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T6m tit. Bai toan tim cay khung chi phi dinh tuyén nhé nhat (Minimum Routing Cost Spanning
Tree - MRCST) c6 thé duge tim thiy trong nhiéu bai toan thiét ké mang. Trong trudng hop tong
quat, bai toan MRCST da dugc chiing minh 13 NP- khé. Bai bao nay dé xuit thuat toan giai bai
toan MRCST dugc phét trién dita trén so do thuat toan bay ong. Cac két qua tinh toan thiyc nghiem
cho thiy thuat todn dé xuit cho 13i gidi v6i chat lugng t6t hon thuat toan xap xi Wong, cac thuat
toan meta-heuristics dang quan thé nhu Max-Min Ant System (MMAS), thuat toan di truyén (GA),
thuat toan Artificial Bee Colony (ABC) va mot s6 thuat toan heuristic hien biét. Céi gia phai tra dé
dat dugc két qua nay la s6 luong cay khung ma thuat toan clia ching to6i phai khao sat 13 16n hon
nhidu so véi cac thuat toan khéc, ching han, trung binh la gap 16000 lan so véi thuat toan Wong v
gap 1.7 1an so v6i thuat toan ABC.

Tt khéa. Cay khung c6 chi phi dinh tuyén nhé nhat, thuat toan bay ong, thuat toan meta-heuristic,
tri tué bay dan.

Abstract. The task to find Minimum Routing Cost Spanning Tree (MRCST) can be found in many
network design problems. In general cases, the MRCST problem is proved to be NP-hard. This paper
proposes an algorithm to solve MRCST problem based on the schema of bee algorithm. The com-
putational experiment results show that our proposed algorithm outperforms the Wong’s algorithm,
population-based meta-heuristics like Max-Min Ant System (MMAS), Genetic Algorithm (GA), Ar-
tificial Bee Colony algorithm (ABC), and other well-known heuristic algorithms. The cost to get this
result is the large number of spanning trees examined by our algorithm compared to other methods,
e.g., 16000 times and 1.7 times more than that of Wong’s algorithm and ABC algorithm on average,
respectively.

Key words. Minimum routing cost spanning tree, bee algorithms; meta-heuristic algorithms, swarm
intelligence.

1. GIOI THIEU

Phan nay sé nhic lai bai toan MRCST va khio sat mot s6 thuat toan gidi bai toan MRCST
da duge dé xuat trong nhitng nam gan day.

*Céng trinh nay nhan dugc sy tai trg tit Dé tai khoa hoc cong nghé ctia Bo Gido duc va Dao tao: Xay dung gidi
phéap thiét ké mang chiu 15i t6i vu st dung cic k§j that meta-heuristics, ma s6 B2012-01-28.
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1.1. Phat biéu bai toan

Dinh nghia 1. (Chi phi dinh tuyén [1]) Cho G = (V, E,w) la mot do thi vo huéng lién thong
6 trong s6 (chi phi) khong am trén canh; trong d6 V 1a tap gom n dinh, F la tap gom m
canh, w(e) 1a trong s6 clia canh e, e € E. Gia st T' 1a mot cay khung ctia G, ta goi chi phi
dinh tuyén (routing cost) ctia mot cap dinh (u,v) tréen T, ky hiéu 1a dr(u,v), 1a tong chi phi
clia cac canh trén duong di noi dinh u v6i dinh v trén cay T'. Chi phi dinh tuyén cta T, ky
hieu 1a C(T'), duge xac dinh 1a tong cac chi phi dinh tuyén gitta moi cdp dinh thuoc cay T,

tuc 1a
C(T) =Y dr(u,v). (1)

u,veV

Bai toan dat ra la tim mot cay khung vé6i chi phi dinh tuyén nho nhét trong sé tat ci cac
cay khung ctia do thi G. Viéc tinh chi phi dinh tuyén ciia cay khung tryc tiép theo Dinh nghia
1 s& doi héi thoi gian O(n?). Tuy nhién, trén co sd dua ra khai niém “tai dinh tuyén” (“routing
load”), cong trinh [1] da chi ra cach tinh chi phi dinh tuyén ctia cay khung véi do phic tap
tuyén tinh.

Dinh nghia 2. (Tai dinh tuyén [1]) Cho cay khung 7" véi tap canh la F(T). Néu loai khoi T'
mot canh e thi 7' sé duge tach ra thanh hai cay con Tp va T véi hai tap dinh tuong ting la
V(Ty) va V (Ty). Tai dinh tuyén clia canh e duge dinh nghia la: [(T,e) = 2 x |V (T1)| x |V (T3)|.
Khi d6 chi phi dinh tuyén ctia cay khung 7" c¢6 thé tinh theo cong thiic sau day

C(T)= > UT,e) xwle). (2)

ecE(T)

Xay dung cay khung chi phi dinh tuyén nhé nhat 1a tuong duong véi viec xay dung cay
khung sao cho do dai trung binh gitta moi cap dinh la nhé nhat. Bai toan nay c6 ¥ nghia ng
dung quan trong trong thiét ké mang, dic biét 1a & cAc mang ngang hang khi ma cac nit c6
Xac suat truyen tin va do wu tién 1a nhu nhau. Bai toan c6 tng dung thiét thic trong viéc toi
uu hoa chi phi dinh tuyén ctia cac thiét bi switch va bridge (vé xuét xit va ting dung ctia bai
toan c6 thé xem thém & cac cong trinh [1, 2, 8]).

