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A self-convergent algorithm for the asymmetric traveling salesman
problem based on feedback adjustment mechanism
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Abstract: A novel algorithmic framework based on the feedback adjustment mechanism is proposed to solve the asym-
metric traveling salesman problem (ATSP). The main idea of the algorithm is to continuously exclude arcs not belonging
to the optimal solution, using the dual information of the relaxed ATSP problem. The initial arc-set is regarded as the

“reference input” ; the lower-bound solver and the upper-bound solver are treated as the “controlled plant” ; the al-
gorithm for excluding arcs not belonging to the optimal solution is considered the “feedback controller” , to which the
feedback input is the difference of the outputs from the “controlled plant” . During the process of iterations, with the
gap between the lower-bound and the upper-bound is reduced gradually, the cardinality of the excluding arcs will be aug-
mented which guarantees the algorithm of self-convergence to the optimal solution. This work integrates the mathematical
programming and the heuristic method, the superiority of which over an isolated single method is shown theoretically and
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illustrated computationally, demonstrating the efficiency.
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1 5|35 (Introduction)

AE X6 FK i 4T B W) /8 (asymmetric traveling sales-
man problem, ATSP)s& H [ 21 & 164X 1) JAE 53 1)
o FA T IR TR i) 2 . e I R R DA A
Jrif: WERRWESURE, T ATSPAE — R A A
[FJNP-Complete [r] /&, [K b %} 1% 2 n) 3 (1) AfF 5 AT LA
e B 5 N & 4% FINP-Hard iu) #5, W1 2 Jig 47 75 1)
HMTSP)M | 2240510 5 i) JU(CVRP)P) 2 it o
K010 L (DLSP) P14 I sizfr b WL i, IR 2 R
S FE NN Xy v 1 1 e Rl o R S SV

WA H 393: 2011—03—-28; g ik H 39: 2011—10—24.
EETH: BXKARRFAEEE I H (61074150).
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i A4516-7].

H 1% T ATSPIn &) Al 50 5% 3 S AN T
Wl 1) B R vk, LS P8 B 1, &
BHVEA D 4y S 5E St (branch and bound). #1) 4 ik
(column generation)5 V% « % [ #&(polyhedral ap-
proach) 7 AT 218101 2y Ji3 8 X 7 vk, DL SR gk
EALRE A H IR, 32 2R A meta-heuristicH 13
BN 7 1 S TR P B B SR A, RE RS
73 3] ) 850 1 e DA B LU B Al S A A R IR AL AR,
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S8 R BRI AE R 2SI 78 20 I AT LS e
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B, SRAF R R R A B A S B
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i) e A A LS
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I dvE R, s 23w R BHE S, HERARIRIE
5 1l 5, I SE T B 2 A T s I AT 5%, T X
AR B, ASCBerE T BLRHRER L A% D I ATS PSR
fRRESL

@ XHEHLLLATSPIn] 8145 vl AT 9EE S 4k

“SEN

@ LLATSPHEARL M I L ST AT )L R R 3
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2, RayE B A 2 AR BN A A R Ch T
h BRI, AR 2 B LA s A A );

@ RN A F e R, WL
INHERR BEAE A “RIEEHIRS 7, o5 H 5 ATSPH
PUAR TR IO, A “ S N7 v 5 X 2Ly
£, T80 4% 1R SIRAE A (U B S A0 A 95 42 T 4T 94 )
PR 205" | SIIEATT 5.

T T B ICHE B 5092 2 M HE ATSP il AR st RS 750 )
1 ¢ ZR HE BT ATSPa A0 Af TG QAR & OB 71k %
Tt A% 1 HE B2 R Sy AN 7 TR ER: O J@ ik
VTR R 4 CROEREEIES T IITHERR
L, A R e b R SEE R A ). @ 4
RS ) e/ S R by R A B SIGE FE
g/ by TN S ZEAE. IX PR R EE AR TR, A
M, L HWCSR ). Bl X AN R A W kA,
AN I R B B AR %7 1 LG J B BE A,
CAUE e X738 0 5l B, 0 5 B e AE — N 48— U HE
B2 R SRR WS EUE, T RS
Fo Bl SR v b, SLEROL TR AE H — R k.

2 ATSP a5 (Models of ATSP problem)

ATSP ] 35 (1) 2 A5 80 ] LA B e ik ok 6 —
MG = (V,A), i vV ={1,--- n}2EH

TWES, A= {(i,j)]i € V,j € VIEIEZHT
AR S, i 2901, §) € AMBUE LT e, = oo,
Vie V). Xk

(i,5)€A

s.t.

