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An infeasible dual affine scaling
method for linear programming

Knud D. Andersen
Dept. of Math. and Computer Sci.
Odense University
Campusvej 55, 5230 Odense M
Denmark

July 15, 1993

Abstract

In this paper we describe an infeasible dual affine scaling method. The method can
be view as a dynamic “big-M” method but it actually never calculate the “big-M”. We
show that in contrast to the “big-M” method this method always finds a feasible point.
The method is shown to work well on the standard test set “netlib”, and on a special test
problem with many free variables arising in plastic, collapse analysis. In particular, the
method provides improved results for LP-problems without interior points in the dual space,
on which in theory the dual algorithm should not work. We also present an implementation
of an interior point algorithm. Numerical results are presented, running at the CONVEX
vector computer C3240.

1 Introduction

In 1984 Karmarker presented his new polynomial-time interior-point algorithm [11], which in
the past few years has led to the development of several interior point methods. For an updated
bibliography on interior point methods see [13]. One of the interior point algorithms which
has showed good results in practice is the affine scaling algorithm, (1,15]. The affine scaling
algorithm was originally proposed in [8] and recently rediscovered in e.g. [3,20).

Consider the LP-problem:

‘ B T XP = n -
(P): Dnin ¢’z X {xeR"| Az =b, z> o} (1)

where A € R™*" | be R™ | ¢ € R". The dual problem is

(D): maxbly, Yi={yeR"|c-A"y=s, s2o0) (2)

One virtue of the affine scaling algorithm is its simplicity. It can be viewed as replacing the
simple bounds s > o for (D) (z > o for (P), [3]) with an ellipsoid with center in the current
point s = ¢ — ATyO:

(DR): max{b'y| ATy +s=c, [S5%(s - s0)l} < R?} (3)
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put (int ix, ICOL *col);
get (HEADER *header);

get (IDATA =xidata);

get (int ix, IROW *row);

get (int ix, ICOL *col);
get (INFO *info);

read (char *fname);
MPS-format */

write (char *fname);
format */ )

¥;

class solution {
char *version;
char *date;
FILE *fp_solution;
HEADER header;
SDATA sdata;
public:

/*

/*
/*

/%

/*

/*
/*
/*
/*
/%

put a single column */

get a single row =/
get a single column */

read an instance in

write an instance in MPS

MP-DIT version */
date */

disk storage */
header */
solution data */

solution (char *fname, STORAGE storage = DISK);

“solution ();

put (HEADER #*header);

put (SDATA *sdata);

put (int ix, SROW *row);

put (int ix, SCOL #*col);
get (HEADER *header);

get (SDATA *sdata);

get (int ix, SROW *row);

get (int ix, SCOL #col);
read (char *fname);

write (char *fname);
MPS-format */

};

/*
/%

/*
/*
/* read
/*

put a single row */
put a single column #*/

get a single row */

get a single column */

a solution in MPS-format */
write a solution in

However (6) does not work, if Y% is empty. Then (4) will converge to a feasible point (at
the boundary), but this limit will usually not be optimal. Furthermore every iteration of the
affine scaling algorithm is very expensive, so we must use each iteration as much as possible to
move towards an optimal solution. Also if phasel stops with a feasible point too close to the
boundary, then many steps may be needed to find the optimal point ([16]). Hence we must
start with a phasel, which also makes use of the objective function from (D). We propose the
following dual problem:

max ?w...t - Myar)
s.t.
D2, AT _e Y 2 s _|e (7
o -1 Yar Sn41 - 0
820, Sp41 2 0.
This corresponds to the following primal problem
min (cTz)
s.t.
P2y A 0 e | | b (8)
—ef -1 Tntl - -M
T >0, Tpyy 2 0.

It follows that the primal to their problem contains the constraint —eZ@ = — M, which can be
inconsistent. In (8), we only require —eTa@ > — M. Note that when we scale Yar With Yar = Sp41
we slow down the convergence for y,, — 0. Hence for problems with no strong interior point
(then some s; = 0 for all y € Y¢) we hope for a better conditioned convergence with the form
(7) than with the form in [1, pp 107].

(7) is the same phasel problem as proposed in [1, pp 107], except for the constraint y,, > 0.

