], wrapper [53]
va embedded [54].

- Phuong phép filter 1a mét trong nhitng phuong phéap lua chon dac trung ra doi
s&ém nhét. N6 danh gia cac dac trung dua trén cac thude tinh ndi tai trude khi thuc
hién cac tac vu hoc may. Phuong phap nay dua trén bén tiéu chi do ludng chinh:
thong tin (information), phu thudc (dependency), tinh nhat quan (consistency), va
khoang cach (distance). N6 thuc hién lya chon dac trung mot cach doc 1ap voi thuat
toan hoc may va sir dung cac tiéu chuan théng ké dé xép hang cac tap hop dic
trung [55]. Mot s6 phuong phép tiéu biéu bao gdm Information Gain, Chi-square

test, va Correlation Coefficient, v.v.

- Phuong phap wrapper bao gdm qua trinh Iwa chon dic trung st dung cac thuét
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toan va st dung do chinh xac hodc ty 18 15i ctia qua trinh phan loai dé danh gia
cac ddc trung. Muc tiéu cua phuong phéap nay la chon ra tap hop dac trung c6 tinh
phan biét cao nhat bang cach giam thiéu 16i wdc lwong cia mot mo hinh du doan
cu thé. Phuong phap wrapper thuc hién lya chon dac trung dya trén hi¢u suét cua
thudt toan hoc may, tir do lya chon cac dic trung t61 wu nhat cho qua trinh dy doan.
Do tinh chit da bién, hdu hét cac phuong phap wrapper doi hoi thoi gian tinh toan
16n dé hoi tu, khién ching tré nén khong thuc té ddi véi cac tap dir liéu 16n. Mot
s6 phuong phap tiéu biéu bao gdbm Forward Selection, Backward Elimination, va

Recursive Elimination [56].

- Phuong phap embedded 1a mot co ché lua chon dic trung tich hop sin, trong d6
qué trinh lya chon dac trung dugc tich hop truc tiép vao thudt toan, tan dung cac
dic tinh cta thuat toan dé hudng dan viéc danh gia dic trung. So véi phuong phap
wrapper, phuong phap embedded c6 hiéu suit tinh toan cao hon trong khi van duy
tri murc hiéu qua twong duong [57]. Bang cach két hop cac wu diém cua cac phuong
phép filter va embedded, phuong phap embedded thuc hién lya chon déc trung ngay
trong qua trinh trién khai thut toan, gitip giam d6 phirc tap tinh toan [23]. Diéu nay
dat dugc nho viéc tranh 13p lai qué trinh thyc thi mo hinh du doan va kiém tra tung
tap hop didc trung. Mot s phuong phap tiéu biéu bao gdm LASSO va cac phuong
phap mé hinh ciy quyét dinh c6 ap dung k¥ thuat chuan hoa.

- Ngoai ra, thuit toan metaheuristic d3 duoc Gng dung rong rii trong nhiéu bai toan
t6i wu trong nhitng ndm gan day va lwa chon dic trung 13 mot trong nhirng linh vuc
quan trong ma cac phuong phap niy dugc nghién ctru. Tuy nhién, do tinh chat ngau
nhién cua cac thuat toan metaheuristic, khong c6 dam bao réng qué trinh lgya chon
dac trung s€ tim duoc td hop thudce tinh t8i wu nhat. Nhiéu thut toan metaheuristic
da duoc ap dung trong du doan 15i phan mém bao gém Genetic Algorithms (GA),
Particle Swarm Optimization (PSO) [58], Artificial Bee Colony (ABC) [22] v.v.

3. Trich xuét dic trung

Trich xuat dic trung [59] 14 mot k§ thuat nham trich xuét cac dic trung khong
du thira va c6 lién quan tir tap hop dic trung dau vao bang cach sir dung mot sb
phép bién doi dé giam do phirc tap va cung cap mot cach biéu dién d& hiéu cho
ting bién trong khong gian dic trung dudi dang mot to hop tuyén tinh cia cac bién
dau vao. Pay 1a mot k¥ thuat tong quat hon so v6i ki thuat lya chon dic trung.
Mot s phuong phap trich xuit dic trung bao gdm Principal Component Analysis
(PCA), Linear Discriminant Analysis (LDA) va Kernel-based Principal Component
Analysis (KPCA).

4. Liy miu dir liu
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Trong qua trinh xay dyng mé hinh dy doan 15i phan mém, da ton tai mot thach thirc
1a hau hét cac tap dir liéu 15i lich sir chira nhidu mo-dun khong 15i hon (ttc 14 16p
chiém da sd) so v6i cac mo-dun c6 16i (16p chiém thiéu s6). Pay dugc goi 1a vin dé
mat can bang 16p trong dy doan 16i phin mém. Cac k¥ thuat 14y mau dit liéu nhu
ldy mau ting va ldy mau giam duoc sir dung rong rai dé giai quyét van dé mat can
bang 16p trong du doan 161 phan mém [60]. K thuat 14y mau ting tao ra cac mo-dun
téng hop méi thude 16p thiéu sé nham ting s6 lugng mau cia 16p nay. Nguoc lai,
k¥ thuat 1dy mau giam loai bé mot sé mo-dun thude 16p da sé dé can bang ty 18 giira
hai 16p [29]. Ca hai nhém k¥ thudt nay déu nham muc dich cin bang su phan bd
giita cac mo-dun thude 16p thiéu s6 va 16p da sé nham cai thién hiéu suat cia mo
hinh dy doan. Trong du doan 18i phin mém, k¥ thuat 14y mau ting thuong dugc vu
tién hon so v6i ldy mau giam, vi phuong phap lay mau giam loai bo ngiu nhién cac

mo-dun khoi tép dit liéu, c6 thé dan dén mat mat thong tin quan trong [48].

1.2.2 Duy doan 16i phan mém dua trén dic trung ca phap va ngit nghia ma
nguon

Hoc sau dya trén mang no-ron nhan tao (ANN - Artificial Neural Network), von thue hién
du doan cho dit liéu dau vao théng qua qua trinh huin luyén c6 giam sat hodc khong giam
sat [61]. Gan day, nhiéu md hinh hoc sau da duogc ung dung rong rai trong linh vyc dy
doan 16i phan mém. Qiao va Wang [62] d3 khai thac hoc sdu dé tao ra cac dic trung tdi
wu cho viéc du doan 13i tirc thoi (just-in-time - JIT) c6 xem xét dén nd lyc. Két qua thir
nghiém cho théy md hinh duoc dé xuét da dat duge cai thién dang ké vé do do recall trung
binh. Cu thé, recall trung binh tang 15,6% va popt ting 8,1% so v&i cac phuwong phap hién
c6. Ma va cong su [63] dd dé xuat mot ki thuat g& 16i mo hinh (MODE) dé tién hanh phan
tich trang thai mo hinh nham xac dinh cac no-ron bi 161 va thuc hién Iya chon dit liéu huan
luyén dau vao. Két qua danh gia ciia ho dya trén 29 mé hinh cho 6 ung dung cho thiy
ky thuat dugc dé xuét co thé cai thién do chinh xac kiém thtr so véi cac mé hinh hién co.
Hellendoorn va cong su [64] dd dé xudt mot mo hinh hoc siu c6 tén 1a DEEPTYPE dé
hoc cac chii thich kiéu tir ma ngudn co so va sau d6 c6 thé duge ap dung dé du doan chu
thich kiéu cta cac bién va ham.

Lin va cong su [34] di st dung Bi-LSTM dé hoc biéu dién ctia cdy AST cia chuong
trinh nham phat hién cac ham d& bi 18i, va thir nghiém di cho thiy hiéu ning tt hon
trén ca cac du doan 16i trong cung du 4n va du doan 16 gitta cac du 4n. Zhou va cong
su [36] dd xdy dung LSTM dua trén LSTM hai chiéu va ciu tric cdy dé cai thién kha ning
hoc dac trung va hi¢u nang du doan. Cheng va cong sy [65] da dé xuat mot mang tich

chap d6 thi c6 tén 1a GCN2defect dé nam bat cac phu thudc giita cac niit trong mang phu
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thudc 16p (Class Dependency Network) cia mot chuwong trinh va sir dung ky thuat 1dy mau
SMOTETomek trong viéc xir Iy van dé mat can bang 16p trong linh vic du doan 15i phan
mém. Yan va cong su [66] di khai thac mang no-ron tich chap db thi siu dé nhiing thong
tin cAu trac von c6 trong dd thi ludng diéu khién cho viéc phan loai phan mém doc hai.
Két qua thir nghiém cho thiy hé thong dugc d& xut ctia ho c6 thé phan loai phan mém doc
hai cua chuong trinh véi hi¢u nang vuot troi so voi cac phuong phap hién c6. Khleel va
Nehéz [67] di trinh bay mét su két hop gitta BILSTM va cac k¥ thuat ldy mau ting cudng
dé giai quyét van dé dir liéu mat can bang. Két qua thir nghiém da chirng minh nhiing cai
thién dang ké vé hiéu nang cta mod hinh dugc dé xuét khi ap dung cho cac bo dir li¢u da
duoc can béng S0 Vo1 cac by dir liéu géc. Cu thé, d6 chinh xac trung binh cua mo6 hinh
tang 6% va do do Fl-score cai thién 43%. Pornprasit Cheng va cong sy [68] da trinh bay
md hinh Deeplinedp, vdi muc tiéu xac dinh céc tép tin bi 161 va cac dong ma bi 16i trong
mi ngudn phan mém béng cach tw dong hoc cac thudc tinh ngit nghia cua cac token va
cac dong mi xung quanh. Lucija va cong su [69] di d& xudt mot md hinh dy doan 16i dyua
trén Graph Convolutional Network (GCN) c¢6 kha ning nim bt toan bo thong tin ctia cac
canh va nat dugc trich xuét tir mot cay cu phép triru tuong. Ho két luan réng mo hinh duoc
dé xuét cua ho dat hiéu nang tdt hon so v6i cac mo hinh hién c6 trong viéc phan loai cac

thanh phan bi 16i bang cach str dung cay ct phap triru tugng duoc tao ra tir ma nguon.

Trong phuong phap dugc mo ta bdi Wang va cong su [70], Gated Hierarchical Long
Short-Term Memory Networks (GH-LSTMs) dd duoc str dung dé ndm bét ca thong tin
ngir nghia duogc trich xudt tir ciy ct phap triru tuong va cac do do phan mém truyén thong
dugc cung cap bai tap dit liéu PROMISE. Batool va cong su [71] d3 st dung ba mé hinh
hoc sau, bao gém LTSM, BiLSTM va Radial Basis Function Network (RBFN) dé thuc
hién du doan 16i phﬁn mém b?lng cach sur dung cac b dir licu dua trén do do CK. Ho két
luan rﬁng LSTM va BiLSTM dat dugc céc gia tri d0 chinh xé4c cao nhat 1an luot 12 93,53%
va 93,75%, trong khi RBFN dugc coi 1a nhanh hon trong vié€c tao ra cac Kkét qua mong
mudn. Trong [72], Ahmed Abdu va cong sy dd dé xuat mot mo hinh Deep Hierarchical
Convolutional Neural Network (DH-CNN) dé tao ra thong tin ngit nghia tir do thi luong
diéu khién va d6 thi phu thudc dit liéu (DDG - Data Dependence Graph) va d6 thi ¢t phap
tir cdy ct phap triru tugng. Két qua thir nghiém trén 9 du an PROMISE cho thay DH-CNN
dat hiéu nang tot hon so v6i cac phuong phap hién c6 vé Fl-score va AUC cho ca trong

cung du an va gilta cac du an.

Zhou va cong su [73] di gidi thiéu mot phuong phap tich hop thé manh ctia CNN va
CGCN dé trich xuat ca thong tin ngir nghia va cdu trac ctia ma ngudn. Cac thir nghiém
duoc thuc hién trén 21 du an ma nguén m¢ da chung minh rﬁng mé hinh dugc dé xuit
cua ho vugt trdéi hon cac mo hinh hién c6, mang lai két qua 6n dinh hon va thé hién kha

nang biéu dién dic trung manh mé hon. Rafi va cong su [74] da dé xuat DepGraph, GNN
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moi cho viéc dinh vi 16i. Ho da két hop cac dic trung bo sung, chang han nhu thong tin
thay d6i md ngudn, vao do thi dudi dang thudc tinh, cho phép mé hinh str dung hiéu qua
dir 1iéu lich st phong phti cia du an. Panh gia ctia ho trén bd dir li€u Defects4j da ching

minh rang DepGraph dat duoc hiéu ning vuot trdi so vdi cac phuong phéap hién co.

1.3 Cac thach thic

C6 nhiéu yéu t6 anh huéng dén hiéu suét ciia cac mé hinh du doan 151 bao gdm chét luong
tap dir liéu, cac do do dac trung phﬁn mém, k¥ thuat hoc may va hoc sau dugc ap dung dé
xay dung mo hinh du doan 161, cac do do danh gia hi¢u suit va cac van dé lién quan dén
tap dit liéu [20]. Trong d6, chit luong tap dir liéu 12 mot trong nhing yéu td quan trong
nhit trong xay dung mo hinh dy doan 16i phdn mém. Hinh 1.2 minh hoa toan canh céc
thach thirc chinh trong du doan 15i phan mém dya trén ma ngudn, dong thoi tom luge cac

hudng giai phap twong trng cho tirng nhém thach thiec.

Tht nhét, thach thie ddi véi quy trinh xdy dung mé hinh du doan 15i 1a cac tap dir
liéu 161 c6 qué nhiéu dic trung, bao gdm ca nhimg dic trung khong lién quan dén 16i phan
mém va cic dic trung du thira. Cac nghién ciru hién ¢ da chi ra rang van dé nay c6 thé
dan dén chi phi tinh toan 16n va 1am suy giam hiéu sudt ciia mot sé mé hinh nhat dinh [75].
Téc d6 va do chinh xac ctia cac mo hinh dy doan da duoc hudn luyén c6 thé bi anh hudng
boi cac dic trung khong lién quan hodc du thira. Ngoai ra, khao sat tai lidu cho thay rang
viéc lya chon dac trung giup cai thién hi¢u suit ctia mé hinh phan loai [44]. Cac k¥ thuat
Iira chon dic trung dugc ap dung trong giai doan tién xir Iy dit liéu nham ting cudng hiéu
suat ctia cac md hinh du doan 15i. Trong nhiéu nim qua, da c6 nhimng nd luc nghién ctiu
khong nging dé ning cao d6 chinh xac du doan 13i ctia cac md hinh. Cac tap di liéu 16n
hon s& yéu cau nhiéu thoi gian hon va ting s vong tinh toan dé huin luyén mé hinh du
doan 13i, diéu nay ciing c6 thé anh huong dén do chinh xac cta dy doan. Vi 1y do nay,
viéc lya chon cac dédc trung phu hop va gidm kich thudce tap dac trung 1a hai giai doan
khong thé thiéu dé dat duoc két qua tdi wu hon. V& co ban, qua trinh giam sb luong dic
trung bao gém lga chon dac trung va trich xuét dic trung. Lya chon dac trung lién quan
dén viéc chon ra cac dic trung quan trong nhat can thiét cho qua trinh phén tich, trong khi
trich xuét dic trung bao gém viéc két hop cac yéu td tuong dong thanh mot dic trung méi
¢o kich thudce nho hon [20].

Thir hai, thach thtte 16n khac anh hudng dén higu suat ciia m6 hinh du doén 15i d6
chinh 12 vin d& mét can bang dir liéu. Hau hét cac tap dir liéu 15i lich str déu chira nhidu
mo-dun khong c6 16i (tirc 1a tap da s&) hon so voi mo-dun co 13i (tap thiéu sd). Pay duoc

goi 14 vin dé mat can bang 16p trong du doan 16i phan mém. Nhiéu k¥ thuat hoc may gia
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I-Dl; dodn 16i phin mém'--I
" diwa trén mi nguén

o

v

Du doan 181 phin mém dua trén dic

tremg d6 do mi nguén

v

Cac thach thiec

v

- Tap dix liéu 181 bao gSm cac dac
trieng dir thira’ khong lién quan.

- Tang chi phi tinh todn va giam hiéu
suat ciia mé hinh dv dodan.

- Tang nguy co qua khop va lam
giam kha ning téng quat héa cia mé
hinh.

- Phirong phap filter chon dic treng
tot vé mit théng ké nhung kém khi
drra vao mo hinh

- Phwong phap wrapper cé han ché

v

- Tép di lidu 161 mét cén bing véi sb
imé-dun khéng 151 16n hon mé-dun
c6 164,

- Mo hinh khong hoc dwoc cac mo-
dun c6 161.

- Giam hiéu suit di dodn cua céc
mo hinh dir doan.

_ K¥ thuét liy miu ting c6 kha ning
dan dén hién trong qua khdp.

- K¥ thuit liy miu giam lam mat

Dur doan 151 phé‘n mém dua trén dic
trirng it phép va ngir nghia ma ngudn

v

[ Cac thach thiec J

- Cac d6 do truyén théng khéng thé
nim bit théng tin ngir nghia va cb
phap m3 ngudn.

- Céc tép c6 cing d6 do truye
théng nhung cé dic trung ci phé
va ngtr nghia khac nhau.

- Cac mo hinh hoc séu tudn t khén
thé bidu difn ddy dn théng tin co
phap va ngi¥ nghia.

- Dao ham cia ham méit mat th
trong sb tré nén rat nhod hodc rit 16

chi phi tinh todn rat cao thong tin quan trong rong qua trinh lan 1 e
| Giai phap dé xudt Giai phap dé xudt | | Giai phip d& xudt

v

v

- Phén tich so sanh c6 hé théng nhim
danh gia sir khdc biét trong hidu sut
cia cac phwong phap lea chon dac
treng filter, tr @6 grip xac dinh va
lwa chon cac phwong phap loc dic
treng filter thich hop.

- D& xudt ép dung cdc phuong phip
metaheuristic cho Ihea chon dac
treng.

L D& xuat dp dung GAN va céc bién
thé nhémtaomcécmguténghqué
lcin bang gifra 16p thisu sb va 16p da
s6 trong cac tip dir lidu 161 phan
mém.

L Céc miu téng hop do phuwong phap
IGAN tao ra co s tirong df“mg cao|
w61 phin phdi dit lifu cia 16p thidu
s6 ban diu, gip giai quyét hidu qua
van dé mét can bing di lifu.

Dé xuat md hinh dir doan 161 dua

én Transformer, s dung Gensim
FastText véi nhiing cac tir t6 (token
tir cdy i phap triru trgng.
- M5 hinh dé xuét c6 kha nang nim
bat thong tin ngi nghia trong céc
bicu dién vec-to cia cdc token md
nguén, ap dung cho ca dw 4n ndi bd
va giita cac dr dn.
- Mb hinh d& xuit khic phuc hién
trong dao ham bién mét va dao ham
biing nd tén tai trong cac md hinh
tudn ti

Hinh 1.2: Cac thach thuc ton tai trong du doan 161 phan mém
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dinh rang ty 18 gitra 16p thiéu sd va 16p da s 1a xap xi bang nhau [76]. Tuy nhién, gia
dinh nay khong dung véi cac tap dir liéu 16i, von thuong co sy mét can bang tir mic trung
binh dén nghiém trong. Do dd, cdc mo hinh du dodn dugc xay dung trén cac tap dir li¢u
phan mém mat cén bang c6 thé khong hoc duoc cac miu cia mo-dun c6 16i va do do6 co
xu huéng dy doan sai nhiéu mo-dun 15i [28]. Diéu nay c6 thé dan dén cac mo hinh du
doan khong dang tin cdy va khong thé ap dung trong thuc té. Vi vay, viéc dé xuat cac ky
thuat/phwong phap dé giai quyét van dé mét can bang 16p trong tap dit liéu 161 1a mot van
dé quan trong dugc quan tdm rong rai trong du doan 15i phan mém. Dé giai quyét van dé
mat can bang dir liéu, c¢6 hai phuong phap chinh trong 1dy mau dit liéu 13 1y miu ting va
ldy mau giam. Cac k¥ thuat 1dy mau ting cd ging tao ra cac mau méi cho 16p toi thiéu
nham ting s6 lugng miu va gitp can bang phan phéi 16p. SMOTE va céc bién thé cua
no6, nhu Borderline SMOTE va ADASYN la nhing ky thuat 1dy mau tang ph6 bién nhat
trong tai liéu nghién ctru nhdm xu Iy mat can bang dir liéu trong hoc sau. Tuy nhién, cac
phuong phap nay thuong din dén van dé qua khép trong cac mé hinh dy doan do cac mau
tong hop co tinh twong dong cao voi cac mau hién c6 trong 16p toi thiéu. Nguoc lai, cac
ky thuat iy mau giam giam s lugng 16p t6i thiéu bang cach chon ngiu nhién hoic c6 chu
dich mét tap con cac mau khong 18i. Phuong phap ldy mau giam phd bién nhat 1a Random
Under-Sampling, trong d6 mot s6 mau thudc 16p t61 thiéu bi loai bd mot cach ngéu nhién.
Tuy nhién, do viéc loai bé cac mau 16p da s6, mot phén thong tin quan trong co thé bi mat,
dan dén sy suy giam hiéu suat ctia mo hinh dy doan [77]. Ngoai ra, cic phuong phép thay
thé nhu hoc két hop va céac ki thuat hoc may nhay cam véi chi phi ciing da dugc khai thac

de xtr ly van dé mat can bang dir li¢u.

Thir ba, cac phuong phép truyén thdng véi cac d6 do dic trung dugc thiét ké thu cong
da dat duoc nhiing tién bo trong du doan 13i cho ca trudng hop trong cung du 4n va chéo
giita cac dy an. Tuy nhién, cac do do truyén thong nay khong thé nam bat duoc thong tin
¢l phap va ngit nghia cta cac tép ma ngudn. Cac tép ma ngudn co cing do do dic trung
truyén théng co thé c6 dic trung ngir nghia khac nhau, diéu nay c6 thé lam giam hiéu suat
du doan 16i. Véi su phat trién nhanh chong cua cac cac mo hinh hoc sau, cac nghién ctru
da tan dung cadc mo hinh hoc sau dé xay dung cac mo hinh du doan 16i c6 kha nang ty dong
hoc cac dic trung ngir nghia tir md ngudn. Nhiéu nghién ctru [78] da trich xuét thong tin
¢t phap tir ma ngudn bang cach st dung cy ct phap triru tuong. Sau do, cac cdy cu phap
triru tuong duge chuyén doi thanh cac véc-to s va dua vao cic mo hinh hoc sau dé trich
xuét dic trung ca phap ctia ma ngudn va du doan liéu ma ngudn do co 16i hay khong. Mot
s6 nghién ctru khac [79] da str dung cac dd thi dé biéu dién ma ngudn, chang han nhu dd
thi ludng diéu khién. Cac mé hinh hoc sau 1a mot huéng tiép can ddy hia hen trong viée
hoc céc dic trung ngir nghia 4n nham nang cao hiéu suit ctia cac mo hinh du doan 13i. Tuy

nhién, cdc mang tuan tu khong thé biéu dién diy du thong tin ct phap va ngit nghia duoc
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trich xudt tir cdy cu phap triru tugng, ddng thoi gip kho khin trong viéc nam bét cac phu
thudc phtrc tap trong ma ngudn [36].

1.4 Céc mo hinh hoc may

Dit liéu lich st vé cac phién ban phén mém c6 thé duoc st dung dé huan luyén mo6 hinh
hoc may nham du doan kha niang xuét hién 13i trong cac 16p dd duoc chinh stra, dua trén
viéc lidu cac 16p d6 ting co 16i dugc ghi nhan & cac phién ban trudc hay khong. Hoc
may, mot trong nhimg phuong phap cot 161 cua tri tué nhan tao, dong vai tro quan trong
trong nhiém vu nay. Bang cach khai thic tap dit liéu huan luyén, cac mo hinh hoc may
xay dung mo hinh du doan c6 kha ning suy luan va dy doan kha ning chira 16i cho nhiing
mo-dun ma nguén moi. Trong luan an nay, luan 4n xem xét va lya chon cac mo hinh tiéu
biéu va dat hiéu suét cao dé danh gia hi¢u suét ciia cac mo hinh dy doan 164, cu thé bao
gém: Random Forest, Extra Trees, AdaBoost, Gradient Boosting, HistGradient Boosting,

eXtreme Gradient Boosting va Multilayer Perceptron.

1.4.1 Random Forest

Random Forests (RF) [80] 12 mot mé hinh hoc két hop dua trén k¥ thuét bagging, duoc
xdy dung tir nhiéu cdy quyét dinh nho, trong d6 mdi cdy dugc huin luyén trén mot tap
con ngau nhién cta di liéu. Dé tang tinh da dang giira cac cdy, tai mdi niit, md hinh chon
ngiu nhién mot tap con cac dic trung nham tim ra phép tach tdi wu. Viéc dua yéu t6
ngau nhién vao ca dit liéu 14n dic trung gitp giam thiéu nguy co qua khép. Trong cac
bai toan phén 16p, du doan cudi ciing dugc xac dinh dwa trén nguyén tic biéu quyét da sb
gilta cac cdy trong rimg. Random Forest tdp hop céc b phan loai co ciu tric dang cdy
{h(z,0;)}, k = 1,2,..., trong &6 {O} 1a cac vecto ngiu nhién doc 1ap va phan phdi
gidng nhau (i.i.d.), va mdi cdy s& bé mot phiéu bau cho 16p phd bién nhit tai dau vao z.
Trong qué trinh xay dung rimg, khi tip miu bootstrap dugc tao ra bang cach lay mau co
hoan lai cho mdi cdy, khoang 1/3 s6 mau ban dau s& khong dugc chon. Tap cic mau nay
duoc goi 1a dir liéu OOB (Out-of-Bag). Mdi cay c6 mdt tap dit lieu OOB riéng, duoc sir

dung dé udc luong sai s6 cua ting ciy trong rimg, goi 1a udc luong sai s6 OOB.
Minh hga d¢ chinh xac ciia Random Forest:

Sai sb tong quat hoa (Generalization error, PE*) cia Random Forest dugc xac dinh
nhu sau:

PE* = Pxy(mg(X,Y) < 0) (1.27)
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Trong d6 mg(X,Y') 1a ham bién (Margin function). Ham bién do luong muc do ma
s6 phiéu bau trung binh cho 16p dung tai (X, Y") vugt qua so phiéu bau trung binh cho bét
ky 16p nao khac. O day, X 1a vecto dic trung va Y 1a nhén phan 16p.

Ham bién dugc xac dinh nhu sau:

mg(X,Y) = avy, I(hy(X) =Y) — mAX avy I(hie(X) = j) (1.28)

Trong d6 I(-) 1a ham chi thi (Indicator function).

Gia tri Margin ti 1€ thuan voi muce do tin cdy cua mo hinh trong qua trinh phan loai.
D9J manh (Strength) cia Random Forest dugc xéac dinh thong qua gia tri ky vong ciia ham

bién nhu sau:

S =Exy(mg(X,Y)) (1.29)

N¢éu p la gia tri trung binh ctia h€ s0 twong quan, thi can trén cua sai s6 tong quat hoa

duoc xac dinh nhu sau:
(1.30)

1.4.2 Extra Trees

Extra Trees (ET) [81] hay con dugc goi 14 extremely randomized trees, c6 co ché van hanh
twong tu nhu Random Forest nhung tich hgp mitc d6 ngau nhién cao hon. ET khac biét
so v6i RF ¢ hai diém chinh: (1) mdi cdy quyét dinh duoc xay dung dya trén toan bo tap
dir liéu thay vi céc mau bootstrap, va (2) tai mdi nat, cac phép tach dugc lya chon hoan
toan ngau nhién thay vi tim kiém phép tach t6i vu. Thuat toan Extra-Trees sir dung co ché
phan chia ngau nhién d6i voi cac thudc tinh sd, duge diéu khién bai cac tham sd K (s6
lugng thudc tinh dugc chon ngﬁu nhién tai mdi nat) va n,,.;, (sé lugng mau ti thiéu dé
thue hién phan chia nat). Phuong phap nay khai thac toan bo tip dit liéu huan luyén ban
dau nhiéu 1an nham xdy dyng mot mé hinh t6 hop (ensemble) gdm M cay quyét dinh.

Dbi véi bai toan phan loai va hdi quy, du doan cudi cung duge tong hop lan lugt thong
qua co ché bo phiéu da s6 (majority voting) hodc trung binh sé hoc. Cach tiép can nay
huéng dén viéc giam phuong sai thong qua qué trinh ngiu nhién hoa rd rang cac diém cét
va lya chon thudc tinh, qua do dat hi€u qua cao hon so vdi nhiéu phuong phap khéc. Viéc

sir dung toan bo tap dir liéu huin luyén gop phan giam thiéu d6 chéch (bias) cia mé hinh.
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Mic du d6 phire tap tinh toan dat mirc O(N log N), sy don gian trong quy trinh phan
chia nit giup nang cao hiéu qua tinh toan téng thé. Cac tham sd K, n,:, va M 1an luot
anh huong dén qua trinh lya chon thudc tinh, kha ning lam muot nhidu va mic do giam
phuong sai cia mé hinh. Mic du ¢6 kha ning diéu chinh linh hoat, céc thiét 1ap mic dinh
thuong dugc uu tién st dung nham dam bao loi thé tinh toan va tinh tu dong cua phuong

phap.

1.4.3 AdaBoost

AdaBoost (Ada) [82], hay Adaptive Boosting, 1a mot thudt toan boosting phd bién do
Freund va Schapire dé xuit. Thuat toan hudn luyén mot chudi cac bd phan 16p co so va
cap nhat trong sd clia cac mau bang cach ting trong sé ddi voi cac mau bi phan 16p sai,
sau d6 huan luyén b phan 16p tiép theo dua trén céc trong s6 da cap nhat. Dy doan cudi
cuing duoc tao ra bang cach két hop dau ra cta tit ca cac bd phan 16p co so thong qua k§

thuat bo phiéu da s c6 trong sd, trong d6 mdi bo phan 16p dugc gan trong sb tuong tng

{w,z”} {wf>} ------ W}

v6i hiéu nang cia no.

J’1(x) J’Z x) J’M(x)

T

Yu(®) = $1gnC) Y (1))

Hinh 1.3: M6 hinh AdaBoost

Trong hinh 1.3, cac dai luong Y1 (), y2(x), . . ., ym(x) biéu dién cac dic trung va = 1a
tin hiéu dau vao. Céc trong sb wl ), w,(f), ey wi™ tuong g véi trong s6 dugc gan cho

ting thudc tinh tai mdi vong lip.

Pau ra ctia md hinh hoc manh tai vong lap thir m duoc xac dinh boi:

Y, (x) = sign (Z U, ym(x)> (1.31)
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trong do «,,, 1a hé sb trong sb6 ctia mé hinh hoc yéu tai vong lap thir m. Viéc diéu chinh
trong s6 sau moi vong lap nham cai thién dan hiéu nang phan loai la dic trung cdt 16 cua
thuat toan AdaBoost. AdaBoost cung cap mot khudn khd tong quat cho cac mé hinh hoc
yéu, do d6 c6 kha nang thich tng v6i nhiéu bo phan loai khac nhau. Bén canh d6, thuat
toan c6 thé xir 1y hidu qua timg thudc tinh ma khong yéu cau giam chiéu dir liéu. Cudi

cung, AdaBoost gbp phan 1am giam nguy co qua khdp mét cach hiéu qua.

1.4.4 Gradient Boosting

Gradient Boosting (GB) [83] 1a m& rdng ctia AdaBoost, cho phép st dung nhiéu loai ham
méat mat khac nhau. Trong khi AdaBoost dua vao trong s6 cta cdc mau bi phan loai sai
dé huén luyén bo phan 16p tiép theo, Gradient Boosting thay thé co ché nay bang viéc sir
dung dao ham ctia ham mét mat. Cach tiép can nay gitp nang cao chat luong huan luyén
ctia cac bd phén 16p co sd; tuy nhién, GB ¢6 nhugc diém 1a tiéu ton nhiéu bd nhé va thoi
gian xir Iy. GB hoat dong bang cach xac dinh nhitng han ché cta cic mé hinh yéu thong
qua dao ham cua ham mat mat. Qua trinh nay dugc thuc hién theo co ché lap, trong do cac
b6 hoc co s& duge két hop tudn tu nham giam thiéu sai s6 du bdo. Cu thé, cac cay quyét
dinh duoc tich hop theo mé hinh cong dong thoi t6i thiéu hoa ham mat mat bang phuong
phap ha déc theo dao ham.

Mo hinh GB F,,(z,;) duoc dinh nghia 13 tong cta n cay hoi quy: [83]

Fo(z) = fi(z) (1.32)
=1

Trong d6 mdi f;(z,) 1a mot cay quyét dinh (cay hoi quy). Tap hop cac cdy duoc xay

dung tuan ty bang cach udc lugng cdy quyét dinh méi f,,(z;) theo bai toan tbi wu sau:

argmin y L(ye, Ful) + fosa (1)) (1.33)

trong d6 L(-) 1a ham mat mat kha vi.

1.4.5 HistGradient Boosting

HistGradient Boosting (HGB) [84], hay histogram-based gradient boosting, 1a mt mo
hinh boosting sir dung cac histogram dic trung nham ting toc va nang cao do chinh xéac
trong viéc lya chon diém tach t6i wu. Phuong phap nay hiéu qua hon Gradient Boosting

truyén thong vé téc do xir I cling nhu mirc tiéu thy bo nhé.
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M5 hinh HistGradient c¢6 thé dugc mo ta vé mit toan hoc nhu sau:

1. Khéi tao du doan ctia m6 hinh:

Fy(z) = arg mcin Z L(y;, ¢), (1.34)

trong d6 L 12 ham mat mat.
2. Véi mbi vong 13p ting cwong t = 1 dén T':

» Tinh gradient am cua ham mat mat:

8L iy F Z;
gt = — [M] , (1.35)
8F(IZ) F(zi)=Fi—1(x;)
o Tinh xcfp xi dao ham bdc hai ciia ham mdt mat:
O*L(y;, F(x;
By — [@—g»] , (1.36)
8F(*’EZ) F(z;)=Ft—1(x;)

* Xay dung histogram cua céc gia tri dac trung cung voi cac gradient va dao ham bac
hai twong ung.

« Xac dinh diém chia t6i wu trong histogram béang thuat toan tham lam (greedy algorithm).
* Tinh toan gia tri tai cac nut 14 dya trén céc bin cua histogram.

* Cap nhat dy doan cua mo hinh:
Fy(z) = Fra(x) + nh(), (1.37)
trong d6 7 14 tdc d6 hoc (learning rate).

3. XuAt md hinh ting cwong cudi cung:

H(z) = Fr(x). (1.38)

1.4.6 eXtreme Gradient Boosting

eXtreme Gradient Boosting (XGB) [85], hay Extreme Gradient Boosting, 1 mot bién thé
cua Gradient Boosting, trong do thuat toan stir dung dao ham bac hai cia ham méat mat dé

xéc dinh bd phéan 16p co so tdi wu mot cach chinh xac va hiéu qua hon. Néu nhu Gradient
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Boosting chi sir dung dao ham bac nhat dé cap nhat mo hinh, XGBoost khai thac dao ham
béac hai nham cai thién dang ké hiéu suét va tdc do hoi tu. XGBoost 12 mot k¥ thuat phé
bién duoc ghi nhan v6i hi¢u nang vuot troi trong nhiéu bai toan khoa hoc dit liéu, dam
bao ca do chinh xéac cao va tée do xu 1y nhanh. Qua trinh huén luyén ctia XGBoost dugc
thyc hién theo co ché lap, trong d6 cac cay quyét dinh méi duoc bd sung tuan ty nham dy
doan sai sb cua cac cay trude d6. Cac cdy méi ndy sau d6 dugc két hop voi cac cdy hién

c6 dé tao ra du doadn cuoi cung cia mo hinh.

Cac budc caa thuit toan XGBoost [85]

Budc 1: Tinh phan dw (Him muc tiéu méi). Tinh phan du R; cho tit ca cic mau trong

bién muc tiéu y:

1
av = NZyZ (1.39)

R, =y, —av (1.40)
Trong d6, av 13 gi4 tri trung binh ctia cac mau va R, biéu thi phan du cia miu thir i so
v6i gia tri trung binh ctia bién muc tiéu.

Buéc 2: Xdy dung ciy quyét dinh méi. Huan luyén mot cay quyét dinh tdi vu tir tap

dac trung f dua trén céc gia tri phz‘in du R;.

Buée 3: Cap nhét phin dw méi. Tinh toan phan du méi dira trén sai sb cua ciy quyét
dinh vtra duogc xay dung DT;. Gia tri phén du dugc cap nhat dya trén phén du trude do va

toc do hoc a:

R"Y = RY + R (1.41)
Trong d6, o € [0.01,0.1,0.001, 0.3] 1a tdc do hoc (learning rate), kiém soat mirc do
dong goép ciia mdi cdy méi vao mod hinh tong thé.

Buéc 4: Ting cuong (Boosting). Lip lai Budc 2 va Budce 3 cho dén khi toan bo céc
cay quyét dinh duoc huin luyén. Péi véi dit liéu méi, XGBoost thuc hién du doan béng

cach tong hop tudn ty dau ra cua tit ca cac ciy quyét dinh DT,
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1.4.7 Multilayer Perceptron

Multilayer Perceptron (MLP) thuéc nhém mang no-ron nhén tao, dugc ciu triic tir nhiéu
16p no-ron sdp xép tuan tu. Kién truc ndy dugc xay dung voi muc tiéu mé phong co ché
xtr 1y thong tin ctia ndo bd con ngudi. Mot MLP dién hinh bao gom 16p dau vao, mot hodc
nhiéu 16p an, va 16p dau ra. Trong do, cac 16p an von khong thé quan sét tryc tiép tir bén
ngoai mang [86] dong vai tro then chdt trong viée trich xudt va hoc cac dic trung phirc
tap 4n trong dir liu. Mot MLP dién hinh bao gdm ba loai tang riéng biét, bao gém tang
dau vao, tﬁng an va tﬁng dau ra. Ngoai trir cac ntt & tﬁng dau vao, mdi nat con lai déu hoat
d6ng nhu mot no-ron (hodc phan tir xir 1y) voi ham kich hoat phi tuyén, cho phép mang

hoc va biéu dién cac mdi quan hé phi tuyén phirc tap trong dir liéu.

Vi dir liéu dau vao z; (1 = 1,2,..., N), dau ra cia md hinh mang no-ron y dugc xac

dinh theo phuong trinh sau:

N
y=f(W'x)=f (Z Wiz; + b) (1.42)
=1

trong d6 f(-) 1a ham kich hoat, N biéu thi s6 lugng no-ron, W 1a vecto trong s6 cua
mo hinh mang no-ron nhan tao (ANN), va b 12 hé s6 chéch (bias).

Dbi v6i bai toan phan loai nhi phan, dau ra cia MLP 1a mot gia tri nam trong khoang
[0, 1], c6 thé dwoc dién giai nhu x4c suat thude vé 16p muyc tiéu dwong. Qué trinh lya chon
mé hinh duogc thuc hién thong qua viée tdi wu hoa sd lwong tang an ciing nhu s6 luong

no-ron trong moi tang an cua kién trac MLP.

1.5 Cacdo do danh gia

Dénh gia hiéu suit ciia md hinh du doan 16i 14 mot giai doan quan trong trong qua trinh
phat trién mo hinh. Qua4 trinh nay gitip ddnh gia mic d6 hoat dong ctia md hinh va xéac
dinh hi€u qua trong vié¢c du doan 16i mét cach chinh xac. Cac do do dugc su dung dé danh

gia mo hinh du doan 16i dugc trinh bay nhu dudi day.

Béang 1.1: Ma tran nham 14n

Du do4n 16i - Du do4n khéng 16i -
Predicted defective Predicted non-defective
Thue té 6 15i True Positive False Negative
Thuc té khong c6 16i False Positive True Negative
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True Positive (TP): Cac mau thuc té c6 16i va dugec md hinh dy doan dung 13 c6
16i.

True Negative (TN): Cac mau khong c6 16i ma mé hinh du doan chinh xé4c 1a khong
16i.

False Positive (FP): Cac mau thyc té khong co 15 nhung bi mé hinh du doén sai 1a
c6 1.

False Negative (FN): Cac miu thuc té c6 16i nhung bi mé hinh du doan sai la khong
c6 10i.

Accuracy: Ty 1€ téng s6 mau duoc md hinh dy doan ding trén toan bo dir ligu.

TP+ TN
A - 1.43
Uy = TP I TN+ FP+ FN (1.43)

Precision: Ty I¢ giita sO luogng va tong s mau dugc mo hinh dy doén 1a ¢6 1061.

TP
Precision = ———— 1.44
recision = 7 TFP (1.44)

Recall: Ty 1¢ gilra sO luong mau c¢6 16i duoc du doan dang so véi tong so mau 16i

thuc té.
TP

R@CCL” = m—m (145)

F1-score: Su can bang gitra gia tri Precision va Recall.

Precision x Recall
Fl- =2 1.46
seore * Precision + Recall ( )

ROC Curve: 1a do thi biéu dién mbi quan hé giita TP va FP khi thay d6i ngudng
phan loai. Mot mé hinh tot s& c6 duong ROC nam gan goc trén bén trai, thé hién
phan loai chinh xac cao.

Area Under Curve (AUC): 1a dién tich dudi duong cong ROC. Gia tri cuc dai cua
AUC bang 1.0. Truong hop AUC dat 0.5 twong tng voi dudng cong ROC tring voi
dudng chéo, cho thiy mé hinh khong tét hon so voi viée du doan ngiu nhién & moi
ngudng. Nguoc lai, gia tri AUC tién gan 1.0 phan anh mé hinh hoan héo.
Matthews Correlation Coefficient (MCC): con dugc goi 1a hé sé twong quan
Matthews. MCC khong chi xem xét TP va TN, ma con tinh dén ca FP va FN, nho
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d6 cung cap cai nhin can bang hon vé chat lwong mo hinh.

MOC — TPTN — FP.FN (1.47)
/(TP + FP)TP+ FN)(TN + FP)(TN + FN)

1.6 Kétchuong

Trong chuong nay, luan an da tap trung trinh bay mét cach toan dién co so 1y luan va thuc
tién cua bai toan du doan 15 phan mém, qua d6 1am rd tam quan trong, myc tiéu va nhiing
thach thtrc ¢t 161 cia linh vuc nay trong bdi canh phat trién phﬁn mém hién dai. Trén co
s& tong hop cac cong trinh nghién ctru trong va ngoai nude, chuong nay da khai quat qua
trinh hinh thanh va phat trién cia du doan 16i phan mém, tir cac phuong phap thng ké
truyén théng dén nhitng k¥ thudt tién tién dya trén hoc may va hoc sau. Cac két qua tong
quan cho thay rang du doan 16i phan mém khéng chi mang y nghia k¥ thuat trong viéc hd
trg phat hién sém va giam thiéu rai ro trong qua trinh phét trién phan mém, ma con mang
¥ nghia chién lugc dbi véi viée tdi wu hoa chi phi, ndng cao do tin cay va chat luong san

pham phan mém.

Cu thé, chuong nay da hé théng hoa quy trinh du doan 15i phan mém gdém céac budc
thu thap dir liéu, tién xur 1y, lya chon va trich xuat dic trung, huén luyén mo hinh va danh
gia hiéu suét. Trong do, hai yéu t6 then chét quyét dinh dén do chinh xac ctia m6 hinh 1a
chét lugng cua dac trung dau vao va dic diém phan bd cta tap dir li¢u. Ludn an da phan
tich sau vai tro cua cac dac trung ma nguén va cac k¥ thuat lya chon dac trung, bao gém
nhom phuong phap filter, wrapper va embedded. Cac phuong phap nay dugc xem 1a budc
quan trong trong viéc giam chiéu dit liéu, loai bo nhidu, va ting tinh khai quat hoa ciia mé
hinh. Déng tho1i, chuong nay cling chi ra van dé phé bién cua céc tap dir liéu 16i 1a sy mét
can bang giira 16p 15i va khong 18i, khién mé hinh c6 xu huéng dy doan sai léch vé 16p
chiém da s6. Cac k¥ thuat 1y mau dir liéu nhu 14y mau ting, ldy mau giam, ciing nhu cac
phuong phép tién tién nhu GAN da dugc thao luan nhu nhimg hudng tiép can hiéu qua

nham cai thi€n phan bo dir li€u va nang cao hi¢u nang ciia mo hinh.

Bén canh d6, luan an da chi ra han ché cua cac phuong phap truyén thong khi chi dua
trén dic trung thi cong, von khong phan anh duoc théng tin ct phap va ngit nghia siu cia
ma ngudn. Cac nghién ctru gin day da chimg minh rang viéc khai thac thong tin ngit nghia
tir cdy cdy ct phép triru tuong, dd thi ludng diéu khién, hodc d6 thi phu thudc dir licu, két
hop voi cac mo hinh hoc sau nhu Bi-LSTM, CNN, GCN, va dac biét 1a Transformer, c6
thé mang lai hiéu qua vuot trdi trong viéc du doan 18i phan mém nho kha ning hoc biéu

dién ngir nghia va méi quan hé ngit canh gitta cac thanh phan trong chuong trinh.

43



Tir nhitng phan tich trén, chuong nay két luan rang ba yéu t6 dong vai trd quyét dinh
ddi véi hi€u qua ciia mo hinh dy doan 16i phﬁn mém bao gém: (1) lya chon dac trung dau
vao c6 tinh phan biét cao va phu hop véi ban chat cua dir liéu 16i; (2) xir 1y hiéu qua van
dé mat can bang dir liéu dé dam bao kha ning hoc cong bang giita cac 16p; va (3) khai thac
cac md hinh hoc sau c¢6 kha ning biéu dién ngir nghia phong phli nham ting cuong tinh
chinh xac va kha nang khai quat héa. Pay cling chinh la ba hudng nghién ctru trong tam

duoc ludn an ké thira va phat trién trong cac chuong tiép theo.
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Chuong 2

Nang cao kha nang dy dodan 16i phan mém

bang ciac phuong phap lua chon dic trung

Chuong ndy tap trung trinh bay mot cach c6 hé théng vai trd ciia cac phuong phap lua
chon dic trung nham loai bo cac thudc tinh du thira, khong lién quan hodc nhiéu. Trong
chuong nay, ba nhém phuong phéap lua chon dac trung filter, wrapper va embedded dugc
nghién ctiru ddng thoi nhan manh tiém ning ctia cac thuat toan metaheuristic trong viée toi

uu hoa tap dic trung.