Bai toan MRCST duge xac dinh 14 bai toan thuoc 16p NP-kho [1, 15]. Trong s6 trén moi
canh va cau tric clia cay khung 1a hai yéu t6 co ban anh huéng dén chi phi dinh tuyén ctia
cay khung, trong d6 yéu t6 cau tric clia cay khung c6 anh hudng 16n hon déi v6i nhiing do
thi ma trong sd clia cac canh 13 khong qua cach biet. Hién da c6 nhitng phuong phap giai
gan diang bai toan MRCST dua trén cac cach tiép can khac nhau nhu so do xap xi, heuristic,
meta-heuristic.

1.2. Khao sat cac thuat toan giai MRCST

Thudt todn xap i

Thit nhat 13 thuat toan Wong duge dé xuat bdi Richard Wong vao nam 1980. Thuat toan
Wong 1 thuat todn xap xi véi can ti 1¢ 2 (nghia 1a chi phi ciia cay khung tim duge theo thuat
toan khong vugt qué 2 1an chi phi clia cay khung t6i wu) va c6 do phiic tap 1a O(nm+n?logn).
Thuat toan Wong st dung khai niem cay duong di ngan nhéat (Shortest Path Tree — SPT);
cay duong di ngan nhat c6 goc tai dinh u 1a cay khung c6 cac canh 1a hop clia cac canh trén
cac duong di ngin nhat xuat phat tit dinh v dén céc dinh con lai ctia d6 thi [1]. Thuat toan
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Wong truée hét tim tat cd cdc SPT xuat phat tit cac dinh clia do thi, sau d6, trong s6 ching
chon ra SPT c6 chi phi dinh tuyén nhé nhat lam 16i gidi can tim.

Thit hai la thuat toan Add duge dé xuat béi Vie Grout vao nam 2005 [2], c6 do phiic tap
12 O(nlogn). Thuat toan Add bé qua trong so clia cac canh va lay bac clia cac dinh lam diéu
kien tien quyét dé xay dung cay khung. Thuat toan Add chi st dung hiéu qua doi véi do thi
dong nhat va do thi gan dong nhat (la loai do thi ma trong s clia céc canh sai khac nhau
khong dang ké - trong bai bao nay sé goi 1a do thi dong nhat).

Thit ba 13 thuat toan Campos duge dé xuat bsi nhém tac gid Rui Campos va Manuel
Ricardo vao nam 2008 [8]. Thuat todn nay ciing c6 can ti lé 2 va véi do phic tap 1a O(m +
nlogn).

Thudt toan heuristic

Thit nhat 14 thuat toan xéa canh trude roi chén canh sau [13]: Bat dau tit cay khung 7' tim
duge nho thuat toan Wong. O mbi lan lap, v6i moi canh e ctia cay T ta tim canh ¢’ € E—E(T)
sao cho cay khung 7" thu dugc tit T bdi viec thay canh e bdi €’ ¢6 chi phi dinh tuyén la nhd
nhat. Néu C(T") < C(T) thi thay T bang T”. Thuat todn dimg néu sau mot lan duyet qua
tat ca cac canh e € T ma van khong tim duge €/ € E — E(T) t6t hon dé thay thé.

Thit hai la thuat toan cheén canh trude roi x6a canh sau [13]. Bat dau tit cay khung 7' tim
dugce nho thuat todn Wong, ¢ mdi lan lap, véi mdi canh e € E — E(T), b6 sung canh e vao
cay T. Khi d6 tap canh E(T) U {e} sé chita chu trinh va can tim canh trén chu trinh nay ma
viéc loai bé n6 dan dén cay khung véi chi phi nhé nhat. Cap nhat cay T néu thu duge két qua
tot hon. Thuat toan ditng néu sau mot lan duyét qua tat ci cac canh e € E — E(T) ma van
khong cai thién duge T

Thudt toan meta-heuristic

Thit nhat 1 cac thuat toan meta-heuristic dang cé thé. Chang han thuat toan Stochastic
Hill Climber Search (SHCS) [3] va thuat toan Local Search (LS) [7] v6i § tuéng co ban la tu
mot 101 gidi hién tai duge chon 1a T', & moi bude lap, thuat toan sé tim k lan can trong mot
tap con cac lan can ctia T. Néu tim duge mot 16i gidi tot hon T thi n6 sé trd thanh 15i giai
hién tai & buéc lap ké tiép. Néu 10i gidi t6t nhat hién tai khong duge cai thién qua mot so
buéce lap dinh truée, thuat toan sé tién hanh xdo tron 10i gidi hién tai bang cach cho thay thé
ngau nhién mot s6 canh clia 10i gidi hién tai bang mot sd canh hop 1é khac. Qua trinh giai sé
két thic khi thuat toan thyc hien dt mot s6 lan lap xac dinh truée.

Thtt hai 1 cac thuat toan meta-heuristic dang quan thé nhu thuat toan bay kién [11],
thuat toan di truyén [3, 14], thuat toan bay ong [12],...