Z xijzlaizlv'”7n7 (2)
(i,j)€A

Z xij:17j:17"'7n) (3)
(i,4)€A
> 2w <[S[ -1,
€S jeS
xij S {07 1}7 7’7.7 € Aa (5)

ATSP i BENP-Hard[f).

3 LR R H 5L (The principle and real-
ization of the algorithm)
3.1 ZEAJFEH (Basic principle)

— AN ME AL B AR AL ) B (COP)IE W] ik Ay
—AN=IJedP = (S, f,02), H: S = {s1,s9, -,
sy e BMARIE ML S f(si)ds NI H A8 H bR
PRE QR AR, H IR AR s S5 2 Q2 B
Pufigts*, 1615

f(s*) = min(s;), Vs; € S, s; WL0.

A AL ) R AR R A2t —LE T AL G, ELANATSP
(RIS — AN B TR A, B0 tH— LE g I R B,
TR T B IR AL B AR T, BT AL B () i A
SUANE T BRI, TEAM R ) Je R AR E A S
Wl A= {ay,az,- -, apa} WAGRALIEP =
(S, f, £2) HIf# 70 % (component) 7 [H], — /Mg & fig 7]
LA AE L & XAEAT I — 51, Pk i 2.5 mT
DLl i g5 AR GE X BILS = {s = (app,ap, -,
ag, -+ - )ay € A}, Herp i FoR iDL E.

fife 2 A) s MV o0 3R 208 ) A A IROR IR R &R, 2R
REV /D AR TC R AN, SURE R KRS b s, Kl A
IR AL BTgR T R REARE L. 1P R
FHAERAR A FHLB), A B A SL(UB),
fift JC 2% HE % 2 (component pricing out) ] & 1F k) —
AN RS E, W 1k B LA 8 T R O B
B L E R ICER 7 B R, IR —asdT
THERRIX B TTER . TR SR 98 2 T, g B
ANEL RIS, Tk /D GAP. K, 73Sk R o,
T R 1T SR ) FE 88 FE AR L X LA TR S
TR T SRV R 1) S B, A2 0 T AN [R] L AL ] i
AT EASTRRRE A, DR A 0 3R R R R el A2
A EAL i) 1T 7.
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Fig. 1 A fundamental framework based on feedback

adjustment mechanism

3.2 ATSP [ i F e STk I 2 K 3 52 B (The
principle and realization of automatic conver-
gence algorithm on ATSP problems)

XF T ATSPIA] 8, T 5 A it SR I 56 T 70 e i) et
(APYRR 3t 1) 73 S5 FHB&BHE S, RI:RE 249 A (4)F4 it
Jeis TR (L) — (5) e A DAy — > ] B 1) 23 I ) R, 3 it
KA — Z B I APIR) 8z 2 K 3K 13 ATSPI) B {8 %
b A R SR WO E(ACO)Y, 245 H T 3k
fiff ATSP ) AR S ) SR AE L.
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Fig. 2 An implementation with feedback adjustment

mechanism for ATSP
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B&BH 7% & — Py e M 5018, 8 65 5Kk Y S5 R
H75 EL A I 1) TE iR Al T, 118 4 5 (PATCH) S vk
& HKarp!' 2 i, B T8 AP 1) 7= A AN AT AT AR
ATSPHIATfi#. AWFFUH B AE T, i Bk 2 )
(14 DA H ke T A il 8, AT B TH R, T AN 243 J
XFACOS £ 5 B&BHIETLFEA 5 K kit
3.3 NHEBR ¥ (Arc elimination algorithm)

SINHE BRI T A2 AN SR 1E S A A o o o
(R — AR, L 32 AR 2 B A 2 T e 2. X T
ATSPI) i, SCER [8145 tH T an Mk 2

Al = {(Z)j) € A‘Ei]’ = UB — LBO}: (6)

b LB 2 (1) —(3)(5) R4 Ji ) Ji 23 43 T i) 258 e 10
filt H AR AE, UBN 4107 1 B A 6 H AR A, €5 2 a6
43 WE 1) R ) 187 24 )% A (reduced cost). AR 415 £k 4 %Il
MHEFIRAC; = iy — wi — uys Mg, w78 BT
3(2)— ()75 43 B i 3 o) A A . A &5 SCiR 8],
AT 51

I 1
9.