2.1 Giéi thiéu

Lua chon dac trung la mot budc quan trong trong qua trinh phan tich dir liéu va ap dung
mo hinh hoc may. Muc ti€u cua cac phuong phap nay la xac dinh tap céc dac trung hodc
bién c6 mirc do lién quan cao nhat dén bién muc tiéu. Cac mé hinh phan loai dugc huan
luyén trén khong gian dic trung da dwoc rit gon thuong cé tinh 6n dinh va kha nang tai
1ap cao hon so voi1 cac mo hinh dugc xdy dung trén toan by khong gian dac trung ban
dau ¢6 kich thude 16n. K¥ thuat lya chon dic trung giup cai thién hi¢u suét ctia md hinh
bang cach giam d6 phirc tap tinh toan va ting kha niang dién giai ctia két qua mo hinh. Céc
phuong phéap lua chon dic trung déng vai trd then chdt trong qua trinh xay dung mé hinh
hoc may. Trong qua trinh lya chon dic trung, myc tiéu chinh 13 tim kiém cac dic trung co
¥ nghia hodc cac ddc trung c6 twong quan cao. Cac dic trung khong cung cip thong tin
hiru ich duoc goi 1a dac trung khong li€n quan trong khi cac dac trung khong mang thém
thong tin mai1 so voi cac dac trung da dugc chon duogc goi la dic trung du thira. Bén canh

d6, nhitng dac trung khong c6 moi quan hé hodc twong quan véi bién muyc ti€éu duge xem
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nhu 12 nhiéu. Sy ton tai ctia nhidu s& 1am sai 1éch qua trinh du doan, tir d6 1am giam hiéu
sut phan loai. Do d6, viéc xu ly nhiéu 1a cin thiét dé cai thién hiéu qua dy doan, va diéu
nay co thé dat duoc thong qua giam chiéu dit liéu [55]. Mot thuat toan lya chon dac trung
t6t hon nén mang lai nhiéu loi ich nhu cung cép céi nhin sau sic vé dir liéu, xdy dung
mo hinh phan loai hiéu qua hon, ting cuong kha ning khai quat hoa va nhan dién céac dac
trung khong lién quan. Bén canh dé, no ciing gitp hiéu rd hon méi quan hé giira cac dic
trung va bién muc tiéu, giam yéu cau tinh toan trong qua trinh giai quyét mot bai toan cu
thé. Trong cac tap dit licu co s6 chiéu 16n, noi s6 thudc tinh vuot troi so vaoi sb luong mau,
viéc lya chon dac trung thich hop gitp gidm chiéu dit liéu, nang cao hi¢u sut mo hinh, va
tiét kiém chi phi cling nhu thoi gian tinh toan. Hon nira, qua trinh lya chon ddc trung con
dong vai trd quan trong trong kham pha tri thuc, khi cac dic trung duoc phat hién c6 thé
dugc sir dung truc tiép trong cac nghién ciru tiép theo. Didu nay khong chi gitp ting do
tin cdy ciia md hinh ma con gop phan tao nén tang cho cac cong trinh khoa hoc sau nay
trong linh vuc hoc may va khai pha dir li¢u. Cac phuong phép lya chon dac trung dugc
chia thanh 3 nhém co ban bao gdm filter, wrapper va embedded. Déi vdi cac phuong phap
filter, cac dac trung quan trong cua dit li¢u dugc sir dung dé danh gia muc do anh huong
clia tirng dic trung trude khi duoc bo sung vao tap dic trung duge chon [87]. Phuong phap
lua chon dac trung wrapper tich hop thudt toan hoc c6 giam sat vao qua trinh lua chon dac
trung, nham danh gia va xép hang cac dic trung dya trén phwong phap danh gia tap con.
Han ché chinh ctia phuong phap wrapper 13 chi phi tinh toan rat cao, do phai tim kiém
tap dic trung toi wu trong mot khong gian c6 sd chidu 16n. Qua trinh nay doi hoi lap lai
nhiéu 1an viéc huin luyén va danh gia mé hinh, dan dén muc tiéu tn tai nguyén dang ké
ca vé thoi gian 13n nang luc xt 1y. Bén canh d6, phuong phap wrapper c6 nguy co cao dan
dén hién tuong qua khdp, do mé hinh c6 thé hoc qua chi tiét cac miu trong dir liéu huan
luyén, 1am giam kha nang khai quat hoa ddi vé6i dir liéu méi. DSi v6i véi phuong phap
embedded, tap dic trung ti wu dugc tim kiém dong thoi v6i qua trinh xay dung bd phan
loai. Phuong phap lya chon tip dic trung tdi wu ndy phu thudc vao timg thuat toan phan
loai cu thé, tirc 1d mdi mé hinh hoc may c6 thé ap dung mét co ché chon dic trung khac
nhau nham t6i wu hoa hiéu suit du doan [55]. Ngoai ra, cic nghién ctru trudc diy di chi
ra rang cac phuong phap wrapper thuong dat hiéu qua cao hon so vdi cac phuong phap
filter. Thém vao do, van con nhiéu bién thé cta thuat toAn metaheuristic chua dugc nghién
ctru dy du trong bdi canh lwa chon dic trung. Xuét phat tir nhitng van dé trén, chuong
nay duoc thuc hién véi muc tiéu xay dung va trién khai céac thir nghi¢m c6 hé¢ théng nham
danh gia hiéu suat ctia cac nhom phuong phap lwa chon dic trung trén cac bo dir liéu khac
nhau. Két qua danh gia khong chi gitp xac dinh cac phuong phép lwa chon dic trung higu
qua ma con gdp phan nang cao chat luong giai doan tién xur 1y dit liéu thong qua viéc loai

bo cac dic trung du thira, khong lién quan hodc gay nhiéu, tir d6 tao ra tap dir liéu tdi uu
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hon cho qua trinh huan luyén mé hinh. Pay 1a mot budc quan trong trong viéc cai thién
chit lugng dir lidu dau vao, gop phan nang cao hiéu qua va do tin cay cta cac md hinh dy

doan 161 phan mem.

2.2 Cacnghién ctu lién quan

Phan nay tap trung vao mot sd nghién ctru chinh lién quan dén cac phwong phéap lua chon

dac trung trong du doéan 161 phan mém va deé xuat van dé nghién ctru.

2.2.1 Luyachon dic trung

Trong nhirng nim gan day, lya chon dic trung da trd thanh mot trong nhing hudng nghién
clru quan trong nham nang cao hiéu qua ctia cac mo hinh dy doan 16i phan mém nho kha
nang cai thién d6 chinh xac du doan, giam chi phi tinh toan va rat ngén thoi gian xay dung
mo hinh. Viée loai bo cac dic trung du thira hodc khong lién quan giup giam sd chiéu
dit lidu, han ché hién tuong quéa khép va nang cao kha niang tong quat hoa ciia mé hinh,
dic biét ddi voi cac tap dir liéu co khong gian dic trung 16n va mat can bang 16p [44].
Mot s nghién ctru tap trung vao viéc ap dung cac thudt toan t6i wu hoa metaheuristic
nham tim kiém tap dic trung tdi uu. Cac thuat toan nay tan dung kha ning tim kiém toan
cuc dé giai quyét khong gian nghiém c6 kich thude 16n va tranh roi vao cuc trj cuc bo.
Tiéu biéu, Zhu va cong su [88] di dé xuét thudt toan EMWS, két hop Whale Optimization
Algorithm (WOA) va Simulated Annealing (SA) nham nang cao hiéu qua lya chon tap
dac trung. Tuong tu, Pethe va cong su [89] st dung Bat Optimization Algorithm (BAT)
dé xac dinh cac dic trung quan trong nhét, qua do6 cai thién do chinh xac du doan, giam
s6 chiéu dir liéu va han ché hién tugng qua khop. Céc nghién clru nay cho théy cac thuat
to4n metaheuristic c¢6 kha niang tim kiém tap dac trung tdi uu hiéu qua hon so véi nhidu

phuong phap truyén théng.

Tiép theo, mdt hudng nghién ctru khac tap trung vao viéc xdy dung cic phuong phap
lya chon dic trung lai nham két hop uu diém ctia cac nhom phuong phép filter va wrapper.
Wang va cong su [90] dd dé xuit mé hinh LASSO-SVM, trong d6 LASSO dugc sir dung
& giai doan tién xir Iy dé giam chiéu dir liéu va loai bo cac dic trung khong lién quan
truée khi xdy dung mo hinh phan loai. Balogun va cong sy [91] phat trién phuong phap
Rank Aggregation-Based Hybrid Multi-Filter Wrapper Feature Selection (RAHMFWES),
két hop nhiéu phuong phap filter dé xay dung danh sach xép hang dic trung, sau do sir
dung wrapper dua trén chién luoc sip xép dong nham lwa chon tap dic trung toi vu. Gan
day hon, Malhotra va cong sy [92] dé xuat mé hinh két hop cic phuong phép filter nhur

Information Gain, Chi-square va ReliefF voi thudt toan wrapper Opposition-Based Whale
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Optimization Algorithm (OBWOA), dong thoi sir dung mang no-ron tich chap mot chiéu
két hop co ché attention dé khai thac hiéu qua céc dac trung da lua chon. Két qua cua cac
nghién ctru nay cho thiy viéc két hop filter va wrapper giup can bang giita chi phi tinh
toan va chat lugng tap dic trung, tir 46 cai thién hiéu qua cia mo hinh dy doan 16i. Ngoai
ra mot s6 nghién ctru khac mé rong pham vi cia lya chon dic trung bang cach két hop
v6i cac ki thuat tién xtr 1y dir liéu, ddc biét 1a xtr Iy mat can bang 10p nham ning cao chét
lwong dir liéu dau vao. Chen va cong su [93] da két hop thuat toan ReliefF v6i ky thuat
SMOTE va m6 hinh LSSVM dé dong thoi lya chon cac dic trung quan trong va can bang
dit liéu hun luyén. Két qua nghién ctru cho théy viec két hop lua chon déc trung véi cac
phuong phap xir Iy mat cin bang dir liéu gitp cai thién dang ké hiéu suat phan loai so voi

chi st dung riéng 1¢ tirng k¥ thuat.

Nhin chung, cic nghién ctru hién nay déu khang dinh vai tro quan trong ctia lya chon
dic trung trong viéc nang cao hiéu qua dyu doan 16i phdn mém. Xu hudng phat trién chu
yéu tap trung vao ba hudng: (i) tng dung cac thuat toan tdi wu hoa metaheuristic nham
nang cao hiéu qua tim kiém tap dic trung t6i wu; (ii) xay dung cac mo hinh lya chon dic
trung lai két hop gitta filter va wrapper dé tin dung wu diém cua timg phuong phap; va
(iii) két hop lira chon dic trung voi cac k¥ thudt tién xir Iy nhu can bang dir 1iéu nhim nang
cao chét lugng dir liéu hudn luyén. Tuy nhién, phan 1én cic nghién ctru méi chi tip trung
dé xuat hodc danh gia mot phuong phap lya chon déc trung cu thé, hodc két hop voi cac
k¥ thuat iy mau truyén thong nhu SMOTE. Chua c6 nhiéu nghién ctru thuc hién danh gia
mot cach hé thdng nhiéu phuong phép lua chon dic trung metaheuristic trén cing mot tap
dir liéu dé xac dinh phuong phap t6i wru, ddng thoi sir dung két qua d6 1am co s két hop
véi cac md hinh sinh dix liéu tién tién khac nham ti uu hoa toan dién dit liéu diu vao cho
bai toan du doan 18i phan mém. Pay chinh 1a khoang tréng nghién ctru ma luén an hudng

t6i giai quyét.

2.2.2 Van dé nghién ciu

Nhiéu nghién ctru gan day quan tdm dén van dé lya chon dic trung. Mot s6 cong trinh da
dé xuét cac chién luoc khac nhau dya trén phwong phap filter va phuong phap wrapper,
qua d6 sb luong dic trung dugc giam bét nhung van giit dugc thong tin quan trong, gop
phan nang cao hiéu qua ctia mo hinh. Tuy nhiéu nghién ctru chi dimg lai ¢ viéc so sanh
hiéu suét téng thé ciia mo hinh. Pang cht y, chua co cong trinh nao danh gia hiéu qua cua
tung phuong phép lya chon dédc trung dén kha nang phat hién 16i. Vi vay, muc tiéu nghién
cuu cua ludn an trong chuong nay tap trung vao viéc phan tich sau hon vai tro cua cac
phuong phép lua chon dic trung trong nang cao kha nang dy doan 16i phan mém. Nghién

clru nay hudng tdi tra 161 hai cau hoi nghién ctru chinh:
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1. Cau hoi nghién cuu 1: Cac phwong phadp lwa chon dac trung dwoc ap dung hiéu
qua nhw thé ndo trong viéc ning cao kha nang dw dodn 16i phan mém bang cdch

loai b6 cdc ddic trung phan mém khéng lién quan hodc déic trung dw thira?

2. Cdu héi nghién ciru 2: Phwong phdp lwa chon ddc trung wrapper ndo hoat dong tot

nhat trong viéc chon ra cac dac trung toi wu cho dw doan 16i phan mém?

Cu thé, ludn an tap trung nghién cuu chién lugc metaheuristic dugc dp dung trong
qua trinh lya chon dic trung bao gém Artificial Butterfly Optimization, Atom Search
Optimization, Equilibrium Optimizer, Henry Gas Solubility Optimization, Poor and Rich
Optimization, Generalized Normal Distribution Optimization, Slime Mould Algorithm,
Harris Hawks Optimization, Path Finder Algorithm, va Manta Ray Foraging Optimization.
Céc phuong phép metaheuristic dugce dé xuit duoc so sanh voi mé hinh co so 1a st dung
truc tiép cac thuat todn hoc may trén cac bd dir licu 16 phﬁn mém géc. Thir nghiém dugc
thuc hién trén chin bo dit liéu tir kho PROMISE va AEEEM. Dé danh gia hi¢u sut phan
loai, ludn &n str dung ba mo hinh hoc may: Random Forest, Extra Trees va AdaBoost. Cac
d6 do danh gia bao gém Precision, Recall, F1-score va Area Under the Curve. Nham danh
gia ¥ nghia thong ké cta sy chénh léch higu sut giita cac ky thuat lya chon dic trung
dang metaheuristic va mo hinh co s¢, kiém dinh Wilcoxon signed-rank da duoc thyc hién
& mirc ¥ nghia 0,05. Mdi thir nghiém dugc lap lai muoi 1an nham dam bao d6 tin cay, tao
ra mudi bo kiém thtr doc 1ap. Két qua thuc nghiém la co s¢ dé danh gia toan dién hi€u qua
ctia cac phuong phap lwa chon dic trung dura trén metaheuristic, tir d6 dé xut cac phuong
phap c6 hiéu suat vuot troi trong viéc lua chon tap dic trung tdi wu, gbp phan nang cao

chat lugng dir li¢u dau vao va cai thién hi¢u qua cia cac moé hinh du doan 161 phan mém.

2.3 Phuong phap dé xuit

Phén nay trinh bay phuong phap nghién ciru va két qua thuc nghiém cta cac phuong phap
lya chon déc trung st dung cac thuét toan metaheuristic dé xuét & trén. Trong nhitng ndm
gan day, cac thuat toan metaheuristic da dugc (mg dung rong rii trong nhiéu bai toan t6i
wu héa, va lua chon dic trung ciing 1a mot trong nhitng huéng nghién ctru trong diém ma
cac thuat toan nay dugc khai thac. Van con mot sd luong dang ké cac bién thé cua thuat
toan metaheuristic chua dugc nghién ciru mot cach toan dién trong linh vuc lya chon dac
trung. Diéu ndy cho thiy tiém ning cho cc nghién ctru tiép theo trong viéc kham pha, cai
tién va két hop céc thuat toan metaheuristic nham nang cao hiéu qua va tinh 6n dinh cua
qué trinh lya chon dic trung trong du doan 18i phan mém. [88]. Vi vay, trong thir nghiém
nay, luan 4n trinh bay danh gia thir nghiém vé cac thuit toan metaheuristic trong khudn

kho cac phuong phap lwa chon dic trung wrapper, nham giam thiéu tinh du thira cia dit
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liéu trong cac tap dit liéu du doan 16i phén mém. Cu thé, thu nghi¢m tién hanh danh gia
hiéu sudt cia cac ky thuat lya chon ddc trung metaheuristic dugc ap dung cho céc tap dir
lidu 16i phan mém, bao gém Artificial Butterfly Optimization, Atom Search Optimization,
Equilibrium Optimizer, Henry Gas Solubility Optimization, Poor and Rich Optimization,
Generalized Normal Distribution Optimization, Slime Mould Algorithm, Harris Hawks
Optimization, Path Finder Algorithm, Manta Ray Foraging Optimization va Recursive
Feature Elimination. Cac phuong phap lya chon déc trung dugc dé xuit nay dugc danh
gi4 so sanh v&i mé hinh co sd, trong d6 thuat toan hoc may duoc ap dung truc tiép 1én tap
dir liéu 18i phan mém gdc ma khong thuc hién budc lya chon dic trung. Hinh 2.1 minh
hoa giai phap d¢ xuét nay. Sau khi chia dir liéu thanh hai phan: huén luyén va kiém thr,
luén an tién hanh tién xu 1y dir liéu vai cac budce xu 1y cac gia tri bi thiéu va chuén hoéa dix
liu. Tiép theo, cac k¥ thuat lya chon dac trung dua trén chién lugc metaheuristic dugc str
dung nham xac dinh tdp dic trung lién quan nhét. Cudi ciing, luan an ap dung ba m hinh
hoc may gém: Random Forest, Extra Trees va AdaBoost. Cac d6 do Precision, Recall,
Fl-score va AUC duoc ding nham muc dich danh gia hiéu suét cia cac phuong phap lwa

chon dac trung metaheuristic.

Tién x ly dir ligu

— - T
Tapdi —* |ng jigy thigy|| CNuan hoa
ligu dir liéu

D ligu huan
luyén

D@ ligu kiém
thir

l

Banh gia mé hinh
— (Precision, Recall,
F1-Score, AUC)

PP Iyra chon dac trung Wrapper:
ABO, ASO, EO, HGSO, PRO, GNDO, |
SMA, HHO, PFA, MRFO, RFE

Tap dir liu voi cac L Md hinh hoc may:
dac trung t6i wu RF, AdaBoost, ET

Hinh 2.1: Quy trinh danh gia cac phuong phap metaheuristic

2.3.1 Tipdiliéu

Luan an str dung chin bg dit li¢u tir kho PROMISE va AEEEM, ca hai déu dugc cong nhan
rong rdi va thudng xuyén duge sir dung trong nghién ctiru du doan 18i phan mém. Cac bd
dit liéu nay bao gdm céc bién doc lap nhu Lines of Code (LOCode) va Lines of Comments
(LOComment), cing v6i mot bién phu thudc cho biét trang thai ctia thanh phan phin mém
duoc phan loai thanh hai nhém: 18i hodc khong 16i. Mot diac diém dang chd y cia bo dir
liéu 1a ty 1& mau khong 15i chiém wu thé so véi mau 16, din dén van dé mét can bang dir

liéu. Chi tiét duoc trinh bay trong Bang 2.2.
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Bang 2.1: Tap dir li€u str dung thir nghiém

So mau SO mau Ty 1€

Dir li¢u Du an Mau dir liu 15i khéng 15 160 (%)

CM1 PROMISE 505 48 457 9.50
KCl1 PROMISE 2107 325 1782 15.42
KC2 PROMISE 522 107 415 20.50
PC1 PROMISE 1107 76 1031 6.87
EQ AEEEM 324 129 195 39.81
JDT AEEEM 997 105 892 10.53
Lucene = AEEEM 691 64 627 9.26
Mylyn AEEEM 1862 245 1617 13.16
PDE AEEEM 1497 209 1288 13.96

2.3.2 Cic phuong phap lua chon dic trung metaheuristic

C6 nhiéu phwong phap lya chon dic trung metaheuristic di dugc ap dung trong du doan 15
phan mém, nhu Binary Genetic Algorithm (BGA), Binary Particle Swarm Optimization
(BPSO) va Binary Ant Colony Optimization (BACO) [94]. Ludn an xem xét cac phuong
phap lya chon dic trung metaheuristic nham t6i vu hoa hiéu suat mé hinh dy doan 15i phan

mém.

« Artificial Butterfly Optimization (ABO), lay cam hing tir hanh vi ctia budm, duoc
dé xudt boi Qi va cong su [95]. Thuét toan nay dua trén so thich cua loai budm rimg
¢6 ddm, von thuong tim dén cac khu vuc c¢6 anh ning 4m 4p trong rimg va cac bai
trng. Thuit todn nay mé phong hanh vi tim kiém thirc an cua loai buém. Trong qua
trinh di chuyén, mdi con buém phat ra mot hwong thom véi cudng d6 nhat dinh,
va chinh cuong d6 mui huong nay duoc sir dung dé dinh hudéng chuyén dong cia
cac ca thé trong thudt toan BOA. Dua trén mtrc 4 cdm nhén huong thom, néu mot
con budm khong cam nhan dugc mui huong tir bt ky ca thé nao khac trong khong
gian tim kiém, n6 s& thyc hién khai thac cuc bd bang cach di chuyén dén mét vi tri
ngau nhién méi duoc chon. Nguoc lai, néu con buém cam nhéan duge mui huong
ctia c4 thé tot nhét, n6 s& di chuyén vé phia con buém dé, va qua trinh nay duoc goi
1a kham pha toan cuc. BOA khai thac su c4n bang gitra hai co ché kham phé va khai
théc, trong d6 kham pha gitp mo rong khong gian tim kiém toan cuc dé tranh roi
vao cuc tri cuc bd, con khai thac tap trung vao viéc tinh chinh nghiém hién tai nham
cai thién do hoi tu dén nghiém t6i wu. Nho sy mo phong linh hoat hanh vi tu nhién
nay, BOA thé hién kha nang tim kiém toan cuc manh mé& va hiéu qua trong nhiéu
bai toan toi wu phuc tap. Trong thuat toan BOA, mui huong duoc dinh nghia 1a mot
ham cua cuong d6 kich thich stimulus intensity va dugc xac dinh theo phuong trinh
nhu sau:
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Bang 2.2: M6 ta chi tiét cua tap dir liéu tir kho PROMISE

TT bo do M0 ta
1 loc S6 dong ma nguon (McCabe’s Line of Code - LOC).
b6 phtc tap chu trinh (Cyclomatic Complexity) theo McCabe,
2 v(g) ., £ ) iAo 1A N
phan anh s6 lugng duong di doc 1ap trong chuong trinh.
Do phtc tap thiét yéu (Essential Complexity) theo McCabe,
3 ev(g) do mirc d6 phirc tap cta cau trac diéu khién sau khi loai bo
c4c cu truc tudn ty.
. Do phirc tap thiét ké (Design Complexity) theo McCabe,
4 1iv(g) . 1A A
phan anh mtrc dg phuec tap trong thiét ké cia mo-dun.
5 o Téng sb toan tir va toan hang theo d¢ do Halstead
(Total Operators + Operands).
6 Program Volume theo Halstead,
M biéu thi kich thudc théng tin ctia chuong trinh.
7 1 Do dai chuong trinh (Program Length) theo Halstead.
8 d b0 kho ctua chuong trinh (Program Difficulty) theo Halstead.
. Chi s6 théng minh (Program Intelligence) theo Halstead,
9 1 . , A 1% 1. A ) \
phan anh mtrc d¢ d€ hiéu cua chuong trinh.
NG lyc lap trinh (Programming Effort) theo Halstead,
10 e . R RS VY S Y s
udce lugng cong strc can d€ phat trién hodc hiéu chuong trinh.
11 b S6 161 udc lugng (Estimated Number of Bugs) theo Halstead.
Thoi gian 1ap trinh udc lugng (Estimated Programming Time)
12t
theo Halstead.
13 10Code Sb dong ma ngudn (Lines of Code).
14 10Comment S6 dong chu thich (Lines of Comments).
15 10Blank S6 dong tréng (Blank Lines).
16 10CodeAndComment Tong sé dong ma ngudn va dong chu thich.
17 uniq Op S6 lugng toan tir duy nhat (Unique Operators).
18 uniq Opnd S6 luong toan hang duy nhat (Unique Operands).
19 total Op Tong sb toan tir (Total Operators).
20  total Opnd Téng sb toan hang (Total Operands).
S6 lugng nhanh trong d6 thi ludng diéu khién
21 branchCount (Control Flow Graph Branch Count).
Nhan 16i cia mo-dun: false — mo-dun khong cé 16i duoc bao cao;
22 defects

true — mo-dun co6 it nhat mot 101 dugce bao cao.
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f=cl (2.1)

Trong d6, f 1a do 16n cua mui huong fragrance magnitude phat ra tir mot cé thé
budm nhit dinh; ¢ 1a hé s6 cam nhan sensory modality, c6 gia tri nam trong khoang
[0,1], thé hién kha ning cam nhan kich thich ctia buém; I 1a cudng d6 kich thich
stimulus intensity tuong tng voi mui hwong dugc phat ra boi budm; @ 1a s6 mii cong
sut power exponent, phu thudc vao hé s6 cam nhén ¢ va co gia tri trong khoang
[0,1]. Dua trén gia tri cia f f, thuat toan BOA xac dinh hai co ché chinh dé cap
nhat vi tri ciia cac budm trong qua trinh tim kiém nghiém tdi vu. Phuong trinh 2.2
chiu trach nhi¢ém cho qua trinh tim kiém toan cuc global search, trong d6 cac ca thé
buém di chuyén vé phia ca thé c6 gia tri thich nghi tot nhat trong quan thé, nham
mo rong pham vi kham pha trong khong gian tim kiém va tang kha nang thoat khoi
céc cyc tri cuc bd. Trong khi d6, phuong trinh 2.3 mé ta qué trinh tim kiém cuc bo
local search, noi cac céa thé buém tinh chinh vi tri ciia minh dua trén sy tuong tac
ngau nhién voi cac ca thé khac, qua d6 ting cudng kha ning khai thac khu vuc lan

can cua nghiém tiém nang.

it =g+ (P x gt —al) x f; (2.2)

2t =gl + (r? x x;. —x}) X fi (2.3)

Trong do, g* biéu thi nghiém tdt nhat (best solution) dat dugc tai vong 1ap hién tai,
phan anh c4 thé buém c6 gia tri thich nghi cao nhat trong quan thé. f; 1a do 1on
ctia mui huong phat ra tir c4 thé budm thir i dugc st dung dé diéu chinh mic do di
chuyén ctia budm trong khong gian tim kiém. r 1a mot gia tri ngau nhién dugc chon
trong khoang [0,1] nham tao ra yéu t6 ngau nhién can thiét gitp thuat toan duy tri

kha nang kham pha toan cuc va tranh roi vao cuc tri cuc bg.

Atom Search Optimisation (ASO) 1a mot thuat toan metaheuristic moi dugc dé xuét,
ldy cam hung tir dong luc hoc phan tir [96]. Thuat toan ASO md phong nguyén 1y
co ban ctia dong luc hoc phén tir va quy ludt chuyén dong ciia cac nguyén tir, bao
gdm dic trung cta ham thé ning, luc twong tac va luc rang budc hinh hoc. Trong

ASO, moi nguyén tir duy tri hai vecto, bao gébm vi tri va van toc nhu sau:

X=X}, X7, ..., X]] (2.4)

)
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Vi= VLV V) (2.5)

(2

trong d6 X; va V; lan lugt 1a vi tri va van toc cua nguyén tir thir ¢, va D 1a s chicu
toi da ciia khong gian tim kiém. Chuyén dong cuia nguyén tir chiu anh huéng manh

boi gia toc cua nd. VE mat toan hoc, gia toc cia nguyén tur dugc xac dinh nhu sau:

_ F+G;
=

(2.6)

a;

trong d6 F' 1a lyc tuong tac, GG 1a luc rang budc, va m la khéi lugng cta nguyén tu.

Luc tuong tac giira nguyén tir thtr ¢ va nguyén tir tht j duoc xac dinh dya trén thé
nang Lennard—Jones (L—J) nhu sau [95]:

13 7
F, = 2 [2 (i) _ (i) ] "y @2.7)
g Tz‘j rij /rij
24 13 7
w2 bE)-@)] e
g rij rij

trong d6 F}; 1a d 16n (m6-dun) cta lyc twong tac, € 1a o sau cua hé thé nang, o 1a
tham s6 ti 1& chiéu dai, r;; 1a khoang céch giira hai nguyén tir (nguyén tir i va 5), va

d 12 s0 chiéu cua khong gian tim kiém.

Equilibrium Optimizer (EO), duoc dé xuit boi Faramarzi va cong su [97], 1a mot
thuat toan 1y cam himg tir vat Iy, dwa trén mo hinh can bang khéi luong thé tich dé
xac dinh trang thai dong va can bang. Co ché nay cho phép EO cén bang hi¢u qua
gitra kha ning kham pha va khai thac trong qué trinh tim kiém. Thuét toan EO bao
gdm mot quan thé ban du cac vecto ndng do trong khong gian tim kiém, trong d6
mdi vecto dai dién cho mot nghiém tiém nang va dugc xem nhu vi tri cua phﬁn tr
d6. Quan thé ban dau nay duoc khoi tao nham bt dau qua trinh t6i uu héa. Quan
thé ban dau nay duoc khoi tao nham bt diu qua trinh t6i wu hoa, theo cong thirc

Sau:

Cé=LB+rand} x (UB—-LB), i=1,2,...,Nandd=1,2,...,D (2.9)

Trong d6, kich thudc ciia quan thé duoc xac dinh bai N |, trong khi sé chiéu cua bai
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toan duoc biéu thi béi D. Gidi han dudi va gidi han trén cia khong gian tim kiém
lan luot duge ky hiéu la LB va U B. Vecto néng d6 ban dau cua ca thé thir i trong
quén thé duoc biéu dién boi C?. Vecto randg cé cac phan tir ngau nhién duoc phan

b trong khoang [0,1].

EO hdi tu vé mot trang thai can béng, dai dién cho két qua cubi cung cua qua trinh
t6i wu hoa. Tuy nhién, trong sudt qua trinh tim kiém, chi cac ing vién can bang
(equilibrium candidates) méi duoc sir dung dé dinh huéng cho ting ca thé trong mé
hinh tim kiém, trong khi trang thai can bang cudi cung van chua duoc biét trudc.
Bon ca thé ¢6 gi tri ham thich nghi cao nhat duge xac dinh trong EO sé& hinh thanh
tap hop cac tmg vién cin bang, giup ting cudng kha ning kham pha cua thuat toan.
Bén canh do, dé nang cao kha nang khai thac cuc b, gia tri trung binh cua bon ca
thé tot nhét ciing dugc bd sung vio tap nay. Tap hop gdm nim tng vién cin bang

noi trén dugc goi 1a “equilibrium pool”, va dugc dinh nghia bang vecto sau:

Ceq,pool = {Oeq(l)a Ceq(2)> Ceq(3), Oeq(4)a Ceq(avg)}, (2.10)
Trong do,
=~ 6@1+652+663+684
Clogfang) = —HH——4A A0 — 1) @.11)
va
fc&q(l) S fCeq(2) S fceq(3) S fCEq(4>7 (212)

Vec-to éeq(avg) xac dinh tap can béng (equilibrium pool), trong d6 5eq(1), éeq(Q), @q(g) , (Zq(4)
1a bon ung vién can béng tdt nhat duge xac dinh cho dén thoi diém hién tai, va gia
trj trung binh cua bdn tmg vién nay dugc biéu dién boi 6@q(avg)- Trong mdi vong
lap, v6i xac sudt lya chon ngiu nhién nhu nhau giita cac nghiém tiém ning, nong
dd cua cac ca thé trong quﬁn thé s& dugc cap nhat. Phuong trinh 2.10 dugc st dung

deé cép nhat vecto nong do, dugc mo ta nhu sau:

G
Cnew:Ceq_FX(l_F)+(Cold_ceq) XF, (213)

Trong d6, Coq va Chey 1an luot biéu thi vecto ndng do hién tai va vecto ndng do
moi cta cac ca thé. Trong tap can bang (equilibrium pool), mdt vecto ndng do Ceq
duogc chon ngiu nhién dé 1am diém tham chiéu cho qua trinh cap nhat. Phuong trinh

(2.11) duoc sir dung dé tinh toan vec-to F, thudng dugc xac dinh nhu 13 thanh phan
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mi trong qua trinh t6i vu hoa.

F =7t (2.14)

Trong do, Xla mot vec-to ngau nhién véi d chiéu, v6i cac phan tir duoc phan bd
trong khoang [0,1]. O mdi vong lap, gié tri ciia tham s6 ¢ dugc giam dan theo s6 1an

1ap, nhiam diéu chinh tdc d6 hoi tu.

Henry Gas Solubility Optimization (HGSO) [98], dya trén dinh luat Henry [99],
giai quyét cac bai toan toi wu hoa phiic tap bang cach mo phong qua trinh cum hoa
phan tir khi, gitip duy tri su can bang giita kham pha — khai thac va tranh hoi ty som.
HGSO khoi tao quan thé ban ddu gdm N nghiém tng vién, trong d6 mdi ca thé biéu
dién mot tap con cua cac dic trung can duoc lya chon dé danh gia. Budc khdi tao
nay déng vai tro quan trong trong qua trinh hoi tu ciing nhu chat lwong ctia nghiém
t61 wu thu dugc. Bwée 1: Quan thé ban dau 7Y duge sinh ngau nhién theo cong thirc
sau:

29 = Ib; + rand; x (ub; — Ib;) (2.15)

Trong d6, 22 biéu thi vi tri khoi tao ban dau caa hat khi th i, Ib; va ub; 1an luot 14
gi6i han dudi va gidi han trén cta khong gian tim kiém tuong tmg voi nghiém tng
vién thtr 4, rand; 13 gia tri ngiu nhién duoc sinh ra dé dam bao su phan bd ngiu
nhién cua cc nghiém trong khong gian tim kiém ban dau. Vi mdi hat khi déu duy
tri cac dac tinh riéng ctia nd, nén cac ddc tinh nay ciing dugc khai tao twong Gng
trong qua trinh mo6 phong nhu trong cong thirc 2.16:

H) =1y x randy, P,

0 =1l x randy, C = I3 x rands (2.16)

Trong do, HY 1a gia tri khoi tao clia hang s6 Henry ddi voi loai j, PP 1a gia trj khoi
tao ctia ap sudt riéng phan cua khi j trong cum j va CJQ 1a gia tri hang khoi tao cua
loai j. Trong phuong trinh 2.13, cac hang s6 Iy, l5, I3 1a cac hing s6 ¢ cac gia tri 1an
luot bang 5E-02, 100, va 1E-02.

Bwéc 2: Phan cum. Quﬁn thé cac hat khi dugc chia thanh k& cum, tuong ung vdi cac
loai khi khac nhau. Vi mdi cum chi bao gém cac hat khi thudc cung mdt loai, nén
mdi cum s& c6 mot gia tri hang sé Henry H ; khéc nhau.

Buwdc 3: Danh gia. Cac hat khi trong tung cum dugc danh gia dua trén gia tri ham
thich nghi va va xac dinh phén tor co gia tri tot nhat trong cum, ky hi€u x; per. Mat
khac, trong budc nay, tt ca cac nghiém tGng vién déu duoc sip hang nham xac dinh

nghiém t0i uu todn cuc Tpey trong toan bo quan the.
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Buéc 4: Cap nhat trong s6 Henry rong mdi vong lap, khi ap suét cta cac hat khi
thay di, viéc cap nhat hé s Henry H'™ trd nén can thiét. Hé s6 nay dugc tinh toan
lai theo phuong trinh 2.17.

1 1 t
H!™ = H! x exp [—Cj X (— )} . T'=exp <_t

Tt B ITQ rnax) (2‘17)

Trong do6, H! 1a h¢ sé Henry cua cum j tai vong lap thir ¢, T bicu thi nhiét do tai
vong lap ¢, T’ ?1a gia tri nhiét 46 tham chiéu cb dinh, dugc chon b.':ing 298.15. Tham

SO tmax biéu thi tong sd vong lap téi da duoc thiét 1ap cho qua trinh ti vu.

Buwdc 5: Cap nhat do hoa tan. DG hoa tan S; ; cua hat khi thir ¢ trong cum thtr j tai
vong lap thr ¢ dugc cdp nhat theo phuong trinh (2.18):

t t+1 t
Si; =K x H™ x P} (2.18)

Trong do, Pfj 1a 4p suét riéng phan ctia hat khi thr 7 trong cum j, H;H 1a hé s6
Henry da dugc cap nhat ctia cum j va K la mot hang so.
Bude 6: Cap nhat vi tri. Vi cac dic tinh ctia mdi hat khi di duoc tinh toan trong cac

budc trude, nén & giai doan nay, vi tri cua hat khi thir ¢ trong cum thir j tai vong lap
(t + 1) dugc cap nhat theo phuong trinh (2.19):

xf}rl = a4+ F xrandy Xy X (2jpes — ¥7 ;) + F X randy X o0 X (S} j X Tpest — 25 ),
(2.19)
trong do:
Ft best +e
_ Bxexp (—tbe e ~0.05 2.20
=7 eXp( ot £ (2.20)

Trong d6, F' dugc st dung nhu mot hé s6 co dé diu khién hudng tim kiém; v biéu
dién kha ning cta hat khi so v&i cum ctia no; o 1a hé s6 diéu chinh anh hudéng cua
cac hat khi khac 1én hat tht ¢; rand, va rand, 1a hai gia tri thyc dugc sinh ngﬁu

nhién trong khoang [0, 1]; £ 14 mot gi tri nhé nham tranh 18i chia cho khong.

Trong phuong trinh (2.19), F} pest va Ff ; 14n luot biéu dién gia tri ham thich nghi tbt
nhat todn cuc va cua hat khi thir 7 trong cum j. Co ché nay gitp can bang giita kha

ning khai thac va kham pha trong khong gian tim kiém, dam bao qua trinh hoi tu
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hi€u qua cua thuat toan HGSO.

Buée 7: Thoat khoi cuc tri cuc bo Dé trién khai chién luoc tranh roi vao nghiém
cuc tri cuc bg, thuat toan HGSO lya chon N, nghi¢m cé chét lugng kém nhét dé
khéi tao lai, theo phuong trinh (2.21):

Ny = N x [rand X (cg — ¢1) + 1], c1=0.1, co =02 (2.21)

Trong d6, N 1a kich thudc quan thé (population size); rand 1a gia tri ngau nhién
duogc sinh trong khoang [0, 1]; ¢; va ¢, 1a hai hé s6 diéu chinh bién dudi va bién trén
quy dinh ty 18 phan tir bji khoi tao lai. Cac nghiém c6 gia tri thich nghi thip nhat
dugc chon ra theo phuong trinh (2.21) s& duoc khdi tao lai vi tri ban dau bang cach
ap dung lai phuong trinh (2.16), nham ting kha ning thoat khoi cuc tri cuc bo va

mo rong pham vi tim kiém cuta thuat toan.

pé ap dung thuat toan nay cho Iya chon mdt tap con dac trung, can thyuc hién mot
budc trung gian goi 1a chuyén d6i nhi phan trude khi tién hanh danh gia ham thich
nghi. Do d6, mdi nghiém ban dau =¥ phai dugc chuyén doi sang dang nhi phan 2™
theo cong thuc 2.22:

o 1, ifz? > 0.5,
x" = (2.22)
0, otherwise.
D¢ giai thich chi tiét hon vé qué trinh chuyén doi, ta xét nghiém z; gdm sau phan tir
dugc cho bai 20 =[0.6,0.1,0.7,0.43,0.2,0.81]. Phép chuyén doi dugc thuc hién dua
trén cong thirc 2.13 nham tao ra vec-to nhj phan 2™ =[1,0,1,0,0,1], trong d6, gia
tri 1 biéu thi dic trung duoc chon, trong khi gia tri 0 biéu thi dic trung khong dugc
chon. Piéu nay c6 nghia 1a dic trung thtr nhét, thi ba va tht sau trong tap dir liéu
gbc 1a cac dic trung c6 lién quan va can dugc giit lai, trong khi cac ddc trung con
lai 1a khong lién quan va can bi loai bo. Sau khi xac dinh duge tap cac dac trung

duoc chon, ham thich nghi s€ dugc tinh toan cho ting nghiém x?in nham xac dinh
chét luong cua cac dic trung nay. Gid tri muc ti€éu cho nghiém thir ¢ dugc xac dinh
theo cong thirc 2.23:

d;
Fltl = w1 X E?”T'i + wy X 5 (223)

Trong do, w;=0.99 va wy = 1-w;. Trong s6 w; biéu thi hé sb can b?mg duoc str dung
nham duy tri sy can doi gitra ty 1& 16i phan loai Err; va sb lugng dac trung dugc

chon d;, D biéu thi téng s6 thudc tinh trong tap dir li¢u géc.
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« Poor and Rich Optimization (PRO), dugc dé xuit bai Moosavi va Bardsiri [100],
ldy cam hung tir hanh vi tai chinh cta cac ca nhan trong x hoi, dwgc mo hinh hoa
thong qua tuong tac gitra nhom giau hon va nhom nghéo hon véi muc ti€u cai thién
vi thé cia ho. Nhin chung, con ngudi trong mot xa hoi ¢6 thé duoc phan thanh hai
tang 16p tai chinh. Nhom thir nhéat bao gdm nhitng ngudi giau hon ¢6 mirc tai san
cao hon trung binh. Nhom thir hai bao gom nhiing ngudi nghéo hon cé mire tai san
thip hon trung binh. Mdi ¢4 nhan trong hai nhdm nay déu mong mudn cai thién vi
thé tai chinh ciia minh trong xa hoi. Nhitng nguoi thudc tang 16p kinh té nghéo ¢
gang cai thién tinh hinh tai chinh va thu hep khoang cach giai cap bang cach hoc
hoi tir nhitng ngudi giau hon. Nguoc lai, nhitng nguoi thude tang 16p kinh té giau
lai ¢6 gdng md rong khoang cach giai cip bang cach quan sat va hoc hoi tir nhiing
nguoi thudce tang 16p nghéo. Trong bai toan tdi wu hoa, mdi nghiém ca thé trong
quan thé nghéo sé& di chuyén vé phia nghiém tbi uu toan cuc trong khong gian tim

kiém, thong qua viéc hoc hoi tir nghiém giau trong quéan thé giau.

* Thuat toan Generalized Normal Distribution Optimization (GNDO), dugc gidi thiéu
béi Zhang va cong su [101] v6i ¥ tudng dugce 1ay cam himng tir Iy thuyét phan phbi
chuan, hay con duoc goi 1a phan phéi Gaussian. Ngoai ra, thuit toan nay co dic diém
ndi bat 1a don gian va chi yéu ciu mot s6 it tham sd so véi cac thuat toan khéc, cu
thé GNDO chi can kich thudc quan thé va s6 vong lap 1am tham sb du vao. Trong
GNDO, qua trinh tim kiém dwoc mé hinh hoa thanh ba budc chinh. Ban dau, tit ca
cac nghiém trong quan thé dugc khoi tao v6i phan bd ngiu nhién, khong tuan theo
phan phdi chudn. O cac giai doan tiép theo ciia qua trinh tim kiém, cac nghiém nay
s€ cap nhat vi tri cua minh dé tim nghiém ti wu toan cuc thong qua chién lugc khai
thac va khai pha. Cubi cing, cac nghiém s& di chuyén dan vé nghiém tt nhat. Do
do, toan bo qua trinh tim kiém c6 thé dugc biéu dién bang nhiéu phan phdi chuan

khac nhau.

Qua trinh khai thac duoc dan hudng boi gia tri ciia nghiém tdt nhat hién tai va gia tri
trung binh ctia cdc nghiém trong quan thé, trong khi qua trinh thim do dya trén cac
nghiém dugc chon ngiu nhién. Chi tiét ctia ting giai doan s& dugc trinh bay trong

cac tiéu muc sau.

Giai doan khai thac: Trong giai doan khai thac cua thuat toan GNDO, qué trinh
tim kiém duoc thyc hién dua trén méi quan hé gitta phan bd ciia cac nghiém ca thé
va phan bd chuan. Theo d6, mé hinh phan bd chuéin tong quat ciia qua trinh khai

thac dugc xac dinh theo phuong trinh (2.24):

vi=pi+ 0 xn, i=1,23,...,N (2.24)
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Trong do, v} 1a véc-to thir nghiém twong (mg v&i nghiém th ¢ trong khong gian
tim kiém tai thoi diém ¢, ;1; biéu dién gia tri trung binh tong quét ciia nghiém thir 4
trong quan thé, §; biéu dién d6 1éch chuin tong quat, va n 1a hé s phat. Cac bién
dugc st dung trong phuong trinh (2.24) duoc xac dinh lan luot theo cic phuong
trinh (2.25), (2.26), va (2.27) nhu sau:

Hi = (l’f + xéest + M) (225)

W =

=\l G V) @29

/= log(A1) x cos(2mAg), néua < b,

n= (2.27)
—log(A1) x cos(2mAy + ), nguoc lai.

Trong d6, a, b, \; va Ay 1a cac gia tri ngdu nhién dugc sinh trong khoang [0, 1].
Ngoai ra, Tpest biéu dién nghiém tot nhat hién tai, trong khi M 1a gia tri trung binh

clia quan thé, duoc xac dinh theo phuong trinh (2.28):

N ¢
M= it (2.28)
Trong phuong trinh (2.28), ! 1a nghiém thtr 4 tai vong lap ¢, va N 14 tong s6 nghiém
trong quan thé.

Giai doan tham do cua thuat toan GNDO chu yéu dya trén ba nghiém duogc chon

ngau nhién, dugc mo ta chi tiét theo phuong trinh (2.29):

vf = at+ B x (JA3] X v1) + (1 — B) X (|A\4] X vo) (2.29)

Trong do, cac bién A3 va A4 1a cac s6 ngau nhién tudn theo phan phdi chuan; 5 1a hé
s0 diéu chinh dugc sinh ngau nhién trong khoang [0, 1]; con v; va vs 1a cac véc-to

thir nghiém.

Gia tri cua vy va vy dugc xac dinh theo phuong trinh (2.30) va (2.31) nhu sau:

néu fitness(zt) < fitness(zt ),
fitness(w;) < fitness(@m,) (230)
nguoc lai.
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al oy —aly, néu fitness(xl,,) < fitness(al,s),

vy = s (2.31)
Th,3 — Thy, Nguoc lai.

Trong d6, p1, ps va ps 1a ba nghiém ngﬁu nhién dugc chon tir danh sach cac nghiém
kha dung c6 chi s6 tir 1 dén N, thoa man didu kién py, # ps # ps # 4. Ham fitness()

dugc str dung dé danh gia gia tri do thich nghi cia mdi nghiém.

Slime Mold Algorithm (SMA), dugc phat trién bai Li va cong su [102], dya trén co
ché dao dong ciia lodi nim nhay trong tu nhién, vn c6 kha nang tim ra duong di t6i
wu dén ngudn thirc dn ma khong can hé than kinh trung wong. Thuat toan SMA dugc
xay dung dua trén hanh vi va su thay doi hinh thai cta loai nAm nhay. Trong quan
thé tim kiém, cac ca thé duoc chia thanh ba nhom véi vai trd khac nhau. Mot sb ca
thé s& duogc lua chon ngau nhién tir giai doan dau va tai sinh v6i mot ty 1€ tuong
mg z nham duy tri kha ning kham pha khong gian tim kiém. Dya trén vi tri hién
tai, mot nhom ca thé khac s& tiép tuc thuc hién hoat dong tim kiém cuc b0, trong khi
nhom con lai s& duoc hudng dan di chuyén vé phia tmg vién c6 gia tri thich nghi t6t
nhét, tuc 1a nghiém tdi wu hién tai cua quﬁn thé. Cac biéu thuc toan hoc chi tiét méo

ta co ché van hanh cua thuat toan SMA dugc trinh bay nhu sau:

Qua trinh khéi tao: Quy tic sau ddy dugc dé xuat nham mé hinh hod toan hoc cho

phuong phap SMA nhu duogc trinh bay trong phuong trinh 2.32:

Syit) + Ty (W- S ait) — Spit)), r<p.
Sit+1) = 2.32)
V.- 8 (it), r>p,

Trong do, o, duoc xac dinh nhu trong Phuong trinh (4), con o, giam tuyén tinh
tr Xuéng 0. ?b biéu thi vi tri c6 d6 chinh xac fitness cao nhét, it 1a s6 vong lap
hién tai, va ? dai dién cho vi tri cua thé nAm nhﬁy. Cac véc-to ? AVva ? 5 lan luot
biéu dién hai ca thé dugc chon ngau nhién tir quan thé. W/ thé hién trong sb ctia nam

nhay, trong khi p dugc xac dinh nhu trong Phwong trinh 2.33.

p = tanh |F(j) — bF| (2.33)

Trong d6 F'(j) biéu thi gia tri do thich nghi cta ca thé 3, vei je{1,2,...,n},va
bF thé hién gia tri fitness tot nhat trong toan bd cac vong 1ap. Véc-to 717 duoc xac
dinh nhu sau:

Uy = la, —al (2.34)
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trong d6 tham s a duoc tinh theo cong thire 2.35:

it
a = arctanh <— ! + 1) (2.35)

ma;

Tai day, +t 1a chi ) vong 1ap hién tai, trong khi max;; dai di¢n cho téng ) vong lap

tdi da.