C6 thé nhan xét ring: Cac thuat toan xap xi va heuristic cho 15i giai chat lugng chua cao,
cac thuat toan meta-heuristic cho 161 giai t6t hon. Bai béo nay trinh bay thuat toan bay ong
giai bai toan MRCST, va v6i mot s6 cai tién cu thé da cai thien duge chéat lugng clia 16i giai.
Thudt todn bay ong

Bay ong mat trong ty nhién tim kiém thitc dn theo quy trinh sau: Dau tién cac ong do
tham sé dugc ctt di tham do cac ving thitc an, cac ong do tham sé di chuyén ngdu nhien tit
bui hoa nay sang bui hoa khéc, sau dé chiing quay vé t6 va thong tin cho ca bay vé hudng
di chuyén, khodng céch tit t6 dén viing thiic dn va chat lugng ciia cac ving thiic #n, nhing
thong tin nay sé lam cho bay ong bay dén cac vimg thiic an nhanh chéng va chinh xac hon.
Mot van dé tu nhién nhung la diém trong tam cho thuat toan bay ong cé thé rat ra la: Noi
nao c¢6 thitc an doi dao hon thi noi d6 sé ¢6 nhiéu ong duge cit dén hon [4].

Céc thuat todn mo phong theo qué trinh tim kiém thiic an ctia loai ong mat (goi chung 1a
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cac thuat todn bay ong) da dugc biét dén trong cac cong trinh clia cAc nhom tac gia Karaboga
va Basturk (2007) [5, 6], Dusan Teodorovic (2010) [9], Alok Singh va Shyam Sundar (2011)
[12] dudi ten goi la ABC (Artificial Bee Colony), va trong cac cong trinh ctia Duc Truong
Pham (2005) [4], Xing-She Yang (2010) [10] du6i tén goi thuat toan bay ong (Bee Algorithm).

Thuat toan bay ong st dung ba chién luge trong tam 1a tim kiém lan can, tim kiém ngau
nhién va tim kiém nhiéu hon § nhitng viing khong gian tiém nang. Thuat toan bay ong dudgc
cho 1a c6 kha ning thoat khoi t6i uu cuc bo va do do né c6 thé tim duge 15i giai t6i wu toan
cuc, thuat toan bay ong dude danh gia 13 mot trong nhitng thuat toan meta-heuristic thich
hop cho viée giai cac bai toan t6i wu t6 hop kho [4].

Thuat todn bay ong c¢6 nhing y tudng khac biet so v6i thuat toan ABC [4, 5, 6]. Thuat
toan dé xuat trong bai bdo nay dya trén so do thuat toan bay ong co ban clia nhém tac gia
Duc Truong Pham (2005), thuat toan nay la khéc biét so v6i thuat toan giadi MRCST dua trén
so do ABC [12].

2. THUAT TOAN BAY ONG GIAI BAI TOAN CAY KHUNG VOI CHI
PHI DINH TUYEN NHO NHAT

Muc nay trinh bay dé xuat 4p dung thuat todn bay ong giai bai toan MRCST (ta goi thuat
toan nay la BEE-MRCST).

2.1. Ma héa cay khung

Trong thuat toan BEE-MRCST, ta st dung phu’dng phép méa hoa dang canh dé ma hoa
cay khung, m01 cay khung duge ma hoa bdi mot chudi gom n — 1 s6 nguycn trong d6 mdi sb
nguyén la chi s6 clia canh ciia do thi tham gia vao cay khung (cac canh clia d6 thi duge danh

s6 tit 1 dén m). Trong thuat toan BEE-MRCST, ta dong nhéat hai khai niém c& thé va cay
khung khi dién dat.

2.2. Tinh chi phi dinh tuyén ctia cay khung

Viéc tinh chi phi dinh tuyén ctia cay khung T theo cong trinh [1] ¢6 thé tién hanh nhu
sau: Thuc hien duyeét cay T theo chiéu sau bat dau tit dinh v; ta thu duge biéu dién cta T
duéi dang cay c6 goc tai dinh v1. Goi V,, 1a s6 luong dinh ctia cay con c6 goc 1a u. Vi mdi
dinh u cta cay T, u # vy, ky hiéu e, = (parent(u),u); trong dé parent(u) la cha clia u trong
cay T. Sau day la doan ma gid mo ta viéc tinh routing cost theo cong thic (2).

INPUT: Cay khung T' = (V(T), E(T)) dugc biéu dién nhu cay c6 goe tai vy

OUTPUT: Chi phi dinh tuyén ctia T

routingcost(T)

{ if T'= () return 4+o0; // Ta qui udc cay rong c¢6 chi phi 400

Duyét cay T theo chiéu sau bat dau tit dinh vq;

C =0

for (mo6i dinh u € V(T))

if (u! =v1){l(ey) =2 x Vi x (n—V,,);
C=C+l(ey) +wl(ey);
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}

return C;

