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The traveling salesman problem:

Given finitely many “cities” along with the cost of travel
between any two of them,

find the cheapest way of going through all the cities
and coming back to the city you started out from.
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The symmetric TSP:
Travel from A to B costs as much as travel from B to A.
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(...) Business leads the traveling salesman here and there,
and there is not a good tour for all occurring cases; but
through an expedient choice and division of the tour so
much time can be won that we feel compelled to give
guidelines about this. Everyone should use as much of the
advice as he thinks useful for his application. We believe we
can ensure as much that it will not be possible to plan the
tours through Germany in consideration of the distances
and the traveling back and forth, which deserves the
traveler’s special attention, with more economy.
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Travel costs

cost(A,C) exceeds cost(A,B)+cost(B,C)!
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Soft computing heuristics

 artificial neural networks

* genetic algorithms

« ant colony optimization

« particle swarm optimization
« simulated annealing

« tabu search

 memetic algorithms

 efc. ...
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This question stimulated the study of computational complexity
and, in particular, the development of the theory of NP-completeness

Stephen A. Cook, The complexity of theorem-proving procedures. In Proc.

3rd Annual ACM Symposium on the Theory of Computing, 1971, pp.151—
158.

Richard M. Karp. Reducibility among combinatorial problems. In R.E. Miller
and J.W.Thatcher, editors, Complexity of Computer Computations, Plenum
Press, 1972, pp. 85--104.
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The Big Bang
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if =¥ belongs to &
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The Dantzig-Fulkerson-Johnson cutting-plane method

T

applies to any problem minimize ¢ x subject to x € S

such that S is a finite subset of a Euclidean space

choose a system Az < b of inequalities satisfied by all points of &
repeat z*= an extreme point of {x : Az < b} that minimizes ¢’ z;
if =¥ belongs to &

then return z*;

else find a linear inequality satisfied by all points of &
and violated bv =*;
add this inequality to Az < b;

end

The Dantzig-Fulkerson-Johnson initial TSP box:

0< 2 =1 for all edges vw

Z Tow = 2 for all vertices v

cutting plane
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HERE'S THE CORRECT START...

 OFFICIAL RULES OM AEVERSE SIDE

Tiebreaker: Write a short essay on one of Procter & Gamble’s products
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1987 Manfred Padberg and Giovanni Rinaldi: a 2,392-city instance
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a b ¢ d e £ g h
After 37. Rxh7+

February 10, 1996

IBM’s “supercomputer” Deep Blue beats Garry Kasparov

From an interview with V.C. published in 1996:

The traveling salesman problem is to mathematical programming what
chess is to artificial intelligence: thoroughly useless and fiercely
competitive sport that serves as a testing ground of your techniques.
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In which order are markers arranged on a genome?

Radiation hybrid technique: Break the DNA into pieces by X-rays
and grow hybrid cells from these pieces

Markers on a Chromosome

; 3

Chromosomes are shattered into fragmenis

The closer two markers are to each other on the DNA,
the more often they appear together in the hybrid cells.

R. Karp, W. Ruzzo, and M. Tompa (1996):
To find a sequence that best fits the radiation hybrid data, solve a TSP
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back to Earth. Laser beams are used to keep the two
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The two StarLight mission spacecraft will orbit the sun, sort
of tagging along behind Earth. Both spacecraft will carry
telescope mirrors. Both telescope mirrors will be turned to
look at the same star. Star light from the two mirrors will be
combined to create a very good image, which is then sent
back to Earth. Laser beams are used to keep the two
spacecraft very precisely aligned.

slew also slue transitive verb 1 : to turn (as a telescope or
a ship's spar) about a fixed point that is usually the axis

Bailey, C., McLain, T., and Beard, R. Fuel Saving Strategies for Dual
Spacecraft Interferometry Missions, Journal of the Astronautical Sciences,

Volume 49, Number 3, pp. 469-488, July-September 2001.

StarLight cancelled in 2002
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OTHER APPLICATIONS

. postal deliveries

. meals on wheels

. Inspection tours

. school bus routing

. X-ray crystallography

. drilling problems

. post-manufacture computer chip testing (“scan chains”)

. data clustering
. etc. etc. etc.
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LESSON #1:
MISCHIEF IS A POWERFUL ENGINE OF DISCOVERY
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With my friend and co-author Najiba Sbihi
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« InAllHerSins » J. P. writes in his memoir: “I had come to this peasant land
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... the author’s rise to artistic glory, when he finally found in
his home at Levington Park, with eleven toilets, a pot to piss in.

I‘
5
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‘A grand book . . . he is one of the funniest writers
in the world" ~ Stanley Reynolds in the Cuardion
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Professor Cook first from the left (in the doorway)
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1. Introduction

The domination number y((G) of a graph G is the size of a smallest set D of
vertices such that every veriex outside D has at least one neighbour in D; Fink,
Jacobson, Kinch, and Roberts [4] defined the bonrdage number b{(G) of a graph G
as the least number of edges whose deletion makes y((G) increase. As we are
about to point out, computing b{((G) amounts to solving an integer linear
program.