. o £ Toh [ a
Danh gia d¢ thich nghi: Dinh nghia ctia véc-to trong s6 W duogc x4c dinh nhu sau:

bF — F(j
. 1+r-log(w—(£+1> , cond.,
. —w
W(Fon(j)) = bE — F(j) (2.36)
1—17r- 10g (m + 1) s Others,

trong d6 wF 1a gia tri fitness thap nhat, bF 13 gia tri fitness cao nhat, cond. chi ra
rang F(j) thudc nira dau ciia quan thé (tirc c6 do thich nghi cao hon trung binh),
Fon 12 tap hop céc gid tri fitness da duoc sdp xép tang dan, va r 1a gia tri ngiu nhién

trong khoang [0, 1]. Qua trinh sap xép dugc mo ta bang cong thirc:

Fyort = sort(F) (7

Tuy nhién, SMA con ton tai cac van dé vé toc do hoi tu cham, mat can bang gitra

kha nang khai phé va khai thac, cling nhu de bi roi vao cuc tri cuc bd.

Harris Hawks Optimization (HHO), dugc gidi thi€u boi Heidari va cong sy [103],
mo phong chién luoc sin modi hop tac cua loai diéu hau Harris. HHO 13 mét thuét
toan duya trén quan thé c6 hiéu suat cao, dong thoi kha ning khai pha khong gian tim
kiém ctia no rat tét nén HHO duoc xem 1a mot phuong phap day tiém ning trong
viéc gidi quyét céc bai toan toi vu phuc tap. Thuat toan bt dau b::ing viéc khoi tao
ngau nhién cac tac tir “diéu hau” trong khong gian tim kiém va dan dit chung qua
cac giai doan kham pha va khai thac. Cac ca thé diéu hau Harris st dung hai co ché
chinh dé kham pha khong gian tim kiém: (i) kham pha dua trén vi tri ctia cac ca
thé khéc trong quan thé tirc 1a mé rong ving tim kiém méi va (ii) kham pha ngiu
nhién trong pham vi gia tri cho phép. Phuong trinh 2.37 mé ta qué trinh tim kiém

ctia thuat toan HHO, trong d6 hai co ché nay c6 cling xac suat dugc chon:
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Xrand(t> — T ’Xrand<t) - 2T2X(t)’ 5 q Z 05,
X(t+1) =
(Xeabvic(t) — X (t)) — r3(LB +r4(UB — LB)), ¢ < 0.5,
(2.37)

trong d6 X biéu dién véc-to vi tri ctia c4 thé diéu hau, X (¢ + 1) 1a vi tri méi cia
ca thé tai vong 1ap t-+1, con Xpawit(t) 12 vi tri con moi (nghiém ky vong) tai vong
13p t. Xpana(t) 12 i tri ctia mot c4 thé duogc chon ngau nhién tai vong lap ¢, va X,
14 vi tri trung binh ciia tat ca cac ca thé trong quan thé, dugc tinh nhu trong Phuong
trinh 2.38. Cac bién ngau nhién 7y, 75, r3, 74, ¢ déu nam trong khoang (0, 1), trong
khi LB va UB lan luot biéu thi can dudi va cin trén cua khong gian tim kiém.
Phuong trinh 2.38 trinh bay cong thiic tinh vi tri trung binh cta quan thé tai vong
lap ¢t dugc tinh theo cong thurc:

N
Xolt) = 5 S Xi(0), (2.38)
=1

vo1 N 1a tong so ca thé trong quan thé di€u hau.

M&i nghiém (con mdi) c6 mot gia tri ning lugng F thé hién kha ning thoat khoi sy
tAn cong cta diéu hau. Phuong trinh 2.39 mo ta cach tinh E tai vong lap t, trong d6
T 1a tong sb vong lap toi da va E, 1a gia trj ning luong ban dau dugc chon ngau
nhién trong khoang (—1,1). Gié tri cia £ quyét dinh qua trinh tim kiém ma thuat
toan s& thyc hién: khi |E| > 1, thuat toan tién hanh giai doan kidm phd, ngugc lai,
khi | E| < 1, thuat toan chuyén sang giai doan khai thdc.

E=2xE, (1 - i) (2.39)

T
Giai doan chinh tht hai cua thuat toan HHO 1a giai doan khai thac, lién quan truc
tiép dén gia tri nang luong F tai vong lap ¢t. Thuat toan HHO sir dung hai co ché
dé thyuc hién qua trinh khai thac: bao vy mém soft besiege va bao vay cung hard
besiege. Qué trinh chuyén dbi giita hai co ché nay phu thudc vao bién ngau nhién r,
biéu dién xéc suat con mdi c6 thé trdn thoat khoi diéu hau. Mot gia tri ngudng dugc
str dung dé xac dinh xac suat thoat thanh cong ctia con mdi (vi du, khi » > 0.5).
Trudng hop bao vidy mém xay ra néu r > 0.5 va |E| > 0.5, tirc 1a con mdi van con

murc nang luong cao, nhu dugc mo ta trong Phuong trinh 2.39.

Ky hiéu AX (t) biéu thi sy chénh léch giita vi tri hién tai cia con moi va véc-to vi
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tri tai vong ldp ¢, trong khi J = 2(1 — r5) md phong mot budc nhay ngau nhién dwa

trén gia tri ngau nhién r5 trong khoang (0, 1).

X(t+1)=AX(t) = E|J Xuwie(t) — X ()] (2.40)

trong do:
AX<t) = Xrabbit<t> - X<t) (241)

Nguoc lai, qué trinh hard besiege dién ra khi nang lugng cua con mdi nhé hon 0.5,
nhu duoc biéu dién trong Phuong trinh 2.42. Tai giai doan nay, cac ca thé diéu hau
giam dan khoang cach trung binh giira vi tri ctia chiing va vi tri ctia con moéi myc
tiéu. Cac bién Y va Z duge xac dinh 1an luot theo cac Phuong trinh 2.44 va 2.45,
trong khi gia tri trung binh ctia quan thé X, (¢) dugc tinh tir Phuong trinh 2.38. Sau
d6, vi tri ctia diéu hau duoc cap nhat dya trén Phuong trinh 2.42.

Y, néuF(Y) < F(X(t)),
X(t+1)= (2.42)
Z, néuF(Z) < F(X(t)),

trong do Y va Z duoc xéac dinh theo:

X(t+1) = Xeawie(t) — B |AX(1)] (2.43)
Y = Xeawit(t) — E |J Xeawie(t) — X (t)] (2.44)
Z =Y +S xLF(D) (2.45)

Trong d6, AX (t) 1a sai 1éch vi tri giita diéu hau va con mdi, J 1a hé s6 ngau nhién
kiém soat cudng do tan cong, S 14 véc-to budc nhay ngau nhién, va LF (D) 1a ham
budc Lévy (Lévy Flight) dung dé mo phong su di chuyén dot ngdt va ngiu nhién
trong khong gian tim kiém c6 chiéu D. Co ché nay cho phép thuat toan HHO duy
tri sy da dang trong quﬁn thé va tang kha nang thoat khdi cyc tri cuc bd. Thuat toan
HHO duogc duoc ap dung nhu mot phuong phép Iya chon dac trung nhi phan. Trong
d6, mdi nghiém trong quan thé dugc mi hoa dudi dang mot véc-to nhi phan, nhu

minh hoa trong Hinh 2.2, trong d6 gié tri 0 biéu thi ddc trung khéng dwoe chon (Vi
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bac trung khong dugce chon

!
fi|f2f3|fa|[5 [n
1 0 1 0 0 1

bac trung dugc chon

Hinh 2.2: Biéu dién giai phap dudi dang vecto nhi phan

du, f5), trong khi gié tri 1 biéu thi ddc trung dwoc chon (vi du, f1). Dé danh gia chét
lugng cua tap dac trung duoc chon, thudt toan s€ st dung bo phan loai lam bd phan
loai ndi bd dua trén gia tri resubLoss 1am tiéu chi danh gia hiéu sudt caa ham muc
tiéu.

Pathfinder Algorithm (PFA), dwoc dé xuit boi Yapici va Cetinkaya [104], 1a mot
phuong phap metaheuristic mé phong hanh vi kiém 4n tap thé cta cac nhom dong
vat, trong d6 cac ca thé vira theo sau mot thu linh, vira dya trén nhan thire riéng cua
minh dé khdm pha khong gian tim kiém. Thuat toan PFA c6 kha nang tranh roi vao
cuc tri dia phuong va hudng téi dat cuc tri toan cuc. Co ché cta thuat toan bao gé)m
viéc cap nhat vi tri ciia cac ca thé trong dan va ca thé din dau mot cach riéng biét.
Qua trinh cap nhat vi tri ciia timg ca thé dugc xac dinh boi Cong thirc 2.46:

AR ) R ) e 40

(2

Trong do, k 1a s6 vong 1dp hién tai, z; biéu dién vecto vi tri cua cé thé thir 4, z; 1a

vée-to ca thé tha 7, Ry va Ry 1a véc-to ngflu nhién duoc xac dinh nhu sau:
R1 = ary, RQ = /BTQ (247)

Hé sd o x4c dinh khoang di chuyén ctia mot ca thé so v6i hang x6m cta né, hé sb
héap din 8 quy dinh mtrc 6 hoi tu ngiu nhién gitta cac ca thé dé duy tri sy lién két
ctia dan xung quanh cé thé dan dau. Cac gia tri o va 3 duoc chon ngau nhién trong
khoang [1,2] va mot phan phdi déu trong khoang [0, 1] ciing duoc st dung dé sinh
céc gia tri ngdu nhién 7, va ro. Sau mdi vong lap, ¢ biéu thi d6 dao dong duoc sinh
ra, dugc xac dinh bdi Cong thue 2.48:

kmax

k
g = (1 — ) Uy - Dz’j, Dij =Ty — Xy (248)
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Trong d6, u; 1a mot vecto ngau nhién c6 gi tri trong khodng [—1, 1], D;; biéu thi
khoang cach gitra hai cé thé i va 7y kmax 12 ) vong lap tdi da cua thuét toan. Cong
thure 2.49 duoc st dung dé cap nhat vi tri cua ca thé dan dau trong qua trinh tim

kiém con moi:

ZL’I;—H = x]; + 2r3 (xl; — :Bl;_l) + A (2.49)
Trong Cong thiic (2.49), 75 14 mot vecto ngiu nhién dwgc sinh ra theo phan phéi
déu trong khoang [0, 1]. Mdi vong ldp cta thut toan sir dung Cong thirc 2.50 dé
tinh toan gia tri A, dugc mo ta nhu sau:

A = yye 2/ b (2.50)

Trong d9, u, 1a mot vecto ngau nhién c6 gia trj trong khoang [—1, 1].

Mic du thuét toan PFA ¢6 nhiéu vu diém, nhung n6 cling tdn tai mot sb han ché. Cu
thé, khi kich thudc bai toan 16n, hiéu suét cua thuat toan PFA giam dang ké. O cac
vong lap cudi, viéc tim ra nghiém mai tré nén bat kho khan. Khi do toan bo quén
thé tién hoa dén mot diém duy nhét, nghia 13 cac ca thé trong quén thé tré nén giéng

hét nhau, dan dén su mat da dang va dung tim kiém sém.

Thuét toan Manta Ray Foraging Optimization (MRFO), dugc gidi thi¢u boi Zhao va
cong su [105], léy cam hung tur chién lugc kiém an doc dao cua loai ca dudi Manta,
vbn c6 kha nang tim kiém trén dién rong va diéu chinh linh hoat vi tri ctia chiing dén
cac khu vye c6 ngudn thire an doi dao hon. Sinh vat phu du 1 ngudn thirc an chinh
cua loai nay. Trong chién lugc san mdi dau tién, dugc goi la tim kiém theo chudi,
cac ca thé Manta di chuyén thanh hang ndi tiép dé co thé bat duoc nhing sinh vat
phu du bi bo sét béi cac ca thé & phia trudc. Trong chién lugc ndy, cac ca thé Manta
thuc hién cac dong tac nhao 1o0n nguoc va chuyén dong xoay tron quanh vi tri con
modi, gitip kéo sinh vat phu du lai gin mang cua ching dé d& dang thu nhan. Ba co
ché nidy mo6 phong hoan chinh hanh vi kiém an tu nhién cua loai ca dudi Manta,
déng thoi duoc chuyén hoa thanh cac phép toan tim kiém va cap nhat vi tri trong
MRFO nham cin bang gitra hai giai doan khdm phd va khai thic khong gian tim
kiém.

Chién Iwge tim kiém theo chudi Chién luoc nay duoc xay dung sao cho mdi ca
thé trong quan thé cap nhat vi tri ciia minh dua trén vi tri tot nhat hién c6 trong quan
thé va vi tri cua cé thé dimg ngay phia trudc nd. Ngoai trir ca thé dan dau, vi tri caa

no6 chi dugc cdp nhat dua trén nghiém tot nhat toan cuc. Do do, chién lugc tim kiem
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theo chudi dugc mo hinh hoa theo cong thire sau:

t+1 l’f +r- (Gbest f) + 2r - lOg( ) (Gbest )7 = 17

ot (aly =2ty +2r - y/log(r) - (Gl —2t), i=2,...,N,
(2.51)

Trong d6, N 1a kich thuéc quan thé, r 13 véc-to ngiu nhién co gia tri trong khoang
(0,1), 2! biéu thi vi tri hién tai ctia ca thé thir i tai vong 1ap ¢, va Gley 12 nghiém tot

nhét dugc tim théy cho dén thoi diém hién tai.

Chién luwge tim kiém xoay loc Tai day, cac ca thé c4 dudi manta thuc hién cac
chuyén dong xoan 0c hudng ve vi tri toi vu toan cuc. Do do, mot phuong trinh dang

xo0dn 0c dugc st dung dé mo phong hanh vi nay nhu sau:

Ghest + 7 - (Gbest f) + ﬁ : (Géest - :L‘f), =1,
it = (2.52)

GbeSt—l_T'(l‘zl >+6 ( best ‘/Ii)v i:2a'-~’N7

Trong d6, hé s B =8 = 2" 7 sin(27r), N 1a tong sb 1an 1ap toi da, va r, €
[0, 1] 1a mot gi4 tri ngAu nhién. Dé ting cudng kha nang khdm phd trong khong gian
tim kiém, cac c4 thé Manta thuc hién nhiing dich chuyén ngéu nhién dugc mo ta
nhu sau: Dé ting cuong kha nang kham pha khong gian tim kiém, cac ca thé manta

ray thuc hién cac dich chuyén ngiu nhién duoc mé ta boi phuong trinh sau:

Lrand + T( rand ) + ﬁ( rand g) ) L= 17
it = (2.53)

xrand+r(x§1 )+ﬂ( Lrand — f)? Z.:2a"'7N7

Trong do, ,.nq 1a mSt vi tri dugc chon ngau nhién trong khong gian tim kiém, dugc

xac dinh theo cong thuec:
Trand = LB+ 71 (UB — LB), (2.54)

vo1 LB va UB lan lugt 1a can duoi va can trén cua khong gian tim kiém.

Recursive Feature Elimination (RFE) [57] 12 mot phuong phap lya chon dac trung
thugc nhom wrapper, dugc trién khai dua trén thuét toan tham lam. Thuét toan khoi
dau voi toan b tap dic trung va danh gia chiing thong qua do chinh xac ctia b phan

16p. Sau mbi vong lap, cac dic trung dugce xép hang va dic trung kém quan trong
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nhét (hodc it lién quan nhét) s€ bi loai bd. Quy trinh nay dugc ldp lai cho dén khi

chi con lai cac dac trung thuc sy c6 1ién quan trong mo hinh.

2.3.3 Két qua thi nghiém

Phan nay cung cap cac két qua thir nghiém, duoc trinh bay mot cach c6 hé thong nham tra

101 hai cau hoi nghién ctru da duoc dé xuat @ muc van dé nghién cuu dat ra ¢ trén.

1. Cau hoéi nghién ctru 1: Céc ky thuat lya chon dac trung duoc 4p dung hi€u qua nhu
thé nao trong viéc nang cao kha ning dy doan 15i phan mém bang cach loai trir cc

dic trung phan mém khong lién quan hodc dic trung du thira?

Pé tra 161 cau hoi nghién ctru 1, luan an thuc hién nhiéu tht nghi¢m nham so sanh
muoi k¥ thuat Iya chon dac trung thong qua viéc str dung ba mo hinh hoc méy dugc
trinh bay. Trong cic Bang 2.3 - 2.5, cac két qua thir nghiém tSt nhat duoc danh diu

in dam.

Két qua ciia Random Forest. Bang 2.3 cho thiy rang, trong tit ca cac phuong phap
lwa chon dic trung duoc danh gia, su két hop giita RFE va RF dat hiéu suét trung
binh cao nhét trén tit ca cac do do danh gia, trong khi EO xép thir hai. Pang chu
v, RFE dat hi¢u suét cao nhét véi gia tri trung binh cua Precision, Recall, F1-score
va AUC 1a 0.72, 084, 0.78 va 0.87. Tiép theo, EO dat cac gia tri trung binh thir hai
trén tat ca cac do do, voi Precision 1a 0.69, Recall 14 0.83, AUC 14 0.76 va F1-score
12 0.87. PRO dat hiéu suét trung binh dung thir ba, vdi cac gia tri Precision, Recall,
Fl-score va AUC 12 0.68, 0.84, 0.76 va 0.84. Qua phan tich, c6 thé thay ring RFRE,
EO va PRO dat hiéu suit tuong ddi vuot troi khi duoc chon 1am phuong phép luya
chon dic trung cho Random Forest, ndi bat hon so véi cac phuong phap khac duoc
khao sat.

Két qua ciia AdaBoost. Cac két qua duogc tom tat trong Bang 2.4 cho thay RFE dat
hiéu sut cao trén tat ca hau hét cac tap dir li€u, cu thé RFE thé hién vuot troi vé
gia tri Precision, Recall, F1-score va AUC trung binh, 1an luot dat 0.75, 0.83, 0.79
va 0.83. Tiép theo HGSO ciing dat gié tri Precision va AUC cao thir hai trén phan
16n cac bo dir liu thir nghiém. Cu thé, trén cac bo dir liéu KC1, KC2, PC1, EQ va
Lucene, HGSO dat gi4 tri AUC cao lan luot 14 0.80, 0.82, 0.89, 0.92 va 0.88. Cubi
cung, EO dat gia tri Recall va F1-score trung binh cao lan luot 1 0.82 va 0.73.

Két qua ciia Extra Trees. Tir két qua thir nghiém thu dugc trong Bang 2.5, RFE
cling dat gia tri Recall, F1-score va AUC vuot trdi so voi cac phuong phéap lua chon
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Béang 2.3: Hiéu suét cua céac phuong phép lya chon déac trung metaheuristic khi 4p dung
vo1 Random Forest

Tap dir licu Do do Random Forest
Cos¢ ABO ASO EO HGSO PRO GNDO SMA HHO PFA MRFO RFE
CM1 P 0.50 0.55 0.49 050 0.62 048 054 0.55 049 0.61 048 0.74

R 056 046 0.71 096 0.70 0.81 0.63 0.71 046 096 045 0.87
F1 0.55 047 0.62 070 0.61 0.72 058 0.62 047 0.75 047 0.85
AUC 0.61 0.83 082 0.87 078 0.79 0.77 0.54 0.51 0.72 0.69 0.90
KCl1 P 0.58 0.65 0.62 0.65 0.67 0.65 062 058 064 063 06 0.76
R 0.65 0.73 0.70 0.81 0.72 0.81 070 0.71 0.75 0.69 0.68 0.87
F1 0.61 0.68 0.66 0.72 0.69 0.72 0.66 0.64 0.69 0.66 0.64 0.81
AUC 0.74 0.81 0.80 0.82 080 0.79 0.81 0.8 0.81 0.82 0.81 0.88
KC2 P 0.65 0.65 0.64 0.67 0.64 0.67 056 065 065 073 0.74 0.78
R 0.76 0.69 0.72 0.71 0.74 0.81 0.59 0.67 0.65 0.77 0.76 0.87
Fl1 0.70 0.67 0.67 0.69 0.69 0.72 058 0.66 0.65 0.75 0.75 0.83
AUC 0.81 0.86 0.78 0.83 085 0.79 0.56 0.62 0.81 0.81 0.89 0.88
PC1 P 051 0.60 0.63 0.69 059 0.65 062 063 055 059 0.65 0.76
R 052 0.85 081 078 0.72 0.81 0.72 0.81 057 0.72 0.73 0.89
F1 0.52 0.70 0.71 073 0.65 0.72 0.67 0.71 056 0.65 0.69 0.77
AUC 0.60 0.77 0.83 0.94 089 0.79 0.84 0.74 0.65 0.83 085 092
EQ P 0.73 0.84 0.83 090 0.81 0.8 074 0.67 08 0.77 0.70 0.82
R 0.72 0.83 0.84 090 0.80 091 074 0.69 08 0.76 0.70 0.89
F1 0.73 0.84 0.83 090 0.80 090 074 068 0.8 0.77 0.70 0.83
AUC 0.76 0.89 0.88 0.93 090 092 0.75 070 0.81 0.77 0.72 0.87
IDT P 0.70 0.73 0.80 0.80 0.80 0.73 0.73 0.77 0.68 0.69 0.66 0.65
R 0.75 0.86 0.87 0.89 086 0.86 078 082 0.79 0.79 0.75 0.81
F1 072 079 0.84 0.84 0.83 0.79 075 079 0.73 073 0.7 0.72
AUC 0.83 0.87 090 090 0.89 087 0.84 0.85 0.86 087 0.83 0.79
Lucene P 0.53 0.70 0.63 077 0.73 0.73 0.62 057 0.68 0.58 0.73 0.72
R 0.62 0.89 097 091 090 097 084 066 07 08 073 0.81
F1 0.57 0.79 0.76 0.83 0.80 0.83 0.71 0.61 0.69 0.67 0.73 0.82
AUC 0.79 091 085 0.85 0.77 089 0.81 0.73 0.64 0.83 0.83 0.89
Mylyn P 0.59 0.65 0.60 0.68 0.66 0.65 0.60 0.58 0.57 0.59 0.57 0.65
R 0.74 0.80 0.74 0.82 0.83 0.77 0.75 0.81 0.71 0.72 0.73 0.80
F1 0.66 0.72 0.66 0.75 0.73 0.71 0.67 0.67 0.63 0.65 0.64 0.72
AUC 0.88 0.89 0.88 0.90 090 089 0.85 0.68 0.84 084 0.84 0.88
PDE P 0.56 0.58 0.61 0.59 0.58 0.65 0.57 0.57 0.58 0.55 0.61 0.64
R 0.61 0.83 0.76 0.69 0.76 0.81 0.74 069 0.76 0.72 0.76 0.72
F1 0.59 0.68 0.67 0.64 0.66 0.72 064 063 0.66 0.62 0.68 0.67
AUC 0.58 0.75 0.79 0.76 0.79 0.79 0.80 0.68 0.78 0.75 0.79 0.80
Gia tri trung binh
P 0.59 0.66 0.65 0.69 0.68 0.68 0.62 0.62 0.63 0.64 0.64 0.72
R 0.66 0.77 0.79 0.83 0.78 0.84 0.72 0.73 0.69 0.77 0.70 0.84
F1 063 0.7 071 076 0.72 0.76 0.67 0.67 0.65 0.69 0.67 0.78
AUC 0.73 0.84 0.84 0.87 084 084 0.78 0.70 0.75 0.80 0.81 0.87

dac trung khéc trén cac bd dir liéu CM1, KC1, KC2 va PC1. FRE dat gié tri Precision
cao nhét trén cac bd dit liéu CM1, KC1, KC2, PCI, Mylyn va PDE, véi céac gia tri
lan luot 13 0.66, 0.68, 0.78, 0.70, 0.73 va 0.68. Bdi v6i bo dir liéu EQ, EO thé hién
hiéu suit du doan tdt hon tit ca cac mo hinh lua chon dic trung khac, voi gia tri
Recall va AUC cao nhat 1an luot 12 0.96 va 0.86. Xét theo gia tri trung binh, RFE
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Béng 2.4: Hiéu suét cua céac phuong phép lya chon déac trung metaheuristic khi 4p dung
voi AdaBoost

Tap dir liéu Do do Cosé¢ ABO ASO EO HGSO PRO GNDO SMA HHO PFA MRFO RFE
CMl1 P 0.50 0.55 049 050 0.62 048 049 05 049 049 049 0.74
R 0.70 0.71 0.46 0.50 0.86 045 046 045 046 046 046 0.86
F1 0.60 0.62 0.47 060 0.72 046 047 050 047 047 047 0.80
AUC 0.74 0.76 0.71 0.83 0.72 0.59 0.67 0.63 0.61 0.65 0.68 0.82
KC1 P 0.50 0.54 0.62 0.56 0.53 0.55 0.59 0.58 0.53 059 0.57 0.65
R 0.60 0.62 0.75 094 0.68 0.70 0.72 0.68 0.65 0.72 0.79 0.83
F1 0.60 0.58 0.68 0.70 0.60 0.61 0.65 0.63 0.59 0.65 0.66 0.80
AUC 0.76 0.77 0.79 0.66 0.80 0.77 0.80 0.80 0.79 0.79 0.82 0.81
KC2 P 0.69 0.75 0.68 0.56 0.67 0.67 0.71 0.68 0.75 0.79 0.83 0.85
R 0.71 0.78 0.73 094 0.71 0.79 0.68 0.75 0.70 0.79 0.79 0.89
F1 0.70 0.76 0.70 0.70 0.69 0.73 0.70 0.72 0.73 0.79 0.81 0.87
AUC 0.79 0.88 0.81 0.66 082 0.81 075 071 0.78 080 09 0.86
PC1 P 0.50 0.50 0.50 0.56 0.59 0.50 0.63 0.65 0.50 0.56 0.53 0.70
R 0.50 047 047 0.84 0.72 0.60 0.76 0.73 0.65 0.64 059 0.85
F1 0.50 048 048 0.70 0.65 0.60 0.69 0.69 06 059 056 0.75
AUC 0.74 0.82 0.81 0.66 0.89 0.85 0.82 0.66 07 0.84 082 0.77
EQ P 0.67 0.52 0.77 0.81 0.88 0.68 0.70 0.70 0.71 0.67 0.66 0.87
R 0.70 0.88 0.77 0.83 087 0.69 070 0.70 0.72 0.67 0.67 0.85
F1 0.68 0.65 0.77 0.82 0.88 0.69 0.70 0.70 0.72 0.67 0.67 0.86
AUC 0.67 0.65 0.87 0.83 0.92 0.82 0.83 0.71 0.79 0.79 0.79 0.89
IDT P 0.58 0.71 0.82 0.72 0.68 0.77 0.69 0.69 0.71 0.69 0.63 0.84
R 0.79 0.77 0.89 0.81 0.71 0.87 071 0.8 0.74 0.74 0.70 0.79
F1 0.67 0.74 0.85 0.76 0.70 0.82 0.70 0.74 0.73 0.72 0.66 0.82
AUC 0.71 0.82 0.83 0.76 0.81 0.88 0.80 0.84 0.85 0.84 0.81 0.89
Lucene P 0.57 0.57 0.70 0.75 0.62 0.54 0.55 0.61 0.66 0.66 058 0.72
R 0.88 0.63 0.79 0.88 0.77 0.86 0.56 0.68 0.80 0.80 0.80 0.79
F1 0.69 0.60 0.74 0.85 0.68 0.69 0.56 0.64 0.72 0.72 0.67 0.76
AUC 0.71 0.75 0.81 0.84 0.88 0.64 0.74 0.72 0.78 0.80 0.78 0.82
Mylyn P 0.50 0.54 0.58 0.60 0.58 0.58 0.56 0.53 0.57 055 0.59 0.65
R 0.70 0.72 0.67 0.80 0.71 0.71 0.64 0.74 0.68 0.59 0.68 0.73
F1 0.60 0.62 0.62 0.72 0.64 0.64 0.60 0.62 0.62 0.57 0.63 0.70
AUC 0.63 080 0.81 075 0.71 0.75 082 0.69 0.81 0.83 0.80 0.80
PDE P 0.52 0.60 0.57 0.56 059 0.59 057 052 0.6 0.56 0.68 0.75
R 0.88 0.74 0.69 0.84 0.67 0.69 0.77 093 0.79 0.75 0.76 0.85
F1 0.65 0.66 0.62 0.70 0.63 0.64 0.65 0.67 0.68 0.64 0.72 0.77
AUC 0.65 0.68 0.74 0.66 0.75 0.74 0.77 0.65 0.72 0.76 0.72 0.81
Gia tri trung binh
P 0.56 0.59 0.64 0.62 0.64 0.60 061 0.61 0.61 0.62 0.62 0.75
R 0.72 0.70 0.69 0.82 0.74 0.71 0.67 0.72 0.69 0.68 0.69 0.83
F1 0.63 0.63 0.66 0.73 0.69 0.65 0.64 0.66 0.65 0.65 0.65 0.79
AUC 0.71 0.77 0.80 0.74 081 0.76 0.78 0.71 0.76 0.79 0.79 0.83

vuot troi hon tat ca cac phuong phap lua chon dac trung khac vé Precision, Recall,
F1-score va AUC, voi cac gia tri lan luot 12 0.71, 0.80, 080 va 0.86.

2. Cau hoi nghién curu 2: Phuong phdp lwa chon ddc trung wrapper nao hoat dong 1ot

nhat trong viéc chon ra cac dac trung toi wu cho dw doan l6i phan mém?
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Bang 2.5: Hiéu suét cia cac phuong phap lua chon dic trung metaheuristic khi 4p dung
voi Extra Trees

Tap dir liéu Py do Cosé ABO ASO EO HGSO PRO GNDO SMA HHO PFA MRFO RFE
CMl1 P 055 0.55 059 061 054 047 0.6 055 049 0.61 048 0.66
R 0.71 0.71 0.66 096 0.70 045 071 0.71 046 096 045 0.85
F1 0.62 0.62 0.63 075 0.61 046 065 062 047 075 047 0.86
AUC 0.85 0.85 0.80 0.86 081 0.70 0.75 047 0.54 0.77 0.66 0.88
KC1 P 0.65 0.65 0.62 0.66 0.64 0.62 064 0.56 0.64 0.63 0.62 0.68
R 0.70 0.70 0.68 0.75 0.69 0.70 0.69 0.69 0.70 0.67 0.70 0.72
F1 0.67 0.67 0.65 070 0.66 0.66 0.67 0.62 0.67 0.65 0.66 0.69
AUC 0.81 081 0.79 0.81 0.78 080 0.82 0.81 0.81 0.81 0.79 0.80
KC2 P 0.70 0.70 0.70 0.72 0.64 0.71 056 0.65 0.65 0.72 0.78 0.78
R 0.75 0.75 0.73 0.75 0.69 0.80 059 0.67 065 0.75 0.81 0.88
F1 0.73 0.73 0.71 0.73 0.66 0.75 0.58 0.66 0.65 0.73 0.80 0.84
AUC 0.86 0.86 0.81 0.83 0.78 0.83 0.58 0.62 0.78 0.82 0.89 0.88
PC1 P 0.52 0.56 0.63 0.69 0.66 0.62 059 063 051 062 0.66 0.70
R 0.55 080 0.76 0.78 0.75 0.72 0.66 0.76 052 0.72 0.79 0.80
F1 0.53 0.66 0.69 0.73 0.70 0.67 0.62 0.69 052 067 0.72 0.75
AUC 0.60 0.78 0.82 0.94 087 085 0.83 0.74 0.64 0.82 0.88 0.89
EQ P 0.77 0.77 0.82 0.61 0.68 0.72 0.77 0.67 081 0.81 0.68 0.74
R 0.76 0.76 0.81 096 0.67 0.72 077 069 0.8 0.8 0.69 0.84
F1 0.77 0.77 0.82 0.75 0.68 0.72 0.77 0.68 081 0.8 0.68 0.81
AUC 0.83 0.83 0.84 0.86 0.83 080 0.84 0.73 0.89 084 0.83 0.86
IDT P 078 0.73 0.73 0.72 0.73 0.75 0.72 0.75 0.69 0.73 0.69 0.75
R 082 0.86 0.80 0.81 0.82 0.78 0.77 0.78 0.77 0.84 0.77 0.80
F1 080 0.79 0.77 0.76 0.77 0.76 0.74 0.76 0.73 0.78 0.73 0.72
AUC 0.87 0.86 0.88 0.87 089 090 0.83 0.83 0.87 0.88 0.79 0.88
Lucene P 0.56 0.58 0.74 0.65 0.57 0.61 065 0.61 068 064 0.72 0.73
R 0.63 096 0.81 069 071 0.76 0.72 0.68 0.7 0.67 0.69 0.84
F1 0.59 0.73 0.77 0.67 0.63 0.68 0.68 064 0.69 0.66 0.70 0.88
AUC 055 084 0.79 0.84 0.71 063 0.83 0.71 0.64 0.81 0.83 0.87
Mylyn P 0.55 0.60 0.61 0.53 052 056 061 056 0.61 061 0.60 0.73
R 0.63 0.71 0.71 0.59 0.55 0.63 0.7 077 072 071 0.71 0.81
F1 0.59 0.65 0.66 0.56 0.53 0.59 0.65 0.65 0.66 0.66 0.65 0.76
AUC 0.54 0.79 0.85 0.80 0.76 0.74 0.82 0.68 0.83 0.85 0.81 0.89
PDE P 0.57 0.60 0.58 0.57 0.56 0.60 0.61 058 059 059 0.62 0.68
R 0.61 0.77 0.71 0.62 0.80 0.68 0.78 0.69 0.78 0.75 0.74 0.72
Fl1 0.59 0.67 0.64 0.60 0.66 0.64 0.69 0.63 0.67 0.66 0.67 0.70
AUC 0.60 0.76 0.77 0.73 0.79 0.75 0.77 0.67 0.76 0.74 0.76 0.80
Gia tri trung binh
P 0.63 0.64 0.67 0.64 0.62 0.63 064 062 063 066 0.65 0.71
R 0.68 0.78 0.74 0.77 0.71 0.69 0.71 0.72 0.68 0.76 0.71 0.80
F1 0.65 0.70 0.70 0.70 0.66 0.66 0.67 0.66 0.65 0.71 0.68 0.78
AUC 0.72 0.82 0.82 0.84 080 0.78 0.79 0.70 0.75 0.82 0.80 0.86
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Hinh 3.2 trinh bay hiéu sut AUC cua cac phuong phéap liwa chon dic trung wrapper
duoc dé xuit. Truc x biéu thi tén cac thuit toan lwya chon dic trung, trong khi truc
y thé hién céc gia tri AUC tuong (mg cua chiing. Theo biéu d6, RFE, EO va PRO
mang lai két qua vuot troi trén nhidu bo dir liéu. Cu thé, RFE dat gia tri AUC cao
nhét trén tap dir licu CM1, EQ, Lucence, Mylyn va PDE 1a 0.88, 0.86, 0.87, 0.89
va 0.80. Tiép theo, EO dat cac gia tri AUC cao thir hai 1a 0.78, 0.90, 0.84 va 0.75
trén cac b dir li¢u KC1, EQ, Lucene va PDE. Tuong tu, PRO dat cac gia tri AUC
dang chu y 1a 0.88, 0.93 va 0.86 trén cac bd dir liéu PC1, EQ va JDT. bé phan tich
sau hon vé hiéu suit tong thé, gia tri AUC trung binh trén cic bo phéan loai hoc may
khac nhau di dugc tinh toan. Tat ca cac phuong phéap lua chon dic trung duoc danh
gia déu dat gia tri AUC trung binh trén 0.65. Trong d6, RFE két hop voi RF dat gia
tri cao nhét 14 0.90, EO két hop véi RF dat diém trung binh cao thir hai 1a 0.87, tiép
theo 1a PRO két hop voi RF dat 0.84. O chiéu nguoc lai, SMA két hop v6i ET dat
gid tri AUC trung binh thap nhét, véi diém s6 13 0.65.

Céc két qua nay cho thay RFE la phuong phap lua chon dic trung wrapper dat hiéu
qua cao nhat cho du doan 15i phan mém, gitp cai thién hiéu suit cta cac bd phan
loai mdt cach hiéu qua. EO, PRO va HGSO ciing thé hién hiéu suit manh mé& va
6n dinh trong nhiéu truong hop khac nhau. Bang 2.6 trinh bay két qua xép hang
d6 quan trong cua cac dic trung, dong thoi trinh bay cac dic tring duoc lya chon.
Két qua cho thay nhom dic trung lién quan dén kich thudc ma ngudn va cau tric
toan ti/todn hang, bao gém 10Comment, loc, IOBlank, v, uniq-Op, n, unig-Opnd,
total-Opnd va 1, dat do quan trong cao nhat (tr 4.91% dén 7.53%) va déu dugce lva
chon. Piéu nay cho thiy céc dic trung nay c6 anh huong dang ké dén kha ning du
doan 16i. Nguoc lai, cac dic trung nhu b, e, total-Op, t, branchCount va céc chi )
d6 phirc tap (v(g), iv(g), ev(g)) c6 d6 quan trong thap hon va khong duoc Iya chon.
bac biét, dac trung locCodeAndComment c6 gid tri o quan trong béng 0%, cho
thdy déng gop khong déng ké trong viéc phan biét mo-dun cé 16i va khong co 16i.
Diéu nay c6 thé tir tinh du thira théng tin hodc muc do twong quan cao véi cac dic

trung khac da dugc chon.
. Két qua kiém dinh thong ké

Dé so sanh hiéu suat ciia cac phuong phap lya chon dic trung metaheuristic (ABO,
ASO, EO, HGSO, PRO, GNDO, SMA, HHO, PFA, MRFO va RFE) véi mo6 hinh
co s0, kiém dinh Wilcoxon signed-rank dugc ap dung v6i mirc y nghia o = 0.05.
Béng 2.7 trinh bay chi tiét két qua kiém dinh thong ké cho tat ca cac mo hinh hoc

may dugc danh gia két hop véi phuong phap chon dic trung metaheuristic 1ién quan
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ABO ASO E0 HEsO PRO GNDO SMA HHO PEA MRFO
RF = AdaBoost «ET

(b) Cac gia tri AUC so sanh trén tap dir li¢u KC1

PC1

ABO ASO €0 HGSO PRO GNDO ES HHO PFA MRFO

RF = AdaBoost ~ET

(d) Céac gia tri AUC so sanh trén tép dir liéu PC1

JDT

ABO ASO £0 HESO PRO aNDO SwA HHO PEA MRFO
RF = AdaBoost - ET

(f) Cac gié tri AUC so sanh trén tap dit li¢u JDT

Mylyn

ABO AsO E0 HESO PRO GNDO smA HHO PEA MRFO
RF = AdaBoost - ET

(g) Cac gié tri AUC so sanh trén tap dir liéu (h) Céc gid tri AUC so sénh trén tap du li¢u

Lucene

ABO ASO 0 HGSO PRO

Mylyn

PDE

GNDO smA HHO PFA MRFO

RF = AdaBoost «ET

(1) Cac gia tri AUC so sanh trén tap dir liéu PDE

Hinh 2.3: So sanh céc gia tri AUC cua cac phuong phép lua chon dédc trung metaheuristic

trén cac bo dir liéu khac nhau
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Béang 2.6: So sanh d§ quan trong cua cac dac trung

Dac trung Xép hang D§ quan trong cia dic trung (%) DPuoc Ira chon
1 1 7.53 Chon
I0Comment 1 7.40 Chon
loc 1 6.85 Chon
I0Blank 1 6.29 Chon
\% 1 5.90 Chon
uniq_Op 1 5.66 Chon
n 1 5.62 Chon
uniq_Opnd 1 5.25 Chon
total Opnd 1 4.98 Chon
t 1 491 Chon
b 2 5.05 Khong
d 3 4.67 Khong
total Op 4 4.77 Khong
e 5 5.51 Khong
branchCount 6 3.66 Khong
I0Code 7 3.99 Khong
v(g) 8 3.05 Khong
iv(g) 9 4.05 Khong
1 10 2.80 Khong
ev(g) 11 2.09 Khong
locCodeAndComment 12 0.00 Khong

dén Precision, Recall, F1-score va AUC, bao gdm gi4 tri P-value, gié tri effect size
r va chénh I¢ch gia tri trung binh. DAu hoa thi *) biéu thi su khéac biét co y nghia vé
mat théng ké, twong rng véi P-value nho hon 0.05. Gia tri effect size r dinh lugng
mirc 46 khac biét hiéu suét giira cic phuong phap so sanh, trong khi chénh 1éch
trung binh cho biét phwong phap nao dat diém trung binh cao hon. Theo Bang 2.7,
mot sd phuong phap lua chon déac trung thé hién su cai thién Fl-score dat muc y
nghia thdng ké s6 v&i phuong phép co sé. Vi du, ASO dat cai thién mang ¥ nghia
thong ké voi P-value 13 0.026 va kich thudc hiéu Gng 16n (r = 0.913), cing voi
chénh I¢ch trung binh 1a 0.071. Tuong tu, HGSO va PRO ciing dat muc cai thién
dang ké v&i P-value 1a 0.022 va 0.033, cung effect size 7 13 0.520 va 0.561. Téng
thé, ASO, HGSO, PRO, PFA va MRFO duoc xem 1a cac phuong phép lua chon dic
trung vira c6 y nghia thong ké vira c6 hiéu qua thyc tién d6i véi mo hinh Random
Forest va nén duge wu tién trién khai trong cac mo hinh du doan 16i thyc té.
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Bang 2.7: Két qua kiém dinh théng ké so sanh giita cac phuwong phap chon dic trung
metaheuristic va phuong phap co s¢ doi véi cac md hinh Random Forest, Extra Trees va

AdaBoost
Nhom so N
sinh b do Random Forest Extra Trees AdaBoost
AUC F1 P R AUC F1 P R AUC F1 P R

ABO
& M6 hinh P-value 0.080 0.080 0.416 0.043* 0.080 0.080 0.416 0.043* 0.018* 0.052* 0.236 0.858
co s&

Effectr 0.695 0.782 0.974 -0.062 0.695 0.782 0.974 -0.062 0.589 0.814 0.549 0.481

Mean-difference 0.097 0.044 0.010 0.096 0.097 0.044 0.010 0.096 0.059 0.002 0.028 0.016
ASO
& M5 hinh P-value 0.013* 0.109 0.107 0.053* 0.013* 0.109 0.107 0.053* 0.018* 0.362 0.035* 0.590
co SO

Effect r 0.256 0.585 0.714 0.184 0.256 0.585 0.714 0.184 -0.104 0.768 0.703 0.530

Mean-difference 0.093 0.050 0.041 0.057 0.093 0.050 0.041 0.057 0.087 0.027 0.078 0.027
EO s . P-value 0.051* 0.293 0.574 0.050* 0.051* 0.293 0.574 0.050* 0.407 0.018* 0.068 0.123
& MO hinh co so

Effectr 0.205 0.540 0.435 0.525 0.205 0.540 0.435 0.525 -0.284 0.509 0.532 -0.010

Mean-difference 0.114 0.040 0.012 0.083 0.114 0.040 0.012 0.083 0.028 0.096 0.066 0.102
HGSP R . P-value 0.208 0.022* 0.189 0.033* 0.208 0.022* 0.189 0.033* 0.011* 0.092 0.011* 0.528
& M6 hinh co so

Effectr 0.446 0.520 0.765 0.123 0.446 0.520 0.765 0.123 0.226 0.401 0.776 -0.013

Mean-difference 0.079 0.001 -0.012 0.024 0.079 0.001 -0.012 0.024 0.100 0.056 0.081 0.027
PROA R . P-value 0.284 0.033* 1.000 0.498 0.284 0.033* 1.000 0.498 0.155 0.205 0.207 0.905
& MO hinh co s&

Effectr 0.487 0.561 0.837 0.165 0.487 0.561 0.837 0.165 0.042 0.597 0.677 0.488

Mean-difference 0.054 0.004 0.001 0.009 0.054 0.004 0.001 0.009 0.050 0.021 0.037 0.011
GNDAO‘ . P-value 0.372 0.045* 0.028* 0.062 0.372 0.045* 0.028* 0.062 0.050* 0.752 0.024* 0.401
& M0 hinh co s&

Effect r -0.361 0.491 0.685 0.144 -0.361 0.491 0.685 0.144 -0.372 0.113 0.769 -0.210

Mean-difference 0.062 0.018 0.011 0.026 0.062 0.018 0.011 0.026 0.067 0.003 0.051 0.051
SMAA R . P-value 0.089 1.000 0.026* 0.041* 0.089 1.000 0.026* 0.041* 1.000 0.310 0.028* 0.575
& MO hinh co s&

Effect r -0.061 0.534 0.757 -0.063 -0.061 0.534 0.757 -0.063 0.199 0.314 0.745 0.326

Mean-difference -0.028 0.007 -0.010 0.031 -0.028 0.007 -0.010 0.031 0.001 0.024 0.048 0.000
HHOA R . P-value 0.499 1.000 1.000 1.000 0.499 1.000 1.000 1.000 0.173 0.037* 0.017* 0.373
& MO hinh co s&

Effect r 0.231 0.633 0.780 0.309 0.231 0.633 0.780 0.309 -0.198 0.700 0.900 0.552

Mean-difference 0.028 -0.002 0.002 -0.007 0.028 -0.002 0.002 -0.007 0.048 0.019 0.054 0.030
PFAA R . P-value 0.023* 0.035* 0.065 0.025* 0.023* 0.035* 0.065 0.025* 0.024* 0.405 0.017* 0.553
& MO hinh co s&

Effect r 0.203 0.786 0.894 0.483 0.203 0.786 0.894 0.483 -0.133 0.686 0.886 0.413

Mean-difference 0.092 0.052 0.034 0.079 0.092 0.052 0.034 0.079 0.078 0.014 0.059 0.033
MRFAO‘ . P-value 0.207 0.035* 0.593 0.483 0.207 0.035* 0.593 0.483 0.013* 0.373 0.028* 0.514
& MO hinh co s&

Effect r -0.207 0.293 0.471 -0.076 -0.207 0.293 0.471 -0.076 0.426 0.671 0.784 0.398

Mean-difference 0.081 0.021 0.022 0.021 0.081 0.021 0.022 0.021 0.080 0.018 0.059 0.024

2.4 Két chuong

Trong chuong nay, luan 4n da nghién ciru mot cach hé thong vai tro ciia cac phuong phap
Iwra chon dic trung trong viéc nang cao hiéu qua du doan 16i phan mém. Trén co sé tong
quan cac nghién ctru lién quan, ludn 4n dd phan tich vu diém va han ché cua ba nhém
phuong phép lwa chon dic trung gom filter, wrapper va embedded, dong thoi tap trung
khai thac tiém ning ctia cac thuat toan t6i wu hoa metaheuristic trong khudn khé phuong

phap wrapper nham tim kiém tap dc trung t5i wu.