2.3. Tao quan thé ban dau

Thuat toan BEE-MRCST stt dung hai cach sau day dé tao quan thé ban dau: Thit nhét,
mdi ca thé la mot cay dudng di ngdn nhat c6 gbc xuat phat tit mot dinh nao do ciia do thi.
Cach nay cho phép tao ra cac ca thé vé6i chi phi tuong déi t6t, nhung chi tao duge quan thé
v6i kich thude khong vugt qua s6 dinh ctia do thi. Thit hai, mdi ca thé 1a mot cay khung dude
tao theo thuat todn tuya Prim: BAt dau tit cay chi gdm mot dinh nao do ciia do thi, dé xay

dung cay khung, thuat toan thyc hién n — 1 bude lap. O méi bude lap, trong s6 cac dinh chua
tham gia vao cay khung dang xay dung ta chon mot dinh ké v6i it nhat mot dinh trong cay
khung dang xay dung. Dinh dugc chon va canh ndi né véi dinh clia cay khung dang xay dung
sé duge bo sung vao cay. Cach nay cho phép tao duge quan thé véi kich thude 16n hon, tinh
da dang ctia quan thé duge bao dam, nhung chat lugng ciia quan thé sé khong cao. Cac cach
tao quan thé ban dau nay da dugc nhom tac gid dé xuat trong [11, 14]. Trong thuat toén
BEE-MRCST, ta sé c¢6 dinh kich thudc quan thé 1a N, khi N < n thi chon cach thit nhat dé
tao quan thé, ngudc lai, chon cach thit hai. Sau day 1a doan ma gia cho viéc tao quan thé ban
dau.

INPUT: G = (V, E,w)

OUTPUT: Quan thé Q gdm N cay khung 71, T, ..., T cta do thi G

initpopulation(V, E, w)

{ Q=0
if (N >mn) fori=1..N{T = likeprim(V,E); Q =QU{T};}
else
for i = 1..N{

Chon ngau nhién mot dinh u trong s6 cac dinh chua dude chon trude do;
T = sptwong(V, E,w,u); Q@ =QU{T};

}
// Ham sptwong(V, E,w, s) tra lai T = (V, E(T)) 1a SPT xuat phat tu dinh s trén G
sptwong(V, E, w, s)
{ Dijkstra(V,E,w,s); // Thuc hién thuat toan Dijkstra tim cay duong di ngan nhat
tit dinh s dén cac
// dinh con lai, ta thu dugc prev(v) - dinh di trude dinh v trong duong di ngén nhat
tir s dén v.
Dat E(T) = {(v,prev(v)) :v e V —{s}};
return cay khung T' = (V, E(T));
}
//ham likeprim(V, E) tréa lai cay khung ngau nhien 7' = (V(T'), E(T)) theo thuat
toan tua Prim
likeprim(V, E)
{ V(T)=u; // wla mot dinh dugc chon ngdu nhién trong s6 céc dinh ctia G = (V, E)
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while (|[V(T)| < n){
Chon ngau nhién dinh v € V —V/(T') sao cho v ¢6 ké v6i mot dinh z ndo d6 trong
V(T);
V(T) = V(T)U{v}; E(T) = E(T)U{(v,2)};
}
return cay khung T' = (V, E(T));

2.4. Sip xép quan thé

Quan thé c6 N cé thé, sit dung thuat toan Quick Sort sip xép céc ca thé trong quan thé
Q theo chiéu tang dan clia chi phi dinh tuyén céc ca thé. Sau khi sip xép, ta phan bd cac
ca thé vao ba loai viing: h ca thé t6t nhat phan vao h-ving, p — h cé thé tiép theo phan vao
ph-vilng vd N — p c4 thé cudi cing phan vao np-viing. Ham sip xép quan thé va va phan bb
cac ca thé vao cac viing duge dat tén 1a sortpopulation(Q, N).

2.5. Tim kiém lan can

Thii tuc tim kiém 1an can bat dau ti cay khung 7' duge tién hanh nhu sau: Loai ngau
nhién khéi 7" mot canh e, sau dé6 thuc hién ¢ lan thao tac sau day: chon ngau nhién canh e’
tit tap E — E(T'), néu tap canh E(T) — {e} U {e'} cho ta cay khung 7" c¢6 chi phi tot hon T
thi ghi nhan cay khung nay. Thii tuc trén sé duge lap lai k 1lan déi v6i cay khung T, va trong
s6 cac cay khung dugce ghi nhan chon ra T* 1a cay khung tot nhat, roi dat T = T™*. Nhu vay
quan thé @ dugc cap nhat sau khi thuc hién xong tim kiém lan can. Tim kiém lan can vira dé
xuat 1a khéc véi cac tiép can da duge cong bd 6 cac cong trinh [11, 12, 14]. Ham tim kiém lan
can vita mo ta duge dat ten 1a neighsearch(T, k,q). Sau day 1a ma gid mo ta viéc tim kiém
cay khung lan can t6t hon.