6)% 7 vH 5 2 UM B 5 T S, HE ) T
BN AR () SRS VA b A R R BRI, AR 2(6)
Al b g T A RGBS I A, W)
BRI T 5 A2

Ay =
{(,4) € Alei+deor j].rone (i) > UB—=LBo}, (7)
Horp ) & col”, row™ J2 Ji 4 43 B Inl 1) g A0 A,
col” [7] 5 jHAS NEIRAT, row™ [i] 7R H5aAT R Y. 1K)
Hl, d o 52 XAEBIG L0 AN fis, 1) J5c Jod B 28,
GFRZ A J5 e 4y T 1n) 7881 960 4% P (residual graph). |-
IREER, AT AT E B
EE 1 JFHERF AT T H R AL

Ja BEIR AT L E AR AT HEBR AL Y

.

UE b TIE R UIIX AN S, FFE TR
e 2 ) PR MR . S — A 20 T T AR AR
— N B b i B AR DR G ) 8 (weighted bipartite
matching problem), W&E3()f7~, HU = {1,2,---,

W RANBUAT R XA BB D4 3R 1% A
) B DG PIC X oo, 3K DG PIE X o 0T N 50 53 I i)
B B col”, row™, HIXAN AL ILHC X o I A
HC(Xopy) = LBy, Hrp

C (X) = Z Cq.h-

(9,R)EX

ARSCH &l R A, SRR SR
(i,7) & X, TR REW A7 AE T ATSP i 8 i L% 2
. [7 20(6) ITE B 2R B, SR OUEVE, W SR AN UL AL
XA 55K (4, 5), W R UEFE X, £7 42 J2 AR (K, )
(i, 1) € XK, LEARIAE T X, Hrp: k =
col*[j] € U, 1 = row*[i] € V(ILE3(a)).

X T AT SRR AT A T T UL, MR
3 T ) A0 P 28 R ) 2 1200 R DG P 1) e /S Bl
REM Tk — HEFRIREG - &R kAR, W
K3 Firs. FAKGHESWT: G =(UUV,DU
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D={(g,h)|g€U,heV,(g,h) € AW\{(k, ), (i,1)},
Coh = Cg — Ug — Up, (g, h) € D7

Ry 3 ) 4
R={(h,g)|heV,geU,(g,h) e X\{(k,J), (i,1)}},
g =0, (h,g9) €R.

KHEI, Wik — HEG LA — &R (R M2
(k, DINESEAE DM R K. ¥ {(k, ), (4,1) }H
BRIEGHN, 159K (4, ) AN AT BEAEAE T ik — IEG
AR . AR TR IE R X, T
B AT W A

C(X') = C(Xopt) = Cij + d.. (®)
S NS, X A (4, §) B DTS, 1A 5 (4,
) e A DE T 1) AR B AL 5 (4, ) I AT SPR AR it
HARME M I, Wi e, WA (i, 5) € Axlf
ATSPIARLE H ARE — 2 AME T 2400 b Al A7 i 1)
HBR A, DA n S B B 24 i i o8 U AR, I 245
AR FEE, R

(a) TCALIE (b) BSE R
Bl 3 SIHRRR LR ) P 5135

Fig. 3 A graphic illustration for arc-excluding

BRI A2 g (SR R 5 o g o At
AP [ i PR I T d5e R AR RO AR TV, A AN 2
FHRHEAE B R —298. thTe; > 0,Y(4,5) €
DU R, HJ&#%, ihDijkstra’s 575, HA# i i 42 1)
SIREEAHO(n?).

4 AL VLR P B8 2 M (Analysis of charac-
ter of optimization algorithm)

SR B VERE 70 A 2 2R T SR e A DR 1 S0
AR, 08 O SR A A A BO S92 e
fR 5%, RIBTARAE ) & Fe ks @ SR AL FE 11 3)
1553 Hr, BRSO 73 A 3% HL 2% R AR A B8
FR AR PERE, R T HESE rp AN SRS B 1 P S )
S BARGLIAE BE (0 A%, #14A L S BUE X T

LS RPRINEAUTBI
L Re.
4.1 #I%6 b F 5% B (Selection of the initial
upper and lower bounds)
WIUH T FELB, I 18 B TR SR — AN AR 1)
Sy HC ), )G b 3 AR SEPATCHA V. ) - Fifi
HLATSPIR) i, 51 F SCRk[19, 2118584 Wi R 5 22
I 2 R i x nRAKEC, BRI
JCE ARSI AT AE][0,1] , B4 Hn — oo, FalLA
LR 18
(UBpaten — LBo)
LB,
HAUB apen /8 FIPATCHET VLR AT I T 171X A
S BB, 0158 4 BEALIK 0] 3, PATCHE VL RE i
AT A B L .