Pé danh gia hiéu qua cta cac phuong phap dé xuét, luan 4n di tién hanh thuc nghiém
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trén chin bo dir liéu du doan 16i phan mém thudc hai kho dit liéu PROMISE va AEEEM,
str dung ba mé hinh hoc may gém Random Forest, Extra Trees va AdaBoost. Két qua thuc
nghiém cho thiy cac phuong phép lua chon dic trung dua trén metaheuristic c6 kha ning
loai bo hi¢u qua cac dac trung du thira hoac khong lién quan, giam chiéu dit liéu, déng thoi
cdi thién cac d6 do danh gid nhu Precision, Recall, F1-score va AUC so v4i md hinh st
dung toan bo tap dic trung. Kiém dinh Wilcoxon signed-rank ciing x4c nhan rang nhimng
cai thién nay c6 ¥ nghia théng ké, qua d6 khang dinh hiéu qua cua cac phuong phap lua
chon dac trung dugc dé xuét trong vi€c nang cao chét luong dir ligu dau vao va hiéu suit
cua md hinh dy doan 16i phﬁn mém. Trén co s& cac két quad thuc nghiém va kiém dinh
thong ké, c6 thé két luan rang RFE la phuong phap lwa chon dic trung dat hiéu qua cao
nht trong s6 cic phuong phap dugc khao sat. Phuong phap nay vira dam bao kha ning
giam s6 chiéu dit liéu, vira duy tri hodc céi thién hi¢u suit caia mo hinh du doan trén nhidu
bd dir li¢u khac nhau. Do d6, RFE duoc lya chon lam phuong phap lua chon dac trung
trong cac nghién ctru tiép theo ctia luan an. Tuy nhién, mic du RFE gitp t6i wu tap dic
trung du vao, hiéu qua du doan van chiu anh huong dang ké boi hién tugng mét can bang
dir liéu. Vi vay, Chuong 3 sé& tap trung nghién ctru viéc két hop RFE véi cac ki thuat xir
1y mét can bang dir liéu, dic biét 1a cac phuong phap sinh miu dwa trén GAN, nham tbi
uu héa dong thoi ca khong gian dic trung va phan b dir liéu, tir d6 nang cao kha ning
phat hién cac mo-dun co 161 va cai thién kha ning tong quat héa ciia mo hinh dy doan
16i phan mém. Nhitng két qua dat duoc trong chuwong nay 13 co s khoa hoc ving chéc
dé phat trién cac mo hinh dy doan 16i & cép d0 sau hon, chéng han nhu du doan ¢ murc
phuong thirc hodc dong ma. Cac két qua nghién ctru nay da duoc cong bd trén ky yéu
Hoi nghi khoa hoc quéc té trén Tap chi International Journal of Electrical and Computer
Engineering (IJECE). !

'Ha Thi Minh Phuong, Dang Thi Kim Ngan, Dao Khanh Duy, Nguyen Thanh Binh “Enhancing
software fault prediction using wrapper-based metaheuristic feature selection methods”, International
Journal of Electrical and Computer Engineering (IJECE), No:5. Vol: 15. ISSN: 2088-8708. Pages: 4803-
4812. Year: 2025. URL: https:10.11591/ijece.v15i5.pp4803-4812
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Chuong 3

Két hgp cacky thuatlya chon dactrungvalay

mau dit liéu trong du doan 16i phan mém

Chuong 2 da trinh bay cac ky thuat lya chon dac trung dé loai bo nhirng dac trung du thira
hoic khong lién quan dén 15i, qua d6 nang cao chat luong ciia md hinh dy doan 15i phan
mém. Chuong nay tip trung nghién ctru cac mé hinh 14y mau dit liéu nhiam giai quyét van

dé mat can bang dir li¢u tir d6 cai thién do chinh xéac va hiéu qua ctia mo hinh dy doén 161.

3.1 Gidithiéu

bé phat trién cac mo hinh du doan 13i phﬁn mém, nhiéu k¥ thuat hoc may da dugc nghién
ctru va cho thiy két qua trién vong trén cac bo dit liéu 161 phan mém. Trong qua trinh huin
luyén, mo hinh dy doan s€ hoc céac dac trung cia cac dy an phén mém trude d6 va dua ra
du doan lidu mot mo-dun mai c6 kha nang bi 16i hay khong. Tuy nhién, trong nhiéu truong
hop, sb lrong mé-dun co 13i trong tap dir liéu hudn luyén rat nho so véi sb luong mo-dun
khong c6 16i, ddn dén vain dé mat can bang dit liéu. Piéu nay dan dén cac mé hinh dy doan
dugc xay dung trén cac bo dir liéu phan mém mat can bang thudng khong thé hoc duoc
cac mau dic trung cia cac mo-dule 161 va do d6 c6 xu hudng dy doan sai nhidu mo-dun
15i [28]. Do d6, cac mo hinh du doan trd nén thiéu tin cay va kho c6 thé duge ung dung
trong thuc té. Vi vay, viéc dé xuat cac k¥ thuat hodc phuong phap nham khic phuc van dé
mét can be‘ing 16p trong céac b dir ligu 16i d3 va dang dugc xem la mot van dé quan trong
trong linh vuc dy doan 16i phan mém. Nhiéu nghién ctru trude diy da duoc cong bd nham

phat trién cac phuong phap khac nhau dé giai quyét van dé mat can bang 16p nay [106].

Dé khic phuc van dé mat can bang, c¢6 hai hudng tiép can chinh trong lay mau dir
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liéu, bao gdm ting cudng dir liéu thiéu sé (1dy mau ting) va giam dir liéu thiéu sb (1dy
mau giam). Liy miu tang tim cach tao ra cac miu méi cho 16p thiéu sé nham ting s6
lwong mau va gitp can bang phan phdi 16p. Céc ky thuét 14y mau ting phd bién nhit trong
hoc may dé xir Iy mat can bang 16p bao gdbm SMOTE va céc bién thé, chang han nhu
Borderline SMOTE va ADASYN. Tuy nhién, cic phuong phap ldy mau ting ny thuong
dan dén van dé qua khép, do cac mau tong hop dugce tao ra cd thé qua giéng véi cac mau
hién c6 trong 16p thiéu sd. Cac k¥ thuat ldy mau giam, nguoc lai, giam kich thudc cta 16p
da sb béng cach chon ngﬁu nhién hodc c6 chu dich mét tap con cia cac mau khong co 16i.
KV thuat léy mau giam phé bién nhat 1a RUS, trong d6 cac mau thudc 16p da s6 dugc loai
b6 ngau nhién. Tuy nhién, do viéc loai bé mot phan dir liéu, cac thong tin quan trong c6
thé bi mat, ddn dén sy suy giam hiéu suét ctia m6 hinh phan loai [77]. Ngoai hai phuong
phép trén, cac cach tiép can thay thé nhu cdc mo hinh hoc két hop (ensemble learning) va
hoc véi chi phi nhay cam (cost-sensitive) ciing dd dugc nghién ciru dé xir Iy van dé mat

can bang dir liéu trong du doan 161 phan mém.

Generative Adversarial Networks (GAN) [107] gan day d4 dugc 4p dung thanh cong
dé giai quyét vin dé& mat can bang dit liéu trong nhiéu linh vuc, bao gdm tao anh va video,
tang cuong dir liéu va xir Iy ngdn ngit ty nhién. Cac k¥ thuat 1y mau lai hién c6 nhu
SMOTE chu yéu dya vao thong tin cuc bd (ttrc 1a cac diém dit liéu lan can) dé tao ra cac
mau dir liéu tong hop. Tuy nhién, phuong phap GAN c6 kha ning hoc dugc phan phdi
tong thé cua dir liéu trén cac dic trung khac nhau ciing nhu mdi twong quan gitra cac dic
trung d6 [108]. Nho vay, GAN c6 thé tao ra cic mau dit lidu tong hop co tinh chan thyc
cao hon so véi cac k¥ thuat truyén théng. GAN ban dau duge phat trién dé tao ra hinh anh,
dir liéu dang bang va cac loai dit liéu khac [48]. Cac phuong phép tiép cin dua trén GAN
dd dugc ching minh c6 kha ning hoc phan phéi dir liéu tét hon so véi cac ky thuat lay

mau di liéu truyén thong va gitp giai quyét hiéu qua van dé mat can bang dir liéu [48].

Trong chuong nay, ludn 4n tap trung vao viéc danh gia thir nghiém cac ky thuat tiém
nang ctia GAN va cac bién thé cta chung dé tao ra tap dir liéu 15i phan mém dang bang
cho dy doan 16i phan mém. Ngoai ba mo hinh GAN bao gém VanillaGAN, CTGAN va
WGANGP dugc dé cap trong [48], ludn an gidi thi€u thém hai bién thé cua GAN, cu thé
1a CopulaGAN [109] va TGAN [110], nhdm tao ra cac mau tong hop dé can bang giita
16p thiéu s6 va 16p da sd trong céc tap dit liéu 16i phan mém. Phuong phap sinh dit liéu
hoat dong nhu sau: mo hinh GAN bao gdm hai mang no-ron huin luyén theo co ché dbi
khang. B0 sinh (generator) c6 nhi¢m vu tao ra dir liu gén giéng vo1i dir liéu thue, sau do
dir liéu nay dugc dua vao bo phan biét (discriminator). O mdi vong lap, bo phan bi¢t duoc
huan luyén dé phan biét giira dir liéu tong hop va dir liéu gdc [111]. Muc tiéu 1a tao ra cic
mau téng hop ma bd phan biét khong thé phan biét véi dit liéu thuc. Cac mau téng hop

do phwong phap GAN tao ra co su twong dong cao v6i phan phdi dit liéu cua 16p thiéu sb
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ban dau, giup giai quyet hi¢u qua van dé mat can bang dir liéu.

Trong chuong nay, nim bién thé cia mang GAN duoc sir dung dé tao ra cac miu
dir liéu can bang. Nam tap dit liéu 16i khac nhau tir kho dir liéu PROMISE di duoc tién
hanh phén tich thir nghi€ém. Bén canh d6, sau thuat todn hoc may da dugc ap dung bao
gdm Random Forest, eXtreme Gradient Boosting, Histogram-based Gradient Boosting,
Multilayer Perceptron, Extra Trees va Adaptive Boosting dé xay dung cac mé hinh du
doan. Cac phuong phép nay dugc danh gia boi cac do do precision, recall, F1-score, AUC,
va MCC. Ngoai ra, thuc hién kiém dinh Wilcoxon v&i miic y nghia théng ké p < 0.05 dé
danh gia su khac biét c6 ¥ nghia giira cac bién thé ciia GAN va cac phuong phap 1y mau
ldy mau ting truyén théng. Ngoai ra, hiéu suét giita cac mo hinh GAN va cac md hinh
léy mau co sd, bao gé)m SMOTE, ADASYN, Borderline-SMOTE va RUS da duoc thuc
hién so sanh nham xac thuc hiéu qua cua viéc tao dir liéu téng hop trong du doan 16 phﬁn

mém.

3.2 Cosélythuyét

3.2.1 Cacnghién ctulién quan

Phan nay tap trung vao mot sd nghién ciru chinh lién quan dén viéc két hop cac k¥ thuat
lwa chon dic trung va cac ky thuat 1dy mau dit liéu nhdm nang cao hiéu qua chit luong ciia
cac mo hinh du doan 151 va dé xuat van dé nghién ctru. Elahi va cong su [112] d nghién
ctru va so sanh nhiéu chién lugc ensemble nham nang cao hi¢u suét cua md hinh du béo.
Céc tac gia ciing sir dung cac phuong phéap 1ay mau khac nhau, bao gdm SMOTE, RUS va
ROS d¢é giai quyét vin dé mét can bang 16p. Bén canh do, cac tac gia da trién khai phuong
phap trung binh hda mé hinh bang cach st dung phuong phép bo phiéu t6 hop (voting) va
téng hop phén tang (stacking) va két qua cho thiy phwong phép trung binh héa mé hinh c6
hiéu sudt vuot tréi hon so véi cac phuong phap khac. Joon va cong su [113] da t6i uu hoa
md hinh du béo 16i ph?ln mém bfmg cach két hop céc chién lugc loai bo nhidu, diéu chinh
phan bd 16p mét can bang, va lwa chon cac dd do phan mém. Céc tac gia da sur dung ky
thuat SMOTETomek resampling trong nghién ctru ciia minh. Pandey va Tripathi [114] da
thue hién mot nghién ctru toan dién gan ddy vé cach xur Iy nhidu va van dé mét can bang
16p trong du béo 15i phan mém. Nghién ctru da so sanh hi¢u suat cua cac ky thuat RUS,
SMOTE, Class Balancer va Spread Sub-Sampling va nhén thdy rang RUS dat két qua t6t
nhat. Téng quan cic cong trinh nghién ciru trude day cho thiy nhiéu hudng tiép can khac
nhau da duogc dé xuét nham cai thién hiéu qua ctiia cac md hinh dy doan 16i trén dit liéu

mat can bang. Bang 3.1 tong hop cac nghién ctru di giai quyét van dé mat can bang dir
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Bang 3.1: Mot sb nghién ctru lién quan dén giai quyét van d& mat can bang 16p trong du

doan 101 phan mém

Téc gia Tap dir li¢u Phuwong phap thuc hién Do do Két qua chinh
K thuat 1y mau: SMOTE,
Adaptive Synthetic sampling
technique, Safe-Level-SMOTE,
Selective Preprocessing of ALOC
Malhotra va cong su [115] NASA Imbalanced Data(SPIDER), cyclomatic Phan tich cac ky thuat ldy mau
va SPIDER2. SPIDER3. complexity
B§ phén loai: J48, Random
Forest, Naive Bayes, Adaboost,
Bagging
SMOTETomek Simple majority, LOC So sanh hiéu sudt cta cac k¥ thuat ldy miu
Joon va cong su [113] NASA, Vom}gA . cyclomatic khac va cac k¥ thuat lwa chon dac trung
’ : PROMISE Logistic regression, random forest, complexity ma ngu 5n o M
SVM, naive Bayes e
Lua chon dac trung: CFS
s oA Ly mAu dit liéu: SMOTE thir nghiém dugc thyc hién trén céac tap
Balogun va cong sy [116] NASA B@yphan loai: Bayesian Networks va  "OC dit liu van con gi6i han
Decision Tree
Aziz va cong su [117] PROMISE ANN CK Céc tap dir liéu chuira cac dac trung du thira
101 tap dit liéu L4y mAu dir liéu: Over-sampling, Phan tich so sanh tac dong C}’la cac ky }huét
Tantithamthavorn va cong su [60] . " 7~ Under sampling, SMOTE va Boostrap CK chon déc trung khac nhau dén hiéu suat cua
ma nguon mo . A 1y X A A
Random Over-Sampling md hinh 16i phan mém.
19 tap dir liéu Binary Genetic Algorithm (BGA),
tir cac du Binary Particle Swarm Optimization . i Ao on i 1A 1A S
Turabieh va cong sy [94] an thuc té trich (BPS();), Binary Ant Col(f)ny CK So sanl‘l hleu suaE cu? cag b(‘);p him lo;al kh'ac
xudttirkho  Optimization (BACO), layered nhau va giai quyet van dé mat can bang 16p
PROMISE recurrent neural network (L-RNN)
,r X e Trung binh, SHSE cai thién hiéu suét so véi
AEEEM Lay mau di licu: Random céc phuong phap tai 14y mau tir 8,7% dén
Tong va cong sur [118] . umder sampling, SMOTER CK 5 o As >
MetricsRepo B6 phan loai: DT Regressor 14,4% va 80 v6i cdc md hinh zero-inflate/hurdle
) o tr 10,3% dén 15,2%.
L4y mAu dir liéu: Random forest,
bagging, random subspace, Cac phuo‘ng phap dl,l:a trén ensemble
sy A PROMISE va boostin dat hiéu suat dang ké trong du doan
Nitin va cong su [119] ECLIPSE B¢ phan loii: Decision Trees, CK 16i phén mém nhi hi¢u suzg"it cai thi¢n
Logistic Regression, so véi cac k¥ thuat dy doan 16i don lé.
and K-nearest Neighbors
Lines Of
St SRS VM) oo st i i 1 i i iy i
Khuat [120] PROMISE networks, K-nearest neighbor (KNN), McCabe dl"r hc;:u' khac va giai quyét van dé mat can
and decision tree J48 Halstead bang I6p
F-score
PROMISE  VanillaGAN, CTGAN, WGANGP, }\;/ICGUAEaGt[fl:ii:ﬁgigf:EvfchiAgava
Rathore va cong su [48] JIRA SMOTE, ADASYN, ROS, RUS, CK théng k& hon S'O Vo céc'ky thuétyléygm?lu
Eclipse Borderline_SMOTE, va AdaBoost Khic :
L4y mAu dir liéu: Synthetic Minority Nghién ctru nay hd trg vige ap dung
Over Sampling Technique (SMOTE), k¥ thuat ldy miu SMOTEE, phuong phap
54 duw 4n ma Borderline SMOTE (BSMOTE), chon déc trung dua trén twong quan
Rathi va cong su [49] ngu 5n me SVM-SMOTE (SSMOTE), CK (Correlation-based feature selection) va

SMOTE-Edited (SMOTEE),
USAM, SMOTE with Tomek’s link
(SMOTETO), RSAM, and DSAM

phuong phip chon déc trung dya trén
kiém dinh Chi-squared dé phat trién
mo hinh du doan 15i hiéu qua.

lidu dé phat trién mo hinh dy doan 16i phan mém.

Nhin chung, cac nghién cru hién nay déu cho thay rang viéc két hop nhiéu ky thuat
tién xur 1y, bao g@)m lya chon dac trung, xur ly nhiéu va can béng dix liéu, c6 thé cai thién
dang ké hiéu qua cua cac mé hinh du doan 16i phan mém. Tuy nhién, phan 16n cic nghién
clru van chu yéu dua trén cac ki thuat 1ay mau truyén thong nhu Random Over Sampling,
Random Under Sampling, SMOTE hoic cac bién thé cia SMOTE. Mic du cac phuong
phép nay gop phan cai thién sy cin bang giita cac 10p, chiing van ton tai nhitng han ché

nhu tao ra cac mau ndi suy cé tinh da dang thap, dé gay hién tugng qua khép hodc lam
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Bang 3.2: Mot sb nghién ctru lién quan dén giai quyét van d& mat can bang 16p trong du
doan 16i phan mém (tt)

Téc gia Tap dir liéu Phwong phap thwe hién bo do Két qua chinh
COSTE vugt trdi hon so véi cac ky thuat
Complexity-based OverSampling lay mau 1iy mu ting khac. Phan tich thong
Technique SMOTE, Borderline-SMOTE, . _ ké cho thiy kha nang vuot troi cia COSTE
Shuo Feng [121] PROMISE i\ 10TE va MAHAKIL Static Metric |4 cic kg thuat lay mau lay miu ting
B6 phan loai: SVM, KNN, RF and MLP khac 1a c¢6 ¥ nghia thong ké theo kiém dinh

Wilcoxon rank sum va CIliff.

M6 hinh dé xuét vuot tri hon so

véi cac md hinh du doan 18i khac

v6i diém AUC cao nhét (= 95,6%),
Neighbourhood based CK gia tri P9 chinh xac téi‘ da (= 96,9%)
Under-Sampling (N-US) va duong cong ROC gan goc trén bén
trai nhat. V& mit théng ké, mo hinh
nay dat dugc kha nang du doan
t6t nhat voi mirc do tin cdy 13 95%.
BOA khic phuc vén dé qua khép,
trong khi ADASYN giai quyét vén
d& mét can bang 16p dit lidu cho cac
16p thiéu s6, qua d6 thyc hién qua
trinh bién déi dir liéu mot cach dong
déu.
Su két hop giira CTGAN v&i RFE
va cdp CTGAN voi Autoencoders

Goyal [122] NASA

Lua chon déc trung: Butterfly
Optimization Algorithm (BOA)
PROMISE  Léy méu dir liéu: Ensemble Random CK
Forest with Adaptive Synthetic
Sampling (E-RF-ADASYN)

A. Balaraml va
S. Vasundra [106]

Lua chon déc trung: Recursive vuot troi hon so vdi cac mo hinh co
Feature Elimination (RFE) s& khéc trén tét ca cac tap dit lidu,
Trich xuét dic trung: Autocncoders tiép theo 1a WGANGP va VanillaGAN.
Ha[123] PROMISE L4y mAu dit liéu: CopulaGAN, CK Theo phan tich so sanh, cac phuong
VanillaGAN, CTGAN, TGAN phép ldy miu qua mirc dua trén GAN
va WGANG da cai thién dang ké kha nang xir Iy van

d& mét can bang dit liéu trong du doan
16i phan mém.

mét thong tin cta 16p da s6. Bén canh d6, viéc két hop lya chon dac trung véi cac k¥ thuat
can béng dr liéu con chua dugc nghién ctiru mot cach hé théng. Phan 1én cac cong trinh
chi xem Iya chon dic trung va cn bang dir liéu 1a hai budc tién xir 1y doc 1ap, trong khi
chua danh gia day du anh hudng cua timg phuong phéap lwa chon dic trung dbi v6i hidu
qua cua cac k¥ thuat sinh dir liéu. Bén canh cac phuong phap ldy mau truyén thong, xu
huéng gan day con mo rong sang cac phuong phap sinh dir liéu dé can bang 16p, nham
tao ra cac mau mdi c6 tinh da dang va phan anh tét hon phan phdi cua 16p thiéu sd. Tuy
nhién, viéc két hop c6 hé théng cac phuong phap lwa chon dic trung t6i uu véi cac mod
hinh sinh di liéu tién tién nhu mang sinh d6i khang GAN trong bai toan du doan 16i phan

mém van con han ché, va day ciing 12 huéng nghién ciru ma luin 4n tap trung khai théc.

3.2.2 Danh gid hiéu qua cta cac ky thuat 1dy mau dit liéu

Céc b dit liéu 16i phan mém duoc sir dung trong nghién ctru nay c6 dang bang, bao gom
nhiéu dic trung la cac bién doc 1ap va mot bién phu thudc 1a nhan dir liéu. Viéc tao ra cac
mau dir liéu tong hop mai tir cac bo dit lidu dang bang nhu vy 1a mot thach thic, do cac
dac trung c6 thé tuan theo nhiéu phan phéi dir liéu khac nhau. Do d6, viéc hoc va hiéu 1o

cac phan phoi nay dé sinh ra cac mau dir liéu moi khong phai 1a mdt nhi€ém vu don gian.
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Céc ky thuat iy miu ting tao ra cac mau 16p thiéu sé tong hgp méi nham tang sb lugng
ctia 16p thiéu sb. Hau hét cac k§ thuat 1dy mau tang (oversampling) hién c6 str dung nhiéu
chién luge khac nhau, chéng han nhu céc thudc do khoang cach, dé x4c dinh cac mau lan
can va noi suy gitra ching nham tao ra cac mau dit liéu tong hop mai. Tuy nhién, hé qua
1a cac mau duoc sinh ra thuong cé mirc do da dang thap va d& bi khai quat hoa qua muc
Nguoc lai, cac ky thuat ldy mau giam loai bé mot s mau cua 16p da sd dé can bang ty 16
gitra mau 16p thiéu sd va da s6 [29]. Ca hai nhom k¥ thuat nay déu nham muc dich can
bang su phan b cia 16p thiéu sd va da s6 nham cai thién hiéu suat cia mé hinh du doan.
Trong du doan 151 phdn mém, cac k¥ thuat 1y mau ting thudng dugc sir dung nhiéu hon
so v6i cac ki thuat 1dy mau giam, vi viéc loai bo tuy v cac mau khoi tap dir lidu c6 thé
dan dén mat mat thong tin quan trong [48]. Cac k¥ thuat ldy mau ting nhu SMOTE va céc
bién thé (vi du: ADASYN, Borderline-SMOTE) cuing véi k¥ thuat ROS duoc st dung phd
bién. K¥ thuat ROS chi don gian sao chép cac mau cua 16p thiéu sb dé can bang tap dir
liéu ma khong bd sung bat ky thong tin méi nao [30]. Piéu nay c6 thé din dén hién tuong
qua khép trong mo6 hinh du doan, khién mé hinh hoat dong kém hi¢u qua dbi voi cac miu
kiém thtr chua ting thiy trude dé. Cac ki thuat dua trén SMOTE tao ra cac miu caa 16p
thiéu s tong hop bang cach ndi suy cac mau lan can di duoc xac dinh (dwa trén khoang
cach) dé can bang tap dit liéu [124]. Cac mau méi nay khong phai 1 ban sao nhu trong
ROS. Tuy nhién, do phy thudc vao cac mau lan can, cc k thuat dya trén SMOTE khong
thé tao ra cac mau trong 16p thiéu sé da dang, diéu nay c6 thé dan dén hién twong qua
khop 1am giam hiéu suét trén tap kiém thir. Ngoai ra, cac k¥ thuat dya trén chi phi [125]
va cac ky thuat dya trén mo hinh ensemble [126] cling da dugc stir dung trong bai todn hoc
mAt can bang trong dy doan 16i phdn mém. Tuy nhién, Galar va cong su [127] phat hién
rang mic du cac tap hop nhu bagging va boosting gitp cai thién do chinh xac ciia mé hinh
du doén 15i, nhung ching khong duoc thiét ké dé xir Iy cac tap dit liéu mat can bang. Tir
cac nghién ctru lién quan trén, chung ta c6 thé thiy viéc tao ra cac mau dir liéu tong hop
m&i tir tap dir liéu dang bang nay 1a mot thach thirc vi cac dic trung khac nhau c6 thé tuan
theo céc phan phdi dir liéu khac nhau. GAN 1a mot trong nhitng phuong phép tao dir liéu
tong hop dang ndi 1én va day hira hen nhét [128]. Tir nhitng co s& néu trén, ludn 4n nay
Iira chon tiép can phuong phap hoc mat can bang dya trén GAN ddi véi dir liéu 161 phan

mém.
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3.3 Cacmo hinh GAN lay mau di liéu trong du doan 16i phan

mém

3.3.1 Mo hinh GAN

GAN dugc Goodfellow va cong su [129] gioi1 thi€u vao ndm 2014 va dugc dinh nghia la
mot trod choi gitra hai mang no-ron thudong dugc goi 1a bd sinh va bg phan bi¢t. B sinh
) géng hoc phan phéi ty 1€ cua dir liéu thuc va tao ra céc mau méi ¢6 thé danh lira bo
phan biét. Bo phan biét nham phén loai cac miu thue va mau sinh tao mot cach chinh xac
nhét c6 thé. Ca bo sinh va bd phan biét déu duoc huin luyén déng thoi va cling hoat dong
trong canh tranh v6i nhau trong qué trinh huan luyén. Muc tiéu ciia viéc huan luyén GAN
1a tim kiém can bfmg Nash [130], 1a trang thai ma ca hai mang c6 thé dat dugc hiéu suét
t6i wu. Can béng Nash trong GAN dat dugc khi bg sinh tao ra dir li¢u gia khong thé phan
biét duoc v6i dir liéu thuc va bo phéan biét khong thé cai thién kha ning phéan biét giita
mau thuc va do b sinh tao ra. Tai thoi diém nay, GAN da nam bét dugc phan phéi cua dur
lidu thuc va c6 thé tao ra cac mau dir liéu méi tuong tu nhu dir liéu thuc. GAN da duoc
ap dung thanh cong trong nhiéu linh vuc va bai toan phuc tap, chang han nhu xir 1y ngon
ngl ty nhién, phan doan ngir nghia, thi giac may tinh va phan loai. Zhu va cong su [131]
da d& xudt GANCoder dé tao sinh ma ngdn ngir lap trinh c6 logic va chic ning tir ngon
ngtr tuy nhién. Két qua cua ho cho théy GANCoder da vuot trdi hon so véi cac ky thuat

tién tién khac va cai thién chat lugng tao sinh ma ngudn.

3.3.2 Mo hinh GAN trong dy doan 16i phdn mém

Nhiéu nghién ctru gan ddy da st dung cac bién thé cia GAN dé giai quyét vin dé mat
can bang dit liéu trong dy bao 16i phan mém. Sun va cong sy [132] di chon Variational
Autoencoder (VAE) va GAN dé tao ra cac mau gia nham can bang phan phdi dir liéu.
SMOTE dugc ap dung dé thyc hién so sanh véi VAE va GAN. Két qua thir nghiém chi
ra rang ca VAE va GAN déu hiéu qua trong viéc xir 1y cac van dé mat can bang dir liéu
cho dir doan 16i phin mém. Ying Xing va cong su [133] dd dé xuét viéc tich hop GAN va
BiLSTM dé nam bit cac ddc trung ngir canh va thong tin ngit nghia ctia chwong trinh. Cu
thé, m6 hinh GAN duoc sir dung dé giam sy khac biét giita phan phdi dir liéu cia cac du
an nguén va muc tiéu. Két qua thir nghiém cho théy mé hinh cta ho dat duoc hiéu suét tdt
hon so véi mot s6 phuong phap du doan 16i dua trén gia tri AUC va Accuracy. Song va
cong su [134] da dé xuat DP-GANPT, str dung mé hinh GAN va mot mé hinh ma hai chiéu
da duoc hudn luyén trude cho dy doan 16i phﬁn mém. DP-GANPT déng thoi st dung mot

bo sinh va Autoencoders da duoc huin luyén trudc nhu hai b ma hoéa, voi bd phan bigt
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hoat dong nhu mot bo giai ma cho phan loai. Ho di tién hanh xac thuc thir nghiém trén ca
trong cling duy 4n va gitra cac du an. Két qua cho thdy DP-GANPT dat hiéu suat cao hon
s0 voi cac mo hinh co ban. Zhu va cong sy [135] da trinh bay BL-GAN, trong d6 cac ban
ghi sira 16i gia twong tw nhu cac ban ghi thyc duoc tao ra béng cach tim kiém cay thu muc
dy 4an dé tao duong dan tép, thay vi duyét qua ndi dung cua tht ca céc tép ma. Mo hinh
BL-GAN dat hiéu suét vuot troi trén tat ca cic chi sb danh gia so voi cac phuong phap
hién c6, dua trén cac thir nghiém quy mé 16n trong thuc té.

Trong ludn 4n nay quan tdm dén viéc ap dung cac mo hinh GAN dé giai quyét van dé
mét can béng dir li¢u trong dy doan 161 phﬁn mém. Do dé, luan an da thuc hién phan tich

so sanh nam md hinh GAN, duge md ta chi tiét trong cac muc dudi day.

1. VanillaGAN
VanillaGAN [129] 1a phién ban dau tién cia GAN dugc cong bd. Kién trac mo hinh
GAN bao gém hai m6 hinh con: bd sinh va bo phan biét. Puoc cung cép mét bién
nhidu 2z lam dau vao, bd sinh G tao ra cac miu gan véi dit liéu muc tiéu thuc. Bo
phan biét D ¢ gang phan biét xem cac mau dau vao dén tir bo sinh G hay tir dit liéu

thue. Muc tiéu min-max c6 thé duge mo ta nhu sau:
min(eymax(p)(Eapp [l0g(D(x))] + E.p, [log(1 — D(G(2)))]) 3.1

Trong d6, x 1a dir li¢u dau vao, Pp vap, 14n luot dai dién cho phan phéi cua dir liéu
thuc va dit liéu duoc tao ra, 2 ~ p, 12 nhiéu mau tir phan phéi Gaussian cau hodc
phan phdi dong nhat. Muc tiéu nay dya trén ham mét mat Binary-Cross Entropy.
Dau ra ciia bo phan biét D nam trong khoang [0,1] bang cach sir dung ham kich
hoat sigmoid. Dé hoc cac tham sb caa GAN, bd phan biét D can duoc huin luyén
cho dén khi dat dugc do chinh xac t6i da trong viéc phan biét dir liéu dau vao tir dir
lidu duoc tao ra G(z) hodc dit liéu thuc. Bo sinh duge huan luyén dé dat dugc gia
tri t6i thiéu ctia log(1 — D(G(2))). Qua trinh huan luyén duoc thuc hién luan phién
cho dén khi dat dugc giai phap toan cuc trong trudng hop khi dir liéu duge sinh ra
gidng dir liéu that ma bo phan biét khong phat hién duge. M6 hinh VanillaGAN six
dung mot phuong trinh toan hoc don gian két hop véi ky thuat huéng didu chinh
cac tham sb ctia md hinh sao cho gié tri cia ham mat mat dat marc thip nhit c6 thé
(gradient descent). Mic di mé hinh VanillaGAN di dat duoc két qua tién tién trong
viée xir Iy van dé mét can bang dir liéu, nhung mé hinh nay ciing ¢6 mot sb nhuoc

diém nhu sau:

(a) Can bé‘mg Nash kho dat duge. Viéc huin luyén GAN dua vao gradient descent,

trong d6 bd sinh va bd phan biét dugc huin luyén déng thoi dé dat duge mot
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can bang Nash. Tuy nhién, vi ca hai m6 hinh déu cap nhat ham mat mat mot
cach dong thoi va doc lap, sy hoi tu khong duge dam bao [136].

(b) Vian dé gradient. Trong qua trinh huin luyén cua VanillaGAN, céc gradient c6
thé tro nén cuc ky nho, lam cho bo sinh kho khan trong viéc cap nhat trong )

mot cach hiéu qua.

(c) Van dé Mode Collapse. VanillaGAN thuong gip phai hién twong thu gon ché
do, trong do6 b sinh lap di 1ap lai tao ra cac dau ra giéng nhau. Sy thiéu da
dang nay khong thé nim bét toan bo pham vi phan phéi dit liéu, do d6 han ché
hiéu quéa cia GAN trong vi¢c dai dién cho sy phic tap ctua dir li¢u trong thé

gidi thyc.

2. WGANGP

WGANGP (Wasserstein Progressive Growing of Generative Adversarial Networks)
la mdt m6 hinh GAN, dugc gidi thi¢u boi Karras va cong su [137] vao ndm 2017.
Béng cach ap dung mot ham muc tiéu on dinh hon, khoang cach Wasserstein, lam
nén tang cho viéc huan luyén, mé hinh nay nham vuot qua nhitng khé khin vé sy
khong 6n dinh va sy thu gon ché d¢ von co trong cac GAN truyén thong. Tuy nhién,
trong cong thirc WGAN gdc, gradient ciia ham mét mat cia bo phan biét c6 thé gip
phai van dé gradient bién mét, trong d6 gradient trd nén rat nho va gy ra su hoi tu
cham hozc tham chi dimg lai qué trinh huan luyén. Do d6, bat dau véi do phan giai
thép va dan dan mé rong kich thudc dau vao cta mang bo sinh, m6 hinh WGANGP
dugc hudn luyén bang cach ting dan chi cho hinh anh duoc tao ra.

Kién tric WGANGP c6 thé duge bicu dién todn hoc nhu mot trd choi minimax hai
ngudi choi giita bd phan biét D va b sinh G, véi muc tiéu 1a tim kiém cén bang
Nash giita hai mang nay. Duéi ddy la biéu thirc ciia ham muc tiéu dé hun luyén mo
hinh WGANGP:

min max(Eppp[D(2)] = Eznp:[D(G(2))]) = AEzpz [(I| V2 D(@)]]2 — 1)7]
(3.2)
Trong d6, x 1a mot mau tir phan phdi dit liéu thuc pp, 2 13 mot vec-to nhiéu ngau
nhién, GG la mang bg sinh, D la mang phan bi¢t va A 1a hé s6 phat [138]. WGANGP
giai quyét cac han ché cta ca VanillaGAN va WGAN [139], nhu sau:

(a) Do c6 thanh phan phat trong ham mat mat, diéu nay 1am cho tit ca cac chudn
gradient huéng vé gia tri 1 trong qué trinh t6i wu hoa bo phan biét, tir d6 dat
dugc chuan gradient don vi trong ca phan phdi dir liéu thuc va gia. Diéu nay
1am ting téc sy hoi tu cia WGANGP.
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(b) Trong qué trinh hudn luyén, WGANGP c6 thé giai quyét cac van dé khong 6n
dinh cta VanillaGAN va WGAN, déng thoi tao ra cac mau co chit luong cao
hon.

3. CTGAN
CTGAN (Conditional GAN) [140] 1a mot bién thé cia GAN dung dé mo hinh hoa
phan phéi dit liéu bang. Pé xur 1y cac cot chira phan phdi khong phai Gaussian va da
ché 46, CTGAN thay thé chuan h6a min-max bang cach sir dung chuan hoa theo ché
do cu thé. Trong chuan hoa theo ché do cu thé, cac gia tri lién tuc dugc chuyén doi
thanh céc vec-to gidi han, day 1a cac dau vao phu hgp cho mang no-ron. CTGAN
ap dung mo hinh Variational Gaussian Mixture [141] dé dy doan s6 luong ché do
va diéu chinh mot hdn hop Gaussian cho mdi ¢t lién tuc. Hon hop Gaussian hoc

dugc dugc dinh nghia nhu sau:

l
Pe,(cig) = > mN(eizs e, k) (33)

k=1

trong do, yu. 1a trong so size cua ; la do 1€ch chuan cua mét ché do, trong d6 xac
suat pk cua ci, j dugc tinh toan cho moi ché do. Viéc tinh toan mat do xac suat duoc
dinh nghia nhu sau:

pr = N(Ciji e, k) 3.4)

Mot ché @6 sau d6 duoc lay mau tir mat do xac suat di cho va ché do duoc 1ay mau
s€ dugc str dung dé chuan hoa gia tri. ¢; ; duoc biéu dién bang mot vec-to one-hot
Bi,; co kich thudc bang s6 luong ché do, va mot gia tri vo huéng «; ; duoc stir dung
dé biéu dién gia tri trong ché do d6. Do d6, mot hang trong tap dir liéu 1a su noi két

gitra cac cot lién tuc va roi rac:

rj =010 P @ S an N, Ddiy D ... Sdnyy (3.5)

trong do d; ; 1a mot one-hot vector cua cac gia tri roi rac.

D¢ giai quyét van dé mat can bang dir lidu trong mo hinh phan biét, CTGAN trién
khai bo sinh c¢6 diéu kién va phuong phap huan luyén qua lay mau. Cu thé, dit liéu
duoc léy mau lai mét cach hidu qua sao cho tat ca cac danh muc cta céac bién roi
rac déu duoc léy mau trong qua trinh huén luyén va dir liéu thuc sé dugc khoéi phuc

trong giai doan kiém tra.

Dé giai quyét thach thirc dit liéu mat cAn bang trong céc cot roi rac, mé hinh CTGAN
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sir dung mot bd sinh cé diéu kién két hop v6i phuong phap huan luyén qua lay
mAu [140]. Phuong phap nay dam béo ring tit ca cic danh muc trong céc cot rdi
rac déu duoc 14y mau mot cach déng déu trong qua trinh hudn luyén, thuc day qua
trinh hoc tap can bang hon. Tuy nhién, CTGAN yéu cau mot luong 16n dit liéu bang
thyc t& & huan luyén mo hinh va tao ra dir liéu tong hop c6 cac dic tinh thong ké

tuong tu nhu dir li€u thyc.

. CopulaGAN
Mot bién thé cia CTGAN la CopulaGan [109] str dung phép bién ddi dva trén ham
phan phdi tich lity (Cumulative Distribution Function - CDF-based) [142], duoc

dinh nghia nhu sau:

F.(x)=P [X < x} = /_g; fx(u)du (3.6)

Trong d6, F,(z) chi ra phan phdi xac suat cia mot bién ngu nhién X s& dat dugc
gia tri bfmg hodc nho hon x. Trong CopulaGAN, céac kiéu dit liéu va dinh dang dir
liéu huén luyén s& duoc hoc trong subt qua trinh huén luyén. Dir li€u c6 gia tri null
hodc khong phai s6 s& duoc chuyén doi bang cach sir dung phép bién doi dit lidu co
thé dao nguoc (Reversible Data Transformation - RDT) [143]. Cac phéan phdi xac
suét cua ting cOt trong bang dir li¢u s€ dugc hoc boi RDT dé tao ra mot bang dir

liéu hoan toan so.

CopulaGAN x4y dung dya trén CTGAN bang cach tan dung kha ning cta Copula
Gaussian trong viéc chuyén d6i dit lidu str dung cac ham phan phdi tich lily. Phép
bién d6i nay don gian hoa qua trinh hoc cho CTGAN, gitip CTGAN nam bt ciu

trac dir liéu co ban mdt cach hiéu qua hon.

. TGAN

Xu va Veeramachaneni [ 110] d4 dé xuit mé hinh TGAN (Tabular Generative Adversarial
Networks) dé tong hop cac mau moi cho dir liéu bang. Trong giai doan chuyén doi

dit liéu, mot bién sb duogc chuyén ddi thanh phan phéi da thirc va mdt pham vi vo
huéng [—1, 1] bang cach ap dung mé hinh hdn hop Gaussian va mot bién roi rac

D duoc chuyén doi thanh phan phéi da thirc. Trong mé hinh b sinh, mdi bién s6
duoc san xuit theo hai budc. Bo sinh dau tién san xuit gia tri vo hudng v va sau do

san xuit vec-to cum U. M6 hinh b sinh sir dung LSTM d¢ tao ra dit lidu tong hop.
Dau vao ciia LSTM trong mdi budc 1a mot vec-to nhiing, mot bién ngiu nhién z va
vec-to an trudc do. Két qua ciia bo sinh 1a cac chuyén d6i bién sé vo hudng, duge

sir dung 1am dau vao cho mé hinh phén biét [144].
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Trong bd phan biét, TGAN st dung mang no-ron Multilayer Perceptron (MLP) da
16p két ndi day du voi chuan héa theo 16 va ham kich hoat Leaky-Relu [110]. Dau
vao cho 16p dau tién trong bd phan biét 1a mot vec-to két hop gid tri vo hudng V,
vec-to cum U va d, 12 du ra cta bién roi rac dugc tinh toan bé“mg Softmax. Dé lam
cho mo6 hinh hi¢u qua hon, mdt ham mat mat duoc thém vao cac bién roi rac va
vec-to cum cua cac vec-to lién tuc. Cong thirc cho ham méat mat trong bd sinh nhu

sau:

Ne ng
Lo = —EeononlogD(G(2)) + Y KL(uj,u;) + Y KL(d;, d;) (3.7)
=1 =1

trong d6, dit liéu duoc sinh ra 1a u; va d;, va dit liéu thuc 13 u; va d;. TGAN st dung

ham mat mat Cross-Entropy dé t6i wu hoa bo phan biét:

LD =-E ZOQD(Ulan> Ulings dl:nd)+

Ul:nc»ulznc’dl:ndNP(T) (38)

]E’ZNN(O,].)lOgD<G(Z))

Trong md hinh nay, theo kién triic ciia Xu va Veeramachaneni [110], mang LSTM
duoc sir dung lam bo sinh va MLP duoc stir dung trong bd phan biét. M6 hinh dugc
huén luyén bang cach sir dung bd tdi vu Adam. Mic di TGAN cung cip mdt loat
cac ung dung, bao gém mo rong dir li¢u dé huén luyén mo hinh, dién gia tri thiéu
trong cac tap dir lidu va tao dit liéu kiém thir/xac thuc, nhung TGAN ciing gdp phai
nhitng han ché nhu rui ro tao ra dit liéu thién 1éch hodc khong thyc té néu dir liéu

huén luyén khong dai dién cho quén thé thyc té.

3.3.3 Vin dé nghién ciu

Mic du céc k¥ thuat hoc may da dat duoc nhiéu thanh cong trong viéc xay dung mo hinh
du doan 15i so véi cac phuong phap truyén thong, nhung su xuét hién cia cac dic trung
khong lién quan va sy mat can bang giira cac 10p trong tap dit liéu dang trd thanh nhiing
thach thirc anh hudng dén hiéu qua cua cac mo hinh du doan 16i. Vi vay, viéc xac dinh cic
d6 do dac trung quan trong va xir Iy van dé mat can bang 16p s& 1a trong tam trong viéc
x4y dung mot mo hinh phan loai hiéu qua cho du doan 16i dya trén cac dic trung. Céc
tap dir liéu du doan 16i phin mém thudng ¢ ciu trac dang bang, bao gdm nhiéu thude
tinh mo ta dic trung ciia phan mém va mot bién phu thudc cho biét phan mém c6 16i hay
khong. Viéc tao ra cac mau dit liéu téng hop tur cac tap dir liéu dang bang nhu vay la mot
thach thirc, do cac dic trung khac nhau c6 thé tuan theo cac phan phéi xac suat khac nhau.

Do d6, viéc hoc va hi€u cac phan phoi dit liéu nay dé sinh ra cdic mau méi khong phai la
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nhiém vu don gian. Hau hét cac k¥ thuat ldy mAu ting hién nay 4p dung nhiéu chién luogc
khac nhau, chang han nhu sir dung cac phép do khoang cach dé tim cac mau lan cin va
noi suy gitra cic mau ndy nham tao ra dit liéu tong hgp mdi. Tuy nhién, cic mau dugc tao
ra theo cach nay thuong thiéu da dang va c6 xu hudng bi khai quat héa qua mac [121].
GAN la mét trong nhimg phuong phap sinh dit liéu tong hop duoc danh gia 1a day trién
vong [128]. Trong céc tap dit liéu 16i phan mém duoc sir dung, tat ca cac dic trung déu 1a
dir liéu dang sé va khong c6 dic trung phén loai. Cac k¥ thuat iy méu ting truyén thong
nhu SMOTE thuong dya vao thong tin cuc bg, cu thé 1a cac diém 1an can dé tao dix liéu
tong hop. Trong khi d0, cac phwong phap dwa trén GAN c6 kha ning hoc dugc phan phdi
tong thé cua dir liéu va mdi twong quan giira cac dic trung [108]. Nho d6, GAN ¢6 thé
sinh ra cac mau dir liéu tong hop chan thuc hon so véi cac k¥ thuat ldy mau ting truyén
théng. Nghién ctru ctia Edwards va cong su [145] chi ra ring GAN c6 tiém ning tao ra tip
dir liéu tong hop phong pha hon dang ké so véi cac phuong phap tiéu chuan khac. Trong
bdi canh cua cac tap dir liéu 18i phan mém, khong phai tat ca dic trung déu tudn theo cing
mot phan phdi. Do d6, cach tiép can dua trén GAN dugc xem 1a phi hop cho bai toan nay.
Xuét phat tir nhan dinh d6, luan 4n lya chon sir dung phuong phap hoc mét can bang dwa
trén GAN trong xtr 1y dit liéu 16i phan mém. Trong chuong nay, nghién ciru duoc thiét ké
nham tra 16i cac cau hoi nghién ciru sau.

1. Cdu héi nghién ciru 1: Cdc bién thé ciia GAN c6 hidu qud nhw thé ndo trong viéc

ldy mau dir liéu dé xw Iy mat can bang lop trong dw doan 16i phan mém?

2. Cdu héi nghién cieu 2: Trong s6 cdc k thudt tién tién nhat hién nay, bién thé ndao
cua GAN vuot trgi hon trong viéc xu ly mat can bc%ng dir liéu trong dy doan 16 phcfn

meéem?

3.4 Phuong phap dé xuat

Trong phén nay, trudc tién tac gia trinh bay cac budc chinh ctia th nghiém dugc thuc hién
trong luan an nay, tiép theo gidi thiéu vé tap dir liéu du an duoc st dung dé thu nghi¢m.
Sau do, luan an gioi thiéu vé cac mo hinh lya chon dic trung va trich xuat dic trung duoc
ap dung. Phan tiép theo trinh by vé cac tham s huan luyén ctia cac md hinh hoc may.

Cudi cung, cac két qua cua thir nghiém duoc phan tich va danh gia.