INPUT: Cay khung T' = (V, E(T)) va s6 nguyen duong k
OUTPUT: Thay thé cay khung T bdi cay khung tot nhat trong lan can gom k cay khung
dugc tao ngdu nhién chi khac T mot canh.

neighsearch(T, k)

{T* =10;//T* - 1a cay khung tot nhat trong lan can ciia cay T'

for i = 1..k{
Xo6a mot canh e duge chon ngau nhién trong E(T);
for i = 1..¢{ Chon ngau nhién canh ¢’ € E — E(T);
if (T"=(V,E(T)—{e}U{€'}) la cay khung)
and (routingcost(T') < routingcost(T*))T* = T";
}
if routingcost(T*) < routingcost(T) Q@ = Q — {T} U{T*}; // thay cay khung T béi
cay khung T*;

}
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2.6. Tim kiém lan can ngau nhién

Trong tim kiém lan can ¢ muc trén, cay khung tim dudc & budc sau luon khong toi hon
cay khung & budc truée d6. Diéu nay dé lam cho qué trinh tim kiém bi roi vao ngd cut. Khi
d6 can thyc hién viéc da dang héa 16i gidi nho thiyce hién tim kiém lan can ngau nhién. Trong
BEE-MRCST ta goi viéc lam nay 1a xéo tron 1oi gidi. Cong viéc nay duge thie hién 6 tat ca
cac vung thudc np-vung va cac vung thudc hA-ving va ph-vung da khai thac can, nghia la &
cac viing ma chat luong 16i giai khong dugde cai thién qua mot s6 lan lap xac dinh. Tim kiém
lan can ngau nhién cho cay khung 7' dugc tién hanh tuong ty nhu tim kiém lan can: X6a ngau
nhién canh e trong 7', tim ngau nhién mot canh €’ tiw tap E — E(T') sao cho E(T) —{e} U{e'}
cho ta cay khung 7" (khong quan tam dén viéc T” ¢6 tot hon T hay khong). Lap lai k lan thao
tac trén va chon ra trong so cac cay khung thu dugc, cay khung tot nhéat thay thé cho T'. Nhu
vay quan thé @ dugc cap nhat sau khi thic hién xong tim kiém lan can ngau nhién. Ma gia
cho viéc tim kiém cay khung lan can ngau nhién duge moé ta nhu sau.

INPUT: Cay khung T' = (V, E(T)) va s6 nguyén duong k
OUTPUT: Cay khung T sau khi da thay thé ngau nhién k canh
randsearch(T, k)
{ T* = 0; //T* 1a cay khung t6t nhat trong lan can ngau nhién ctia T
for i = 1..k{
Xo6a mot canh e duge chon nglu nhién trong cay T
Tim ngau nhién mot canh €’ tit tap E — E(T') sao cho T" = (V, E(T) — {e} U {e'})

la cay khung;
if (routingcost(T") < routingcost(T*))T™* = T";
}
Q=Q—{T}U{T*}; // thay cay khung T bdi cay khung T*

2.7. Tim 15i giai t6t nhat

Dé dua ra cay khung dugc chon lam 18i gidi ctia bai toan, ta tién hanh so sanh cay khung
t6t nhat tim duge véi cac ca thé thuoe quan thé @ khi két thic qua trinh tim kiém. Sau day
14 ma gid mo ta viec tim 161 giai tot nhat ciia bai toan.

INPUT: Quan thé Q gom N cay khung 71, T, ..., Ty, va bestT 1a cay khung t6t nhéat hién tai
OUTPUT: bestT — cay khung dugc chon lam 18i gidi ciia bai toan
bestsolution(Q, N, bestT)
{fori=1.n
if routingcost(T;) < routingcost(bestT) bestT = T;;
return bestT;

2.8. Thuat toan BEE-MRCST

BEE-MRCST trudc hét la tao quan thé ban dau @, sau do 1a lip lai cac thao tac: Sap xép
quan thé @ va phan bd cic ca thé vio mdi loai viing; méi ca thé thudoc h-viing cho tim kiém
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lan can kp 1an, mdi ca thé thudc ph-viing cho tim kiém lan can ks lan, mdi cé thé da dugc
khai thac can cho tim kiém lan can ngau nhién ks lan, méi ca thé thuoc np-ving cho tim kiém
lan can ngiu nhién k4 lan. Trong mdi bude lap, quan thé Q da duge cap nhat thong qua cac
thao tac tim kiém lan can va tim kiém lan can ngau nhién. Khi thuat toan dimg, ca thé t6t
nhat tim dude trong qua trinh thyc hién thuat toan duge cong bé lam 16i gidi can tim. Sau
day 1a ma gid minh hoa cho viéc tim kiém cay khung c6 chi phi dinh tuyén nhé nhat.

Thuat toan BEE-MRCST
INPUT: G = (V, E,w)
OUTPUT: Cay khung c6 chi phi dinh tuyén nhé nhat tim dugc bestT
BEE — MRCST(V, E,w){
initpopulation(V, E,w, N); // Tao quan thé Q gom cac cay khung Ty, T, ..., T
while (diéu kién dimg chua thoa)
{ sortpopulation(Q, N); // sap xép cac ca thé trong Q theo thi tu C(T1) < C(Ty) <
< C(In)
Cap nhat bestT = T;
for ¢ = 1..h{neighsearch(T;, k1);
if (sau itermaz lan 1ap ma T; khong dugdc cai thien) randsearch(T;, ks);
}
for i = h + 1..p{neighsearch(T;, k2);
if (sau itermaz lan 1ap ma T; khong dugc cai thien) randsearch(T;, ks);
}
for i = p+ 1..N randsearch(T;, k4);
}
bestsolution(Q, N, bestT);
return bestT’;

}

Diéu kién ditng thuat todn thuong duge chon la: hodc la thyc hién du s6 tdi da lan lap
dinh trudc hoiic 1a sau mot s6 dinh trude lan lap 10i gidi t6t nhat hién c6 khong duge cai thien.
Trong bai bao nay, thuat toan két thic khi thirc hien di I'max = 350 lan lap.