4.2 HEZR I AR W SL P 43 BT (Analysis of the entire

convergence of the frame)

TG T BRI — TN PR SRR R S R R T
43 TC 10) AR 5t FR) ATSP fift 38 5 2 ik A 73 S FRAE
W(B&B)ZH, B — IR L2 7 — LR (AP
F, BEAS TR S AN T B 3 32, AR5 SR AR AP LR,
T2 P 1) 43 SR 3 [T T ACOS 2 & — Fh BE AL
UABERILE - RENNEN /Ab e PN BT BUR EHS Y ) Lk
ERTEMER SO N — 2P AT EE 5 ). /EB&B
R, G E TR A EERORHERR — 2843 3¢, AT
WS T 9328, AEACOBATIE R, i id 4f 28 {1 B de AL
il (R ml BEE, TR TR T ACOM 4 i Sl k. DAl U,
XF T SRS TEAE B () AR PR RE 23 BT, A 4 R YA
i#:

R 1 SBHLE R IACORE % LA 1 8L
B AR, H AT B S MAE P ACOS I 5 P (1) e it
L.

iE BTN IACOS I IF A AR ACOI) 42
JRMSCSICE, T A8 R ) R A A I i g 2 R
BRI A1 . HR 45 ACORY B3 LA v] 401

P(sgy1 = jlsw = 1) =
T(i7j>a : 77(17])'6

FEARKH. T i AP 5 1 20 A

< 9(In n)3/2 02

— 5+ Y€ Vi,
Z T(Z, y) ’ 77(% y)ﬁ * 9)
yEVE,(4,y) €A
0, oAt

AR (OFoR, WIS ik + VP 3213k
WFHIMER. I (4, 5), n(i, 5) 3 MR R, 5) b
A5 S8 RS B, Vi R (e SR kb 20 v
KU B, 78— B e A —A
Wt AL, BE 52 T — PRI g, W5
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P(sj1 =j"lsp = i) =
7(4,5)* - n(i, 5%)°
> 7 y)* - n(i,y)?

yEVi,(i,y)EA
KA D A\AARJE RIS, A\AR X5t
FIE A FRER ), BT LLAsAT
(i, 5%) - (i, 5*)"

. . >
T(Zay>a ’ 77(%3/)[3 -
Y€V, (i,y)e{A\A}

7, 5°)* - (i, 5*)"

(10)

> Gy )’ (a
yeEVL,(i,y)EA
.
HEIL 2 S IEHEZEE A T B&BH VL kD8
R,

ME i TB&BJEM I HAZ LR LR AR D
R 5y S P 3L 308 A S i) )
TR S E A OGS R FHACO/ 4 Ja W S 1,
115 L FLRERE AN SR, 755 A R IR, Q1)
SR T ] LA & — AN APRLEL, AT 2 A AE T
F- 1) R 2 AR R T A In) R 2 A, I HE I T —
6T B 29 A, AHE SRR AN KL AT T IR AR AP
B, B4y SEAE R I T A BRI Y 2 AMAP
(modified AP) i) 1, A0 RI5» SR M Bk AT 2

FBUNMAP, WILLR 2~ A paT:
Copt (MAP}) > C,pi (MAP,), (12)
A= {(i,5) € A{A7, A} & +
doo; jlsow; ] = D}
D = UB — C,,(MAP)), (13)
{AUAFUAY D{AUAF U ALY, (14)

NA2)RWIBEE 73 KR, T i @ H AR A
W34 0, e Cope (AP) R 3L i) AP 54 H
FRAEL, 3X S H 7 ) RS T3 il /2y AR n 7

K13)2ER(NHFEMAP, E R, 2 B 115 £l
(077 R R, A 1 ya] BLHERR, S
col] , row; EMAP, s filt; AF = {(i,j) € A :
z;; = 0}RINAEMAP, 2 20 HE B 11 90 4E, A =
{(3,7) € Alzi; = 1}RINFEMAP, 0 254 55 1 5K
8, AP 5 ADRAE S SO R P2 AR I 5 SO 1E HEBR
[RrE k.

RADHFRE B, B 7 SRR, SEHERR 1)
RS BRI 2, HEBR S 2, A 1) T 3L+ )
R PR T7 ) INAT 1, 24 3R15 — N ATSPI 4T
fift, B TOMR. IX P PP IE PR E EE A HAE B,
TG BIR R, # T DM IXAS 73 S R A4

PEARDR T2 S B&B AL, OB I 0% RE % g
HEBRAN DA EE ) 3 32, T BEAR S (R I TR) B2 2%

UEHE.