Céc budc cua phuong phéap thir nghiém duoc minh hoa trong Hinh 3.1. O giai doan
dau tién, luan an thu thap ndm tap dir liéu 16i phd bién tir kho dir liéu PROMISE. M6 ta
chi tiét vé cac tap dir liéu duoc trinh bay trong Bang 3.1. Sau khi dién cac gié tri bi thiéu,

budc tiép theo 13 chuan hoa dit liéu bang k¥ thuét chuin hoa z (z-normalization) trong giai
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Hinh 3.1: Phuong phap dé xuat

doan tién xir Iy dir lidu. Céc tap dir liéu sau khi chuan héa dugc chia thanh tap huan luyén
va tap kiém thir theo ty 1& 70:30. Tir két qua thyc nghiém thu duogc & chuong 2 da cho thiy
Recursive Feature Elimination 1a phuong phap lua chon déac trung dat hiéu suit tdt nhat,
luan 4n 4p dung phuong phap RFE dé Iya chon dic trung, gitp tao ra cac dic trung ti wu
tir tap huan luyén. Ngoai ra, luan an ciing ap dung Autoencoders, mot phuong phép trich
xuét dic trung hiéu qua, nham trich xuét cac dic trung lién quan va loai bo thong tin du
thira tur tap dir li¢u. Sau do, luan an 4p dung nam bién thé cua GAN, bao gém VanillaGAN,
CTGAN, WGANGP, CopulaGAN va TGAN vao hai tap con huan luyén thu dugc tir qua
trinh lya chon dac trung va trich xuat dic trung dé tao ra cac tap dir liéu can bﬁng. Cac tap
dit liéu huan luyén dugc tao ra sé bao g6m cac dac trung ti uu va 16p dit li€u can béng s€
dugc dua vao huan luyén bai cac ki thuat hoc may bao gdm Random Forest, XGBoost,
Multilayer Perceptron, Extra Trees, Adaptive Boosting va HistGradientBoosting dé xay
dung cac mo hinh du doan. Cac tap dir licu kiém thtr duoc dua vao cadc md hinh du doan
16i dé danh gia hiéu suét bang céac chi sé do ludng khac nhau. Dit liéu thu dugc tir cac thir
nghiém cho phép dua ra cau tra 16i cho Cau hoi nghién ciru 1. Dé tra 161 Cau héi nghién
ctru 2, ludn 4n so sanh hiéu suét ciia cac mo hinh du doéan 13i khi ap dung cac bién thé
GAN d¢é can bang dir liéu voi hiéu suat cia cac md hinh dy doan trén tap dir liéu goc bi
mat can bang. Cac muc dudi ddy s& mo ta chi tiét vé tap dit liéu 161 phan mém, phuong
phép lya chon dac trung, phuong phép trich xuét dic trung, cac mo hinh GAN véi nhitng
wu diém va nhuoc diém tuong Gmg va cac d6 do danh gia hiéu suat duoc str dung trong

qua trinh nay.

* Tap dir liu thir nghiém
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Nam tap dit liéu 16i khac nhau tir kho PROMISE [146] da dugc st dung trong luan

Bang 3.1: Chi tiét tap dir liéu thir nghiém trudc va sau khi cin bang

Kho dir li¢u Tp dir ligu S6miu Py do o ™mau Somau Tyl ~— 506 mausau
khongloi loi matcanbang cin bang
PROMISE CM1 498 21 449 49 9.84 628
KC1 2109 21 1693 326 15.45 2856
KC2 522 21 415 107 20.49 590
PC1 1109 21 1032 77 6.9 1422
M1 10885 21 8779 2016 18.5 12288

an nay. Nhu thé hién trong Bang 3.1, céc tap dir liéu nay khong can bang. Céc thudc
tinh doc 1ap la cac dé do vé ma nguén nhu d¢ do McCabe’s Cyclomatic Complexity
(v(g)), LOC, va cac thudc tinh phy thudc bao gom nhan 15i (1) hodc khong 15i (0).

Béang 3.1 tom tat chi tiét vé céac tap dir liéu dugce st dung.

+ K§¥ thuéat lya chon dic trung
Trong chuong 2, luan an da danh gia hiéu qua cia cac phuong phap lua chon dac
trung dwa trén wrapper va xac dinh rang RFE 1a phuong phap dat hiéu suit cao
nhit trong s6 cic ki thuat Iya chon dic trung duoc danh gia. Phuong phép nay
khong chi cai thién d6 chinh xac ctia cac mo hinh phan loai ma con giup giam chidu
dir liéu, tang tinh 6n dinh va kha ning tong quat hoa cia mé hinh. Ngoai ra. theo
nghién ctru cia Mehta va Patnaik [57], nhiéu ky thuat lya chon dac trung nhu RFE,
Lasso, Ridge, ElasticNet, Boruta va Correlation-based da dugc so sanh nham xéc
dinh phuong phap pht hop nhét cho mé hinh du doan 18i phan mém. Két qua cho
théy RFE vuot trdi hon cac ky thuét con lai nho co ché loai bo dé quy cac dac trung
du thira hodc kém quan trong, tir &6 thu dugc tip dic trung tinh gon nhung van dam
bao kha nang dy bao cao. Do do, trong thtr nghi€ém nay, luan an 4p dung ky thuat
RFE dé lwa chon cac dic trung t6i wu va xay dung mé hinh dy doan 16i phan mém.

« K¥ thuit trich xuat dic trung
Malhotra va cong su [50] da thuc hi€én mdt nghién ctru so sanh dé danh gia hiéu
qua ctia bon k§ thuat trich xuét dic trung, bao gdm Principal Component Analysis
(PCA), Linear Discriminant Analysis (LDA), Kernel-based Principal Component
Analysis (K-PCA) va Autoencoders. Két qua thir nghiém ciia nghién ctru nay cho
thiy Autoencoders dat hiéu suat t6t nhat trong s bon ky thuat trich xuit dic trung.
Do @6, trong thir nghi€ém nay, luan an sir dung Autoencoders dé trich xuat dic trung.
ludn 4n tién hanh thir nghiém dénh gia hidu sut ctia cac phuong phap liy miu ting
dé 14y mau dir liéu, két hop v6i Autoencoders trong trich xut dic trung, st dung

cac bg phan loai khac nhau.

91



« Céu hinh cac tham s6 huén luyén
Céc bang 3.2-3.6 mo ta cac tham s6 va gia tri dugc chon cho tirng mo hinh GAN

trong thir nghiém nay.

Bang 3.2: C4u hinh cic tham s6 huan luyén cho VanillaGAN

Tham sb Dinh nghia Value
noise_dim Kich thude ciia véc-to nhidu dau vao duge cung cap cho bo sinh 32
dim Kich thudc khong gian du ra cua bo sinh 128
batch size  S6 lwong mau dugc sir dung trong mdi budc 32
epochs S6 lwong epoch can thiét dé mé hinh t6i vu hoa cac siéu tham sé 5000
learning_rate Ty 1¢ hoc ciia bo t6i wu hoa Se-4

Béng 3.3: C4u hinh cac tham s6 huan luyén cho CTGAN

Tham so Pinh nghia Value
epochs S(j) lut,,mg'e:poch cénﬂthiét dé mo hinh toi uu 300
hoa cac siéu tham so
batch size S6 lugng mau dugc sir dung trong mdi budc 500
optimizer B0 phan loai AdamOptimizer
embedding dim Kich thudce ciia mau ngiu nhién dwoc cung cap cho bd sinh 128
Mbt Residual s& dugc tao ra trong mdi 16p cung cép
generator dim (256,256)
Kich thuéc ciia cac miu dau ra cho mbi 16p bo sinh
discriminator dim  Kich thuéc ctia cic mAu du ra cho mdi 16p bo phén biét (256,256)
generator Ir Learning rate ctia bg sinh 2e-4
generator decay Sy suy gidm trong s6 cho bd sinh trong bo t6i vu hoa Adam le-6
discriminator Ir Learning rate ctia by phén biét 2e-4
discriminator decay ~ Su suy giam trong s6 cho bd phan biét trong bo t&i wu héa Adam le-6
Bang 3.4: Cau hinh cac tham s6 huan luyén cho WGANGP
Tham so Pinh nghia Gia tri
netG_kwargs hidden_layer sizes Tuple chi dinh kich thudc cua cac 16p an trong mang bd sinh (128, 64)
n-cross-layers S6 lugng 16p chéo (cross layers) dwoc st dung trong bd sinh 1
cat-activation Ham kich hoat dugc sur dung cho cac bién phan loai gumbel softmax
. . Kich thudc cta vée-to nhidu diu vao duge cung cip cho
noise-dim . 30
b sinh
activation Ham kich hoat sir dung trong mi 16p 4n leaky relu
netD kwargs  hidden_layer sizes Tuple chi dinh kich thudc ciia cac 16p an trong bg sinh (128,64,32)
n_cross_layers S6 lugng 16p chéo sir dung trong bé sinh 2
Activation Ham kich hoat sir dung trong 16p 4n leaky relu

3.5 Ké&t qua thi nghiém va phén tich két qua

Tur thiét ké thu nghiém dugc trinh bay trong muc 3.4, luén an xay dung cdc md hinh du
doan 151 bang cach két hop céc bién thé khac nhau cia GANs dé tong hop cac mau moi,
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Béng 3.5: C4u hinh cac tham s6 huan luyén cho CopulaGAN

Tham sb Dinh nghia Gia tri
SO lugng epoch can thiét ¢ mo hinh toi uvu

epochs héa cac siéu tham sb 300
batch size S6 lwong miu dugc sir dung trong mdi budc 500
optimizer B0 phéan loai AdamOptimizer
embedding_dim Kich thudc ctia mau ngau phién duoc cung cp cho bd sinh 128
. Kich thude cua cac mau dau ra cho moi 16p du Residual.
generator_dim Mot 16p du Residual s€ dugc tao ra cho rr(lygi gia tri dugc cung céip. (256,256)
discriminator_dim Kich thude ciia cac mau dau ra cho mdi 16p bo phan biét (256,256)
generator_Ir Ty 1¢ Learning rate cho b¢ sinh 2e-4
generator_decay Sw suy giam trong s6 cho b sinh trong b¢ téi wru hoa Adam le-6
discriminator_Ir Ty 1¢ Learning rate cho bd phan biét 2e-4
discriminator_decay ~Su suy giam trong s cho bd phan biét trong b6 t6i wu hoa Adam le-6
Béng 3.6: Cau hinh cac tham s6 huan luyén cho TGAN
Tham s DPinh nghia Gia tri
epochs S(? lu(:mg.tjpoch cénithiét dé mo hinh t6i vu 300
hoa céc siéu tham so6
batch size S6 lwong méu dwoc sir dung trong mdi bude 500
optimizer B0 phan loai AdamOptimizer
z_dim (S6 lwong chidu trong du vao nhidu cia bo sinh 100
12norm Hé s6 diéu chudn L2 dugce sir dung khi tinh toan ham mAt mat 0.00001
learning_rate Ty 1& learning rate ctia bo t6i uu 0.001
num_gen_rnn S6 lwong don vi RNN bén trong b sinh. 400
num_gen_feature S6 lwong don vi trong 16p két néi ddy du ciia bo sinh 100
num_dis_layers  S& lwong 16p trong bd phin biét bd phan biét 2
num_dis_hidden S8 lwgng don vi trong mdi 16p cta bd phén biét 200

sau d6 sir dung phuong phéap chon dic trung RFE va phuwong phap trich xuét dic trung
Autoencoders dé giam bét cac dic trung khong lién quan hodc du thira. Luan 4n da sir
dung sau bo phan loai hoc may phd bién dé danh gia tac dong clia sy mat can bang 16p va
su du thira 16p 1én hiéu suit cta cac mo hinh nay bang cach sir dung phuong phéap kiém
tra chéo 10 14n cho mdi thu nghiém. Hiéu suat cia cdc md hinh dy doan 16i phﬁn mém
dugc danh gia bang cac chi sd precision, recall, F1-score, AUC va MCC. Phan nay trinh

bay két qua thir nghiém nham giai quyét hai cau hoi nghién ctru trén.

3.5.1 Traloi cho Cau hoi nghién ctu 1: Cac bién thé cia GAN c6 hiéu qua
nhu thé nao trong viéc lay mau diliéu dé€ xi Iy mat can bang 16p trong
du doan 16i phan mém?

Luan an thue hién cac thir nghiém khac nhau dé tién hanh nghién ctru so sanh giira cac

bién thé ctia GAN va cac phuong phap 1dy mau ting co s6. Dé giai quyét cau hoi nghién

ctru 1, ludn 4n danh gia hiéu qua cta hai phuong phap két hop: k§y thuat trich xuit dic
trung RFE két hop voi cac mé hinh 14y mau ting khaic nhau va phuong phap trich xuét

dic trung bang Autoencoders két hop véi cac phuong phap 1y miu ting khac nhau. Céac
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muc dudi day trinh bay cic danh gia hiéu suat khac nhau ciia hai phuong phép két hop

nay.

1.

Két qua thir nghiém ciia sw két hop giita RFE va cac mé hinh GAN

Trong phan nay, luan 4n s& danh gia hidu suét ciia cic bién thé khac nhau ciia mo
hinh GAN trong viéc ldy mau dit liéu, két hop voi phuong phap chon dic trung RFE
dua trén cac ky thuat hoc may khac nhau. Trong cac Bang 3.1 - 3.6, luan an da to

dam nhitng két qua tt nhat.

(a) Random Forest

Khi so sanh gia tri trung binh ctia tit ca cac phuong phéap duoc trinh bay trong

Bang 3.1: Két qua cua RFE va cac k¥ thuét 1y mau ting sir dung Random Forest

Dir liéu dﬂgniogié V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS
CMl P 0.838  0.841 0.854 0.828 0.864  0.853 0.846 0.839 0.842
R 0.884  0.805 0.895 0.781 0.781  0.722 0.788 0.730  0.662
F1 0.853  0.821 0.865 0.794 0813  0.771 0.818 0.775  0.728

AUC 0.790  0.728 0.841 0.727 0.749  0.718 0.759 0.688  0.737
MCC 0.206  0.194 0.251 0.193  0.220  0.162 0.232 0.138  0.207

PC1 P 0.907  0.896 0.898 0.877 0.900 0.891 0.888 0.890 0.883
R 0918  0.887 0.927 0.852 0.822  0.817 0.852 0.846 0.702
Fl1 0912  0.891 0.904 0.864 0.859  0.854 0.877 0.873  0.775
AUC 0.864  0.835 0.861 0.823  0.838  0.846 0.844 0.853  0.800
MCC 0272 0.195 0.250 0.199 0.206  0.238 0.194 0.250  0.240
KCl1 P 0.797 0.814 0.815 0.792 0.812  0.815 0.807 0.810 0.812
R 0.839  0.840 0.843 0.758 0.733  0.753 0.768 0.779  0.675
Fl1 0.804 0.821 0.814 0.774 0.772  0.778 0.789 0.795 0.719
AUC 0.797  0.804 0.795 0.755 0.789  0.786 0.795 0.776  0.790
MCC 0.191  0.275 0.247 0.183 0225 0.224 0.224 0211 0.222
KC2 P 0.826  0.817 0.813 0.724 0.809  0.807 0.806 0.814 0.815
R 0.815 0.841 0.823 0.733 0.776  0.779 0.796 0.798  0.766
F1 0.82 0.825 0.813 0.728 0.792  0.787 0.806 0.806 0.784
AUC 0.783  0.807 0.801 0.772  0.779  0.778 0.800 0.779  0.805
MCC 0.363  0.289 0.412 0.208 0.263  0.303 0.254 0.256 0.248
IM1 P 0.825  0.827 0.829 0.783 0.836  0.828 0.826 0.828  0.829
R 0.808  0.804 0.807 0.722  0.769 0.72 0.742 0.710 0.668
F1 0.755  0.769 0.754 0.751 0.714 0.74 0.754 0.731  0.700

AUC 0.724  0.712 0.714 0.706  0.703 0.72 0.715 0.696  0.721
MCC 0.174  0.217 0.171 0.126  0.178  0.202 0.168 0.241 0.204

Két qua trung binh
P 0.839 0.839 0.842 0.801 0.844  0.839 0.835 0.836 0.836
R 0.853  0.835 0.859 0.769 0.776  0.758 0.789 0.773  0.695
F1 0.829  0.825 0.830 0.782 0.779  0.786 0.809 0.796  0.741

AUC 0.792  0.777 0.802 0.757 0.774  0.770 0.783 0.758 0.771
MCC 0.241 0.234 0.266 0.182 0.218  0.226 0.214 0.219 0.224

V.GAN: VanillaGAN,; C.GAN: CopulaGAN; B.SMOTE: Borderline-SMOTE

Béng 3.1, WGANGP két hop voi Random Forest cho thay hiéu sudt cao nhat
dbi véi tit ca cac do do danh gia, tiép theo 1a VanillaGAN va CTGAN. Cu thé,
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céc két qua trung binh cia WGANGP dat gia tri cao nhét ddi véi precision,
recall, AUC va Fl-score, lan luot 1a 0.842,0.859, 0.830, 0.802 va 0.266. Gia
tri cao thr hai dugc ghi nhan ¢ VanillaGAN voi precision, recall, F1-score,
AUC va MCC lan luot 1 0.839,0.853,0.829, 0.792 va 0.241. Két qua phéan
tich nay cho thiy WGANGP va VanillaGAN c6 hi¢u sut twong ddi tot hon

khi két hop véi Random Forest so voi cac phuong phap 1y mau khac.

(b) XGBoost
Phan tich két qua ciia XGBoost trong Bang 3.2 cho thiy WGANGP hoat

Bang 3.2: Két qua cua RFE va cac k¥ thuat 14y mau ting sir dung XGBoost

Dataset fi)z;?n(;llogizi V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS
CMl P 0.843  0.863 0.856 0.843 0.867 0.839 0.821 0.831 0.855
R 0.868  0.880 0.885 0.857 0.857  0.820 0.880 0.864 0.891
F1 0.852  0.868 0.866 0.849 0.861  0.828 0.849 0.847  0.863
AUC 0.737  0.761 0.755 0.734 0.735  0.715 0.711 0.694 0.724
MCC 0.115  0.221 0.181 0.171 0.162  0.220 0.118 0.196 0.153
PC1 P 0921 0923 0.926 0.907 0918 0921 0.906 0914  0.903
R 0.930  0.930 0.936 0.882 0.894  0.925 0.909 0.908  0.906
F1 0925  0.926 0.929 0.894 0911 0922 0.907 0910 0.904
AUC 0.882  0.870 0.888 0.846 0.837 0.873 0.863 0.866  0.838
MCC 0.382  0.399 0.414 0.309 0296  0.306 0.333 0.337 0.353
KC1 P 0.822  0.834 0.830 0.823 0.831 0.824 0.821 0.829  0.827
R 0.841  0.849 0.848 0.835 0.849  0.841 0.832 0.832  0.845
F1 0.829  0.835 0.835 0.828 0.839  0.832 0.826 0.825 0.819
AUC 0.796  0.793 0.792 0.783 0.792  0.778 0.780 0.781  0.791
MCC 0.314  0.356 0.341 0.234 0296  0.307 0.324 0329 0.272
KC2 P 0.838  0.936 0.851 0.853 0.826 0.817 0.825 0.817  0.805
R 0.819  0.849 0.830 0.824 0.831 0.818 0.843 0.836  0.811
F1 0.824  0.838 0.810 0.838 0.828  0.815 0.833 0.818 0.806
AUC 0.771  0.793 0.776 0.759 0.792  0.769 0.760 0.680 0.761
MCC 0.284 0357 0.243 0.280 0320  0.290 0.224 0.227  0.246
IM1 P 0.785  0.779 0.772 0.771 0.767  0.779 0.777 0.773  0.773
R 0.816 0.811 0.807 0.796 0.757  0.803 0.803 0.812 0.812
Fl1 0.785 0.783 0.776 0.783 0.761  0.787 0.763 0.761  0.760
AUC 0.727  0.726 0.717 0.702 0.716  0.707 0.708 0.706  0.705
MCC 0.277  0.266 0.242 0234 0213 0274 0.213 0.199  0.199
Gia tri trung binh
P 0.842  0.867 0.847 0.839 0.842  0.836 0.830 0.833  0.833
R 0.855  0.864 0.861 0.839 0.838  0.841 0.853 0.850  0.853
F1 0.843  0.850 0.843 0.838 0.840  0.837 0.836 0.832  0.830
AUC 0.783  0.789 0.786 0.765 0.774  0.768 0.770 0.745  0.780
MCC 0.274  0.320 0.284 0.246 0257 0279 0.242 0.258  0.245

V.GAN: VanillaGAN; C.GAN: CopulaGAN,; B.SMOTE: BorderSMOTE

dong tot hon trén tap dir liéu PC1 ddi voi tat ca cac do do hiéu suat, voi

cac gia tri tdt nhét cua precision, recall, F1-score, AUC va MCC lan luot 1a
0.926,0.936, 0.929, 0.888 va 0.414. Ngoai ra, CTGAN cho két qua t6t hon so
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v6i cac ky thuat khac trén céc tap dit liéu CM1, KC1 va KC2. Dya trén két qua

trung binh cta tit ca cac phuong phap duoc trinh bay, CTGAN thé hién hiéu
sudt tot nhat ddi véi cac do do danh gia, tiép theo 1a WGANGP va VanillaGAN.
CopulaGAN va TGAN déu cho hiéu suét twong duong véi cac phuong phap
léy mau co sé nhu SMOTE, Borderline-SMOTE, ADASYN va RUS.

(c) AdaBoost
Nhu thé hién trong Bang 3.3, c¢6 thé thay rang CTGAN vuot trdi hon so véi

Bang 3.3: Két qua cua RFE va cic ky thuat 1y mau ting sir dung AdaBoost

Dataset ?gn(:logi:i V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS
CMl P 0.841 0.851 0.836 0.832 0.863  0.837 0.841 0.830 0.832
R 0.833  0.858 0.858 0.783 0.783  0.794 0.832 0.794  0.653
F1 0.836  0.853 0.846 0.780 0.821  0.712 0.836 0.809 0.722
AUC 0.789  0.792 0.683 0.684 0.709  0.669 0.721 0.654  0.693
MCC 0.197  0.197 0.187 0.163 0.183  0.191 0.171 0.155 0.186
PC1 P 0.905 0912 0.917 0.898 0910 0912 0913 0915 0.907
R 0.908 0919 0.922 0.884 0.897  0.900 0.900 0.908 0.732
Fl1 0.906 0915 0.919 0.890 0.903  0.905 0.906 0911 0.796
AUC 0.795  0.775 0.804 0.796  0.799  0.803 0.804 0.797  0.795
MCC 0.263 0319 0.356 0.182 0.182  0.345 0.323 0.346  0.254
KC1 P 0.825 0.816 0.820 0.818 0.856 0.824 0.824 0.820  0.819
R 0.850 0.840 0.844 0.808 0.772  0.819 0.816 0.816  0.699
Fl1 0.830 0.824 0.827 0.811 0.800  0.821 0.819 0.817  0.737
AUC 0.756  0.751 0.738 0.742 0.802 0.760 0.760 0.745  0.755
MCC 0.309 0.286 0.298 0.153  0.291  0.261 0.257 0.244  0.270
KC2 P 0.787  0.816 0.815 0.8712 0.828 0.808 0.804 0.813 0.812
R 0.784  0.840 0.820 0.772  0.774  0.801 0.798 0.811 0.743
F1 0.785  0.824 0.816 0.791 0.782  0.802 0.800 0.811 0.764
AUC 0.700  0.751 0.711 0.727 0.821  0.703 0.720 0.730  0.767
MCC 0.344  0.286 0.329 0.176  0.286  0.312 0.296 0.230 0.211
M1 P 0.773  0.778 0.766 0.759 0.749  0.772 0.770 0.769  0.761
R 0.809  0.808 0.808 0.777 0.799  0.772 0.788 0.788  0.677
F1 0.790  0.792 0.764 0.746 0.773  0.772 0.777 0.776 ~ 0.707
AUC 0.719  0.714 0.706 0.704 0.700  0.719 0.711 0.718  0.701
MCC 0.218  0.218 0.202 0.186 0.192  0.218 0.210 0.215  0.202
Trung binh
P 0.826  0.835 0.831 0.824 0.841 0.831 0.830 0.829  0.826
R 0.837  0.853 0.850 0.805 0.807 0.817 0.827 0.823  0.701
Fl1 0.829  0.842 0.834 0.804 0.816  0.802 0.828 0.825 0.745
AUC 0.752  0.757 0.728 0.731 0.766  0.731 0.743 0.729  0.742
MCC 0.266  0.261 0.274 0.172 0227  0.265 0.251 0.238  0.225

V.GAN: VanillaGAN; C.GAN: CopulaGAN,; B.SMOTE: Borderline-SMOTE

cic md hinh GAN khac veé recall va Fl-score trén hau hét cac tap dir liu,
bao gém CM1, KC1 va JMI, trong khi WGANGP dat hi¢u suét tot nhat trén
PC1 véi cac gia tri cao nhét cua precision, recall, F1-score, AUC va MCC lan
lugt 12 0.917,0.922,0.919, 0.804 va 0.356. Pang chu y, CopulaGAN dat gia
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tri precision cao nhét trén cac tap dir licu CM1, KC1 va KC2.

(d) HGBoost
Nhu két qua trong Bang 3.4 cho thdy, HGBoost c¢6 hiéu suit du doan tuong

Bang 3.4: Két qua cua RFE va cac k¥ thuét 1dy mau ting sir dung HGBoost

Dataset ;):gn(:logié V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS
CMl P 0.848  0.858 0.845 0.844 0.892  0.777 0.852 0.838  0.860
R 0.871  0.877 0.874 0.865 0.865  0.602 0.855 0.870  0.634
F1 0.858  0.866 0.857 0.853 0.853  0.642 0.853 0.852  0.707

AUC 0.759  0.761 0.748 0.728 0.771  0.704 0.757 0.742  0.686
MCC 0.263  0.207 0.231 0.192  0.194  0.231 0.178 0.104 0.160

PC1 P 0917  0.925 0.928 0.902 0906 0.919 0.912 0.902  0.907
R 0.928  0.932 0.937 0.880 0.908  0.922 0.901 0912 0.721
Fl1 0921  0.927 0.929 0.890 0.907  0.920 0.906 0.905 0.789
AUC 0.891  0.887 0.863 0.833 0.895 0.858 0.875 0.885 0.797
MCC 0.344  0.409 0.422 0.338 0383  0.397 0.395 0.402 0.271
KC1 P 0.827  0.835 0.832 0.826 0.830  0.840 0.830 0.837 0.834
R 0.849  0.851 0.852 0.823 0.849  0.848 0.842 0.848 0.703
Fl1 0.833  0.839 0.836 0.824 0.839 0.844 0.837 0.840 0.742
AUC 0.796  0.799 0.791 0.787 0.801  0.783 0.785 0.776  0.783
MCC 0.325  0.360 0.342 0.291 0326 0.294 0.308 0.305 0.285
KC2 P 0.826  0.835 0.819 0.823  0.820  0.806 0.821 0.819  0.835
R 0.813  0.851 0.830 0.808 0.769  0.805 0.818 0.818 0.768
F1 0.818  0.840 0.822 0.816 0.793  0.803 0.818 0.816 0.786
AUC 0.759  0.800 0.789 0.788 0.823  0.761 0.779 0.765 0.781
MCC 0361  0.360 0.358 0.303 0320  0.305 0.307 0.308 0.323
M1 P 0.782 0.776 0.773 0.785 0.777  0.779 0.778 0.777  0.781
R 0.815 0.812 0.811 0.765 0.702  0.715 0.802 0.804 0.678
F1 0.777  0.775 0.768 0.775 0.737  0.737 0.785 0.785 0.709
AUC 0.750  0.739 0.736 0.745 0.704 0.710 0.735 0.740  0.722
MCC 0.253  0.241 0.220 0.188 0.231  0.276 0.279 0.275  0.269
Trung binh
P 0.840  0.846 0.839 0.836 0.845 0.824 0.839 0.835 0.843
R 0.855  0.865 0.861 0.828 0.819  0.778 0.844 0.850  0.701
Fl1 0.841  0.849 0.842 0.832 0.826  0.789 0.840 0.840  0.747
AUC 0.791  0.797 0.786 0.776  0.799  0.763 0.786 0.782  0.754
MCC 0.309  0.315 0.315 0.262 0.291  0.301 0.293 0.279  0.262
V.GAN: VanillaGAN; C.GAN: CopulaGAN,; B.SMOTE: BorderSMOTE

tu nhu XGBoost. Pac bi¢t, cac gia tri precision, recall, F1-score va MCC cua
WGANGP cao hon so v6i cac phuong phap khéac trén tap dit liu PC1, lan
lwot dat 0.928,0.937,0.929 va 0.422. M6t lan nita, CTGAN dat két qua tot
hon trén céc tap dir licu CM 1, KC1 va KC2. Dya trén két qua trung binh, luan
an quan sat thiy rang CTGAN c6 dat két qua tot nhat, tiép theo 1a WGANGP
va VanillaGAN khi sit dung HGBoost.

(e) Multilayer Perceptron
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Bang 3.5: Két qua cuia RFE va cac k¥ thuat 1dy mau ting st dung MLP

Dataset ?gn?logié V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS
CMl P 0.860 0.843 0.848 0.850 0.874 0.831 0.828 0.823  0.828
R 0.722  0.819 0.886 0.768 0.768  0.762 0.663 0.696  0.654
F1 0.777  0.829 0.862 0.780 0.815  0.800 0.707 0.691 0.722
AUC 0.701  0.730 0.726 0.704 0.750  0.733 0.666 0.660  0.748
MCC 0.183 0.224 0.143 0.168 0.182  0.210 0.166 0.106  0.203
PC1 P 0.904 0.894 0.904 0.858 0.924  0.904 0.900 0.893  0.895
R 0.820  0.893 0.928 0.707 0.753  0.867 0.694 0.744  0.705
F1 0.853  0.893 0.908 0.775 0.829  0.886 0.750 0.775 0.714
AUC 0.737  0.745 0.794 0.722  0.774  0.775 0.627 0.628  0.625
MCC 0.220  0.197 0.201 0.193  0.207  0.185 0.187 0.165 0.170
KC1 P 0.799  0.830 0.827 0.808 0.851  0.823 0.824 0.821 0.814
R 0.748  0.857 0.852 0.763 0.715  0.736 0.666 0.749  0.73
Fl1 0.769  0.830 0.824 0.784 0.777  0.765 0.699 0.751 0.747
AUC 0.740  0.811 0.789 0.725 0.808  0.770 0.714 0.593  0.657
MCC 0.225  0.313 0.293 0.238 0313  0.291 0.253 0.236 0.254
KC2 P 0.826  0.831 0.813 0.795 0.812  0.818 0.810 0.768  0.797
R 0.755  0.857 0.828 0.756 0.738  0.822 0.775 0.741  0.749
Fl1 0.774  0.830 0.811 0.730 0.773  0.827 0.777 0.732  0.762
AUC 0.784  0.811 0.820 0.732  0.849  0.806 0.712 0.601 0.830
MCC 0.333  0.313 0.303 0.259 0279  0.261 0.250 0.280 0.183
M1 P 0.829  0.835 0.833 0.821 0.848 0.831 0.822 0.811 0.818
R 0.763  0.848 0.861 0.751 0.725  0.797 0.659 0.710  0.678
Fl1 0.786  0.830 0.834 0.778 0.770  0.813 0.684 0.715  0.700
AUC 0.731  0.764 0.769 0.713  0.768  0.765 0.658 0.605 0.688
MCC 0.235 0.228 0.229 0.205 0.240  0.245 0.204 0.186 0.197
Trung binh
P 0.844  0.847 0.845 0.826 0.862  0.841 0.837 0.823  0.83
R 0.762  0.855 0.871 0.749 0.740  0.797 0.691 0.728  0.703
Fl1 0.792  0.842 0.848 0.769 0.793  0.818 0.723 0.733  0.729
AUC 0.739  0.772 0.780 0.719 0.792  0.770 0.675 0.617 0.710
MCC 0.239  0.255 0.234 0.213 0.244 0.238 0.212 0.195  0.201

V.GAN: VanillaGAN; C.GAN: CopulaGAN,; B.SMOTE: Borderline-SMOTE

Nhu thé hién trong Bang 3.5, két qua thir nghiém cho thay cac mo hinh GAN

khéc nhau c6 hiéu suét tot hon trén hau hét cac tap dir ligu. Cu thé, trén céac tap
dir licu CM1, PC1, KC1 va JM1, CopulaGAN dat gia tri precision cao nhét
lan luot 12 0.874,0.924, 0.851 va 0.848. Mat khac, WGANGP dat gia tri AUC
cao nhét trén cac tap dit liéu PC1, KC2 va JM1. Cubi cung, trén tap dit liéu
KC1, CTGAN dat gia tri cao nhét vé recall, Fl-score, AUC va MCC, trong
khi precision cao nhit dugc ghi nhan & CopulaGAN. Gia tri MCC cao nhat
duoc ghi nhan & CTGAN trén céac tap dir li¢u KC1 va KC2.

(f) Extra Trees

Nhu quan sét trong Bang 3.6, ¢6 thé thiy rang CTGAN vuot trdi hon tit ca cac

98



Bang 3.6: Két qua ciia RFE va cic k¥ thuat iy mau ting st dung Extra Trees

Dataset ?gniogié V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS
CMl P 0.840  0.853 0.843 0.841 0.881  0.839 0.844 0.836  0.841
R 0.875  0.878 0.892 0.881 0.808  0.815 0.853 0.812  0.641
F1 0.854  0.862 0.859 0.858 0.827  0.825 0.848 0.822  0.702

AUC 0.727  0.777 0.736 0.763 0.757  0.741 0.757 0.732  0.713
MCC 0.194 0.172 0.199 0.152  0.192  0.217 0.135 0.188  0.198

PC1 P 0912 00919 0.928 0.874 0915  0.926 0.913 0.916  0.909
R 0.927 0929 0.939 0.854 0.894  0.927 0.916 0.905 0.704
F1 0918 0.923 0.927 0.826 0904  0.926 0.914 0914 0.776

AUC 0.856  0.833 0.831 0.796 0.779  0.812 0.826 0.808  0.809
MCC 0.306 0.370 0.394 0.258 0.256  0.343 0.323 0.349 0.252

KC1 P 0.832  0.840 0.838 0.828 0.851 0.830 0.831 0.833  0.836
R 0.851  0.857 0.855 0.763 0.782  0.832 0.825 0.829  0.692
F1 0.838  0.845 0.842 0.791 0.792  0.831 0.827 0.830  0.733

AUC 0.811  0.830 0.819 0.804 0.798  0.801 0.811 0.803  0.789
MCC 0.351  0.381 0.368 0.323 0327  0.355 0.355 0.365 0.316

KC2 P 0.831 0.841 0.812 0.803 0.826  0.804 0.823 0.814 0.833
R 0.824  0.857 0.826 0.773  0.799  0.807 0.811 0.813 0.751
F1 0.827  0.845 0.814 0.787 0.812  0.804 0.815 0.812 0.771

AUC 0.794  0.830 0.817 0.807 0.822  0.804 0.812 0.792  0.808
MCC 0379  0.381 0.411 0.284 0.289  0.301 0.352 0.333  0.346

M1 P 0.788  0.788 0.783 0.783 0.784  0.787 0.784 0.787  0.781
R 0.818  0.818 0.814 0.798 0.797  0.797 0.787 0.788  0.663
F1 0.787  0.791 0.786 0.790 0.790  0.791 0.786 0.788  0.697

AUC 0.746  0.759 0.745 0.732  0.710  0.740 0.744 0.740  0.726
MCC 0.286  0.295 0.277 0.204 0.201  0.215 0.208 0.218 0.264

Trung binh
P 0.841  0.848 0.841 0.826 0.851  0.837 0.839 0.837  0.840
R 0.859  0.868 0.865 0.814 0.816 0.836 0.838 0.829  0.690
Fl1 0.845  0.853 0.846 0.810 0.797  0.835 0.838 0.833  0.736

AUC 0.787  0.806 0.792 0.780 0.773  0.780 0.792 0.775  0.769
MCC 0.303  0.320 0.330 0.244 0.253  0.286 0.275 0.291 0.275

V.GAN: VanillaGAN; C.GAN: CopulaGAN,; B.SMOTE: BorderSMOTE

mé hinh GAN khac vé recall, Fl-score, AUC va MCC trén tap dir liéu CM1.
CopulaGAN dat hi¢u suat t6t nhat vé precision trén cac tap dit liéu CM1 va
KC1, v6i cac gia tri cao nhat lan luot 13 0.881 va 0.851. Ddi véi tap dir liéu
PC1, WGANGP cho hiéu suat du dodn tot hon so véi tat ca cac mo hinh GAN
khéc, véi cac gia tri precision, recall, Fl-score va MCC cao nhét 1an luot 1a
0.928,0.939, 0.927 va 0.394. Mot lan nita, dbi véi cac tap dit ligu KC1, KC2
va JM1, CTGAN vuot troi hon tit ca cac md hinh GAN khac vé precision,
recall, F1-score va AUC. Ngoai ra, cac gid tri MCC gitra cac m6 hinh GAN

va cac mo hinh co s¢ nhin chung tuong duong nhau.

Lu4n 4n d3 so sanh hiéu qua cua cic bién thé GAN véi bon phuong phap 1ay mau
ting co sO, bao gdm SMOTE, ADASYN, Borderline-SMOTE va RUS. Hau hét cac

phuong phéap dugc nghién ctru déu dugc sir dung dé tao ra mot tap dir liéu can bang,
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sau d6 1am dau vao cho cac bd phan loai nhim xay dung va danh gia cac mo hinh
du doan. Tir phan tich thir nghiém trén cac tap dir liéu 16i phan mém khac nhau,
luan 4n nhan thay rang cac phuong phdp GAN mang lai hiéu suat t6t hon trén cac
tap dir liéu duoc sir dung voi cac k¥ thuat hoc may khac nhau, dac biét la CTGAN,
WGANGP va VanillaGAN so voi cac phuong phap co sd. Mat khac, Borderline-
SMOTE, ADASYN va RUS ciing dat két qua tot hon trong mot s6 truong hop khi
sir dung v6i cac mo hinh XGBoost, Extra Trees va AdaBoost. Két qua tong quan
cho théy réng hiéu suit ctia cac mo6 hinh GAN khac nhau phu thude nhiéu vao dic
diém cua tap dir liéu cling nhu cac dg do hi¢u suat duge su dung. Ngoai ra, cic md
hinh GAN khéc va cac d6 do hiéu suit khac cling nén dugc xem xét dé dat duoc két

qua t6t nhat cho timg bai toan cu thé.

. Két qua thir nghiém ciia sw két hop giira Autoencoders va cac md hinh GAN
Két qua cta cdc md hinh du doan st dung sy két hop gitta Autoencoders va cac
phuong phéap 1y miu ting duoc trinh bay trén cac tap dit liéu can bang dugc thé

hién trong cac bang sau. Cac két qua tét nhat trong cac Bang 3.7 - 3.12 duoc t6 dam.

(a) Random Forest
Céac md hinh dy doan 18i phan mém sir dung Autoencoders va CTGAN cho
hiéu suét tot hon vé recall va Fl-score trén hdu hét cac tap dir liéu. Nhu thé
hién trong Béang 3.7, trong khi CopulaGAN dat gié tri trung binh cao nhat vé
recall va F1-score v&i lan luot 0.850 va 0.837, thi CopulaGAN lai thé hién tot
nhat vé precision va MCC vdi céc gia tri lan luot 12 0.846 va 0.287.

(b) XGBoost
Bang 3.8 cho thiy rang CopulaGAN dat hiéu suét tot hon trén céc tap dit liéu
CM1, KC2 va JM1. Tuong tu, su két hop giita Autoencoders va CopulaGAN
mang lai két qua tdt nhit vé precision, recall, F1-score, AUC va MCC véi cac
gia tri 1an luot 13 0.865, 0.844, 0.829, 0.824v0.313.

(c) AdaBoost
Vé d6 do precision, CopulaGAN cling dat gia tri cao nhét trén hau hét cac tap
dir liéu. Trong Bang 3.9, CTGAN cho két qua tot hon vé recall va F1-score
v6i cac gia tri 1an luot 1 0.846 va 0.835.

(d) HGBoost
Nhu quan sat trong Bang 3.10, CTGAN cho thay hiéu suit tot hon so v&i cac
mo hinh khac trén céc tap dir liéu CM1 va JM1. Cu thé, theo két qua trung
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Bang 3.7: Két qua Autoencoders va cac mo hinh 1y mau ting trén mo hinh hoc may
Random Forest

Dataset Do do V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS

danh gia
CMl P 0.858  0.889 0.873 0.885 0.893  0.898 0.902 0.902 0.898
R 0.774  0.897 0.746 0.791 0.711  0.720 0.794 0.726  0.606
F1 0.809  0.890 0.790 0.825 0.771  0.778 0.832 0.783  0.684
AUC 0.685  0.667 0.646 0.786 0.730  0.848 0.819 0.799  0.202
MCC 0.097 0.279 0.160 0.213  0.240  0.256 0.314 0.281 0.202
PCI P 0.896  0.886 0.853 0913 0916 0.905 0.905 0.905  0.909
R 0.855  0.903 0.436 0.764 0.801 0.721 0.772 0.691 0.654
F1 0.873  0.894 0.509 0.819 0.845 0.790 0.824 0.769  0.742
AUC 0.712  0.572 0.487 0.753 0.734 0.734 0.734 0.735  0.707
MCC 0.125  0.053 0.65 0.201 0.238  0.147 0.167 0.139  0.151
KC1 P 0.818  0.810 0.806 0.831 0.826 0.828 0.827 0.829  0.826
R 0.786  0.822 0.529 0.732  0.750  0.726 0.728 0.691 0.691
F1 0.798  0.815 0.579 0.764 0.776  0.758 0.760 0.731 0.730
AUC 0.780  0.749 0.648 0.774 0.748  0.761 0.772 0.773  0.755
MCC 0.298 0.272 0.172 0.319 0312  0.309 0.307 0.296  0.288
KC2 P 0.803  0.830 0.804 0.809 0.831  0.829 0.834 0.838 0.801
R 0.776  0.835 0.695 0.784 0.776  0.803 0.811 0.797 0.743
F1 0.785  0.827 0.716 0.792 0.792  0.811 0.819 0.807 0.762
AUC 0.779  0.767 0.716 0.746 0.758  0.767 0.777 0.773  0.716
MCC 0.349 0.432 0.322 0.369 0.428  0.433 0.452 0.449 0.335
M1 P 0.741  0.750 0.599 0.774 0.762  0.768 0.770 0.775 0.774
R 0.777  0.794 0.334 0.650 0.651  0.623 0.630 0.583  0.639
F1 0.751  0.758 0.272 0.685 0.685  0.662 0.668 0.626  0.676
AUC 0.661 0.614 0.498 0.706  0.670  0.699 0.705 0.693  0.701
MCC 0.162 0.176 0.027 0242 0.215 0.219 0.226 0.220 0.238
Trung binh
P 0.823  0.833 0.787 0.842 0.846 0.846 0.848 0.850  0.842
R 0.794  0.850 0.548 0.744 0.738  0.718 0.747 0.698  0.666
F1 0.803  0.837 0.573 0.777 0.774  0.760 0.780 0.743  0.719
AUC 0.723  0.674 0.599 0.753 0.728  0.762 0.761 0.755 0.616
MCC 0.206  0.242 0.123 0269 0.287 0.273 0.293 0.277 0.243

V.GAN: VanillaGAN; C.GAN: CopulaGAN,; B.SMOTE: Borderline-SMOTE

binh, CTGAN dat céc gia tri cao nhat vé recall, F1-score va AUC lan luot la
0.864, 0.851v0.789. Ngoai ra, CopulaGAN ciing dat gid tri recall, F1-score va
AUC cao thir hai, 1an lugt 13 0.837, 0.83900.774.

(e) Multilayer Perceptron

Trong Bang 3.11, MLP cho hiéu suit twong tu nhu két qua cia HGBoost.

CTGAN cling dat cac gia tri cao nhét vé recall, F1-score va AUC, lan luot 1a

0.845, 0.828v0.725.

(f) Extra Trees

Trong Bang 3.12, trong hau hét cac trudng hop, gia tri precision cua tt ca cac
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Bang 3.8: Két qua Autoencoders va cac mo hinh 1y mau ting trén mo hinh hoc may

XGboost
Dir liéu gz?n?logié V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS
CMl P 0.870  0.899 0.877 0.853 0.907 0.889 0.851 0.834  0.851
R 0.843  0.898 0.886 0.892 0.908 0.856 0.831 0.784  0.858
Fl1 0.855  0.898 0.876 0.866 0.907 0.886 0.843 0.809  0.843
AUC 0.734  0.702 0.762 0.780 0.771  0.705 0.697 0.653  0.727
MCC 0.259  0.372 0.271 0317 0.315  0.257 0.241 0.276  0.261
PC1 P 0.903  0.899 0.908 0914 0910 0.868 0.830 0.859  0.892
R 0923  0.879 0.911 0.937 0.870  0.907 0.805 0.845  0.855
F1 0.907  0.885 0.909 0.867 0.894 0.876 0.769 0.848  0.893
AUC 0.859  0.731 0.853 0.810 0.813 0.813 0.787 0.797  0.794
MCC 0.302  0.302 0.333 0316 0317 0.310 0.294 0.300  0.295
KC1 P 0.824  0.804 0.830 0.813 0.864 0.856 0.790 0.768  0.799
R 0.849  0.812 0.837 0.809 0.846 0.764 0.728 0.722  0.717
F1 0.824  0.808 0.831 0.811 0.854  0.783 0.736 0.760  0.755
AUC 0.742  0.700 0.774 0.757 0.829  0.798 0.800 0.793  0.768
MCC 0.265 0.276 0.224 0.340 0.341 0.332 0.265 0.267 0.234
KC2 P 0.845  0.849 0.843 0.818 0.854 0.854 0.781 0.765  0.738
R 0.843  0.852 0.846 0.770  0.803  0.803 0.687 0.682  0.660
F1 0.842  0.851 0.838 0.786 0.702  0.702 0.745 0.756  0.723
AUC 0.726  0.808 0.784 0.801 0.827  0.827 0.792 0.792  0.786
MCC 0.304  0.290 0.306 0.231 0311  0.267 0.306 0.269  0.257
M1 P 0.792  0.745 0.758 0.767 0.789  0.809 0.757 0.743  0.759
R 0.789  0.751 0.795 0.796 0.793  0.783 0.792 0992  0.795
F1 0.789  0.748 0.767 0.776  0.789  0.795 0.769 0.762  0.7744
AUC 0.840  0.825 0.711 0.670 0.878  0.693 0.690 0.687  0.687
MCC 0.228  0.206 0.233 0.236 0.282  0.322 0.290 0.234 0.232
Trung binh
P 0.847 0.839 0.843 0.833 0.865 0.855 0.802 0.794 0.808
R 0.849 0.838 0.855 0.841 0.844 0.823 0.769 0.805 0.777
F1 0.843 0.838 0.844 0.821 0.829 0.808 0.772 0.787 0.798
AUC 0.78 0.753  0.777 0.764 0.824 0.767 0.753 0.744 0.752
MCC 0.272 0.289 0.273 0.288 0.313 0.298 0.279 0.269 0.256

V.GAN: VanillaGAN; C.GAN: CopulaGAN; B.SMOTE: Borderline-SMOTE

ky thuat déu 16n hon 0.74 voi gia tri cao nhat dat 0.921 trén tap dir li¢u PCI
va gia tri thip nhat 13 0.700 trén tap dit liéu JM1. Khi so sanh céc gia tri trung

binh cua tat ca cic phuong phap ldy mau ting trong Bang 3.12, WGANGP dat

gia tri cao nhét vé precision, recall va F1-score, 1an lugt 14 0.849, 0.866v0.856.