Khac véi so do thuat toan bay ong tong quat, thuat toan BEE-MRCST khong st dung
tham s0 ngh Viéc phan viing tim kiém trong BEE-MRCST dugc thie hién dya vao viéc sap
xép ca quan thé. Nhitng viing da khai thac can dugc md rong nhd tim kiém lan can ngiu
nhién. Thuat toan BEE-MRCST la khéac biét so v6i thuat toan ABC dé xuat trong [5, 6, 12]
& phuong phap tao quan thé ban dau - ¢6 sit dung thuat toan Wong, thuat toan tim kiém lan
can va phuong phap phan viing tim kiém.

Danh gia thoi gian tinh cia thudt todin BEE-MRCST

Ta c6 thé danh gia thoi gian tinh clia mot lan lip ctia thuat toAn BEE-MRCST nhu sau.
Ham Sip xép quan thé cé thoi gian tinh O(Nlog N), ham xit 1§ cho h-viing c6 thoi gian
tinh O(n?), ham xtt Iy cho ph-ving c6 thai gian tinh O(n?), ham x1t 1y cho np-ving c6 thai
gian tinh O(n). Tong cong, mot lan lip clia thuat toan BEE-MRCST doi hdi thoi gian tinh
O(n? + Nlog N).
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3. KET QUA THUC NGHIEM

3.1. Xay dung bo dit liéu

Nhu da dé cap ¢ phan dau bai bdo, hieu qua clia thuat toan giai bai toan MRCST phu
thuoc vao hai dic trung quan trong ctia dit liu, do 1a cau tric ctia do thi va trong sb trén cac
canh ctia do thi. Lién quan dén trong s6, chiing toi sé tién hanh thiyc nghiém véi cac do thi
6 trong s6 trén cic canh 1a sai khac nhau 16n hodc sai khac nhau nhé hodc trong sO cac canh
la nhu nhau. Lién quan dén ciu tric do thi, c6 thé tién hanh thuc nghiem véi céc loai do thi
nhu do thi day du (do thi day) va do thi c6 cic canh duge phan bd déu hogc khong déu gitta
cac dinh (do thi thua), do thi tong quat (ngAu nhién vé trong s6 va cau tric canh).

Do thi tong qudt. Trude hét xay dung ngdu nhién mot cay khung T gdom n dinh va n — 1 canh,
sau d6 tiép tuc them ngau nhién m — (n — 1) canh khac nita vao T'; trong s6 cac canh ctia do
thi 14 86 nguyen ngau nhién trong doan [1..mazx_weight].

Do thi dong nhat. Viéc sinh ngdu nhién cac do thi dong nhat duge thyc hién tuong tu nhu
déi voi truong hop do thi tong quat; diém khéc biet duy nhat 1a trong sé céc canh duge sinh
phai théa man diéu kien dong nhat hodc gan dong nhat: dat § = random(r), maxcost =
random(maz_weight) + § + 1; khi d6 maxcost + random(2 x § + 1) — 6 1a trong s6 canh;
cac trong s6 nay sé sai khac tit —(r — 1) dén (r — 1). Khi r gidm, tinh dong nhat cta do thi
sé tang (ham random(r) tra vé mot sé nguyén ngau nhién trong pham vi tit 0 dén (r — 1)).
Do thi ¢é cdc canh duge phan b6 déu. DO thi ¢6 céc canh duge phan bo déu gitta cac dinh la
do thi ma bac ctia cac dinh 1a chénh léch nhau khong dang ke.

Tru6e hét sinh ngau nhién cay khung T ¢6 n — 1 canh ma mdi canh c6 cac dinh t6i da 1a
bac 2 (don gidn la duong néi n dinh); sau d6 cheén théem m — (n — 1) canh ngdu nhién khac
vao T' dé duge do thi G. Canh (u,v) dude chen vao G néu bac ciia cac dinh u, v (tinh trén T')
<[2m/n], trong s6 cac canh clia do thi 1a s6 nguyén ngau nhién trong doan [1..maz__weight].
Do thi c¢6 cdic canh duge phan bo khong déu. Trude hét tao mot cay khung 7' ngdu nhién di
qua n dinh: T' duge tao ¢6 a cum hinh sao (cac canh c¢6 chung dinh mot dinh), méi cum cé
n/a —2 canh van — a x (n/a — 1) dinh con lai sé tao thanh cum hinh sao cudi cling, néi «
cum nay lai véi nhau dé tao thanh mot cay khung. Viec sinh théem m — (n — 1) canh con lai
duge thuyc hien nhu déi véi do thi tdng quéat.

Do thi day di. Do thi ¢6 n dinh c6 s6 canh 1a m = (n — 1) X n/2, trong so trén cac canh cia
do thi duge tao 1a cdc s6 nguyen ngau nhién trong doan [1..max_weight].

3.2. Maoéi truong va dit liéu thuc nghiém

Thuat toan BEE-MRCST dugc cai dat trén ngon ngit C++ st dung trinh bién dich CFREE
5 va chay trén may tinh cau hinh 4GB RAM, CPU INTEL 2.20GHz.