FE 1 Copt(MAP)) AN JFATSPI] B R 5, 1 7
it L G A AP U AT 4 T IATSP ] LY R 5.

5 H{H1i B (Numerical simulation)

R T B UE S I AT R, %19/ benchmark 7]
(http://elib.zib.de/pub/mp-testdata/tsp/tsplib/tsplib.html)
HEAT . AN S 1 1 A5G PCHL: 2.8 G Pen-
tium IVALBEES, 512 M T, VC++6.0JT K5, B&B
AR FIACOSL A PN AR 56 R AR AL iE 1T,
SEYE SR H 2 26 FE (multi-thread) SEIE, 24482 —>
B B0 1 St T AT AR N, BEAT SN B R, G0 ¥4

R
ATSPJ
i1 7

53R 0] SR A
(Primal-Dualff.y2%)

LB, lﬁﬂ%ﬁf?}l—( (dual cost)

INHERR B2
Reduced ATSP
ir
T 4R s N N LT 4T
Y
B&B+ ACO

PATCH
( 4nimtem )

P 4 FEATSP ) 2 2 i A5 1 S S HE 22 14
Fig. 4 The multithread based implementation of ATSP with

feedback adjustment

h T R WPET AR B SEVE I D0, IS4 H TR
AT AA BRI LG EE L. IR RE ) B R
B HIUBpagen, LBo%h i, Forh BRI L4 6 v

|A|/|A] x 100%, (15)

T AGHEBRINER, AN H 2 H . I 4hm]
LA, FERIIE I B R e, A BAR A 5
AR 2, JE A s AT LA R I 7 O(n?) )
I TR) 2 2% 2, R A0 4R A (1 /N PR R AL 8 2 0 )i
Sl e R AR LS, A R IR fE
fig il I 18] R SR L
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Fig. 5 Comparison between two arc-excluding procedures

N T AP B LM R PERE, LLACOWSA
Few BT 75 ICPUI ]k 21k, ACOS VS K H
SCHR[13], Ferhds s it £ H o101, S KB ARIKR L
1500. HEEFACOZ SR B — /M a e . K148t
T 19/~benchmark [1] & £ AH [7] 32 1T 1 [8] 22 P4 1) it
b4, B&B+PATCHHN [ 3CHik [8], HHB&B R HUIA
FEDL A HUN). s ieAs 1B B0vAT: SR A 5 1 B ) R Bk
T 1% RGBT IE BRI SR 52 B2 9 HE 4 )5 .
N T BB 3250638 AR T ST B 5
KloZy T 4R S 48 45 1. & LR 67T LA

g5 R

MBI R PERE FEA:

KRB IEH R > B E H AL > MAX
B&B+PATCH, ACO.

MNIE A T IR G TR B A

ACO > RBHEIE S AT > RO IE SAIT >
B&B+PATCH.

E 2 KT EJE4N KBEIATSP, /EB&BIE M 1
HEAT K (root node) % I (1) i 1E U A& Se PLAR, P DAL SE AR v
FUEON LK.

Fo 1 3T A E A AFT Bk M AR AR

Table 1 Performance comparison of four algorithms for benchmark problems

e HEVERE (gap/%)

P RO O BRBePATCHAE  RUURIERIEL BRI
brl7 39 0.00 15.20 0.00 0.00
ft53 6905 1.20 18.10 0.00 0.00
ft70 38673 0.00 6.50 2.30 0.00
ftv33 1286 0.30 0.00 0.00 0.00
ftv35s 1473 0.00 0.00 0.00 0.00
ftv3g 1530 0.30 0.00 0.00 0.00
ftv44 1613 0.00 0.00 0.00 0.00
ftv47 1776 8.20 0.50 0.00 0.00
ftvs5 1608 10.30 0.00 0.00 0.00
ftvo4 1839 0.50 0.00 1.70 0.00
ftv70 1950 7.40 12.80 3.20 0.00
ftv170 2755 9.30 15.20 10.50 9.70
krol24 36230 0.00 25.10 0.00 0.00
p43 5620 8.40 32.60 0.00 0.00
ry48p 14422 430 8.60 0.00 0.00
rbg323 1326 8.50 0.00 0.00 0.00
rbg358 1163 9.50 0.00 0.00 0.00
rgb403 2465 1.20 0.00 0.00 0.00
rgb443 2720 12.70 0.00 0.00 0.00

A
gap = |Sopt — S|/Sopt X 100%.
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Fig. 6 Comparison between four methods in terms of the searched solution quantity
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Fig. 7 Comparison of ACO convergent curves with two

arc-excluding algorithms (ftv70)

6 %51t (Conclusion)
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