Trong phan nay, luan an da thuc hién so sanh gitra sy két hop cia Autoencoders va cac

bién thé GAN v&i cac phuong phap 1y méu ting co sé khac. Tir két qua thar nghiém

sir dung cac bd phan loai khac nhau, c6 thé thdy rang su két hop giita Autoencoders

va CTGAN mang lai hi¢u suét tot nhét trén cac tap dir li¢u khac nhau, tiép theo 1a cap

Autoencoders va CopulaGAN. Ngoai ra, trich xuat dic trung trong dy doan 15i phan mém

¢6 thé duoc thyc hién hiéu qua thong qua viéc st dung Autoencoders dé trich xuét céac dic

trung tdi wu.
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Bang 3.9: Két qua Autoencoders va cac mo hinh 1y mau ting trén mo hinh hoc may

AdaBoost
Dir liéu dﬂgn?logié V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS
CM1 P 0.860  0.884 0.848 0.870 0.907 0.878 0.868 0.862  0.892
R 0.800 0.874 0.766 0.886 0.760  0.783 0.814 0.783  0.629
F1 0.823  0.877 0.798 0.877 0.807  0.820 0.835 0.814  0.707
AUC 0.628  0.736 0.516 0.763  0.757  0.670 0.714 0.675 0.205
MCC 0.188  0.252 0.136 0.176  0.323  0.192 0.140 0.112  0.205
PC1 P 0.897 0910 0.897 0.908 0.920 0.907 0.914 0914 0910
R 0.874  0.908 0.471 0.908 0.841  0.838 0.868 0.842  0.663
F1 0.883  0.907 0.546 0.907 0.872  0.867 0.887 0.871 0.747
AUC 0.629  0.728 0.530 0.676  0.733  0.655 0.679 0.675  0.690
MCC 0.130  0.238 0.129 0.225 0.290  0.200 0.263 0.246  0.160
KC1 P 0.826  0.828 0.787 0.819 0.833 0.830 0.827 0.825 0.823
R 0.805  0.837 0.464 0.799 0.778  0.769 0.773 0.748  0.693
F1 0.813  0.831 0.501 0.807 0.798  0.791 0.793 0.774  0.732
AUC 0.757  0.768 0.658 0.721 0.751  0.743 0.740 0.747  0.726
MCC 0331  0.339 0.127 0.306 0348 0.332 0.324 0.308  0.280
KC2 P 0.814 0.812 0.780 0.761 0.842 0.803 0.798 0.788  0.768
R 0.800  0.816 0.559 0.778 0.797  0.768 0.773 0.749  0.695
F1 0.802  0.803 0.589 0.767 0.811  0.776 0.779 0.760  0.718
AUC 0.674  0.642 0.659 0.584 0.777  0.637 0.647 0.654 0.622
MCC 0381 0.354 0.207 0.218 0.466  0.342 0.330 0.293  0.230
M1 P 0.738  0.748 0.628 0.757 0.760  0.764 0.770 0.771  0.763
R 0.767  0.796 0.423 0.674 0.670  0.673 0.666 0.638  0.651
F1 0.748  0.756 0.350 0.703  0.700  0.703 0.698 0.675 0.686
AUC 0.645  0.678 0.551 0.684 0.671  0.697 0.699 0.691 0.682
MCC 0.156  0.167 0.151 0.209 0.214  0.227 0.240 0.232  0.218
Trung binh
P 0.827  0.836 0.788 0.823 0.852 0.836 0.835 0.832  0.831
R 0.809  0.846 0.537 0.809 0.769  0.766 0.779 0.752  0.666
F1 0.814  0.835 0.557 0.812 0.798  0.791 0.798 0.779  0.718
AUC 0.667  0.710 0.583 0.686 0.738  0.680 0.696 0.688  0.585
MCC 0.237  0.270 0.150 0.227 0328 0.259 0.259 0.238  0.219

V.GAN: VanillaGAN; C.GAN: CopulaGAN; B.SMOTE: Borderline-SMOTE

Céc thtr nghiém duoc thuc hién trén cap RFE véi cac mo hinh GAN va sy két hop gitra

Autoencoders v6i cac bién thé GAN cho théy hiéu suét duoc cai thién vé precision, recall,
F1-score va AUC. Diac biét, cdp RFE v6i CTGAN va Autoencoders véi CTGAN dat hi¢u
suat t6t nhat, tiép theo 1a CopulaGAN, WGANGP va TGAN. Ngoai ra, ¢6 thé thdy rang
cac phuong phap két hop duoc dé xuét di cai thién hiéu sudt du doan 15i tir 1-4% so v6i

cac mo hinh co s. Do d6, khuyén nghi st dung su két hop giita RFE hodc Autoencoders

v6i cac md hinh GAN dé xir 1y vn dé du thira dic trung va mat can bang 16p trude khi

huén luyén véi cac ky thuat hoc may.
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Bang 3.10: Két qua Autoencoders va cac mo hinh liy mau ting trén mé hinh hoc may

HGBoost
Dir liéu dﬂgn?logié V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS
CM1 P 0.880  0.893 0.861 0.855 0.871  0.886 0.865 0.876  0.900
R 0.877  0.906 0.820 0.883 0917 0.886 0.866 0.869  0.651
F1 0.876  0.897 0.832 0.867 0.890 0.884 0.864 0.870  0.726
AUC 0.755 0.813 0.677 0.711 0.788  0.778 0.791 0.768  0.237
MCC 0.219  0.315 0.121 0.070  0.177  0.264 0.134 0.201  0.237
PC1 P 0.922  0.920 0.802 0.905 0926 0916 0.917 0912 0914
R 0.924  0.926 0.842 0.926 0.936 0.909 0.919 0.903  0.658
F1 0921 0919 0.837 0911 0926 0912 0.918 0.907 0.743
AUC 0.769  0.773 0.798 0.704 0.743  0.770 0.781 0.756  0.743
MCC 0.328  0.300 0.214 0.176 0342  0.292 0.306 0.260 0.174
KC1 P 0.842 0.825 0.794 0.816 0.827  0.831 0.831 0.830  0.831
R 0.845  0.836 0.437 0.844 0.849 0.821 0.829 0.822  0.684
F1 0.842 0.829 0.450 0.822 0.830  0.825 0.830 0.825 0.726
AUC 0.805  0.806 0.670 0.733  0.782  0.801 0.797 0.797 0.776
MCC 0395 0.329 0.161 0.276 0317  0.353 0.354 0.353  0.298
KC2 P 0.847  0.844 0.807 0.859 0.800 0.822 0.827 0.813 0.828
R 0.832  0.849 0.711 0.865 0.808  0.805 0.808 0.789  0.762
F1 0.836  0.840 0.733 0.856 0.801  0.811 0.813 0.798  0.780
AUC 0.819  0.820 0.777 0.810 0.781  0.803 0.809 0.788  0.783
MCC 0.494 0473 0.330 0.525 0340 0.416 0.425 0.384  0.408
M1 P 0.766  0.765 0.743 0.745 0.761  0.764 0.765 0.759  0.773
R 0.799  0.801 0.727 0.783 0.802  0.764 0.764 0.750  0.648
Fl1 0.773  0.772 0.721 0.757 0.767  0.764 0.764 0.754 0.684
AUC 0.732  0.732 0.724 0.670 0.719  0.720 0.722 0.713  0.710
MCC 0.235  0.227 0.222 0.173 0210  0.245 0.248 0.231 0.239
Trung binh
P 0.851 0.849 0.849 0.836  0.837 0.844 0.841 0.838  0.849
R 0.855 0.864 0.863 0.860 0.862  0.837 0.837 0.826  0.681
F1 0.850 0.851 0.851 0.842 0.843  0.839 0.838 0.831 0.732
AUC 0.776 0.789 0.788 0.726  0.763  0.774 0.780 0.764  0.650
MCC 0.334 0.329 0.329 0.244 0277 0314 0.293 0.286  0.271

V.GAN: VanillaGAN; C.GAN: CopulaGAN; B.SMOTE: Borderline-SMOTE

3.5.2 Traloicho Cau hoinghién citu 2: Trong s6 cac ky thuit tién tién nhat

hién nay, bién thé nao ciia GAN vuot trdi hon trong viéc xi Iy mat can

bang dir liéu trong du doan 16i phdn mém?

Céc phuong phap 1dy mu dit liéu khac nhau duoc biéu dién bang biéu dd trong Hinh 3.2,

trong do truc x biéu thi cac phuong phap lay mau dugc sir dung va truc y biéu thi cac gia

trif AUC. Tir biéu dd, luan 4n quan sat thdy raing CTGAN két hop v6i Extra Trees vuot troi
hon tat ca cac phuong phép ldy mau khac véi gia tri AUC lan luot 13 0.777, 0.830, 0.830
va 0.759 trén céc tap di licu CM1, KC1, KC2 va JM1. Ngoai ra, cac gia tri AUC trung

binh ciing duoc so sanh dé danh gia cac bién thé cia GAN trén cac mé hinh hoc may khéc

nhau. Két qua cho thay gia tri AUC trung binh ctia cic mo hinh GAN duge dé xuat déu
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Bang 3.11: Két qua Autoencoders va cac md hinh ldy mau tang trén mé hinh hoc may
MLP

Dataset Do do V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS

danh gia

CMl P 0.856  0.854 0.856 0.89 0.891 0.897 0.897 0.904  0.885
R 0.663  0.866 0.703 0.783 0.754  0.683 0.757 0.737  0.609
F1 0.731  0.859 0.76 0.823  0.799  0.748 0.803 0.791  0.69

AUC 0.642 0.774 0.705 0.720 0.710  0.767 0.751 0.791  0.755
MCC 0.161  0.175 0.165 0254 0.24 0.243 0.265 0.286  0.155

PCI P 0.894  0.887 0.889 0916 0.818  0.909 0914 0.909 0.923
R 0.824  0.906 0.601 0.847 0.721  0.690 0.760 0.674  0.655
F1 0.853  0.896 0.658 0.875 0.752  0.767 0.817 0.757  0.741

AUC 0.765  0.734 0.738 0.71 0.742  0.718 0.713 0.681 0.724
MCC 0.111  0.163 0.140 0.264 0.275  0.151 0.212 0.154 0.219

KC1 P 0.825 0.801 0.764 0.833 0.779  0.824 0.819 0.825 0.822
R 0.744  0.823 0.540 0.77 0.765  0.703 0.719 0.636  0.695
F1 0.765  0.808 0.572 0.792 0.768  0.739 0.751 0.684 0.733
AUC 0.743  0.692 0.739 0.736  0.607  0.758 0.742 0.743  0.706
MCC 0.297 0.233 0.108 0.341 0271  0.287 0.277 026  0.278
KC2 P 0.798  0.828 0.801 0.836 0915 0.832 0.827 0.813  0.799
R 0.778  0.835 0.692 0.784 0.726  0.814 0.795 0.757  0.738
F1 0.783  0.823 0.701 0.8 0.793  0.818 0.803 0.773  0.755

AUC 0.729  0.724 0.764 0.776  0.744  0.746 0.729 0.717  0.651
MCC 0.333 0418 0.290 0.442 0202  0.442 0.421 0.368 0.318

M1 P 0.728  0.745 0.703 0.765 0.772  0.769 0.767 0.776  0.768
R 0.734  0.795 0.767 0.673 0.603  0.623 0.612 0.582 0.616
F1 0.723  0.754 0.726 0.703 0.644  0.661 0.653 0.624  0.653

AUC 0.705  0.699 0.704 0.670 0.686  0.685 0.682 0.688  0.682
MCC 0.122  0.158 0.111 0.229 0.221  0.221 0.214 0.221  0.216

Trung binh
P 0.820 0.823 0.803 0.848 0.835 0.846 0.845 0.845 0.839
R 0.749  0.845 0.661 0.771 0.714  0.703 0.729 0.677  0.663
F1 0.771  0.828 0.683 0.799 0.751  0.747 0.765 0.726 0.714

AUC 0.717  0.725 0.73 0.722  0.698  0.735 0.723 0.724  0.704
MCC 0.205 0.229 0.163 0306 0.242  0.269 0.278 0.258  0.237

V.GAN: VanillaGAN; C.GAN: CopulaGAN,; B.SMOTE: Borderline-SMOTE

16n hon 0.704. CTGAN két hop véi Extra Trees dat gia tri AUC trung binh cao nhat, trong
khi ADASYN két hop voi MLP dat gia tri AUC trung binh thap nhét trong s6 chin phuong
phap 14y mau, 1an luot 13 0.806 va 0.605. TGAN va CopulaGAN cho két qua twong tu nhur
cac phuong phap SMOTE, ADASYN, RUS va BorderMOTE.

Do d0, c6 thé thdy rang CTGAN la phuong phép hiéu qua nhét dé ap dung trong du
doan 16i phan mém nhim giai quyét van dé mat can bang dit liéu trude khi str dung cac ky
thuat hoc may, tiép theo 12 WGANGP va VanillaGAN. Nguyén nhan tiém ning din dén
hiéu suét vuot troi nay la do céac bién thé cta kién trac GAN c¢6 kha nang hoc dugc phan
phdi cua cac 16p 161, tir d6 tao ra cac miu tong hop da dang va chit luong cao hon so voi

cac k¥ thuat 1ay mau dir liéu khéc.
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Bang 3.12: Két qua Autoencoders va cac mo hinh 1iy mau ting trén mé hinh hoc may
ExTra Trees

Dataset Do do V.GAN CTGAN WGANGP TGAN C.GAN SMOTE B.SMOTE ADASYN RUS

danh gia
CMl P 0.868  0.892 0.863 0.859  0.88 0.885 0.857 0.856  0.856
R 0.853 0.89 0.902 0.874 0.879 0.84 0.862 0.807  0.869
F1 0.863  0.891 0.897 0.863 0.879  0.845 0.859 0.777  0.850
AUC 0.728  0.793 0.739 0.726 0.844 0.773 0.699 0.714  0.759
MCC 0.259  0.271 0.313 0.247 0.26 0.32 0.274 0.287 0.292
PCI P 0.901 0.89 0.921 0.905 0908  0.879 0.907 0.9 0.855
R 0.879  0.891 0.93 0914 0921 0.861 0.871 0.857  0.87
F1 0.888  0.891 0.922 0.907 0913  0.865 0.889 0.875 0.862
AUC 0.792  0.781 0.773 0.751 0.749  0.743 0.815 0.775  0.789
MCC 0.34  0.304 0.236 0.338 0.224  0.301 0.302 0.277 0.216
KC1 P 0.798  0.816 0.835 0.834 0.804 0.81 0.808 0.793  0.799
R 0.782  0.814 0.847 0.845 0.803 0.834 0.865 0.838  0.769
F1 0.806 0.814 0.837 0.837 0.803  0.826 0.853 0.823  0.792
AUC 0.795  0.794 0.797 0.798 0.786  0.783 0.795 0.785 0.759
MCC 0.216  0.303 0.234 0.269 0.205 0.213 0.335 0.306 0.251
KC2 P 0.864 0.833 0.851 0.832 0.832 0.783 0.813 0.783  0.746
R 0.857  0.866 0.854 0.837 0.837 0.71 0.713 0.774  0.776
F1 0.858  0.842 0.846 0.83  0.827 0.73 0.762 0.78  0.769
AUC 0.82 0.793 0.808 0.783 0.784  0.808 0.772 0.766  0.793
MCC 0.268  0.282 0.229 0.223 0232 0.198 0.235 0.279 0.253
M1 P 0.768  0.751 0.770 0.763 0.804  0.798 0.763 0.756  0.709
R 0.718 0.75 0.796 0.795 0.83 0.759 0.728 0.723  0.756
F1 0.704  0.751 0.778 0.767 0.803  0.705 0.745 0.734  0.758
AUC 0.743  0.745 0.752 0.71 0.781 0.724 0.719 0.716  0.717
MCC 0.198  0.227 0.215 0.274 0.207 0.187 0.262 0.257  0.231
Trung binh
P 0.840 0.836 0.849 0.839 0.846  0.831 0.83 0.818 0.793
R 0.818  0.842 0.866 0.853 0.854  0.801 0.808 0.8 0.808
F1 0.824  0.838 0.856 0.841 0.845 0.794 0.822 0.798  0.806
AUC 0.776  0.781 0.774 0.754 0.789  0.766 0.76 0.751  0.763
MCC 0.256  0.277 0.245 0.27 0226 0.244 0.282 0.281 0.249

V.GAN: VanillaGAN; C.GAN: CopulaGAN,; B.SMOTE: Borderline-SMOTE

3.5.3 Két qua kiém dinh thong ké

Dé danh gia hiéu qua ndm bién thé GAN (VanillaGAN, CTGAN, WGANGP, CopulaGAN
va TGAN) so v6i cac phuong phap ldy mau khac (SMOTE, Borderline-SMOTE, ADASYN

va RUS), luén 4n da thyc hién tinh toan kiém dinh Wilcoxon (véi mirc y nghia o = 0.05).

Céac Bang 3.13 - 3.17 trinh bay két qua kiém dinh théng ké cua tit ca cac nhom dugc xem

xét theo cac thude do Precision, Recall, F1-score va MCC. Mdi bang bao gém thong tin

vé gia tri P-value, hi¢u ung » va chénh I¢ch trung binh. P61 vai gia tri P-value ctua kiém

dinh, néu gia tri nay nho hon 0.05, sy khac biét vé hiéu suat duogc coi 1a ¢6 ¥ nghia thong

ké, dugc danh dau bang dau (*), dong thoi bac bo gia thuyét null. Gia tri  cho biét mirc

d6 khac biét vé hiéu suat gitra cac phuong phép. Gid tri chénh 1éch trung binh cho ting

nhom thé hién phuong phép nao cé gia tri trung binh vuot trdi hon.
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Hinh 3.2: Gia tri AUC ctia cic phuong phap ldy mau khac nhau trén céc tap dit liéu khac
nhau (3a) CM1, (3b) PC1, (3c) KC1, (3d) KC2, (3e) M1

Bang 3.13 trinh bay két qua kiém dinh thdng ké giira VanillaGAN va cac phuong phap
léy mau khac khi sur dung thuat toan Extra Trees. Cac gia tri P-value cta hai cdp so sanh
VanillaGAN v6i BorderSMOTE va VanillaGAN véi RUS déu nhé hon 0.05, cho thdy su
khac biét hiéu suit c6 y nghia théng ké dbi voi cac thude do Recall, Fl-score va MCC.
Hon nita, gia tri » d&u 16n hon 0.6 trong tat ca cac truong hop, ngoai trir Recall cia nhom
RUS, cho thiy su khéc biét dang ké vé hiéu suat. Gid tri chénh 1éch trung binh duwong cho
thdy cac phuong phép ldy mau ting dugc dé xuat mang lai hiéu sut tot hon so voi cac
md hinh co s¢. Tir Bang 3.14, c6 thé thay rang gia tri P-value nhé hon 0.05 dbi voi tat
ca cac nhom so sanh, ngoai trtr nhom SMOTE. Gia tri » cao trong hau hét cac nhom va
gi4 tri chénh léch trung binh duong dbi v6i da sé nhom, diéu niy nhan manh hiéu suat
vuot troi ctia phuong phap CTGAN. Bang 3.15 thé hién nhom so sanh giita WGANGP va
cac phuong phap khac. Tir bang nay, c6 thé thiy rang P-value ciia Recall nho hon 0.05.
Mot lan nita, gia tri » cho thay su khac biét vé hiéu suét tir trung binh dén 16n. Trong hau
hét cac trudng hop, gia tri chénh léch trung binh duong minh ching ring phuong phap
WGANGP c¢6 hiéu suit tot hon so v6i cac ki thuat khac. Trong cac Bang 3.16 va 3.17,
khi so sanh théng ké gitta CopulaGAN, TGAN va cac phuong phap 1dy mau khéc, gia tri
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P-value nho hon 0.05 ddi véi thude do Precision va MCC. Tom lai, tir két qua kiém dinh
cho thdy cac mé hinh sinh dit liéu dya trén GAN nhin chung dat hiéu suit cao hon so véi
cac phuong phap 14y mau truyén thong. Trong dé, VanillaGAN, CTGAN va WGANGP
thé hién su khac biét c6 ¥ nghia thong ké (P-value < 0.05) véi cac gia tri » déu cao trong
cac nhom so sanh trén gia tri Recall, F1-score va MCC. Tong thé, CTGAN dugc xéac dinh
1a phuong phép sinh mau hiéu qua nhat, tiép theo 1a CopullaGAN va TGAN, mang lai cai

thién c6 y nghia théng ké trong mé hinh du doan 16i phan mém.

Béng 3.13: Két qua kiém dinh thong ké cho so sanh giita VanillaGAN va cac phuong phap
ldy mau ting

Nh(,)m Measure Precision Recall F1-Score MCC
so sanh

SMOTE P-value 0.343 0.048%* 0.345 0.686

Effect r 0.971 0910 0.954 0.698

Mean-difference 0.003 0.023 0.009 0.017

B.SMOTE P-value 0.496 0.043*  0.043*  0.025%*

Effect r 0.996 0.990 0.995 0.937

Mean-difference 0.001 0.020 0.006 0.028

ADASYN P-value 0.496 0.042* 0.080 0.500

Effect r 0.987 0.901 0.964 0.836

Mean-difference 0.003 0.029 0.011 0.013

RUS P-value 0.893 0.043*  0.043*  0.045*

Effect r 0.995 -0.118 0.601 0.967

Mean-difference 0.0006 0.168 0.109 0.028
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Béng 3.15: Két qua kiém dinh thong ké cho so sanh giita WGANP va cac phuong phap
ldy mau ting

Nh?m Measure Precision Recall F1-Score MCC
so sanh

SMOTE P-value 0.174 0.043* 0.138 0.138

Effect r 0.996 0.867 0.961 0.844

Mean-difference 0.003 0.029 0.010 0.043

B.SMOTE P-value 0.892 0.043* 0.144 0.043*

Effect r 0.992 0.985 0.994 0.972

Mean-difference 0.001 0.026 0.007 0.055

ADASYN P-value 0.225 0.042* 0.104 0.043*

Effect r 0.999 0.863 0.961 0.935

Mean-difference 0.003 0.035 0.012 0.039

RUS P-value 0.492 0.043*  0.043*  0.043*

Effect r 0.974 -0.153 0.509 0.799

Mean-difference 0.0008 0.175 0.109 0.054

Bang 3.16: Két qua kiém dinh thong ké cho so sanh giita CopulaGAN va cac phuong phap
ldy mau ting

Nh(,)m Measure Precision Recall F1-Score MCC
so sanh

SMOTE P-value 0.225 0.050% 0.500 0.043*

Effect r 0919 0919 0.931 0.889

Mean-difference 0.014 -0.019 -0.010 -0.033

B.SMOTE P-value 0.068 0.050* 0.138 0.225

Effect r 0.949 0.887 0.948 0.922

Mean-difference 0.012 -0.022 -0.013 -0.021

ADASYN P-value 0.225 0.138 0.465 0.080

Effect r 0.924 0.892 0.931 0.921

Mean-difference 0.014 -.0013 -0.008 -0.037

RUS P-value 0.225 0.043*  0.043* 0.345

Effect r 0.936 0.119 0.591 0.814

Mean-difference 0.011 0.125 0.089 -0.022

Béng 3.14: Két qua kiém dinh thdng ké cho so sanh giita CTGAN va cac phuong phép liy
mau ting

Nh(’)m Measure Precision Recall F1-Score MCC
so sanh

SMOTE P-value 0.138 0.043* 0.144 0.223

Effect r 0.954 0.897 0.924 0.825

Mean-difference 0.011 0.032 0.017 0.033

B.SMOTE P-value 0.042*  0.043*  0.043*  0.043*

Effect r 0.993 0.985 0.980 0.969

Mean-difference 0.009 0.029 0.015 0.045

ADASYN P-value 0.043*  0.043*  0.043* 0.104

Effect r 0.974 0.924 0.945 0.921

Mean-difference 10011  0.038  0.020  0.0292

RUS P-value 0.043*  0.043*  0.043* 0.080

Effect r 0.998 0.150 0.663 0.835

Mean-difference 0.008 0.177 0.117 0.044




Bang 3.17: Két qua kiém dinh thng ké cho so sanh giita TGAN va cac phuong phap iy
mau tang

Nh?m Measure Precision Recall F1 MCC
so sanh

SMOTE P-value 0.046* 0.345 0.225 0.043*

Effect r 0.955 0.391 0.401 0.888

Mean-difference -0.011 -0.021 -0.025 -0.042

B.SMOTE P-value 0.042* 0.223  0.225 0.038*

Effect r 0.963 0.657 0.583 0.968

Mean-difference -0.013 -0.024 -0.027 -0.030

ADASYN P-value 0.176 0.686 0.345 0.043*

Effect r 0.955 0.348 0372  0.946

Mean-difference -0.011 -0.015 -0.022 -0.046

RUS P-value 0.044*  0.043* 0.043* 0.225

Effect r 0.942 -0.565 -0.208 0.856

Mean-difference  -0.014 0.123  0.074 -0.031

3.6 Kétchuong

Chuong nay tap trung vao hai vin dé chinh: dit liéu c6 cac dic trung du thira/khong lién
quan dén 161 phan mém va 16p mat can bang 1a nhitng yéu té chinh anh hudng déng ké dén
hiéu suit ctia cac mo hinh dy doan 18i phan mém. Cac k¥ thuat chon dic trung, giup lua
chon tép con tdi wu cua dit liéu, dugc ap dung dé giam bt cac dac trung khong lién quan
va du thira. Cac phuong phap 14y mau dit liéu, nham tao ra cic mau 16p méi va can bang
dir liéu, da dugc nhiéu nha nghién ctru dé xuit dé giai quyét vin dé nay. Trén co so tong
quan cac cong trinh trudc, luan an di chi ra rang cac ky thuat ldy mau truyén thong nhur
SMOTE, ADASYN hay RUS tuy cai thién dugc phan phdi 16p, nhung van ton tai nhidu
han ché do phu thudc vao cac mau 1an cén, din dén hién twong qua khép va thiéu da dang
dir liéu. Trén co so phan tich cac nghién ctru lién quan, ludn an da tap trung khao sat cac
mo hinh tao sinh dit liéu dua trén GAN két hop v6i phuong phép lya chon dac trung RFE
da duoc xéac dinh 13 hiéu qua nhét trong Chuong 2. Su két hop nay hudng dén giai quyét
ddng thoi hai thach thirc quan trong cua di liéu du dodn 18i phan mém 1 loai bo cac dic

trung du thira va khac phuc hién twgng mat can bang gitra 16p 161 va 16p khong 16i.

Cu thé, luan an trinh bay mdt phan tich so sanh cac bién thé ctia GAN, dai dién cho
cac k¥ thuat 1y mau dir liéu tién tién nhat dé xtr Iy dit liéu mat can bang. Cuy thé, ludn an
da dé xuat huéng tiép can sir dung cac bién thé ciia mang sinh d6i khang GAN bao gom
VanillaGAN, CTGAN, WGANGP, CopulaGAN va TGAN cho téng hop dir liéu 16i ph?m
mém dang bang. Ngoai ra, dé chon mot tap dac trung tdi uwu, luan an su dung ky thuat

lya chon déc trung RFE va trich xuat dic trung Autoencoders trén tap dir li¢u mat can
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bang, sau d6 ap dung céac bién thé GAN dé tao ra cac mau méi cho 16p thiéu s6 nham can
béng tap dir liu. Tiép theo, luan an kiém tra hiéu suét cua cac thuat toan hoc may trén
tap dir li¢u da duoc can béng (Random Forest, XGBoost, MLP, AdaBoost, Extra Trees va
HistGradientBoosting), str dung tap dic trung tdi wu dugc trich xuat tir cac bude trude do.
Luan 4n d4 tién hanh cac thir nghiém trén nam tap dit liéu 16i phan mém va sir dung céc chi
s6 danh gia nhu precision, recall, F1-score, AUC va MCC dé danh gia hiéu qua cua cac
mo hinh GAN trong viéc 1dy mau dit liéu bo sung. Ngoai ra, nghién ctru nay da thuc hién
phan tich so sanh gitra hiéu suat ciia cac bién thé GAN va cac phuong phap lay mau dit liéu
truyén théng. Két qua thir nghiém cho thdy CTGAN, WGANGP va VanillaGAN mang lai
hiéu sudt du doan tot hon va vuot trdi so v6i cac phuong phap 14y miu dir liéu truyén
théng dugc st dung trong nghién ctru, bao gdbm SMOTE, ADASYN, RUS va Borderline-
SMOTE. Trong d6, CTGAN la phuong phap c6 hiéu suét tot nhat, tiép theo 1 WGANGP
va VanillaGAN trong viéc tong hop mau méi dé can bang di liéu. CopulaGAN va TGAN
ciling dat dugc hiéu qua twong duong hoic cao hon so véi cac phuong phap ldy mau truyén
thdng. Nhitng phuong phap dua trén GAN nay c6 thé dugc khai thac rong rdi dé xir Iy vin
dé dir liu mat can bang, gop phan xay dung cac mé hinh du doan 16i phin mém co do
chinh xac va hiéu suit cao. Bén canh d6, nghién ctru ciing chi ra vai trd quan trong ctia
budc tién xir Iy dir liéu va chon/trich xuat dic trung. Ky thuat RFE va Autoencoders khong
chi gitip giam nhidu va d6 du thira trong dit liéu ma con ting cudng tinh 6n dinh cia mo
hinh khi két hop vé6i cac phuong phap sinh dit liéu GAN. Mic du cac thuc nghiém trong
Chuong 3 dugc tién hanh trén cac du 4n Java, cdc phuong phap dugc dé xuét c6 tinh tong
quat cao va khong phu thudc tryc tiép vao ngdn ngit 1ap trinh. Quy trinh két hop lwa chon
dic trung va can bang dir liéu bang cac md hinh GAN dugc xiy dung trén cac tap dic
trung da duoc trich xuét tir ma ngudn, do d6 c¢6 thé mad rong ap dung cho cac du an duoc
phat trién bang cac ngén ngir lap trinh khac khi c6 tap dit liéu voi cdu triic va dac trung
tuong tu. Chang han, cac bo dir liéu 16 hong phan mém viét bang ngdn ngit C/C++ nhu
Asterisk, FFmpeg, LibPNG, LibTift, Pidgin, VLC Media Player va Xen dugc t6 chuc &
muc ham (function-level), trong d6 mdi mau dir liéu twong ng v4i mt ham ciia chuong
trinh va dugc gan nhin nhi phan (vulnerable hodc non-vulnerable). Vi ddc diém ciing ton
tai hién tugng mat can bang nghiém trong giira 16p thiéu s va 16p da sd, cac phuong phap
can bang dit liéu dua trén GAN duoc dé xuat trong lun 4n hoan toan cé tiém ning ap
dung dé cai thién chat luong dit liéu huén luyén, tir d6 nang cao hi€u qud cua cdc mo hinh
phat hién 16 hdng phan mém trén cac du an C/C++. Piéu nay cho thay két qua cia Chuong
3 khong chi ¢6 ¥ nghia ddi v6i cac du 4n Java ma con c6 kha ning mé rong sang cac du
an st dung ngdn ngir lap trinh khac, gop phan nang cao tinh khai quat va kha ning tng
dung cua cac phuong phap dugc dé xuat. Tom lai, nhitng két qua dat duoc trong chuong
nay khang dinh rang viéc két hop lwa chon dic trung va xur 1y dit liéu mat can bang 1a giai
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phap t6i wu dé xay dung tap dit liéu dau vao cho cac mo hinh du doan 15i phan mém. Tap
dit liéu sau khi dugc toi wu hoa khong chi nang cao kha nang phat hién cac mo-dun co 16i
ma con cai thién kha ning téng quat hoa va tinh 6n dinh cta cac mé hinh du doan. Pay
13 co s& quan trong dé tiép tuc nghién ctru twong lai, & xuat va danh gia cac mé hinh du
doan 16i phan mém trén tap dir liéu da duoc tdi wu, qua d6 nang cao hiéu qua dy doan va

khang dinh tinh kha thi cua hudng tiép can dugc dé xuit trong luan 4n.
Céc két qua nghién ciru nay da dugc cong bd trén Ky yéu Hoi nghi Khoa hoc cong

nghé Qudc gia 1an thar XVI vé Nghién ctru co ban va tng dung Cong nghé thong tin (FAIR)
2023 ! va Tap chi Applied Intelligence.?

'Ha Thi Minh Phuong, Nguyen Thanh Long, Nguyen Thanh Binh, “A combination of feature
selection and data sampling techniques for software fault prediction”, FAIR - Fundamental and Applied
Information Technology, Pa Nang, Pages: 258-265, 2023.

2Ha Thi Minh Phuong, Pham Vu Thu Nguyet, Nguyen Huu Nhat Minh, Le Thi My Hanh, Nguyen Thanh
Binh “A comparative study of handling imbalanced data using generative adversarial networks for
machine learning based software fault prediction”, Applied Intelligence, Appl Intell 55, 280 (2025),
Springer, Published: 08 January 2025, URL: https://doi.org/10.1007/s10489-024-05930-z (SCIE, Q2, IF
3.9).
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Chuong 4

Du doan 16i phan mém dua trén hoc sau

Trong chuong nay, luan an nghién ctru ap dung k¥ thuat hoc sdu dé xay dung mo hinh du
doan 161 dua trén viéc hoc duoc céc dac trung ngir nghia va ct phép cua cadc ma nguon
chuong trinh phan mém, tir d6 nang cao hi¢u qua cia viéc dy doan 161 so véi cac md hinh

du doan 131 truyén thong dya trén cac do do phan mém.

4.1 Gidithiéu

Céac mo hinh hoc sau 1a mot hudéng tiép can dﬁy htra hen trong viéc hoc céac dac trung ngir
nghia 4n nham nang cao hiéu suat cta cac md hinh dy doan 18i. Tuy nhién, cic mang tuan
tu khong thé biéu dién day du thong tin ct phap va ngit nghia duoc trich xuét tir ¢ phap
triru twong, dong thoi gap kho khin trong viée nam bét cac phy thudc phire tap trong ma
ngudn [36]. Kién trac Transformer ban dau dugc phat trién dua trén co ché self-attention
va gan day da thu hat sy quan tim dang ké. Transformer lan dau tién duoc dé xuit baoi
Vaswani va cong su [147] va sir dung co ché self-attention, cho phép tinh toan theo phuong
phap song song. Hon nita, Transformer ciing giup khic phuc van dé vanishing (gradient
bién mat), tirc 1a dao ham ciia ham mat mat theo trong sd trd nén rat nho trong qua trinh lan
truyén nguoc, dan dén viée cac trong s6 khong duogc cip nhat du, hodc gan nhu khong thay
dbi trong qua trinh huan luyén) va exploding gradient (gradient bung nd) 1a hién tuong dao
ham ctia ham mét mat theo trong sb tré rat 16n trong qua trinh lan truyén nguoc, khién
vi€c cdp nhat trong s6 trd nén khong 6n dinh béng cach su dung ky thuat chuin hoéa cac

16p dé chuan hoa thong ké cua dau ra tir cac 16p an [148].

Chuong nay dé xuat mo hinh dy doan 15i dua trén Transformer, st dung Gensim
FastText v6i nhiing (embedding) cac tir t6 (token) tir cay ct phap triru tuong (AST). AST
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12 mot cay biéu dién cau trac cia ma nguodn [149], duge st dung dé mo ta ciu tric ¢t phap
va thong tin ngir nghia ctia ma ngudn, chang han nhu cau tric ludng diéu khién véi cac
cau Iénh “while, do, for” cling nhu tén cta phuong thuc. Cu thé, d6i véi moi tép du an,
trude tién ludn an xdy dung AST tir ma ngudn, sau d6 trich xuét cac nat AST dé tao cac
vec-to token. Do d6, mdi tép ma ngudn duoc biéu dién bang cac vec-to token. Tiép theo,
luan an st dung mot mo hinh biéu dién tir dudi dang vec-to da duogc huén luyén trudc,
c6 tén Gensim FastText dé chuyén ddi cic vec-to token thanh cac vec-to sé c¢6 do dai cb
dinh. Céc vec-to thu thap duoc nay sau d6 dugc dua vao mo hinh Transformer dé thuc
hién dyu doan 16i. bong gop chinh cua chuong nay la dé xuat mo hinh dy doan 18i dya trén
FastText-Transformer, c6 kha ndng hoc cac dac trung nglr nghia quan trong ctia chuong
trinh phan mém gitp cai thién dang ké hiéu qua dyu doan 16i. M6 hinh c6 thé nim bat thong
tin ngit nghia trong cac biéu dién vec-to ciia cac token ma ngudn, ap dung cho ca trong
cung du an va trong lién du an. Ngoai ra, luan an thuc hién kiém dinh Wilcoxon dé danh
gia mirc d6 khac biét c6 y nghia thong ké giita mo hinh FastText-Transformer va cac mo
hinh d6i sanh. Két qua danh gia trén 10 dy 4n Java cho thdy mo hinh dwoc dé xuat ciia

luan an vuot troi hon so véi cac mo hinh du doan 161 moi hién nay.

4.2 Cacnghién citu lién quan

Céc nghién ctru gan day da ap dung cac mo hinh hoc sau dé trich xuét cac thong tin ngir
nghia va ct phap cua ma ngudn. Cac chuong trinh ¢ ca phap duoc xac dinh rd rang va
c6 thé duoc biéu dién bang cay cu phap triru tuong [150] va da duoc sir dung thanh cong
dé ndm bat cac thong tin ma ngudn. Nhiéu nghién ciru da chi ra rang thong tin ngit nghia
cua chuong trinh c6 ich cho cac tdc vu nhu tyr dong hoan thanh ma va phat hién 16i. Thong
tin ngit nghia ndy ciing c6 thé hitu ich trong viéc mé ta 16i nham cai thién dy doan 15i. Cu
thé, cac thong tin ngir nghia nay c6 thé dua ra cac du doan chinh xéc, cac dic trung can

c6 tinh phan biét, tirc 14 c6 kha nang phan biét cac ving ma khac nhau.

Dé trich xuét cac dic trung ngit nghia ciia ma ngudn, Wang va cong sy [151] da ap
dung DBN gitip niam bét cac dic trung ngit nghia tir cac nit AST nhing trong ma ngudn,
dan dén hiéu suét tot hon so véi cac mo hinh truyén théng. Qiao va Wang [62] da ap
dung k¥ thudt hoc sau dé sinh ra cac dic trung t8i uu cho du doan 18i tire thoi. Két qua tht
nghiém cho thidy mé hinh dé xuat dat duoc cai thién dang ké vé gia tri trung binh cta recall.
Cu thé, gia tri recall ting 15,6% va gia tri popt ting 8,1% so v&i cac md hinh dé xuét tién
tién. Li va cong su [152] da dé xuat mo hinh du doan 15i dua trén CNN ¢6 tén DP-CNN
dé trich xuét duoc ca cac dic trung ngit nghia va ciu trac tir cdy c phap triru tuong va
két qua chi ra rang CNN dat hiéu qua du doan 13i tt hon so voi DP-CNN. Liang va cong
su [153] da trinh bay mo hinh LSTM dé nam bt duoc cac thong tin ngit nghia trong ma
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ngudn. Két qua thir nghiém cua ho da chimg minh mé hinh dé xuat da dat két qua t6t hon
s0 v6i ba md hinh du doan 16i duoc dé xuat gan nhét d6i v6i ngit canh trong ciing mot dy
an va trong lién dy an. Zhou va cong sy [36] da xay dung mdt mang LSTM dua trén cAu
trac hai chiéu va ciu trac cdy LSTM-BT nham ning cao kha ning hoc dic trung va hiéu
suat du doan. Ho str dung 16p embedding dé trich xuét dic trung va dwa vao LSTM-BT dé
thue hién du doan. Khleel va Nehéz [67] da gioi thiéu sy két hop gitta mang Bi-LSTM va
cac k¥ thuat 1dy mau ting dé giai quyét vin dé dir liéu mét can bang. Két qua thir nghiém
cho thdy mé hinh dé xuat dat duoc nhiing cai thién dang ké khi ap dung trén tap dir liéu da
can b?mg so voi tap dir liéu ban dau. Cu thé, do chinh xac trung binh cua md hinh tang 6%
va chi s6 F-score cai thién 43%. Cheng va cong su [68] di gidi thiéu mo hinh Deeplinedp
nham xac dinh céc tép 16i va dong 15i trong ma ngudén phan mém bang cach tu dong hoc
cac thudc tinh ngit nghia ciia cic token va dong ma 1énh xung quanh. Dé hoc céu triic ciia
chuong trinh, nhém nghién ctru da st dung Hierarchical Attention Network [154]. Thu
nghiém trén 9 dy 4n phan mém cho thdy mé hinh nay cai thién gia tri AUC va MCC so
v6i cac phuong phap ¢ murc tép va mic dong 1é€nh khac. Trong nghién ctru cia Wang va
cong su [70], mang Gated Hierarchical Long Short-Term Memory (GH-LSTMs) da dugc
str dung dé ndm bit ca thong tin ngir nghia tir cay ca phap triru twong AST va cac do do
dic trung phan mém truyén thong tir kho dir lieu PROMISE. Két qua thir nghiém trén 16
bo dir liéu tir 10 du 4n ma ngué)n mo cho théy GH-LSTMs dat hiéu suét tuong duong vé
F1-score va P,pt so voi cac mo hinh tién tién nhat. Uddin va cong sy [78] da dé xuét mot
mo hinh sir dung mang BiLSTM va BERT-based Semantic Feature (SDP-BB) dé dur doan
16i phan mém tir cac dic trung ngit nghia ctia ma ngudn. Két qua trén 10 du an ma ngudn

mo cho thay mo hinh nay vuot trdéi hon so voi cac moé hinh so sénh.

Batool va cong su [71] di sir dung ba mé hinh hoc sau, bao gdbm LSTM, BiLSTM va
RBFN dé dy doan 16i phﬁn mém trén cc tap dit liéu dya trén dd do CK. Nhém nghién ctru
két luan réng LSTM va BiLSTM dat d6 chinh xac cao nhat 1an luot 13 93,53% va 93,75%.
Ahmed Abdu va cong su [72] da d& xudt mo hinh DH-CNN d sinh thong tin ngit nghia
tir d6 thi ludng diéu khién, do thi phu thudc dir liéu va dd thi ct phap tir AST. Két qua
thtr nghiém trén 9 dg &n PROMISE cho théy DH-CNN dat hiéu sudt vuot trdi so véi cac
phuong phép tién tién vé F1-score va AUC trong du doan 13i trong du 4n va trong lién dur
an. Lucija va cong su [69] dd dé xuit mot mo hinh du doan 18i dua trén GCNN, c6 kha
ning nim bit toan b thong tin tir cac canh va nit duoc trich xuat tir cdy cl phap triru
tuong. Nhom nghién ctru két luan rﬁng mé hinh dé xuit dat hiéu suit vuot troi so véi cac
mo hinh tién tién trong viéc phan loai cac thanh phan 151 bang cay cu phap triru tuong sinh

ra tr ma nguodn.

Chen va cong sy [155] di dé xuat mot phuong phap dy doan 161 phan mém tich hop
m&i st dung su két hop gitra da dang héa mé hinh va mang no-ron. Két qua thir nghiém
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trén tam tap dir liéu cong khai theo cac tiéu chi AUC, F1-score va MCC cho théy DE-SDP
dat hiéu suét vuot trdi so véi cac phuong phap co ban va xir ly hiéu qua véan dé dir liéu
mat can bang. Briciu va cong su [156] dd dé xuat mot phuong phap giai quyét bai toan du
doan 16i phan mém bang cach tin dung ciac mo hinh ngdn ngir da duoc huin luyén trude.
Cu thé, md hinh du doan 13i cua ho duge trién khai br:ing mdt mang no-ron nhan tao sau
véi ddu vao 1a ma nguén duoc thyuc hién embeddings va hoc tir cac mo hinh RoBERTa va
CodeBERT-MLM. Két qua thtr nghiém trén tap dir liéu Apache Calcite cho thdy mé hinh
CodeBERT-MLM, khi dugc huin luyén trén ma nguén, di tao ra cac biéu dién ma ngué)n

c¢6 kha nang ndm bit hiéu qua thong tin dic thu ctia ngdn ngir 1ap trinh.

Sahar va cong su [157] da gidi thiéu mo hinh DP-CCL dé dur doan 15 trong ma ngudn.
Mo hinh nay sir dung hoc twong phan c6 giam sat két hop v6i CodeBERT dé trich xuat
hiéu qua cac dic trung ngir nghia tir ma ngudn. Két qua thir nghiém cho thay cac dic trung
sinh ra tir CodeBERT hiéu qua hon dang ké, voi mire cai thién F1-score tir 4,9% dén 14,9%
so voi1 cac phuong phap hién tai. Zhou va cOng sy [73] da gidi thi€u phuong phap CGCN,
tich hop sttc manh ctia CNN va GNN nham trich xut ca thong tin ngit nghia va cau tric
tir m3 ngudn. Thir nghiém trén 21 du 4n ma ngudn mé cho thiy mé hinh nay vuot trdi so
v6i cac md hinh duge dé xuat méi nhat, mang lai két qua on dinh hon va kha ning biéu
dién dic trung manh mé hon. Rafi va cong su [74] da dé xuit DepGraph, mot GNN méi
danh cho dinh vi 16i. Ho da tich hop thém cac dic trung nhu thong tin thay d6i ma vao
dd thi dudi dang thugc tinh, giip mo hinh tan dung hi€u qua dir liéu lich st du 4n phong
pha. Két qua danh gia trén tap dir liéu Defects4j cho thdy DepGraph dat hiéu suit vuot
troi so véi cac phuwong phap hién co. Wang va cong su [158] di dé xuit mo hinh BugPre
v6i muc tiéu str dung phurong phap phén tich két hop dua trén cdy lan truyén bién dé xac
dinh cac mo-dun da thay ddi trong phién ban hién tai. BugPre xay dung dd thi dua trén
su phu thudc ngit canh ma nguodn va sir dung mang Graph Convolutional Neural Network
dé hoc céc dic trung dai dién cuia ma, tir 46 nang cao kha niang du doan 16i khi c6 sy thay
d6i phién ban. Thong qua céc thir nghiém rong rii trén cac du 4n mi ngudn md Apache,
két qua cho thdy BugPre vuot trdi hon ba phuong phap phat hién 15i tién tién nhat hién
nay, voi gia tri Fl-score tang trén 16%. Liu va cong su [159] dé xuat mo hinh méi dua
trén kién trac Transformer két hop véi CNN, goi 1a PM2-CNN cho bai toan du doan 16i
phan mém. M6 hinh nay str dung ngdn ngit mé hinh hoa tién huin luyén va bo phan loai
dwa trén CNN nham thu dugc biéu dién ngir canh ciing nhu nim bit méi trong quan cuc
bo ctia cac chudi. Mot tap dit lidu 16n va duge sir dung rong rai da dugc ap dung dé kiém
chung tinh hiéu qua cia phwong phap dé xuét. Tac gia da chimg minh két qua cho thiy
phuong phap nay dat dugc sy cai thién trén nhiéu do do danh gia tong quat so voi phuong
phap co s& t6i uu. Theo do6, thong tin bén ngoai c6 thé mang lai tac dong tich cuc dén

viéc du dodn 101 phan mém, va mo6 hinh dé xuat da khai thac hiéu qua nguon thong tin
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nay dé nang cao hiéu suat phat hién 18i. Liu va cong sy [160] di gi6i thiéu mo hinh du
doan 16i phﬁn mém méi, goi 1a CFG2AT, dua trén dd thi Control Flow Graph va mang
Graph Attention Network. CFG2AT duogc thiét ké chuyén biét nham ty dong phat hién 15i
phan mém, ddng thoi tich hop don vi cht ¥ ¢6 cdu trac d6 thi dé khai thac hiéu qua thong
tin ludng diéu khién. Dé danh gi4 tinh hiéu qua ciia CFG2AT, tic gia di tién hanh céc thi
nghiém trén dit liéu tir 15 phién ban thudc 6 du 4n phin mém mi ngudn mé khac nhau
trong cé hai kich ban dy doan 15i trong cting mot du an va trong lién du an. Két qua thir
nghiém cho thay phuong phap CFG2AT nhin chung vuot troi hon so véi nhiéu phuong
phap dbi chung trong du doan 16 phén mém. Cu thé, mirc cai thién dat tir 7,09%—12,80%
d6i voi F1, 1,30%4,15% d6i voi AUC, va 6,78%—17,54% d6i vai hé s6 twong quan MCC
trong kich ban du doan trong cung mot dy an; déng thoi dat tir 23,76%—44,79% ddi voi
F1, 8,93%13,27% dbi véi AUC, va 36,92%-94,89% ddi véi MCC trong kich ban du
doan trong lién du an. Siachos va cong su [161] d3 dé xuit mot phuong phap lai, két hop
uu diém cla cac k¥ thuat word-embedding, m hinh bicu dién vin ban dya trén do thi va
mang no-ron dd thi nhim du doan 16i phén mém. Ho hudng dén viéc tan dung déng thoi
ca hai loai thong tin bang cach biéu dién mdi van ban dudi dang do thi va ap dung Graph
Attention Networks (GATs). Két qua danh gia cho thdy phuong phap nay mang lai sy cai
thién téng thé trén nhiéu do do danh gia so voi nhiéu mé hinh hoc may dua trén dd thi
hién c6. nhiéu nghién ctru chu yéu tap trung danh gia hiéu qué cta tirng mé hinh hoc sau
hoic timg dang biéu dién ma ngudn riéng 1é, trong khi chua khai thac day du sy bd sung
14n nhau giita cac phuong phap biéu dién va céc kién triic hoc sau khac nhau. Tuy nhién,
phan 16n cac phuong phap van tip trung vao viéc khai thac mot loai biéu dién ma ngudn
hozc mot kién triic hoc sau riéng 18, trong khi viéc két hop hiéu qua gitra cac phuong phap
biéu dién tir vung va ngir nghia cia ma ngudn voi kha ning hoc cac quan hé phy thudc
dai han van con han ché. D@)ng thoi, viée két hop hi¢u qua cac mo hinh hoc sau nham tan
dung dong thoi kha ning biéu dién tir vung, ¢ phap, ngir nghia va hoc cic quan hé phu
thudc dai han ciia ma ngudn van con 1a mot hudng nghién ctru can duge tiép tuc khai thac.