O day, ta tién hanh thuc nghiem thuat toan BEE-MRCST tren 5 loai do thi da dé cap &
trén. Dit ligu thyc nghiem duge phat sinh ngau nhién nhu dé xuét tir cdc bai bao [11, 12] véi
hai hé théng test: He thong test 1 c6 96 test (trong d6 c6 18 test STEI-01..STEI-18 dugc lay
tit trang WEB?) va hé thong test 2 ¢6 75 test. Trong hé thong test 1 cic do thi duge sinh ¢6
s6 dinh trong pham vi [20..100], s6 canh trong pham vi [50..1200] va trong s6 cac canh trong
pham vi 1..2500. Trong hé théng test 2 cac do thi dugc gitt nguyén sd dinh va s6 canh nhu
d6i véi hé thong test 1, cau tric ciia do thi duge sinh ngau nhién, trong s6 cac canh duge cho
ngau nhién pham vi 1..100.
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3.3. Céac tham sé thuc nghiém

Két qua thuyc nghiém ciia thuat toan BEE-MRCST dudgc so sanh chi tiét v6i cac thuat
toan Wong [1], SHCS [3], LS [7], MMAS [11], GA [14] va ABC [12]. Chi phi dinh tuyén trong
cac bang thyc nghiem duge ghi nhan bang 1/2 gia tri tinh theo cong thitc (2). Trong thuc
nghiém, thuat toan Wong thiic hién 1 1an chay, thuat toan SHCS thuyc hién 20 lan chay; mdi
lan chay c6 2000 vong lap va trong mdi vong lip méi ca thé sinh 5 lan can; thuat toan LS cho
thyc hién 10 1an chay; méi lan chay c6 20000 vong ldp (cac thuat toan SHCS, LS duge khai
tao bang thuat toan Wong); thuat toan MMAS dugc thyc hién 1 1an chay khi cho 20 kién do
duong 300 lan; cac thuat toan GA, BEE-MRCST dugce thic hién 10 lan chay, va & mdi lan
chay thuat toan dimg khi thyc hién da Imaz = 350 lan lap; thuat toan ABC dudc thuce hién
30 lan chay va tat cd cdc tham s6 déu duge gitt nguyén nhu tac gia da de xuat [12]. D6i véi
mdi thuat toan, két qua duge ghi nhan 13 két qua tot nhat clia cac lan chay.

3.4. Danh gia két qua thuc nghiém

Ve chi phi dinh tuyén

Két qua thyc nghiem BEE-MRCST cho ting loai do thi tng vdi ting thuat toan duge
tong hop lai trong Bang 1 (chi tiét hon c6 thé xem tai trang WEB!). Noi dung ctia bang 1
cho biét s6 lugng (SL) bo test cho két qua t6t hon (ghi nhan béi ky higu “<”) hodc bang nhau
(ghi nhan béi ky hiéu “=") hodc kém hon (ghi nhan béi ky hiéu “>") khi so sanh thuat toén
BEE-MRCST véi cac thuat toan Wong, SHCS, LS, MMAS, GA va ABC; dong thdi ciing cho
biét ty 1¢ phan tram (%) tuong ting. Bang 1 ghi nhan két qua so sanh riéng cho ting dang do
thi v& téng hop cho tat ca cac dang do thi da dé cap. Két qua ghi nhan trong Bang 1 cho thay
v6i hau hét cac bo test, BEE-MRCST cho két qué tét hon han cac thuat toan Wong, SHCS,
LS, MMAS, GA va ABC (chuong trinh cai dat thuat toan ABC do nhém tac gid dé xuat).

Bdng 1. So sanh thuat toan BEE-MRCST véi cac thuat toan khéc trén hé théng test 1

BEE Wong SHCS LS MMAS GA ABC
(96test) [ SL] % SLT % [SL] % SLT % SL] % SL]T %
Dang cac do thi tong quat (36 test)
< 4] 944 1] 28] 0 0.0]21] 583 0 0.0 1 28

B 2 5635|972 36| 1000 15| 41.7| 36] 100.0] 35 97.2

> 0 00| 0] 00] O 001 0 0.0 0 0.0 0 0.0
Dang cdc do thi dong nhat (15 test)
= 15| 100.0 ) 14 ] 93.3 41 26.7| 15| 100.0 3| 200 2 13.3

= 0 00 1] a7 11] 733 00| 12] 80.0] 13 86.7
> 0 00| 0] 00| O 001 0 0.0 0 0.0 0 0.0
Dang cac do thi co cac canh dwgcphan bo déu (15 test)
= 13| 86.7| 2 13.3 0 0.0 9] 60.0 0 0.0 0 0.0
= 2] 13313867 15[ 100.0| 6] 40.0] 15| 100.0| 15| 1000
= 0 00| 0] 00| O 00 0 0.0 0 0.0 0 0.0
Dang cdc dé thi co cic canh duge phinbd khong déu (15 test)
< 14| 933 2]13.3 0 0.0 B8] 533 0 0.0 0 0.0
= 1 6.7 1386.7| 15| 1000 7| 46.7| 15| 100.0| 15| 100.0
= 0 00| 0] 00| O 001 0 0.0 0 0.0 0 0.0
Dang cdc dé thiday du (15 test)
= 15| 1000 2] 13.3 0 0.0] 10] 66.7 0 0.0 0 0.0
= 0 00|13 |8.7| 15| 1000 5| 333 | 15] 100.0] 15| 100.0
> 0 00| 0) 00| O 001 0 0.0 0 0.0 0 0.0
Tong hop cho cae dang 46 thi (96 test)
< 91 948|121 )219] 4 421 63| 656 3 31 31
= 5 52| 7578192 958 33| 344 93] 95.9] 93] 96.9
= 0 00| 0] 00| O 00| 0 0.0 0 0.0 0.0

o

[

[
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Két qua thiyc nghiem cac thuat toan trén véi hée théng test 2 dude trinh bay trong bang 2.