Define a whip in a graph & as any spanning subgraph F of G such that each
component of F is a star and F has precisely ¥((7)} components; let E(G) denote
the set of edges of & and let W(G) denote the set of all whips in G. Obviously,
b(G) is the optimai value of the problem

minimize Y, {x.: e € E(G)}}

subject to >, {x,;e € E(F)}=1 forall F in W(G), (1)
x. =0 for all e in E(G).
x, = integer for all e in E(G).

By the fractional bondage number b*(G) we shall mean the optimal value of the
‘linear programming relaxation’ of (1),

minimize ¥, {x,: ¢ € E(G)}
subject to 3, {x,;e € E(F)} =1 for all F in W(G), )
x.20 for all e in E(G).

By the duality theorem of linear programming, #*(G) equals the optimal value of

0012-365X/90/$03.50 © 1990 — Elsevier Science Publishers B.V. {North-Holland)
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the dual of (2),

maximize 3. {yr: F € W(G)}
subject to 2, {ypiee E(F)} =1 for all e in E(G),
=0 for all F in W(G).
Since (3) can be seen as the linear programming relaxation of
maximize . {ye: F e W(G)}
subject to >, {yp:ee E(FY} <1 for all e in E(G),
=0 for all F in W((),
¥p = integer for all F in W(G),

&)

S

problems (1) and (4) are in a sense dual. Therefore we refer to the optimal value

of {(4) as the discipline number dis(G) of G.
We have

1< dis(G) < b*(G) < b(G)

&)

for all graphs G. Apart from establishing upper bounds on b(G), Fink et al.
computed the bondage number of cycles, paths, and complete multipartite graphs
and studied the bondage number of trees (several of these results can also be
found in Bauer, Harary, Nieminen, and Suffel [1]). The purpose of this paper is
to provide ties with analogous results for the fractional bondage number and for

the discipline number,

2. The fractional bondage number

The principle restraining device of this section goes as follows,

Theorem 1. If G has n vertices and m edges then b*(G) <m/(n — y(G)).

Proof. Observe that the constraints of (2) are satisfied by x, = 1/(n — ¥(G)) for

alle. O

As usual, let A(G) denote the largest degree of a vertex in G. Fink et al.

conjectured that 5(G) < A(G) + 1.

Theorem 2. b*(G)= A(G).
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Claim 5. F k=3, then |Q]=4.

Proof of Claim 5. Assume the contrary: k=3 but || =<3. Since & has at least
four vertices, some vertex w lies outside O since Fi, F, . . ., F, are edge-disjoint,
w is adjacent to at least k distinct vertices in (. Hence |Q] =k = 3. Now no §; can
include a vertex from ( and a vertex w outside Q (w has to be adjacent to at least
three distinct vertices in Q); since 15| =2 for all j, it follows that @ = §; for some
j. Finally, this §; includes some vertex w distinct from «, and »,, a contradiction:
w must be adjacent to at least one of &, and v,. O

Claim 6. If k=4, then k<a + [b/2].

Proof of Claim 6. By virtue of Claim 4, we only need show that |(?| = 2k. For this
purpose, assume the contrary: without loss of generality u;, = u,. Write

Gy = {uy, vy, Ua, Vs, Us, U3, Uy, U4}

and consider the graph H, whose set of vertices is 0y, two vertices being adjacent
in H, if and only if they are adjacent in some F with 1=<i=4. Since each F, with
1=si=4 contributes |Qo| — 2 edges to Hy, we have

100 - 2= (1220);
observing that | Q| =7 (since i, = u,) and |y = 4 (by Claim 5), we conclude that
|@o/ =7. Now H, has twenty edges, which is a contradiction: (1) =21 and no
with 2=/ =4 is adjacent to v;in Hy. O

Claim 7. Ifk=3, thenk=<a+ |b/2) ora+b=4.

Proof of Claim 7. Claim 4 allows us to assume that |Q|=35; Claim 5 guarantees
that |2 = 4. Defining H as in the proof of Claim 4, observe that H has 3(|Q| — 2)
edges. It foliows that H (and hence also () contains four pairwise adjacent
vertices. O

Claim 8. Ifa=0and b =2, then k #2.

Proof of Claim 8. Assume the contrary: k=2 but a=0 and b =2. Claim 4
implies that ||=<3 and so, without loss of generality, u, =u,€8,. Since §;
includes a vertex distinct from both wy, v, but adjacent to at least one of them,
we must have v, €8;; a symmetric argument shows that v, € S,. But then S,
includes a vertex outside @ and adjacent to only one vertex in (2, a
contradiction. 0O

This ties down the proof of Theorem 9. O
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The reader interested in additional results in a similar vein is directed to [2,
Chapter 5].
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<i done!
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code fast enough?