4.3 Van dé nghién ctu

Su khac biét giita giai phap duoc dé xuét trong ludn 4n ndy va cac nghién ciru trén duoc
trinh bay nhu sau. Pau tién, cac phuong phap truyén théng str dung cac d6 do phan mém
dé xay dung cac mo hinh du doan. Tuy nhién, nhitg d6 do nay khong thé nim bat duoc
cac dic trung ct phap va ngir nghia ciia ma nguén. Giai phap dé xuat c6 thé nam bit thong
tin ngir nghia bang cach str dung FastText, mot mé hinh hoc sau dé hoc cac biéu dién vec-
to tr AST cua chuong trinh. Thir hai, cac nghién ctru trude day st dung cac mo hinh hoc
sdu tuan ty nhu DBN, RNN va LSTM, nhitng mo hinh nay gip phai vin dé vé gradient

117



bién mét va gradient bung nd. Bang cach sir dung kién triic Transformer song song v6i co
ché self-attention va c6 kha ning song song hoa, phuong phap dé xuit cua luan an khéc
phuc duogc cac van dé nhu hién tuong mat mat gradient va rat ngan déang ké thoi gian huan
luyén so vi cac mo hinh tuan ty nhu RNN va LSTM. Tong thé, phuong phéap nay tich hop
ba thanh phan chinh trong mét quy trinh thdng nhat nhim nang cao d¢ chinh xéc trong du
doan 16i. Trudce tién, ma ngudn dugc phan tich ct phap thanh cdy AST dé nim bt thong
tin cdu trac va ct phap. Tiép theo, cac token trich xuat tir AST duoc nhing bang FastText
dé duy tri su trong dong ngit nghia, bao gdm ca cac mau & cap do tir con. Cudi ciing, md
hinh Transformer Encoder véi co ché tu chu ¥ ¢6 kha nang nim bt céac phu thudc dai han
va mdi quan hé phan cép giira cac thanh phin ma ngudén mot cach hiéu qua. Su két hop
nay cho phép trich xuat hiéu qua cac dic trung ngit nghia va cau trac, von dong vai tro

then chdt trong viéc xac dinh cidc doan ma dé phét sinh 16i.

Dé khang dinh tinh hiéu qua va kha ning Gmg dung ctia mé hinh dé xut, can c6 mot
qua trinh dénh gia toan dién trén nhiéu kich ban du doan khac nhau. Cy thé, mé hinh can
dugc so sanh véi cac phuong phap tién tién hién nay nham danh gia khong chi kha nang
cdi thién do chinh xéc khi &p dung cung mot du 4n (Within-Project Defect Prediction -
WPDP) ma con kha ning tong quat hoa khi a4p dung cho du doan 13i trong lién du an
(Cross-Project Defect Prediction - CPDP). Trén co s¢ d6, luan an xay dung hai cau hoi
nghién ctru sau dé kiém chimg hiéu qua ctia mo hinh d¢ xuat FastText-Transformer cho

viéc du doan 161 phan mém duya trén cac dac trung cu phép nhu sau:

1. Cau hoi nghién cuu 1: Mo hinh FastText-Transformer duwoc dé xudt co vuot troi hon
50 voi cac moé hinh dw doan 101 tién tien hién nay doi voi dw doadn [oi trong cung mot

dw an khong?

2. Cdu hoi nghién curu 2: Mo hinh FastIext-Transformer dwoc dé xuat co vuot troi hon
so voi cac mo hinh du doan 16i tién tien hién nay doi voi du doan 16i trong lién dy

an khong?

4.4 Phuong phap dé xuat

Luan 4n ndy dé xuat mo hinh FastText-Transformer dé thuc hién dy doan 16i phan mém.
Dau tién, Gensim FastText dugc sir dung dé nhiing token nho kha nang nim bit thong tin
ctia tir con, giup cho phtl hop véi cac truong hop ma ma ngudn c6 thé chira cac dinh danh,
tén ham hodc tén bién khong ¢ trong bd tir vung chuan. Hon nita, cac FastText co thé
xtr Iy hi¢u qua céac tu nam ngoai b tir vung va céc bién thé hinh thai, dam bao viéc hoc
cac biéu dién cua cac chudi token ngay ca khi c6 cac tir hodc token hiém hodc chua ting

thdy trong ma ngudn. Thi hai, Transformer 1 mot mé hinh day du két ndi str dung co ché
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self-attention, phu hop hon trong viéc nim bt cac phu thudc va cac dac trung quan trong
trén ma ngudn. Hinh 4.1 minh hoa kién trtc tong thé ctia mé hinh dugc dé xuat. Bdi véi
mdi tép trong tap huén luyén va tap kiém thir, mot vec-to cac token dugce trich xudt tir cay
¢l phép triru tuong ctia chuong trinh bang cach phén tich ma ngudn thanh AST va chon
cac nat AST. Theo nghién ctru cua Liang va cong su [153], chi ba loai nut AST dugc chon
1am token nhu mé ta trong Bang 4.1. Cay ct phép triru tuong duoc duyét va sip xép cac
nat AST vao vec-to trinh dién cho céc token. Mdi token vec-to sau d6 duge chuyén doi
thanh mot embedding vec-to va qua trinh nhing token duoc thuc hién bang cach sir dung
mé hinh FastText. Cudi cung, cac embedding vec-to dugc tao ra dugc st dung trong bd
dit 1iéu huan luyén dé xay dung mgt mo hinh dua trén FastText-Transformer dé dy doan
16i. M6 hinh FastText-Transformer dé xuat gdm ba phan chinh: 1) phan tich ma ngudn ciia
chuong trinh thanh cay ct phép triru twong va trich xuit cac vec-to token lam dic trung, 2)
st dung mo hinh FastText dé hoc céc biéu dién vec-to cua cac token va anh xa cac vec-to
token thanh cac vec-to c6 gia tri thuc, 3) xay dung mo hinh Transformer va thyc hién du
doan 16i béng cach st dung céc vec-to c6 gia tri thuc cia tap huén luyén va tap kiém thu

da dugc thu thap sau budc 2.
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Hinh 4.2: Kién trac Transformer Encoder sir dung

4.4.1 Biéu dién ma nguon va trich xuat cac dic trung

bé nam bat cac dédc trung ngir nghia cia mdt chuong trinh phan mém, viéc trich xuat mot

vec-to cac token tr ma nguon cua tung tép la rat quan trong. Theo mot s6 nghién ctru gan
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TotalFact(int n){

intS =0;

for(int i=0;i<=n;i++)
S =S + fact(i)

return S;

Method
Declaration
int TotalFact

int

5 ethod Ca
Expr

fact i

Hinh 4.3: M6t vi du AST cho mot chuong trinh Java

day [153, 162], cac tac gia di dua ra bang chimg thuyét phuc vé uu diém cta AST trong
m6 hinh héa ma ngudn, chimg minh rang AST c6 thé dugc st dung dé thu duogc biéu dién
ma ngudn t6t hon. AST 14 mét cau trac dang cay, trong d6 mdi nut biéu didn mot cu trac

¢l phap, phan anh ca ngir phap va ngir nghia cia ma ngudn.

Biéu dién AST Trong luin 4n nay, cong cu javalang [163] da dugc s dung dé chuyén
dbi tirng tép 1a mot 16p Java thanh biéu dién AST. AST thé hién c4u trac phan cip ciia ma
ngudn, trong d6 mdi nut twong tmg vi mot cdu tric ¢ phap riéng biét trong chuong trinh.
Qué trinh chuyén d6i ma ngudn thanh AST bao gdm viée phén tich ct phap ma Java va
xéc dinh cac thanh phan ca phap chinh, chiang han nhu dinh nghia 16p, khai bao phuong
thue, cau 1énh diéu khién luéng, VA cac clu tric chuong trinh khac. Hinh 4.3 minh hoa

mot AST duogc tao ra tir mot doan ma Java.

Phan tach tir Khi cay ct phéap triru tugng dugc tao ra, trong do tap trung vao ba loai nit

cu thé mang théng tin ngit nghia quan trong vé chuong trinh. Cac niit nay dugc trich xuét

121



dya trén muc d6 lién quan cia chiing dén hanh vi va cau triac cia chuong trinh. Cac danh

muc nut dugc trich xuat dudi day.

1. Nt 16p. Cac nat nay co lién quan dén tao thé hién 16p va triéu goi phuong thic.
Dbi véi mdi nat 16p, ludn an trich xuét tén 16p ciing nhu tén cua bat ky phuong thirc
nao dugc goi. Vi dy, trong Hinh 4.3, phuong thuc fact() dugc trich Xuét va ghi nhan
dudi dang token fact(). Viée trich xudt tén 16p va tén phuong thirc tir cac nat nay

dong vai trd quan trong trong viéc hiéu cu trac hudng ddi tuong ctia chuong trinh.

2. Nut khai bao. Cac nit ndy twong (mg véi cac khai bao trong chuong trinh, chang
han nhu khai bao interface, khai bao 16p, khai bao phuong thirc va khai bao kiéu dit
lidu. Luan an thuc hién phan tach token cho cac nit nay bang cach ghi nhan tén cua
cac thuc thé duge khai bao. Vi du, mot khai bao 16p nhu public class Factorial s€
duogc chuyén thanh token Factorial, trong khi mot khai bao phwong thirc s& duoc
chuyén thanh token dya trén tén phuong thirc, chiang han nhu fact.

3. Nt diéu khién. Cac nut nay ghi nhan cac co ché diéu khién ludng ctia chwong trinh,
chang han nhu cdu Iénh diéu khién (e.g., cAu 1énh if), cdu tric ldp (e.g., vong lap
while), and xi Iy ngoai Ié (e.g., khdi catch). Bi v6i mdi nut diéu khién ludng nay,
luan an ghi nhan loai cua chung dudi dang token. Chéng han, mot cau 1énh “while”
s€ duogc chuyén thanh token “while”, va mot khdi “catch” s& duoc chuyén thanh
token “catch”. Cac nat nay gitip hiéu rd ciu tric logic ciia chuong trinh va céch cac

phan khac nhau ctia ma nguon tuong tac voi nhau.

Ba danh myc nay, bao gém céc nut 16p, nat khai bao va nat diéu khién ludng, dong
vai trd cot 16 trong qua trinh phén tach token, vi ching ghi nhan cac dic trung ciu tric va

ngir nghia chinh ctia mi nguén. Cac nit dugc chon dugc trinh bay chi tiét trong Bang 4.1.

Luan 4n st dung thuat toan Breadth-First Search (BFS) dé kham pha c6 hé thdng ciu
tric cua cdy ci phap triru twong. Trong qua trinh tao biéu dién token tir AST, BFS duoc
ap dung dé duyét cdy va ghi nhan cac mdi quan hé giita cic token & cac cip do khac nhau.
Qua trinh duyét bat dau tir ntt gde va lan luot thim tit ca cac nat con trude khi chuyén
sang cép tiép theo. O mdi cép dd, cac token dugc thu thdp tir cac nit 1an cén trong mot
pham vi ctra s6 xéc dinh, cho biét sb luong nut xung quanh nut hién tai dugc xem xét dé
xay dung ngit canh.

Bit dau tir nat gbc, cac nat con duoc duyét qua. Déi voi mdi nit con, tiép tuc duyét
sdu xudng cac nat con cua chung, hinh thanh cac duong dan dai dién cho céc context

windows. Sau khi thu thap cic context windows niy bang BFS, anh xa cac token trich

xuét dugc thanh cac embedding vec-to. O giai doan nay, mé hinh FastText dugc 4p dung.
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Béang 4.1: Nut AST dugc chon

Danh muc nut

Loai nut

Céc nit lién quan dén
16p va 101 goi phuong thure

MethodInvocation, SuperMethodInvocation,
ClassCreator

Nut khai bao

PackageDeclaration, InterfaceDeclaration,
ClassDeclaration, ConstructorDeclaration,
MethodDeclaration, VariableDeclarator,
FormalParameter

Nut diéu khién

IfStatement, ForStatement, WhileStatement,
DoStatement, AssertStatement, BreakState
ment, ContinueStatement, ReturnStatement,
ThrowStatement, TryStatement, Synchro
nizedStatement, SwitchStatement, Block
Statement, CatchClauseParameter, TryRe
source, CatchClause, SwitchStatementCase,
ForControl, EnhancedForControl

Cac nut khac

BasicType, MemberReference, Reference
Type, SuperMemberReference, Statement
Expression

Dbi v6i mdi token trong AST, mo hinh FastText tao ra cac embedding vec-to twong tng.

Embedding vec-to nay biéu dién token trong khong gian vec-to lién tuc, ghi nhan thong

tin nglr nghia dya trén ma ngudn dau vao.

Method
Declaration

dnit=0

[1.742, 3472, ,0.328]

ldndt=... Id ndt = ..

[1.208, 4.401...........,1.833]

o, 4.054]

Id it = ...

Hinh 4.4: Vi du vé qua trinh phan tach ma théng qua ciy ct phép triru twong cho mot

chuong trinh Java
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4.4.2 Ap dung FastText cho Token Embedding

Trong xr Iy ngdn ngit tu nhién, word-embedding 1a mot k¥ thuat pho bién duoc sir dung
dé biéu dién tir hodc cum tir dudi dang cac cum vec-to trong mot khong gian vec-to lién
tuc. Cac biéu dién vec-to ndy nim bt dugc cac mbi quan hé ngir nghia va ca phap gitra cac
tir, gitp cac thuat toan hoc may hiéu va xir Iy ngon ngit ty nhién tot hon. Word2vec [164]
nhén vao mot tdp van ban 16n va tao ra mgt khong gian vec-to, thuong c6 kich thudc hang
tram chiéu, trong d6 mdi tir duy nhét trong tap vin ban s& dugc biéu dién bang mot vec-to
tuong ung. Continuous Bag of Words (CBOW) va Skip-Gram la hai phuong phap chinh
dugc sir dung dé trién khai word-embedding bang Word2vec. Phuong phap CBOW nham
du doan mat tr muc tiéu dya trén ngir canh (cac tir 1an can). Qua trinh so sénh dau ra dy
doan vé6i dau ra thuc té s& duoc thuc hién dé cap nhat trong sb cua mang. Nguoc lai, mo
hinh Skip-Gram hoat dong theo hudng nguoc lai so véi CBOW, tic 1a su dung tir muc
tiéu dé du doan ngir canh (céc tir xung quanh) [165].

Trong nhitng nam gan day, Word2Vec di duoc tng dung rong rii trong du doan 15
[36, 162] va dinh vi 18i [166]. Trong bdi canh ma ngudn phan mém, cac token ciia ngdn ngit
1ap trinh c6 thé duoc xem nhur cac tir trong xir Iy ngon ngit ty nhién. Nhiéu mé hinh word-
embedding nhu GloVe [167], FastText [168] va CBOW [169] dd duoc ap dung dé hoc
biéu din véc-to ctia cac token trong ma ngudn, trong d6 mdi mo hinh khai thac mébi quan
hé ngir nghia tir tdp huan luyén theo nhitng cach khac nhau. GloVe, CBOW va FastText
duoc str dung rong réi trong cac tic vu xtr Iy ngdn ngit ty nhién nham biéu dién token
dudi dang véc-to dic (dense vector). Luan an da thyc hién mét phan tich so sanh ba mé
hinh embedding, cu thé 1a GloVe, CBOW va FastText, nhim danh gia hiéu qua cua chung
khi dugc tich hop véi cac kién tric dyua trén Transformer trong bai toan du doan 16i phan

mém. So sanh chi tiét vé hi¢u suét ca cac k¥ thuat nay duogc trinh bay trong Bang 4.2.

Tur két qua so sanh, FastText embedding tir thu vién Gensim [170] dugc sur dung dé
hoc biéu dién vec-to clia cac token ciia ngdn ngit lap trinh. Mot trong nhiing tinh ning
quan trong ctiia Gensim 13 hd trg Word2Vec, mot ki thuat hoc cac biéu dién phan tan cua
tir cac tAp van ban 16n. Cac khai niém c6t 18i ciia Gensim bao gdm tai liéu, tap dir liéu
van ban, m6 hinh khong gian vec-to, va bién doi dix liéu. Trong Word2 Vec, mdi tir duogc
coi 14 phan tir nho nhat dé xay dung biéu dién vec-to, trong khi FastText coi mot tir 1a
tap hop cua cac ky tu n-grams. Thay vi dua timg tir vio mang no-ron, FastText chuyén
d6i mdi tir thanh nhiéu n-grams (cac thanh phan con cua tir). Loi ich ctia FastText 1a biéu
dién tir du6i dang tong cta cac vec-to n-gram [168], nhd d6 c6 thé tao ra cac biéu dién
vec-to cho cac tir chua timg xuat hién trong tap dit liéu. Sau khi huan luyén mang no-ron,

word-embedding cho tat ca n- grams trong tap dir licu huin luyén duoc tao ra. FastText hd
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Bang 4.2: Phan tich so sanh cac mé hinh dua trén Transformer v6i nhitng chién luoc
embedding khac nhau

Du an Phién ban AST - Glove - Transformer
Thoi gian  Thaoi gian

huén luyén thir nghiém R K

JEdit 4.0->4.1 2580.12 20.33 64.25 80.16 71.33
Xercer 1.2->1.3 2350.32 23.58 75.53 87.56 81.23
Log4j 1.0->1.1 58.75 0.79 60.49 77.78 68.06
Synapse 1.1->1.2 373.00 1.58 78.12 7336 7597
Xalan 2.5->2.6 2124.33 22.01 7221 73.35 72.28

AST - CBOW- Transformer
JEdit 4.0->4.1 2280.3 19.23 61.2 80.02 71.21
Xercer 1.2->1.3 3022.67 24.05 7493 85.14 81.15
Log4j 1.0->1.1 61.87 0.77 70.9 77.04 71.03
Synapse 1.1->1.2 374.75 1.56 79.71 77.60 73.71
Xalan 2.5->2.6 2135.23 18.05 7221 73.62 70.23

AST - FastText- Transformer
JEdit 4.0->4.1 2083.49 18.36 634 79.6 70.6
Xercer 1.2->1.3 2232.61 18.66 7590 87.1 72.6
Log4j 1.0->1.1 55.04 0.55 658 811 726
Synapse 1.1->1.2 354.65 1.48 79.5 772 732
Xalan 2.5->2.6 1401.64 17.36 751 733 738

tro huén luyén ca hai mé hinh CBOW va Skip-gram, va c6 thé duoc xem nhu mot bién
thé ctia Word2Vec v6i dau vao 1a cac tir con (don vi nhé hon tir dugc sinh ra tir qué trinh
phan tach tir vung dau vao thanh cac phan nho hon) [171]. Hon nita, FastText c¢6 kha ning
sinh ra cac véc-to tir ¢c6 dinh nhung khong xét dén thong tin vé tir con va khong thé tao
embedding cho céac token ngoai tir vung (out-of-vocabulary) [172]. P4y 1a nhitng van dé
then chdt khi 1am viéc v&i ma ngudn, noi ma cac dinh danh hiém gip, tén bién phirc hop
va cac token méi xuét hién thuong xuyén. Trong ludn an nay, luan &n lya chon FastText,
vbn xdy dung embedding dua trén dic trung n-gram ky tu. Cach tiép can nay cho phép
tao véc-to cho céc token chua tirng gap dua trén cAu tric ty con cla chung, mang lai lgi
thé dang ké trong viéc xir 1y von tir da dang va thudng mang tinh dic thu linh vuc ctia ma

nguon.

Luan an st dung FastText cho tat ca céc tir con trong b tu vung huén luyén, voi kién
trac huan luyén CBOW. Cu thé, luan an khai thac mé hinh FastText dé thu dugc cac biéu
dién vec-to cho cic n-gram cua tokens dugc trich xuét tir AST clia mot tap hop cac dy an
Java md ngudn mé. Sau d6, luan 4n chuyén dbi chudi tokens thanh chudi vec-to, co thé
duoc dua vao mo hinh Transformer dé hudn luyén. FastText [168] 1a mot thuat toan phan

loai van ban nhanh va hi¢u qua, dugc phat trién bai Facebook Al Research. FastText st
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dung hierarchical softmax dé giam thoi gian tinh todn xAc suét trong qua trinh huan luyén.

Hinh 4.5 minh hoa kién tric mé hinh cta FastText.

Vi ™,
| |
- - -v\__‘lr}/
..... | Vector da bién i |
A —
Bien ddi tuyen tinh T

0000000 | -
=\ T

T Trung binh T

.
Xq e | | Y | % | Vector tir dAu vao
!

/1_——/77 \ h xa
| | | | | T%l : Véc- to n-gram ;

n-gram 4, n-gram g; n-gram g; n-gram g,

Hinh 4.5: Kién tric tong thé cia mo hinh FastText

Mdi tir w dugc biéu dién dudi dang dic trung n-gram x,, o, ... z, va sau d6 duoc
str dung 1am d4u vao cho mé hinh FastText [173]. FastText thém ky hiéu ranh gi6i “<”
and “>” vao dau va cudi tir dé phan bi¢t tién td v6i cac chudi ky tu khac. Vi du, véi tu
“< fast”, cac 3-grams co thé c6 bao gom [“< fa”,“fas” “ast”,“st >"]. Bang cach két
hop céc dic trung n-gram, FastText c6 thé nim bat mot phan thong tin vé thi tyr tir trong
cau, diéu ma cac mé hinh bag-of-words (BoW) truyén thong khéng thé thuc hién duoc.
Diéu nay giup FastText thu dugc cac biéu dién cau chinh xac hon, ddc biét 1a trong cac

bai toan phan loai van ban [174].

O 16p dau vao, dir liéu van ban dugc chuyén dbi thanh chudi ky tu n-gram. Sau dé,
cac chudi tir con ndy dugc dua qua 16p an. Lop an dugce tong hop tir 16p ddu vao va nhan
vO1 ma tran trong sb A, dong vai tro nhu mot bang anh xa cho biéu dién tur dang vec-to.
Céc gia tri cua lop an sau d6 dugc nhan véi mot ma tran trong s6 khac B dé tinh toan 16p
daura. O 16p déu ra, hierarchical softmax dua trén cay ma hoa Huffman duoc stir dung dé
giam dang ké thoi gian huin luyén mé hinh. Bang céch sir dung mo hinh tuyén tinh véi
cac rang budc vé thir hang FastText dat dugc hiéu suat twong duong véi cac cong nghé

tién tién nhét chi trong vong mudi phut dbi véi mot ty tir [175].

Nhitng vu diém chinh cua FastText gdm [174]: (1) Téc d huan luyén nhanh va hiéu
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qua, so voi cac mo hinh phan loai ngdn ngir 16n khéc, trong d6 mot ty tir c6 thé dugc huin
luyén trong chua dﬁy muodi phut ma van dat duoc hiéu suit 4n tuong; (2) Kha nang tu
huén luyén dé tao ra vec-to tir dau ma khong can dya vao cac biéu dién tir d3 duge hudn
luyén sin; Tich hop hai k§ thuat quan trong dé ning cao hiéu suat va giam do phirc tap:

hierarchical softmax va n-grams.

Pé nam bit hiéu qua cac dic trung ¢l phap va ngit nghia duoc ma hoa trong cac token
ctiia AST, luan an st dung FastText nhu mot phuong phap embedding. FastText biéu dién
cac token dudi dang to hop cta cac ky tu n — gram, cho phép mé hinh hoa thong tin va
khéi quét hoa t6t hon ddi véi nhiing token hiém hodc chua ting xuét hién, mot dac diém
phd bién trong AST do tinh da dang va dic thu cua tir vung trong mién ndy. Bang cach sir
dung FastText, luan an ting cudng kha ning hoc cac biéu dién ngir nghia phong pha cho
cac token AST.

Muc nay trinh bay tong quan minh hoa qué trinh huén luyén va trich xuét vec-to tir
mo hinh FastText boi cong cu Gensim. Budc dau tién 1a khai tao mé hinh FastText [170].
Liang va cong su [153] di tién hanh cac thr nghiém trén 5 gié tri d dai vec-to token 1a
20, 50, 100, 200 va 500. Két qua cho théy gia tri t6i wu cho do dai vec-to duge chon la
100. Do d6, luan an chon kich thudc vec-to tir 1a 100, cho phép mo hinh embedding hoc
duogc cac dic trung. Ngoai ra, cac tham sb khac nhu window size va min-count ciing duoc
thiét 1ap dé kiém soat pham vi ngit canh trong biéu dién tir va ngudng tan sudt tbi thiéu dé
mot tr dugc dua vao tir vung. Tham s6 window size dugc dat 1a 3, nghia la xem xét ba tir
1an can (mdt tir & moi bén cuia tir hién tai). Trong mot cau, diéu nay xac dinh khoang cach
t6i da gitra tir duge dy doan va tir thyc té. S6 1an xuét hién tdi thiéu cua tir min-count duoc
dat b?mg 1, tirc 1a mot tir phai xuét hién it nhat mot 1an trong cau dé duoc dua vao tir dién.

Cudi cung, thuat toan CBOW duogc sir dung dé huén luyén mo hinh.

Sau khi m6 hinh FastText dugc khéi tao, budc tiép theo la xay dung bg tir vung. Sau
khi hoan thanh viéc xay dyng bd tir vung, mo6 hinh s€ duogc huén luyén dé tao ra bang 4nh
xa gitra cac tokens va céac vec-to token. Cac vec-to token dugc tao ra nay s€ duoc dua
vao bd Transformer Encoder dé thuc hién du doan 13i. Hinh 4.4 minh hoa mot vi du vé
qué trinh phan tach token tir cdy ¢t phap triru tuong. Cu thé, sau khi duyét qua tat ca cac
nat & cip do dau tién bat dau tir nat gbe, cac nit tiép theo dugc thu thap nhu [Node Id
=0, Node Id = 1, Node Id = 2, Node Id = 3, Node Id = 4]. Tiép theo, m6 hinh FastText
duoc str dung dé tao cac embedding vec-to twong tng, cho ra két qua: [[1.742, 3.472, ...,
0.38],[3.210, 0.440, ..., 2.940], [1.420, 1.240, ..., 1.950], [1.742, 3.472, ..., 0.328], [ 1.208,
4.401, ..., 1.833]]. Cac embedding vec-to thu thap dugc trén sau d6 sé dugc dua vao bd

Transformer Encoder.
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4.4.3 Transfomer Encoder

Hinh 4.2 trinh bay kién triic ciia md hinh Transformer Encoder sit dung dé thyc hién du
doan 151 véi dau vao 1a cac véc-to c6 gia tri thuc. Transfomer Encoder dong vai trd quan
trong trong mo hinh bao gém viéc thuc hién ca hai tac vu la self-attention va feed-forward.

Encoder x1r Iy cac vec-to cua cac token theo quy trinh sau.

1. Chuan héa va co ché chu y: Cac dau vao dugc dua qua 16p normalization gitip
chuén hoa cac gia tri trong toan bo chudi du vao. Tiép theo, mot 16p Multi-Head
Attention duoc 4p dung, cho phép mé hinh cht ¥ dén cac phan khac nhau cta chudi
dau vao cung mot luc. Co ché attention nay gitp mo hinh nim bt dugc cac mdi quan
hé phu thudc giita cac token. Sau d6, mot 16p dropout dugce st dung dé giam thiéu
hién twong qua khép. Cudi cung, dau ra duoc tinh bang cach cong thém residual

connection, gitip bao toan thong tin tir dau vao ban dau.

2. Feed Forward: Dau ra tir sau khi hoan thanh budc trén tiép tuc duge xir 1y. Lép
chuén hoa normalization duoc ap dung mot 1an nira dé chuan héa céac gia tri. Tiép
theo, mét 16p convolution 1D vé&i ham kich hoat ReLU dugc st dung. Mt 16p

dropout khac ciing duoc thém vao dé ngin chan hién twong qua khdp.

Hinh 4.2 minh hoa kién trac Transformer Encoder dugc sir dung trong phuong phap
du doan 13i cua luan an. Kién tric mé hinh bao gém nhiéu khéi Encoder, trong d6 mdi khdi
tich hop co ché self-attention va mot don vi xtr 1y feed-forward. Cu thé, mdi khéi Encoder
chta cac 16p multi-head self-attention nham nam bat sy phu thudc toan cuc giita cac token
dau vao, ddng thoi két hop véi cac 16p convolutional dé trich xuit cac didc trung ngit canh
cuc bd. Céc thanh phan nhu layer normalization, residual connections, va dropout layers
dugc chén xuyén sudt mo hinh nham nang cao do 6n dinh trong qua trinh huan luyén va
giam thiéu hién tugng qua khép. Sau khi di qua toan bo cac khéi Encoder, mé hinh ap
dung phép global pooling dé gdp cac dic trung theo thoi gian thanh mot véc-to c6 do
dai ¢ dinh. Véc-to nay sau d6 dugc dua vao mot MLP bao gém cac 10p dense cung véi
dropout regularization & thuc hién nhiém vu phén loai cubi cung. Ham xay dung mé hinh
duoc st dung dé thiét 1ap mo hinh Transformer hoan chinh bing cach xép chdng nhiéu
khéi Transformer Encoder, trong d6 mdi block bao gém 4 khdi attention heads, 4 khéi
Transformer Encoder, va 128 MLP don vi. Sau khi dinh nghia kién trac mo hinh, qué trinh
bién dich mo hinh dugc thyc hién thong qua phuong thirc bién dich. Ham méat mat duoc
thiét 1ap 13 sparse categorical cross-entropy, phit hop cho cac bai toan phan loai da 16p.
B6 t6i wu duge st dung 1a Adam voi tdc do hoc learning rate xac dinh trude. Bén canh
d6, sparse categorical accuracy ciing dugc ap dung dé danh gia hiéu suit ciia mé hinh.

K§ thuat early stopping dugc sit dung nhu mot callback nhim ning cao hiéu qua qué trinh

128



huén luyén. Phuong phap nay giam sat gia tri hAm mat mat trén tap thir nghiém va khoi
phuc lai trong s6 mé hinh tai epoch c6 hiéu suét tot nhat, tir d6 giup ngin ngira hién tugng
qua khop va t6i vu hoa kha niang khai quat hoa.

Trong mo hinh cua luan an, phuong phdp ma hoéa vi tri positional encoding trong
Transformer dugc sir dung dé bao toan cu trac tuan tu ctia cac AST token sau khi chung
duoc bién dbi thanh word-embedding. Mac du AST von ¢co dang cay, ludn an tién hanh
duyét cay bang phuong phap BFS trude khi dua cac token di trich xuét vao Transformer
Encoder. Cach tiép can ndy tao ra mot chudi token phan 4nh trat ty ¢t phap ctia ma ngudn
ban d4u. Trong mé hinh Transformer, positional encoding ddng vai trod thiét yéu nham b
sung théng tin vé vi tri cia tirng token vao cac vec-to embedding dau vao. Luén an sir dung
phuong phap sinusoidal positional encoding tiéu chuan dugc dé xuat boi Vaswani [176]
dé gitp mod hinh ndm bat dugc thong tin vi tri trong khong gian embedding. Sinusoidal

positional encoding dugc dinh nghia nhu sau:

PE(p0572i) - Sln( 100002i/d'model ) (4' 1)
_ cos( P
PE(pos,2i+1) - COS( 100002i/dm0del (42)

Trong do, PE(,s la gia tri positional encoding tai vi tri pos trén chiéu i. O day,
pos biéu thi vi tri ctia token trong chudi, i 1 chiéu trong véc-to, va d 1a kich thudc cia

embedding vec-to.

Dau ra cudi cung cua qué trinh positional encoding bao gdbm token embedding va vi
tri twong g ctia vec-to positional encoding tuong tmg. Viéc bd sung positional encoding
gitip mo hinh hoc duoc vi tri twong ddi gifta cac thanh phan ma ngudn, chang han nhu méi
quan hé giira cac cau tric diéu kién, vong lap va 10i goi ham. Py 1a nhimg yéu t6 then

chot trong viéc phat hién cac 161 trong ma nguon.

4.5 Triénkhai thu nghiém, két qua thd nghiém va phan tich két
qua

Viéc danh gia phuong phap dé xuat dugc thyc hién nham xac dinh mirc @6 ma mo hinh

Transformer két hop v6i FastText c6 thé dat két qua vuot trdi hon so v6i cac mo hinh tién

tién trong du doan 16i phan mém, bao gém ca du doan 16i trong dur 4n va du doan 13i trong

lién dy an. Luan an tién hanh dénh gia phuong phap dé xuét trén mudi tap dir liéu Apache

[177] (Ant, Camel, Jedit, Log4j, Lucene, Poi, Synapse, Ivy, Xalan, va Xerces) dugc su
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dung rdng rai trong nghién ctru vé dy doan 101 phan meém.

Ludn 4n so sanh hiéu suat ctia phuong phap dé xuat v6i cac mo hinh dy doan 13i dua
trén phan tich ct phap va ngit nghia, bao gdm Seml [153], DP-Transformer [178], DBN-
CP [151], DTL-DP [179], va TCA+ [180].

4.5.1 Tap diliéu thu nghiém

Muc tiéu cuia thir nghiém nay 1a danh gia hiéu suat cia mo hinh dé xuét trén tap hop da
dang va phong phu ciia cac du 4n ma ngudn Java. Pé xay dung b dir liéu, ludn an tién
hanh hai nhiém vu nham dam bao tinh chinh xac va dﬁy du. Thir nhét, luan an thu thap
c¢6 hé thdng ma ngudn cua cac tép chuong trinh riéng 1é tir GitHub [177]. Dé bao dam sy
tuong tng chinh xac gilra cac phién ban, luan an st dung cdc ma cia phién ban va tén 16p
day du dé dbi chiéu timg tép v6i ban sira ddi twong tmg. Céc tép sau khi duoc thu thap s&
duoc phan tich ca phap thanh ciy ct phap triru twong nham phuc vu cho qua trinh trich
xuat dic trung. Thi hai, dé xac dinh su ton tai ctia 16i trong cac tép chuong trinh, luan
an st dung bo dir licu PROMISE [181], von cung cép nhén 16i cung voi 20 dac trung ma
ngudn cho mdi tép. Cac tép duoc phan loai 1a “c6 16i”hoidc “khong 16i”dya trén cac nhin

nay.

Luan 4n da lya chon 10 dy 4n ma ngudn, bao gém tén dy an, phién ban phat hanh,
s6 luong tép trung binh va ty 18 16i trung binh trich xuit mi ngudn cua timg tép tir
GitHub [177]. Cac dy &4n nay dugc chon dya trén mirc d§ lién quan va viéc st dung trong
cac nghién ctru trude day [36, 153, 162], bao gdm ca phan tich trong du 4n va trong lién
dur 4n. Chi tiét cac tap dit liu Apache dugc trinh bay trong Bang 4.1.

B6 dir liéu Apache bao g6m 10 du an ma nguén mo Ant, Camel, JEdit, Log4j, Lucene,
Poi, Synapse, Ivy, Xalan va Xerces. Mdi du an bao gom tir hai dén ba phién ban lién tiép,
v6i s lugng tép ngudn trung binh dao dong tir 150 dén 792 tép, phan anh sy da dang vé
quy mo phan mém. Ty 1¢ tép bi 1i thay doi tir 15,7% dén 62,49%, cho thay ty 16 mét can
bang dit liéu va mirc dd phan bd 16i khac nhau trong lién du an. Sy da dang vé quy mo,
s6 phién ban va ty 18 18i giup bo dir liéu nay dai dién cho nhiéu bdi canh phat trién phan
mém khéc nhau, tir cac hé théng c6 mat do 16i thép dén céac hé théng c6 ty 18 16i cao. biéu
nay tao diéu kién dénh gia kha ning thich nghi ciia mé hinh trong nhiéu diéu kién thuc
té. Vé tinh dai dién, cac bd dir liéu bao phu nhiéu linh vuc ung dung khac nhau nhu cong
cu xdy dung phan mém (Ant), framework tich hop cac thanh phan dugc xdy dung sin
(Camel), thu vién xur 1y tai liéu (POI), cong cu ghi nhat ky (Log4j), cong cu XML (Xalan,
Xerces), cong cu tim kiém (Lucene) va dich vu Web (Synapse). Pong thoi, viée st dung
nhiéu phién ban ctia mdi dy 4n gitp phan anh sy thay doi cia phan mém theo thoi gian,

mo phong sat quy trinh phat trién va bao tri trong thuc té.
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Ngoai ra, quan trong hon, dé xéac dinh su hién dién cua 13i trong t€p chuong trinh, luén
an dira vao nhan 15 thu thap tir PROMISE [181]. M6t s6 mAu dit liéu duoc trinh bay trong
Bang 4.2. Toan bg dir licu déu duoc thu thap tr cac dy 4n ma nguén mo va da dugc cong
b6 cong khai trong kho dit liéu PROMISE d4 thé hién tinh khach quan cua tap dif liéu str
dung. Cac nhén 156i duoc xac dinh dua trén lich st stra 16i va hé théng quan ly phién ban
ctia dy 4n thay vi dugc gan thii cong, nhd d6 han ché sai 1éch chu quan trong qua trinh xay
dung dir li¢u. Hon nira, day 1a bo dir licu chuan dugc sir dung rong rai trong nhiéu nghién
ctru du doan 16i phén mém, do do két qua thuc nghiém c6 thé duge ddi chiéu truc tiép voi
cac mo hinh dé xuét hién c6. Vé kha ning khai quat héa, luan an da tién hanh thir nghiém
trén dy doan 16i phﬁn mém trong cung mdt du an va trong lién dy 4n khac nhau. Cy thé,
ddi vai phéan tich trong dy an: mdi du an dugc chia thanh hai phién ban, mot phién ban
ding dé hudn luyén va phién ban con lai dung dé kiém thir. Vi dy, luéin 4n st dung phién
béan 1.4 ctia du an Ant 1am tap huin luyén va phién ban 1.6 1am tap kiém thir. D6i v6i phan
tich trong lién du an: mgt du an dugc chon lam tap huén luyén, trong khi dir li¢u tur cac
du an khac dugc sir dung lam tap kiém thu. Chéng han, Apache Poi v2.5 c6 thé duoc st

dung 1am tap huan luyén, trong khi Apache Synapse v1.2 dugc sir dung 1am tap kiém thu.

Béang 4.1: Tap dir liéu Apache dugc st dung

Téndw an Phién ban SO tép trung binh Ty 1€ 15i

Ant 14,1.6,1.7 425 23.65
Camel 1.2,1.4,1.6 792 23.76
Jedit 3.2,4.0,4.1 296 27.63
Log4j 1.0,1.1,1.2 150 50.44
Lucence 2.0,2.2,24 258 54.89
Poi 1.5,2.5,3.0 351 62.49
Synapse 1.0, 1.1, 1.2 211 23.37
Ivy 1.4,2.0 622 20.0
Xalan 24,2.5,2.6 780 36.53
Xerces 1.2,1.3 447 15.7

Bang 4.2: Mot s6 mau trong tap dir licu PROMISE duoc st dung

Tén dw an Phién ban Tén tép D) do mi nguodn L&i
wme .. LOC .. cam

Ant 1.3 apache.tools.ant.taskdefs.ExecuteOn I .. 395 .. 0232 O
apache.tools.ant.DefaultLogger 14 ... 257 .. 0307 2

Poi 1.5 apache.poi.hssf.record.LineFormatRecord 25 ... 429 ... 0352 1
apache.poi.hssf.record.formula. AttrPtg 20 ... 336 .. 0225 6

Synapse 1.1 apache.synapse.registry.AbstractRegistry 7 .. 230 .. 0375 0
apache.synapse.core.axis2.ProxyService 53 ... 1164 .. 0.134 4
apache.synapse.SynapseConstants 2 .81 .1 3
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4.5.2 Cacmo hinh so sainh

Theo nghién ctru cia Gorkem Giray va cong su [182], cdc mo hinh CNN, DBN, RNN,
LSTM, GRUs va MLP dugc cong nhan rong rii 1a nhitng phuong phap duoc sir dung phd
bién nhat trong du doan 16i phﬁn mém. Bén canh d6, cac md hinh DBN, RNN, LSTM va
GRU di thé hién hiéu suat tdt trong viéc du doan 15i phan mém, nho kha ning nam bit
thong tin ngir nghia va thong tin ¢t phap ctia ma ngudn. Nhidu mé hinh dé xuat di st dung
biéu dién trung gian, chang han nhu AST dé chuyén d6i ma ngudn thanh dinh dang vec-to

56, gitip mo hinh hoc sau c¢6 thé xtr Iy hiéu qua hon [182].

Trong nhimg nim qua, nhiéu nghién ctru da sir dung AST dé biéu dién ma ngudn
dudi dang vec-to sb hoc, bao gdm cac mé hinh nhu Seml [153], DeepCPDP [183], DP-
Transformer [151], Li [184], Liu [185], DBN-CP [151], DTL-DP [179], TCA+ [180].
Tuy nhién, mot sé mo hinh dé xuit da dugc danh gia trén tap dit liéu hodc do do hiéu suit
khéac so vdi tiéu chi trong phuong phép ctia luan an. Chang han, mé hinh cta Liu [185] st
dung tap dir liéu Linux va MySQL. M6 hinh DeepCPDP str dung cac do do danh gia khac
nhu AUC. Do d6, luan an di lya chon cac mé hinh thtr nghiém dugc tién hanh trén céc
tap dir liéu tuong duong va dugc danh gia béng cung mét d6 do, nham so sanh hiéu suét
ctia md hinh FastText-Transformer trong bai toan dy doan 16i phdn mém. Ngoai ra, lun
an ciing thuc hién phén tich so sanh giita mé hinh dwoc dé xuét va cac mo hinh dbi sanh

da chon, dugc mo ta dudi day:

« Seml [153]: M6 hinh dy doan 13i hoc théng tin ngit nghia cia ma ngudn bang cach

két hop word-embedding va mé hinh hoc siu.

« DP-Transformer [178]: M6 hinh du doan 16i phan mém str dung Transformer dé

hoc cac dic trung ngit nghia va ngit phéap tir cac mo-dun phan mém.

« DBN-CP [151]: M6 hinh nay c¢6 kha ning hiéu tot hon biéu dién thong tin ngit nghia

dé du doan 16i.

« DTL-DP [179]: M6 hinh hoc chuyén tiép danh cho dy doan 15i c6 kha ning nim

bat thong tin ngit nghia va cau tric bang cach bién ma ngudn thanh hinh anh.

« TCA+ [180]: M5 hinh nham diéu chinh phan phdi dic trung giita dy 4n ngudn va
du an dich.

« FastText-LSTM: M6 hinh két hop FastText va Transformer dé du doan 15i phan

mém.
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4.5.3 Tham s6 huén luyén

Luan 4n da tién hanh thir nghiém nhiéu tham s6 khac nhau dé xay dung mét cu tric toi
rru cho cac mé hinh trong luén an nay. Cac tham s6 chi tiét duoc trinh bay trong Bang 4.3
va Bang 4.4. Trong kién tric nay, bén bd Transformer Encoder dugc st dung, két hop véi
mot 16p Global Average Pooling dé xtt Iy dau ra. Lop Global Average Pooling c6 vai trd
quan trong vi giit mbi quan hé chat ché véi kién trac tich chap, gitp két ndi giita ban do
dic trung va phan loai. Pong thoi cung cap kha nang chuan hoa mé hinh regularization,

gitip giam thiéu hién twong qué khép [186].

Piéu chinh tham s 1 mot budc quan trong dé dat dugc két qua tdi vu. Luan an phan
tich va diéu chinh cac gia tri siéu tham s cho ting thuat toan trudc khi tién hanh thir

nghiém. Danh sach cac siéu tham s6 bao gom:

1. Epoch. Mét epoch dé cap dén mot vong 1ap hoan chinh qua toan bo tap dir liéu huan
luyén. Trong cac thur nghiém cua luén an, sb luong epochs dugc diéu chinh dé tim
ra su cin bang toi vu gitta mo6 hinh qua don gian va mé hinh qua khép. Cu thé,
luan an da thir nghiém véi pham vi epochs tir 50 dén 500. D4i voi ca hai mo hinh
Transformer va LSTM, 200 epochs dugc xac dinh 13 hiéu qua nhét, gitip m6 hinh
hoc du thong tin tir dit liéu ma khong bi qua khép.

2. Batch-size. Batch size xac dinh sd lugng mau huén luyén duoc sur dung trong mat
vong lip cta qua trinh t6i wu hoa. Batch size nho thudng cung cap udc luong
gradient chinh xac hon nhung yéu cau nhiéu vong lap hon dé hoan thanh méot epoch,
diéu nay c6 thé lam ting chi phi tinh toan. Luan an da thir nghiém cac gia tri batch
size trong khoang tur 16 dén 64. Dya trén gi61 han bo nhé va kich thudce tap dit lidu,
batch size = 16 dugc xac dinh 14 t6i wu, mang lai sy can bang tot giita tinh 6n dinh

khi huan luyén va hiéu qua tinh toan.

3. Drop-out. Dé tranh van dé qua khép, luan an ap dung ngau nhién céc ty 1é dropout
khac nhau [187]. Dropout 1a mot k¥ thuat chuan héa mé hinh regularization gitp
ngin chin quéa khop bang cach loai bé ngéu nhién mot phan no-ron trong qua trinh
huén luyén. Diéu nay khuyén khich mé hinh tong quat hoa tot hon bang cach khong
qué phu thudc vao céc no-ron cy thé. Luén an da thir nghiém cac ty I¢ dropout trong
khoang tir 0.2 dén 0.7. P6i voi mo hinh Transformer, luan an 4p dung dropout = 0.2
cho 16p MLP va 0.25 trong 16p Encoder. DPéi véi mé hinh LSTM, ludn 4n st dung
dropout cao hon (0.5), phan anh xu hudéng qua khép 16n hon do su phirc tap cua cac

phu thudc thoi gian trong dir liu tuan tu.

4. Learning Rate. Kiém soat mirc d¢ di€u chinh trong s ctia mo hinh dya trén dao ham

cua ham mat mat. Mot toc dd hoc toi vu dam bao qua trinh hoi tu 6n dinh va hi¢u
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qua. Luan an da thir nghiém cac gia tri learning rate trong khoang tir le-5 dén le-3.
Pdi véi mé hinh Transformer, learning rate = 1e-4 duoc lya chon. Ddi véi md hinh
LSTM, téc d6 hoc cao hon mot chut (0.001) dugc xac dinh 1a hiéu qua hon.

