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Traveling Salesman Problem
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Why TSP?

The TSP is probably the most widely studied
combinatorial optimization problem

°

conceptually ssmple problem
hard to solve (N P-hard)

didactic, design and analysis of algorithms not obscured by
technicalities

| I

°

signi  cant amount of research
arisesin avariety of applications

°
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Benchmark instances

General considerations
# mainly metric TSPs, often Euclidean
o typicaly only integer distances

| nstances

» TSPLIB
s more than 100 instances upto 85.900 cities
s some instances from practical applications

# instancesfrom VLS| design

# random Euclidean instances (uniform and clustered)
s some available from 8th DIMACS challenge
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Benchmark instances
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Benchmark instances
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Benchmark instances
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Benchmark instances
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Lower bounds

# |ower bounds are necessary to rate quality guarantees of
tours

# are needed within complete algorithms

# Dbest lower bound: Held-Karp bounds
s experimentally, shown to be very tight

s within less than one percent of optimum for random
Euclidean

s Uup totwo percent for TSPLIB instances
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Complete algorithms

# Dbranch & bound algorithms

#® Dbranch & cut algorithms (state-of-the-art)
s use LP-relaxation for lower bounding schemes
s effective heuristics for upper bounds
s branch if cuts cannot be found easily

# state-of-the-art
» largest instance solved has 15.112 cities!

o often instances with few thousands of cities can be
regularily solved within minutes/ hours

» Concorde code publically available
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Complete algorithms

Solution timeswith Concorde

|nstance NoO. nodes
att 532 7
rat 783 1
pcbl1173 19
fl 1577 7
d2105 169
pr 2392 1
r1 5934 205
usal3509 0539
d15112 164569

The Traveling Salesman Problem: State of the Art

CPU time (secs)
109.52

37.88

468.27

6705.04
11179253.91
116.86
588936.85

ca. 4 years

ca. 22 years
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Construction heuristics

# grow tours by iteratively adding citiesto partial tours
# many variants avallable

»

e o ©

o

nearest neighbor heuristics (ca. 22% from opt)
Insertion heuristics (ca. 14% from opt; farthest insertion)
greedy heuristics (ca. 14% from opt)

savings heuristic (ca. 12 % from opt)

Christo des heuristic (ca. 10% from opt)

# good compromise between solution quality and computation
time by greedy or savings heuristic

Thomas Stetzle,
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Local search algorithms

#® k-exchange heuristics
s 2-0pt
s 2.5-0pt
s 3-0pt
# complex neighborhoods
s Lin-Kernighan
s Helsgaun's Lin-Kernighan variant
» Dynasearch
s ¢gection chains approach

o all exploit TSP speci ¢ and general implementation and
speed-up techniques
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| mplementation

°

typically all algorithmsuse rst-improvement

nelghborhood pruning
s Xxed radius nearest neighbor search

# neighbor lists
s restrict exchangesto most interesting candidates
# don'tlook bits
s focuslocal search to "interesting" part
sophisticated data structures

extremely large instances tackable
(largest had 25 million cities!)

°

L
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Exampleresults: TSP

® timingsfor 1000 local searches with 2- opt and 3- opt variants from random initial

solutions on a Pentium I11 500 MHz CPU. std: no speed-up techniques; fr+cl:

and unbounded candidate lists, dlb: don’t look bits

xed radius

2-opt -std 2-opt -fr+cl | 2-opt -fr+cl+dlb | 3- opt -fr+cl+dlb
instance Aavg tavg | Davg tavg | Aavg tavg | Aavg tavg
kr oA100 8.9 1.6 6.4 0.5 6.6 0.4 2.4 4.3
d198 5.7 6.4 4.2 1.2 4.3 0.8 1.4 30.1
| i n318 10.6 22.1 7.5 2.1 7.9 1.5 3.4 65.5
pcb442 12.7 55.7 7.1 2.9 7.6 2.2 3.8 63.4
rat 783 13.0 239.7 7.5 7.5 8.0 5.8 4.2 213.8
pr 1002 12.8 419.5 84 132 9.2 0.7 4.6 357.6
pcb1173 14.5 603.1 85 16.7 9.3 12.4 5.2 372.3
d1291 16.8 770.3 101 169 11.1 12.4 55 377.6
fl1577 136 12511 79 258 9.0 19.2 4.0 506.8
pr 2392 15.0 2962.8 88 655 10.1 49.1 5.3 878.1

Thomas Stetzle,
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Lin-Kernighan heuristic

# complex moves are build as being a concatenation of a
number of ssimple moves

# the number of simple moves composing acomplex oneis
variable and determined based on gain criteria

the ssimple moves need not be independent of each other

termination is guaranteed through additional conditions on
the smple moves

L
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Exampleresults. 3- opt and LK

® taken from DIMACS Challenge results, normalized times on a Compag DS20 500 Mhz Alpha

EV6
3- opt -IM LK-IM LK-ABCC LK-H
instance Aavg tavg | Davg tavg | Davg tavg | Aavg tavg
pchl1173 3.09 0.12 0.87 0.25 214 0.10 0.18 6.69
fl 1577 565 0.20 0.93 8.72 901 0.15 5.56 14.86
pr 2392 3.34 0.27 1.85 0.77 330 0.18 0.34 34.87
ri 5915 244  0.83 1.22 3.29 332 046 0.39 242.99
d15112 2.30 1.99 1.13 4.60 1.82 2.38 0.11 1515.99
pl a85900 3.80 6.87 121 46.20 121 8.84 0.85 48173.84
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Lin-Kernighan heuristic

# good Lin-Kernighan implementations are the best
performing local searchesfor TSP

# many variants of the algorithm are available (see aso recent
DIMACS challenge)

#® anef cient implementation requires sophisticated data
structures (severa articles available on this subject)

# implementation is quite time consuming, but:
at least three very good implementations are publically
avallable (Concorde, Helsgaun, Neto)
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Hybrid SLSmethods

Hybrid SLS methodsarerequiredwhenvery high solutionis
desired

available (goodworking) approaches
iteratedlocal search

approachessinglLS asasubroutine
tour meging
multi-level algorithms

memeticalgorithms
antcolony optimization
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