Bdng 2. So sanh thuat toan BEE-MRCST véi cac thuat toan khac trén hé thong test 2

BEE Wong SHCS LS MMAS GA ABC
(75test) |SL] % [SL] % |SL] % |SL] % |SL] % |SL] %
Dang cac do thi tong quat (15 test)

< 15| 100.0 1 0.7 0 0.0 91 60.0 0 0.0 0 0.0

= 0 0.0 14 03.3| 15| 100.0 6| 40.0| 15| 100.0| 15| 100.0

= 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Dang cic do thi dong nhat (15 test)

= 1511000 6| 40,0 1 6.7 15]1000] 1 67| 5| 333

= 0 0.0 9 60.0 | 14| 93.3 0 0.0 14| 933 | 10| 66.7

= 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Dang cic d6 thi cé cdc canh duge phianbé déu (15 test)

= 14 933 2| 133] 0 0.0 11] 733 0 0.0 0 0.0

= 1 6.7 13| 867151000 4| 26.7| 15| 100.0| 15| 100.0

= 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Dang cic dé thi cé cdc canh duge phanbd khong déu (15 test)

< 13| 86.7 0 0.0 0 0.0 8| 53.3 0 0.0 0 0.0

= 2| 133 | 15| 100.0 | 15| 100.0 71 46.7| 15| 100.0 | 15| 100.0

= 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Dang cac d6 thi day du (15 test)

= 10 667 1 67| 0 0.0 3] 200| 0 0.0 0 0.0

= 51 33.3| 14 03,3 | 15|100.0| 12| 80.0| 15| 100.0| 15| 100.0

= 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Téng hop cho cdc dang d6 thi (75 test)

= 67| 89310 133] 1 1.3 46| 61.3 1 1.3] 5 6.7

= 8| 10.7| 65| 86.7| 74| 987 29| 387 74| 987| 70| 933

= 0 0.0 0 0.0] 0 0.0] 0 0.0 0 0.0 0 0.0

Ve so lugng cay khung phdi khdo sdt
D6i v6i moi do thi trong 171 test da thuc nghiém, ta ghi nhan s6 lugng cay khung ma cac
thuat toan Wong, SHCS, LS, MMAS, GA va ABC da khao sat khi thyc hién theo cac tham
s6 da mo ta ¢ tren. Vi khuon khé c6 han ctia bai bao, bang 3 dudi day chi trich dan két qua
cho 5 bo dit lieu véi cac do thi day di. Bang két qua thuyc nghiem day du va cac file dit lieu
INPUT/OUTPUT dugec tai len trén trang WEB!.

Bdng 3. S6 lugng cay khung dugce khao sat theo cac thuat toan

Test Wong SHCS LS MMAS GA ABC BEE
COMP-71 30 11548560 | 11915630 6030 22495640 | 6688965 | 4761346

COMP-72 35 16378180 | 16536120 6035 36848100 | 9113498 | 5706112
COMP-73 40 18911220 | 19542990 6040 49266790 | 11182685 | 6336058
COMP-74 45 22173580 | 22546120 6045 65222190 | 13963337 | 7181010
COMP-75 50 26325180 | 25818520 6050 83452860 | 22056276 | 8226002

Két qua thong ké trong bang 3 cho thay: Néu tinh trung binh cho mot lan chay thuat
toan, sb lugng cay khung ma thuat toan BEE-MRCST phéi khao sit trung binh 1a nhiéu gap
hon 16000 lan so vé6i thuat toan Wong, va hon 1.7 1an so vé6i thuat toan ABC (cha y 1a két
qué trong bang 3 1a théng ké ctia 30 lan chay ABC va 10 lan chay ciia BEE-MRCST).

4. KET LUAN

Bai béo dé xuat thuat toan BEE-MRCST dua trén thuat todn bay ong dé gidi bai toan
MRCST, trong do6 da dua ra nhiing cai tién cu thé vé cach thic tao quan thé ban dau, cach
thiic tim kiém lan can, cach thitic phan bo cac viing dé thye hién viéc tim kiém. Thuat toan
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BEE-MRCST da dudc cai dat va thit nghiém trén hai hé thong test duge sinh ngau nhién véi
171 bo test. Két qua thuc nghiém cho thay thuat toan BEE-MRCST véi nhiing cai tién da
néu cho chat lugng 15i giai cao hon céc thuat toan hien biét. Viéc tiép tuc phét trién thuat
toan cho 16i gidi ctia bai toAn MRCST v6i chat lugng cao hon nita 14 van dé can gidi quyét
trong nhitng nghién citu tiép theo.
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