5. Activation Function. Ham kich hoat ReLU dugc st dung cho ca hai mé hinh nho
vao hiéu qua trong viéc giam thiéu van dé dao ham bién mét va ting cudng kha
ning hoc. Trong 16p dau ra cia mé hinh Transformer, ham Softmax duogc sir dung
dé hd tro phan loai da 16p. Trong md hinh LSTM, ham ReLU duoc ap dung xuyén

suot cac 16p.

6. Optimizer Function. Luan 4n str dung b6 t6i wu hoa Adam, mot phuong phap thude
SGD. Adam duoc chon do kha ning diéu chinh téc do hoc va hiéu qua tinh toan.
Cach tiép can nay mang lai nhiéu lgi ich, bao gdm: tinh toan hiéu qua, yéu cau bd
nhé tdi thiéu, kha nang chéng chiu véi su thay doi trong vi¢c chuén hoa dix liéu nhu
da dé cap trong nghién ctru ciia Kingma va Ba [188]. Adam két hop vu diém cua
hai phuong phap mo rong khéac cua SGD: AdaGrad va RMSProp, giup phu hop voi
nhiéu bai toan hoc may khac nhau. Nho nhirng dac diém nay, Adam ddc biét phu

hop cho céc bai toan xur 1y tap dir li€u 16n va c6 nhiéu tham so.

Bang 4.3: Tham s6 huén luyén cho mé hinh Transformer

Phan tir Tham s6 Gia tri lra chon
Mo hinh dé xuat Transformer Encoders 4

S6 luong no-ron trong MLP 64

Ham kich hoat RELU

Ty 1¢ Dropout 0.2

Ham kich hoat dau ra Softmax
Encoder S6 lugng heads 4

Kich thudc Head 64

Ty 1¢ Dropout 0.25

Kich thudc Kernal size

(Kich thudce cua filter) !

Huén luyén Ham mat mat sparse _categorical crossentropy
B0 tbi wu hoa Optimizer keras. optimizers.Adam
Learning rate le-4
S6 lugng epochs 200
Batch size 16

Db6i v6i mo hinh Transformer, luan an thiét 1ap kién triic v6i 04 khdi Encoder, mdi
Encoder bao gom co ché multi-head attention v&i bon heads. Mdi head c6 kich thudc 64,

dam bao kha nang manh mé trong viéc ndm bét cac mau dir lidu phuc tap. Mang FFN
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Béng 4.4: Tham s6 huan luyén cho md hinh LSTM

Phin tir Tham s Gia tri lyra chon
LSTM  S6 luong 16p an 3

S6 luong no-ron trong 16p an thir nhat 256
S6 luong no-ron trong 16p an thirhai 256
S6 lwong no-ron trong 16p an thir ba 128

S6 lugng epochs 200

Batch size 16

Thuét toan huin luyén Adam

Ty 1€ Dropout 0.5

Ham kich hoat Relu

Learning rate 0.001

Ham mét mat binary crossentropy

trong Encoder c6 64 no-ron, sir dung ham kich hoat ReLU dé dua vao tinh phi tuyén tinh.
Dé giam thiéu qua khdp, luan 4n ap dung ty 1¢ dropout 14 0.2 sau cic 16p MLP va 0.25
trong cac 16p Encoder. Lop dau ra str dung ham softmax dé hd trg phan loai da 16p. Qua
trinh huan luyén duoc thuc hién voi ham mat mat sparse categorical crossentropy, toi uu
hoa bang Adam optimizer v&i learning rate = 1e-4. M6 hinh dugc huan luyén trong 200
epochs voi batch size = 16, dam bao su can béng gitta hi¢u suét tinh toan va sy 6n dinh

trong qua trinh hoi tu.

Kién triic ciia moé hinh LSTM bao gdm ba 16p an, dugc thiét ké dé ndm bét cac phu
thudc thoi gian trong dit liéu tuan ty. Hai 16p 4n ddu tién c6 256 no-ron mdi 16p. Lop an thir
ba c6 128 no-ron. Ham kich hoat ReLU duogc sir dung dé ngan chan van dé dao ham bién
mat va ting cudng kha niang hoc. Dé giam thiéu qua khop, luan an 4p dung ty 1& dropout
= 0.5 trén céc 16p an. Qua trinh huan luyén sir dung ham méat mat binary crossentropy, véi
bo toi wu hoa Adam optimizer, giup t8i wu hoa hiéu qua tai learning rate= 0.001. Tuong
tu nhu mo hinh Transformer, mé hinh LSTM ciing dugc hudn luyén trong 200 epochs véi
batch size = 16. Chi tiét cac thong s6 hé thong dé danh gia hiéu suit ctia mo hinh dé xuat

va mo hinh ddi chimg LSTM duoc trinh bay trong Bang 4.5.

4.5.4 Traloicho Cauhoinghién citu 1: M hinh FastText-Transformer dugc
dé xuit c6 vugt troi hon so vSi cic mo hinh du doan 16i tién tién hién
nay doi véi du doan 16i trong cting mét dy an khong?

Dé danh gia hiéu qua cua phuong phap du doan 15i trong cing mot dy an, luan an di so

sanh mo hinh FastText-Transformer dé xuit véi cac md hinh co s& FastText-LSTM va
bon md hinh dé xuat sau: Seml [153], DBN-CP [151], DP-Transformer [178] va DTL-
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Bang 4.5: Thong sb hé thdng chi tiét

Hé thdng Thong s k¥ thuat
CPU Intel(R) Core(TM) 19-12900K CPU@3.4 GHz
RAM: 64GB
GPU NVIDIA GeForce RTX 3090
* NVIDIA CUDA Cores: 1792
* Memory: 24GB GDDR6X
* Memory Speed: 8Gbps
Software  OS: Windows 10 Pro (64 bits)
* TensorFlow Version: tensorflow-gpu-1.0.1
* CUDA Version: cuda 8.5
* CuDNN Version: cuDNN v5.1 (Jan 20, 2017)

DP [179]. Béi v6i mbi du 4n, phién ban trudc véi tap dir liéu nho va phién ban sau voi tap
dir 1iéu 16n duoc su dung lam tap huén luyén va tap kiém thtr. Cac chudi vec-to duge tao
tir phién ban trudc duge sir dung dé xay dung mo hinh Transformer, trong khi cac chudi
vec-to tur phién ban sau dugc dung dé kiém thr m6 hinh. Luan 4n d3 thuc hién céc thir
nghiém trén 16 tap dir liéu, duoc thé hién trong cot phién ban cta Bang 4.6 cho bai toan du
doan 16i trong pham vi cung mot du an. Cac phién ban dugc ky hi¢u dudi dang P, — P,
trong d6 P; va P, lan luot 1a du 4n nguén va du an dich. Lu4n 4n tién hanh so sanh hiéu
sudt ctia mo hinh dé xuat voi cac phuong phap co sé dua trén cac d6 do Precision (P),

Recall (R) va Fl-score (F1). Cac gia tri cao nhét cua cac d6 do dugc danh dau in dam.

Bang 4.6 trinh bay cac gia tri Precision, Recall va F1-score ctia cac phuong phap Seml,
DBN-CP, DTL-DP, FastText-LSTM va FastText-Transformer. Nhin chung, phuong phap
ctia luan 4n dat hiéu sudt tot hon so voi cac phuong phap co so trén 11 trong s6 19 tap dit
li¢u. M6 hinh FastText-Transformer dat gia tri trung binh ctia Precision 1a 0.762, Recall 1a
0.807 va F1-score 1a 0.768. M6 hinh FastText-Transformer dat gia tri trung binh F1-score
cao hon 19.6% so v&i DTL-DP, 25.4% so voi Seml, 19.8% so voi DBN-CP va 7% so voi
mo hinh FastText-LSTM. Két qua cho thdy phuong phap dé xut co thé cai thién hiéu suat
du doan so véi cac phuong phap Seml, DBN-CP, DTL-DP va FastText-LSTM. Hinh 4.6
trinh bay két qua trén 3 tap dir liéu cung véi két qua caa DP-Transformer. Truc x va truc y
1an lugt biéu dién nhém dy an va gia tri Fl-score dugc st dung dé danh gia. Chéng han,
trong nhom thir nghiém dau tién, Apache Poi 1.5 dugc sir dung 1am tap huin luyén va
Apache Poi 3.5 lam tap kiém thir. M6 hinh FastText-Transformer dat hiéu suét cao hon so
v61 DP-Transformer trén cac tap dir liéu cua nhom Apache Lucene va Apache Synapse.
Trong khi d0, két qua Fl-score ctia hai mo hinh trén nhom Apache Poi 1a twong duong
nhau. V& gi4 trj trung binh, phuong phap dé xuat dat gia tri F1-score cao hon 8.9% so

v6i DP-Transformer. Cach tiép can dé xuat cho thay hiéu qua trong viéc du doan 156i phan
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Béng 4.6: Két qua so sanh hi¢u suit cia DTL-DP, Seml, DBN-CP, FastText-LSTM va
FastText-Transformer d6i v6i du doan 16i trong cung mot du an

, a1 DTL- FastText- FastText-

Du an Phién ban DP Seml DBN-CP LSTM Transformer

F1 |P R F1|P R F1|P R F1|P R F1
Camel 1.2->1.4 40.6 | 37.9580.4151.6 96.0 66.4 78.5 83.9 85.4 78.9 72.6 85.2 78.4
1.4->1.6 38.5 | 51.6541.9346.3 26.3 64.9 37.4 46.1 50.0 47.9 61.2 50.3 48.7
JEdit 3.2->4.0 494 | 46.8474.2857.5 46.7 74.7 57.4 51.1 71.5 59. 72.1 75.6 73.0
4.0->4.1 68.7 | 57.6468.0562.4 54.4 709 61.5 63.2 79.5 70.4 63.4 79.6 70.6
Log4j 1.0->1.1 68.8 | 69.4 67.6 68.5 67.5 73.0 70.1] 60.2 75.6 68.2 65.8 81.1 72.6
Lucene | 2.0->2.2 78.3 | 70.5 66.4 68.4 75.9 56.9 65.1] 72.4 80.6 76.4 82.4 78.6 80.3
22->24 77.6 | 66.5 68.8 67.7 66.5 92.1 77.3 62.3 73.2 68.8 71.4 84.5 76.2

Xalan 2.4->25 79.4 | 51.5869.9 59.4 65.0 54.8 59.5 77.7 88.1 82.6 89.8 88.4 83.3
2.5->2.6 - 63.0678.6270.0 61.6 57.9 59.7 67.2 66.4 66.7 75.1 73.3 73.8
Xercer | 1.2->1.3 82.0 | 33.3337.7035.4 40.3 42.0 41.1] 43.6 50.0 46.9 75.9 87.1 81.2
Synapse | 1.1->1.2 65.9 | 52.4350.5851.5 57.3 59.3 58.3 79.7 89.3 84.2 79.5 77.2 73.2
Poi 1.5->2.5 68.5 | 78.8379.1679.0 76.1 55.2 64.0 69.1 80.0 73.9 61.3 78.3 68.7
2.5->3.0 42.6 | 68.4492.7578.8 81.6 79.0 80.3 79.7 77.1 78. 82.4 77.3 79.6
Ant 1.5->1.6 70.0 - - - | 88.0 95.1 91.4 75.0 77.3 76.1 92.3 96.4 94.6
1.6->1.7 59.3 - - - 198.8 90.1 94.2 84.7992.1 88.3 90.4092.3790.63
Ivy 1.4->2.0 82.9 - - - 121.7 90.0 35.0 77.9 78.0 73.2 84.7 87.3 85.0
Trung binh 64.2 | 57.6 67.4 61.2 63.0 70.7 64.1 68.3 75.9 71.2 76.2 80.7 76.8

mém bang cach nam bat duogc cac dic trung ngit nghia ciia chuong trinh, tir d6 cai thién

hiéu suat ctia mé hinh dy doan 16i trong cung du an.

Tuy nhién, giéng nhu cac mé hinh hoc sdu khac, két qua nay van bi anh hudng bai

kich thudc tap dit liéu nho va su mat can bang gitra cac 16p. Nhitng han ché nay can duoc

xem x¢ét d€ nang cao do chinh xac cua md hinh du doan.
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Hinh 4.6: So sanh két qua F1-score giira FastText-Transformer va DP-Transformer ddi véi
du doén 101 trong cung mot dy an

4.5.5 Traloicho Cauhoinghién ctiu 2: M6 hinh FastText-Transformer dugc
dé xuit c6 vugt troi hon so v6i cdc mo6 hinh du doan 16i tién tién hién
nay doi v6i du doan 16i trong lién dy 4n khong?

Viéc danh gia phuong phap dé xuat dbi véi du doan trong lién du an bao gém so sanh véi
DTL-DP [179], DBN-CP [151] va TCA+ [180]. Bang 4.7 trinh bay gié tri F1-score cua
cac phuong phap DTL-DP, DBN-CP, TCA+, FastText-LSTM va FastText-Transformer.
Nhiing gia tri F1-score tot nhat ctia cac phuong phap nay duoc danh dau in dam.

Nhin chung, mé hinh FastText-Transformer dat hiéu sudt t6t hon so v&i cac phuong
phap con lai vé gid tri Fl-score trén 12 trong s 22 tap thir nghiém. Chang han, trong
nhom thir nghiém st dung Apache Ant 1.6 lam tap hudn luyén va Apache Poi 3.0 lam
tap kiém thtr, mo hinh dé xuét cua luan an dat gia tri Fl-score cao nhat 14 0.875. Gia tri
trung binh F1-score cua FastText-Transformer trong CPDP 14 0.667, trong khi cdc m6 hinh
DTL-DP, TCA+, DBN-CP va FastText-LSTM lan luot dat 0.618, 0.479, 0.568 va 0.589.
Do d6, mé hinh d& xuét ctia luan 4n ¢ hiéu suat cao hon cac phuong phap trén lan luot 1a
7.9%, 39.2%, 17.4% va 13.2%. Ngoai ra, gia tri F1-score cua FastText-Transformer cao
hon so v6i mo hinh két hop FastText v6i LSTM trén hau hét cac tap dit liéu thir nghiém.
Chéng han, dy 4n ngudn 13 Apache Poi 2.5 va dy an dich 12 Apache Synapse 1.2, mé hinh
FastText-Transformer dat gia tri F1-score 1a 0.774, cao hon 0.274 so véi gié tri 0.50 cia
mo hinh FastText-LSTM.

Mo hinh duoc dé xuat c6 nhiéu vu diém hon so véi cac mo hinh doi sanh. Thir nhat,
FastText c6 kha nang ndm bat thong tin ve céc tur con, giup phu hgp voi cac tinh hudong

ma ma ngudn cé thé chira dinh danh, tén ham hoac tén bién khong cé trong tir vung ti€u
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Bang 4.7: So sanh gid tri Fl-score DTL-DP, DBN-CP, TCA+, FastText-LSTM va
FastText-Transformer ddi véi du doan 16i trong lién dy an

n A n ar FastText- FastText-

Tap nguon Tap dich DTL-DP TCA+ DBN-CP LSTM  Transformer
Antl.6 Camell 4 39.5 29.2 31.6 36.5 39.8
JEdit4.1 Camell 4 40.7 33.0 69.3 48.1 49.6
Camell .4 Antl.6 59.1 61.6 97.9 81.4 89.7
Po0i3.0 Antl.6 69.3 59.8 47.8 63.8 77.0
Camell .4 JEdit4.1 53.1 53.7 61.5 56.2 59.6
Log4jl.1 JEdit4.1 63.9 41.9 50.3 54.35 65.1
JEdit4.1 Log4jl.1 78.3 57.4 64.5 69.9 80.2
Lucene2.2 Log4jl.1 79.4 57.1 61.8 72.6 78.2
Lucene2.2 Xalan2.5 68.9 53.0 55.0 79.3 79.2
Xercesl.3 Xalan2.5 68.6 58.1 57.2 78.9 78.8
Xalan2.5 Lucene2.2 78.3 56.1 59.4 69.5 71.5
Log4jl.1 Lucene2.2 76.9 52.4 69.2 81.1 86.4
Xalan2.5 Xercesl.3 40.0 394 38.6 41.0 46.5
Ivy2.0 Xerces1.3 42.0 39.8 42.6 47.8 48.9
Xercesl.3 Ivy2.0 47.2 40.9 453 47.5 50.0
Synapsel.2 Ivy2.0 49.4 38.3 82.4 46.3 48.1
Ivyl.4 Synapsel.1 54.5 348 48.9 394 499
Poi2.5 Synapsel.1 59.7 37.6 42.5 50.0 77.4
Ivy2.0 Synapsel.2 62.0 57.0 433 36.6 73.2
Po0i3.0 Synapsel.2 62.3 54.2 51.4 68.3 61.3
Synapsel.2 Po0i3.0 66.1 65.1 82.7 49.5 69.3
Antl.6 Po0i3.0 61.9 343 82.7 77.7 87.5
Trung binh 61.8 479 56.8 58.9 66.7

chuan. Hon nira, embedding ctia FastText c6 thé xtr Iy hiéu qua cac tir ngoai tir vung va
bién thé hinh thai, dam bao hoc dugc cac biéu dién ngay ca khi gap céac token hiém hoic
chua timg thay trong ma ngudn. Do d6, phuong phap dé xuit c6 thé xtr Iy biéu dién co y
nghia hon cho céc token chua thay trudc trong ting tép ma ngudn. Thi hai, cac nghién
ctru gan day cua Gao va cong su [189] va Zi va cong su [190] di chimng minh rang co ché
attention c6 thé 1a mot cong cu manh mé& giup cai thién du bao chudi thoi gian so véi cac
mo hinh RNN truyén thong.

Thit ba, cac nghién ctru gan day cta Xing va cong su [191] va Devi va cong su [192]
d3 chirg minh hiéu qua cta co ché attention trong viéc hoc cac dic trung ngir nghia cua
chuong trinh. Trong phuong phap duoc dé xuat, ma ngudn thudng ¢ cac phu thude cdu
tric phtic tap va mdi quan hé phan cap giira cac thanh phan khac nhau. Nhiing dic diém
nay c6 thé dugc mo hinh héa hiéu qua nho co ché self-attention ctia Transformer. M6 hinh

Transformer mang lai nhiéu lgi thé va thudong c6 hi¢u suat cao hon so voi cac mo hinh doi
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ching truyén théng nhu CNN, DBN hodc LSTM trong cac bai toan lién quan dén ngon
ngir, nhu dd duogc dé cap trong cac nghién ctru cia Shaik va cong su [193], Mahdevaswamy
va cong su [194]. Mot loi thé quan trong cua kién tric Transformer la kha nang xu ly song
song hoa, cho phép tan dung t6i da toc do xir Iy cia GPUs va TPUs. Ngoai ra, trong khi
LSTM c¢6 co ché hdi quy gitp mé hinh st dung mdi quan hé ngir canh dai han va multi-
head attention dé nim bat mbi quan hé phtrc tap trong dit liéu qua khtr dé dua ra du doan,
thi Transformer lai str dung co ché self-attention dé khai thac toan bo thong tin trong qua
khur két hop voi dau vao hién tai, gitp tao ra du doan chinh xac hon [195]. Do d6, mo
hinh FastText-Transformer ctia ludn an duogc thiét ké dé tan dung nhiing lgi ich ké trén.
Phuong phap dé xuit dat hiéu suit tot do dwa vao co ché self-attention, giup cai thién kha
niang dy doan 18i phan mém. Ngoai ra, khong giéng nhu LSTM hozc RNN, Transformer
khong phu thudc vao tinh toan tudn tr ma c6 thé xir Iy song song, gitp ting tdc do thuc
thi tong thé.

4.5.6 Két qua kiém dinh thong ké

Kiém dinh théng ké duoc thuc hién dé danh gia muc d y nghia cua hiéu sudt ma phuong
phap dé xuét dat dugc so v6i cac mo hinh co so trong qué trinh kiém ching thir nghiém.
Dua trén céc kiém dinh thong ké, luan 4n dua ra két luan chit ché nham mo ta hiéu qua caa
phuong phap dé xuat so voi cac mé hinh khac. Mot s kiém dinh thong ké thuong duoc
st dung trong du doan 16i phadn mém bao gdm kiém dinh Friedman [196], Cliff’s effect
size [197], kiém dinh Wilcoxon signed-rank sum [198], v.v. Trong chuong nay, luan an st
dung kiém dinh Wilcoxon v&i mirc ¥ nghia 0.05 dé danh gia su khac biét hiéu suét gitra

FastText-Transformer va cac mo hinh doi sanh.

Bang 4.8 va Bang 4.9 trinh bay két qua kiém dinh thong ké ctia FastText-Transformer
va cac mo hinh co sé theo céc tiéu chi Precision, Recall va F1-score. Trong mdi bang, néu
gia tri P-value nho hon 0.05, sy khac biét vé hiéu suét dugc coi 1a c6 y nghia théng ké va
duoc danh dau bang diu hoa thi (*), ddn dén viéc bac bo gia thuyét null. Gia tri cta effect
size r trong kiém dinh thé hién muc do khac biét vé hiéu suat. Gia trj » cang cao cho thay
anh hudng cang manh, tirc 1a su khac biét vé hiéu suit gitra cac nhom dugc so sanh cang
16n. Gia tri chénh 1éch trung binh ctia mdi nhom gitip xac dinh phuong phap nao cé hiéu
sut trung binh t6t hon.

Tur két qua trong Bang 4.8, gié tri P-value cua hau hét cac nhom so sanh déu nho hon
0.05, cho théy su khac biét hiéu sut co y nghia théng ké. Hon nira, gia tri effect size » cao
hon 0.2 d6i v6i hau hét cac nhom, ngoai trir chi s6 Precision trong Seml va chi sé Recall

trong DBN-CP, diéu nay ciing chi ra sy khac biét dang ké vé hiéu suét. D6i voi phan 16n
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Bang 4.8: Két qua kiém dinh théng ké so sanh giita FastText-Transformer va cic mé hinh
doi sanh doi véi dy doan 161 trong cung mot du an

Nh?m bo do Precision Recall F1-score
so sanh
BEL- P-value - - 0.013*
Effect r - - 0.625
Mean-difference - - 8.054
Seml P-value 0.015*  0.008* 0.010*
Effect r -0.257 0.331 0.069
Mean-difference 15.899 12.980 13.525
DBN-CP P-value 0.060 0.012*  0.005*
Effect r 0.207 -0.059 0.458
Mean-difference 11.408 14.258 12.508
IF;‘“‘;];“' P-value 0.045% 0239  0.182
Effect r 0.444 0.500 0.464

Mean-difference 7.833 4.133 4.427

cac nhom so sanh, FastText-Transformer c6 gia tri chénh I¢ch trung binh duong, ching to
mé hinh dat hiéu suét tdt hon.

Ngoai ra, su khac biét hiéu suit c6 y nghia thong ké giira FastText-Transformer va cac
phuong phap khéc ciing duoc quan sat trong tat ca cac truong hop cua du doan trong lién
du an trong Bang 4.9. Co thé théy, gia tri P-value nho hon 0.05, ching té su khac biét vé
hiéu sudt 1a c6 ¥ nghia thong ké. Trong hau hét cac truong hop, gia tri 7 16n hon 0.6, chi
ra mirc do anh hudng 16n cia su khac biét vé hidu suat. Gia tri chénh léch trung binh 1a s6
dwong d6i v6i phan 16n cac nhom so sanh, cho thiy FastText-Transformer c6 hiéu sut tot
hon so v6i DTL-DP, Seml va DBN-CP. Do d6, két qua kiém dinh théng ké xac nhan rﬁng

phuong phép dé xuat cua ludn an c6 hi€u suat vuot troi so voi cadc mo hinh doi chirng.

4.5.7 So sanh chi phi thoi gian huin luyén va thoi gian kiém thi mo hinh
gitta FastText-LSTM va FastText-Transformer

Trong khi tién hanh cac thuc nghiém, luan 4n ciing tinh chi phi thoi gian cua FastText-
LSTM va FastText-Transformer. Bang 4.10 trinh bay so sanh chi phi thoi gian huan luyén
va thir nghi¢ém gitra FastText-LSTM va FastText-Transformer trén cac du an khac nhau.
FastText-Transformer thé hién rd loi thé vé hiéu suat, v6i chi phi thoi gian thap hon dang

ké cho tat ca cac du an duoc liét ké.
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Bang 4.9: Két qua kiém dinh thong ké cho so sanh giita FastText-Transformer va cac mo
hinh d6i sanh d6i véi du doan 16 trong lién dy an

Nh(’)m bo do F1-score
so sanh
DTL-DP P-value 0.012*
Effect r 0.837
Mean-difference 6.584
Seml P-value 0.001*
Effect r 0.885
Mean-difference  19.146
DBN-CP P-value 0.030*
Effect r 0.643
Mean-difference  10.576
E;S;";‘;Xt_ P-value 0.003*
Effect r 0.964
Mean-difference 5.303

Bang 4.10: So sanh chi phi thoi gian huén luyén va thir nghiém mé hinh giira FastText-
LSTM va FastText-Transformer

Du 4n Phien ban FastText- FastText- FastText- | FastText-
: LSTM | Transformer | LSTM Transformer
Tap nguon | Tap dich | Thoi gian huin luyén Thoi gian kiém thir
Camel 1.2 1.4 765.81 160.67 8.53 3.36
JEdit 4.0 4.1 2555.55 2083.49 22.68 18.36
Log4j 1.0 1.1 198.12 55.04 1.73 0.55
Lucene 2.0 2.2 4515.87 1771.83 9.68 6.72
Xalan 2.5 2.6 3520.64 1401.64 20.51 17.36
Xercer 1.2 1.3 3350.52 2232.61 24.05 18.66
Synapse 1.1 1.2 538.08 354.65 5.72 1.48
Poi 1.5 2.5 29480.20 19653.47 303.9 136.5
Ant 1.6 1.7 583.71 216.95 6.66 2.37
Ivy 1.4 2.0 3867.08 2055.80 35.2 13.56
Trung binh 4937.558 2973.26 43.87 21.89

Chang han, d6i v6i dy 4n Camel, FastText-Transformer chi mat 160.67 gidy, trong khi
FastText-LSTM mét dén 765.81 giay. D6i véi du an Lucene, mé hinh FastText-Transformer
nhanh hon dang ké, v6i chi phi thoi gian 1a 1771.83 gidy so voi 4515.87 gidy cua FastText-
LSTM. Tuong tu, vdi du an Poi, FastText-Transformer c6 chi phi thoi gian 1a 19653.47
gidy, trong khi FastText-LSTM mat 29480.20 gidy. M6 hinh FastText-Transformer tiép tuc
thé hién hiéu sudt vuot troi trén cac du an khac nhu JEedit (2083.49 giay so voi 2555.55
gidy) va Lucene (1771.83 gidy so voi 4515.87 gidy). Trong tit ca cac du an, chi phi thoi
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gian huin luyén mo hinh du doan 156i dao dong tir 198.12 gidy dén 29480.20 gidy ddi véi
FastText-LSTM va tir 55.4 gidy dén 29480.20 gidy ddi voi FastText-Transformer trén ca
hai tap dir liéu Log4j va Poi. Trung binh, FastText-Transformer c6 chi phi thoi gian la
2973.26 gidy, thap hon dang ké so v&i muc trung binh 4937.55 gidy cta FastText-LSTM,
nhéan manh hiéu suét thoi gian vuot trdi cuia FastText-Transformer so véi FastText-LSTM.
V& b nhd, do kich thuée 16n caa cac chudi embedding token thu thap dugc, b0 nhd RAM
t6i da (24GB) duogc sir dung dé hudn luyén timg cap tap dir liéu. SO lugng tham sb cua
FastText-LSTM va FastText-Transformer 1an luot 1a 575.689 va 894.554.

Bén canh do, xét vé thoi gian kiém thir, mo hinh FastText-Transformer luon dat hiéu
sult vuot troi so v6i FastText-LSTM trén tat ca cac du an dugce danh gia. Thoi gian kiém
thir trung binh ctia FastText-Transformer vao khoang 21,89 gidy, nhanh hon gan 50% so
voi FastText-LSTM (43,87 giay). Chrflng han, dbi v&i du an Xerces, FastText-LSTM mét
24,05 gidy, trong khi FastText-Transformer rat ngan con 18,66 gidy. Ngay ca véi du an
Ivy, khi FastText-LSTM mét 35,2 gidy, FastText-Transformer chi mat 13,56 gidy, thé hién
su cai thién dang ké. Pang chu ¥, d6i voi cac du 4n c6 quy mé 16n hon nhur Poi va Ivy,
muc tiét kiém thoi gian con 10 rét hon, nhan manh hiéu qua cua co ché self-attention song

song trong cac kién trac dua trén Transformer.

4.5.8 Cdacmoide doa dén tinh tin cdy va gia tri caa nghién ciiu

1. D0 gia tri ngoai tai
Do gia tri ngoai tai xem xét mirc d6 ma két qua nghién ctru c6 thé dugc tong quat
hoa. Vi chit luong cua két qua thtr nghiém phu thudc vao tap dir liéu dugc sur dung
trong luan an, luan an da chon tap dir liéu cong khai thuong dugc st dung trong
cac nghién ctru vé du doan 18i phan mém. Cac tap dir liéu dugc sir dung trong thir
nghiém cta luan 4n duoc trich xuat tir kho PROMISE va ngén ngir 14p trinh cta 10
du an la Java.

Tuy nhién, tap dir li¢u thtr nghiém cua luan an khong thé bao g6m tat ca cac loai
g dung phan mém hién co, va sy thiéu da dang nay c6 thé din dén sai léch trong
két qua nghién ctru. Bé 1am cho khung phén tich duoc dé xuat tré nén phd quét hon,
ludn 4n dang xem xét mé rong thir nghiém sang céc loai ing dung khac, chang han
nhu ing dung di dong va tmg dung web dugc viét bang cac ngdn ngir 1ap trinh khac
(vi du: Python, C++, JavaScript).
2. B0 gia tri ndi tai

Do khong ¢6 san ma ngudn ctia cac nghién ctru duge chon dé ddi sanh, gom cia Li
va cong su [153], Zheng va cong sy [178], Wang va cdng su [151], Chen va cOng

su [179] va Nam va cong su [179], ludn &n da tai tao cac thir nghiém cua ho dua
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trén cac thuat toan dugc trinh bay trong nghién ctru gdc va thuc hién danh gia trén
cung mot tdp dir li¢u. Tuy nhién, luén 4n khong thé dam bao réng viéc thuc hién thir
nghi¢m cua luan an hoan toan nhét quan véi ban géc. Maic du vay, ludn an tin rﬁng
két qua so sanh cac mé hinh co s6 thu duoc trong ludn 4n nay tuong ddi gan voi két
qua dugc trinh bay trong cac bai bao gdc.
Trong luan an nay, luan an s dung céc gia tri mac dinh cho céc si€u tham s6 nhu
ham kich hoat va sd luong 16p ctia cac mo hinh hoc sau. biéu nay co thé tao ra mot
modi de doa tiém an dbi v6i két qua luan an. Trong twong lai, luan an s& thuc hién
diéu chinh cac tham s6 mé hinh [71] trong phwong phap dé xuét dé cai thién hiéu
suét va do chinh xac.

3. D9 gia tri khai niém
Do gia tri khéi niém tdp trung vao viéc lya chon cac dd do danh gia hiéu suat dugc
st dung dé do luong mirc do hi¢u qua cia cac mo hinh du doan. Trong luan an nay,
dé danh gia hiéu suat cua phuong phap dé xuat, luan an sir dung cac do do danh gia
pho bién nhét: precision, recall, va Fl-score. Ba d6 do nay da dugc ap dung rong
rdi trong nhiéu nghién ctru trudc ddy dé danh gia hiéu suét tong thé cia mé hinh.
Ngoai ra, luan an st dung kiém dinh théng ké Wilcoxon dé xac dinh liéu ¢6 su khac
biét dang ké giira phuong phap dé xuit va cac phuong phap khac hay khong. Ludn
an cho réng cac do do khac cling co thé dugc xem xét, nhung do han ché vé thoi
gian, luan 4n nay tap trung vao cac do do phd bién nhat déi voi bai toan phan loai
nhi phan.

4.6 Kétchuong

Su gia ting khong nging vé quy mé va do phirc tap ctia phan mém hién dai dit ra nhimg
thach thirc 16n trong viéc dam bao do tin cdy cua hé thong phin mém. Tuy nhién, cic
nghién ciru trude day dua trén cac dic trung phan mém va dir liéu 16i hién c6 chua thé
khai thac hiéu quéa va hiéu duogc thong tin ngit nghia ciing nhu ¢t phap trong ma ngudn.
Chuong nay di tap trung nghién ctru va phat trién mot mo hinh du doan 18i phan mém dya
trén hoc sau, két hop giita moé hinh nhung tir Gensim FastText va kién trac Transformer,
nham khic phuc cac han ché cua cac phuwong phap du doan 13i truyén théng vén chi dyua
trén d6 do phan mém hodc mé hinh hoc may tuyén tinh. Bang cach khai thac sdu hon
thong tin ngit nghia va ca phap an chta trong ma ngudn, mé hinh duoc dé xuat da ching
minh ning lyc n6i bat trong viéc biéu dién ma ngudn dudi dang véc-to ddc trung va nang
cao dang ké hiéu qua du doan 18i. Trudc hét, luan an da tién hanh x4y dung cdy ca phap
triru tugng AST cho ting tép ma ngudn va trich xuat cic token quan trong. Phuong phap

nay gitip ma ngudn dugc biéu dién dudi dang cau triic c6 ngit nghia 1d rang, phan 4nh
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dugc mbi quan hé ¢t phap va ludng diéu khién trong chuwong trinh. Sau d6, FastText duoc
ap dung dé biéu dién céc token nay thanh véc-to embedding lién tuc, tdn dung cac dac
trung n-gram ky ty nham xir Iy hiéu qua cac tir ngoai tir ving va cac dinh danh hiém trong
ma nguén phﬁn mém. Tiép theo, m6 hinh Transformer Encoder dugc sir dung trong du
doan. V&i co ché multi-head self-attention va kha ning song song hoa trong huan luyén,
Transformer c6 thé nim bt cac phu thudc dai han gifta cac thanh phan ma ngudn, dong
thoi khic phuc hién tuong vanishing gradient va exploding gradient von ton tai trong céc
mo hinh tuan ty nhu RNN hay LSTM. Cau tric positional encoding dugc tich hop gitp
bao toan thir tu ¢t phéap trong chudi token dugc trich xuit tir AST, dam béo rang mdi quan
hé giita cac thanh phan ca phap va logic cta chuong trinh van duoc duy tri trong khong

gian bicu dién véc-to.

Céc thur nghiém thyc nghiém trén 10 du 4n Apache (Ant, Camel, Jedit, Log4j, Lucene,
Poi, Synapse, Ivy, Xalan va Xerces) dd duoc tién hanh dé danh gia hiéu qua cia mé hinh.
Két qua cho thdy mé hinh FastText-Transformer dat hiéu suat cao hon déng ké so véi cac
md hinh hoc sau hién nay nhu Seml, DP-Transformer, DBN-CP, DTL-DP, va TCA+, trén
ca hai loai bai toan du doan 16i phﬁn mém trong cung mot dy an va trong lién du an. Cu
thé, mo hinh cta luan 4n thé hién d6 do danh gia accuracy, recall va Fl-score cao hon,
ddng thoi thoi gian huin luyén ngan hon nho co ché attention song song va ti uwu hoa bang
Adam optimizer. Két qua kiém dinh Wilcoxon signed-rank test (p < 0.05) khang dinh ring
su khac biét vé hiéu ning gitra mo hinh duoc dé xuét va ciac mé hinh so sanh 13 ¢6 ¥ nghia
thong ké, ching minh tinh vuot troi va 6n dinh ctia phuong phap dé xuat.

Dé 1am cho mé hinh dé xuét ctia luan 4n c6 tinh tong quat cao hon, cac thir nghiém c6
thé st dung tap dit liéu tir nhiéu du 4n khac nhau va ngdn ngir 14p trinh khac nhau. Trong
tuong lai, luan an xem xét viéc st dung mat s6 kho Iuu trix khac chira dit liéu 13i trong cac
du an trén Github, chéng han nhu Broadleaf Commerce CE, Multi-Model NoSQL DBMS,
Elasticsearch, v.v. Hon nira, viéc xtr ly dit liéu mét can béng 12 mét thach thirc 16n ddi véi
cac mé hinh dy doan 16i phan mém. Do d6, dé nang cao chat luong cua tap dir liéu, phuong
phap d& xuat cua luan an co6 thé duoc md rong bang cach st dung cac ky thuat 1dy mau
tang [48] va ldy mau giam [118, 122] nhim can bang phan b cac 16p trong tap dit liu
ciing nhu ting tinh da dang ctia cac mau dit liéu. Ngoai ra, luan 4n 1a md rong md hinh
du doan 18i phan mém sang cac ngdn ngir 14p trinh khac nhu C++ va Python. Mic du mdi
ngdn ngit co ¢ phap va dic diém ngit nghia riéng, chung déu co thé duogc biéu dién thong
qua cy cu phap triru tugng hodc cac biéu dién ma ngudn cé cdu trac twong dwong nhu
db thi ludng diéu khién, d6 thi phu thudc, cho phép khai thac dong thoi théng tin ¢t phap
va ngit nghia ctia chuwong trinh. Trén co s& d6, cac token dugc trich xuat tir AST hodc ma
ngudn co thé duge chuyén doi thanh cac biéu dién ngir nghia bang cic mod hinh embedding

hodc cac mé hinh ngdn ngit tién huin luyén danh cho ma ngudn nhu CodeBERT, Graph
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Neural Network, GraphCodeBERT. Cac biéu dién nay sau d6 dugc dua vao cac mo hinh
hoc sdu dua trén Transformer, von c6 kha nang hoc cac quan h¢ phu thudc dai han gitra
cac thanh phan cia ma ngudn théng qua co ché self-attention, dong thoi ndm bét hiéu qua
cac ddc trung ngir nghia va ngir canh 1ap trinh. Viéc két hop giita phan tich ca phap cua
ngon ngit 1ap trinh va cac mo hinh Transformer tién huan luyén khong chi gitp nang cao
kha ning biéu dién ma ngudn ma con ky vong cai thién do chinh xac va kha ning tong
quat hoa ctia mé hinh dy don 13i trén nhiéu ngdn ngit 14p trinh khac nhau. Dé ning cao
hon nita kha ning khai quat hoa ctia mé hinh duoc dé xuat, cac thir nghiém trong tuong lai
c6 thé st dung tap dir lidu dén tir nhiéu du 4n khac nhau. Viéc nay s€ gitip mo hinh duogc
danh gi4 toan dién hon vé tinh 6n dinh, kha nang thich tng va hiéu qua du doan trong cac
bdi canh phat trién phan mém khac nhau, qua d6 cing cd tinh tong quat va kha ning mg

dung thyc tién cia mo hinh trong méi truong phat trién phan mém quy mé 16n.

Céc két qua nghién ctru nay da duogc ding trén Tap chi Neural Computing and Applications.!

"Ha Thi Minh Phuong, Pham Vu Thu Nguyet, Nguyen Huu Nhat Minh, Le Thi My Hanh, John Healy,
Nguyen Thanh Binh “A novel transformer-based software fault prediction using Syntactic Tree and
Word Embedding”, Neural Computing and Applications, 2026, (Scopus, Q1)
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Két ludn va hudéng phat trién

Véimuyc ti€u ban dau, Luan an tién sivoi tieu dé: “Dy doan phan mém dya trén ma nguon”
nay da tap trung nghién ctru va dé xuat cac phuong phap nham cai thién hi¢u suat cua mo
hinh dy doén 161 phan mém, dac biét trong boi canh dir liu cé sy mat can bang va dac

trung nglr nghia phong pha. Luan an da c6 cac dong gop chinh sau:

« Xay dung co so 1y luan va dinh huéng nghién cru cho bai toan dy doan 15i phan
mém dua trén ma ngudn. Luan an da tong quan c6 hé thdng cac phuong phap du
doan 16i phﬁn mém, phan tich uu diém, han ché cua cac hudng tiép can dua trén do
do phan mém va dic trung ma ngudn. Trén co s¢ d0, ludn an chi ra ba van d& cdt
15i con ton tai gdm: (i) dir liéu dau vao chtra nhiéu dic trung du thira; (i) su mat
can bang gitra 16p 16i va khong 15i; va (iii) cic mo hinh dy doan 15i truyén théng
dwra trén d6 do chua khai thac hiéu qua thong tin ngir nghia cia ma ngudn. Viéce xac
dinh 16 cac khoang tréng nghién ctru nay 1a co sé dé xay dung mot hudng tiép can

thong nhat nhim nang cao hiéu qua du dodn 16i phan mém.

« Pé xuét phuong phap t6i wu hoa dir liéu dau vao cho du doan 16i phan mém thong
qua két hop lira chon dic trung, trich xuét dic trung va can bang dit liéu. Cy thé, luan
an két hop phuong phap Recursive Feature Elimination (RFE) va Autoencoder dé
t6i wu tap ddc trung v6i cac md hinh mang dbi khang sinh (GAN) nham giai quyét
bai toan mat cin bang dir liéu. Khac v&i cac phuong phép lay miu ting truyén
thong nhu SMOTE va ADASYN, cic md hinh GAN c6 kha ning hoc phan phéi
xac sudt tong thé cua dir liéu va mdi tuong quan giita cac dic trung, tir d6 sinh ra
cac mau dit liéu tong hop c6 tinh chan thuc va da dang cao hon. Ludn 4n nghién
ctru va danh gia hiéu qua ctia nhidu bién thé GAN, bao gom VanillaGAN, CTGAN,
WGAN-GP, CopulaGAN va TGAN, ddng thoi dé xuat két hop ching voi cac ky
thuat lua chon va trich xuét dac trung. Két qua thuc nghiém cho théy su két hop
gitta RFE, Autoencoder va céc bién thé GAN, dic biét 1a CTGAN, WGAN-GP va
VanillaGAN, tao ra tap dir li¢u huén luyén chét lugng cao, giup cdc mo hinh dy

doan 161 phan mém dat hi€u suat vuot trdi so voi cac phuong phap lay mau truyén
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thong, dong thoi nng cao d chinh xac, kha nang khai quat héa va tinh 6n dinh cta

mo hinh.

« P& xuit md hinh FastText-Transformer méi dua trén kién trac Transformer két hop
v6i biéu dién tir FastText di thé hién kha ning hoc dic trung ngit nghia siu sic tir
ma nguodn dua trén cay ct phép triru twong, tir d6 cai thién dang ké hiéu sudt mo hinh
du doan 16i, dic biét trong bdi canh du doan trong cung va du doan gitra cac dy an.
Mo hinh duoc xay dung bang cach két hop biéu dién tir FastText trén cdy cl phap
triru twong (AST) véi kién tric Transformer Encoder nham hoc ddng thoi dic trung
¢t phap va ngir nghia ciia ma ngudn. Kién trac FastText-Transformer do luan an dé
xudt cho phép mé hinh hoa hiéu qué cdu tric va ngit nghia cia ma ngudn, giup cai
thién dang ké do chinh xac, kha ning khai quat hoa va 6n dinh trong dy doan 15i.
Két qua thuc nghiém trén nhiéu dy 4n Java trong ca thir nghiém trong cing mot du
an WPDP va gitra cac du an CPDP cho théy mé hinh dat hiéu suét vuot troi so véi
nhiéu phuong phap hoc sau hién c6. Sy khac biét dugc xac nhan béng kiém dinh
Wilcoxon véi mirc y nghia théng ké phui hop. Két qua nay ching minh tinh dung
dén, tinh 6n dinh va kha ning khai quat hoa ctia mo hinh, déng thoi mé ra hudng
nghién ctru méi trong viéc khai thac biéu dién ngit nghia ctia ma ngudn cho cac mod

hinh dy doan 18i phan mém.

Ngoai cdac két qud da dat dwoc trong ludn dan, mt 6 vin dé cé thé ddt ra dé tiép tuc

nghién cuu:

« Céac thuat toan ti wu hoa meta-heuristic mic di cho thay hiéu qua nhat dinh trong
lya chon déc trung, nhung van tOn tai nhiéu han ché can duoc khic phuc. Cu thé,
cac mod hinh hién nay thuong gép van dé vé do phuc tap tinh toan cao, ham muc
tiéu don muc tiéu, quy md tap dit liéu nho, khoi tao quan thé ban dau yéu, ciing nhu
thiéu cac so sanh chuan hoa voi nhitng thuat toan khac. Ngoai ra, mot s thir nghiém
cho thiy céc thuét toan co thé phat hién nhiing dic trung khong du thira ngay cé khi
dang loai bo cac dic trung du thira, dan dén mau thuan trong viéc xac dinh tap dac
trung toi wu. Vi vy, huéng nghién ciru tiép theo c6 thé tap trung vao viée tbi uu
hoéa va cai tién cac thult toan meta-heuristic trong lya chon dac trung, nham nang

cao toc do hdi ty, do 6n dinh va kha nang tim kiém nghi¢m toi wu toan cuc.

« Cac md hinh dy doan 16i phén mém chi hoat dong & muc t&p hodac muc 16p do do
chua thé dat dugc d6 chinh xac cao trong viéc xac dinh vi tri 16i cu thé trong ma
ngu6n. Do d6, mot huéng nghién ctru tiém ning trong twong lai 14 mé rong md hinh
theo hudng dinh vi 13i (fault localization) bang cach khai thac cac biéu dién ngi
nghia ctia ma ngudn két hop véi thong tin cu tric chuong trinh dé xac dinh cac
16p, phuong thirc hodc tham chi cac doan ma c6 kha niang gay 15i cao nhét. Huéng
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tiép can nay khong chi giup thu hep pham vi kiém tra, giam thoi gian g& 16i ma con
hd trg hiéu qua cho cac hoat dong kiém thir, bao tri va sira 16i tw dong trong quy

trinh phat trién phan mém.

Trong ludn 4n nay, viéc trich xuat dic trung ma ngudn dua trén cdy ct phap triru
tuong chi phan anh cu tric ca phap tinh, ma chua biéu dién day di luong diéu
khién va sy phu thudc dir liéu gitra cac thanh phﬁn ma ngu(‘A)n. Do d6, cac thong tin
ngit nghia dong va quan hé ngir canh giita cac khdi 1énh chua duoc khai thac triét
dé. Vi vay, cong viéc nghién ciru tiép theo co thé mo rong theo hudng khai thac cau
trac d6 thi cia ma ngudn, bao gdbm db thi ludng diéu khién (Control Flow Graph),
db thi phu thudc chuong trinh (Program Dependency Graph) hodc d6 thi thudc tinh
ma ngudn (Code Property Graph) dé biéu dién sau hon cac mdi quan hé cti phap va
ngit nghia trong chwong trinh. Cach tiép can nay cho phép trich xuit dic trung ca
phap va dic trung ngit nghia tir cac do thi, tir d6 cai thién kha ning nhan dién cac

doan ma nguon c6 kha nang bi 101.

Céac mo hinh dé xuét hién tai méi dugc thir nghiém trén ma ngudn Java; dé ting
tinh tong quat va kha nang mg dung thuc té ciia mé hinh, luén 4n s& mé rong sang
nhiéu linh vuc va ngdn ngir 14p trinh khac nhau, ching han nhu Python, JavaScript,
C-++, va tng dung cho dy doan 131 & cac mirc do chi tiét hon nhu 16p, phuong thirc
hay cau Iénh. Dong thoi, can xem xét cai tién cac chién luoc ldy miu va diéu chinh
tham s6 dé mé hinh hoat dong hiéu quéa hon trong cac méi truong dit liéu phire tap
va khét khe hon.
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