NO

let David speed it up
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1988 — 1989: The Age of Innocence

Battle cry:
If everyone does it in a certain way, we will do it differently!!
OUT WITH THE OLD, IN WITH THE NEW

LESSON #3:

SOMETIMES THE OLD IS USED FOR A GOOD REASON

Case In point:

The simplex method of linear programming
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" Math Problem;
Long Baffling,
Slowly Yrelds

The travehng salesman problem 3
- still isn’t solved, but computers |
‘can now get most answers. i

" ByGINA KOLATA -

CENTURY-OLD
‘ . math problem of

notorious . diffi-

culty has started

to crumble. Even though
an exact solution still de-
fies. mathematicians, - re-

- searchers can now obtain
answers  that are good
enough for almost all prac-
tical applications. .

_The tt’r_aveling sales-
man problem, as it .is

, Approxlmatlon of best known, crops up in many

route for 1,000 cities.  practical applications,
from the design of comput-

er chips to the designation of work orders in factories.

Brute number-crunching by computers can now
produce answers to most such problems, even'thoughnot |
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Contests Among Investigators

Solving traveling salesman prob-
lems has become something of an
obsession for aficionados. Last year,

_ for example, Dr. Robert Bixby of
" Rice University invited about 50
groups of investigators to a meeting
. that focused only on traveling sales-
( man problems. Investigators brought
their computer programs to the
‘meeting and Dr. William Pulleybank
of 1.B.M.’s Thomas J. Watson Re-
. search Center in Yorktown Heights,
N.Y., challenged them with a 783-city"
problem that he had devised, he
thought, to be especially difficult.
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SURVEY OF PROGRESS IN TSP SOLVING

1954 Dantzig, Fulkerson, and Johnson 49 cities
1970 Held and Karp 60 cities
1974 Helbig Hansen and Krarup 80 cities
1980 Crowder and Padberg 318 cities
1986 Padberg and Rinaldi 532 cities
1987 Padberg and Rinaldi 2,392 cities

1990 Applegate, Chvatal, and Cook 17 cities
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Contests Among Investigators

Solving traveling salesman prob-
lems has become something of an
obsession for aficionados. Last year,
_ for 'example, Dr. Robert Bixby of
" Rice University invited about 50
groups of investigators to a meeting
that focused only on traveling sales-
man problems. Investigators brought
their computer programs to the
‘meeting and Dr. William Pulleybank
of 1.LB.M.’s Thomas J. Watson Re-
. search Center in Yorktown Heights,
N.Y., challenged them with a 783-city"
problem that he had devised, he
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The winning team, made up of Dr.
William Cook of Bell Communica-
‘tions Research, and Dr. David Apple-
gate and Dr. Vasek Chvatal of

Rutgers University, solved the prob-
lem in half an hour. “It turned out to
be easy,” Dr. Cook said.
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The Traveling
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. cut gluing (Section 10.4)

David L. Applegate,
Robert E. Bixby, Vasek Chvatal,
and William J. Cook

. strong branching (Section 14.3)

The Discover Magazine, January 1993

April 1992: pcb3038 falls “A new TSP record, 3,038 cities”
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Large TSP instances solved in the new millennium

April 2001 d15112| 34 CPU years
December 2002 1t16862| 11 CPU years

March 2004 | brd14051 5 CPU years
May 2004 | sw249/8| 85 CPU years
October 2004 | pla33810| 16 CPU years
March 2005| d18512| 57 CPU years
April 2006 | pla85900| 136 CPU years
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Jersey, bul with our sights on the 7397 citiee we would like (o recruit as mauny O Protect
new machines as we can. David will try to geb us some at McGill, we are
asking a few other [riends in North America t0 do the same, and thought it Optimize PDF
would be nice if we had a few helpers in Japan as well. If vou know anybody
who would be willing to lend his or her machine to contribute to breaking the @ Fill & Sign
record again., would yeu, please, pass this muessage on to him or her? (This is Eb‘
not terribly important, so please, don't go to too much trouble Lo help us.) | Send for Review
Thank you very much! ’
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CONCORDE'S YOUNGER HELPERS

* An implementation of Adam Letchford's domino parity constraints
developed by Bill Cook, Daniel Espinoza, and Marcos Goycoolea.
Used in the solution of d18512, pla33810, and pla85900.

 Keld Helsgaun's refinement of the Lin-Kernighan heuristic.
Used in the solution of sw24978 and pla85900.



Bill Cook’s Mona Lisa Challenge: S1000 Prize for a tour shorter than 5,757,191
the 100,000-city problem created by Robert Bosch.
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Bill Cook’s Mona Lisa Challenge: $1000 Prize for a tour shorter than 5,757,191
the 100,000-city problem created by Robert Bosch.

Techniques for developing such point sets have evolved over through work of Bosch and Craig Kaplan.
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Techniques for developing such point sets have evolved over through work of Bosch and Craig Kaplan.

A tour of length 5,757,191 was found on March 17, 2009, by Yuichi Nagata
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