Remark 2.1 It follows from duality theory that a necessary and sufficient condition for an
optimal point y* for (D2,;) and x* for (P2,,) to be optimal also for (P) and (D) is that
M >eTz*  and Yar = 0.

It follows that if a phasel problem with a fixed M is used, then M must be chosen large enough
(hence the name big-M) to ensure convergence. However this reduces the weight of the objective
function, which is unsatisfactory. We conclude , therefore that M should be set dynamically.

It is interesting to compare the direction which DAS gives for (D2,,) with the feasibility
direction (6). The direction for (D2,,) is given by

Ay = (AS;2AT) b + Ay, (AS;2AT)1AS %
Ayar = (=M + eTS;2ATAy)/(s72, + €T S} %)

n

(9)

The direction Ay is a linear combination of the feasibility direction (6) and the steepest ascent
direction for the problem without the artificial variable. It follows that Ay,, is the weight

3
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} IROW;

typedef struct {

double 1br; /* lower bound (-INF if no lower
bound) */

double ubr; /* upper bound (INF, if no upper
bound) */

char *cname; /* name */

int nz; /* number of nonzero
coefficients */

int *r; /* row indices of nonzero
coefficients #*/

double *v; /* values of nonzero
coefficients */
} IcoL;

typedef struct {

long iter; /* maximum number of iterations
*/

long time; /* maximum execution time */

double zero; /* zero tolerance */

double feas; /* teasibility tolerance */
//

// This list may be extended by other commonly used parameters
and

// tolerances

//
} INFO;
//

// Structures related to solutions to instances of linear programs

1/

typedef struct {

double zlp; /* solution value */
double *xlp; /* solution vector */
double *rc; /* reduced cost vector */
double *pi; /* dual vector */
double *slack; /* slack vector */
8

was confirmed by direct comparison. We furthermore see that (WDAS) is the same algorithm
as (DAS) if y*, = 0.

We will now show that the algorithm converges to a feasible point for (D) if (D) has a
bounded feasible optimal solution. In the WDAS algorithm we fix 2,41. Then the following
holds with C as in (12)

b Ayt — MEAYE, = (Ax)TAyk - (eT2h - C)ay, = |IS7'Aas 3 - Cayl,  (16)

Theorem 2.1 If (D) has a bounded feasible solution then (W DAS) finds a feasible solution for
(D): The sequence {y*,y¥,} generated by W DAS stops with y¥, < 0 or satisfies limg—oo y%, = 0.

Proof: Assume that limy_o y*. > 6 >0

Then y5+! = y5 (1 — axCyk,) and it follows that

= lim (1 - D.».Q.SW.L = limap=0 (17)

k—oo k=00

lim ai)|S;*AsK |2 > lim [|S;'Ask

k— o0 k—o0

2 > lim ||S;'As*|lz x 1 = o0

T k—oo

From (16) we get

lim a,(bTAy* — M*AyL,) = lim of|S; As¥|l3 — arAyk,C = lim or]|S;AsH||} =

k=00 koo k—o0
Since limg— oo axAyk, = 0 and Ayk, < 0, it follows that either
Jim abTAy* =00 or Jim. M* = oo
In the first case the following dual problem is unbounded
max {7y | ATy < c + e} (18)

yERM

and it follows that the primal problem for (18) is infeasible. But then also the primal problem
with 8§ = 0 is infeasible, and from duality theory we then again have that (D) is unbounded or
infeasible, which is contrary to our assumption.

In the second case it follows from limg_., M* = oo and the convergence of (DAS), that the
(WDAS) algorithm must find a feasible point if there exsist one for (D). Hence (D) is infeasible,
which is a contradiction. This completes the proof. =}

(WDAS) are the same algorithm), then y* is a strong interior point for (D). Hence we only
have to look at the case:

If, at some iteration of the WDAS algorithm, .cw.s < 0, (note that if @ww =0 then (DAS) and

(51) lim @wﬁ =0 and .S‘.w >0 Vk.

k—oo

In this case we can fix y,, sufficiently small and use the (DAS) algorithm to find a solution of
(D), where c is slightly pertubed with y,,e
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*/
#define NAMELENGTH 8 /*
*/
#define PROBLEMLENGTH 20 /=%

#define INF (1.e+31) /%
#define EPS (1.e-6) /=
#define MAXITER 1000000  /=*
*/

#define MAXTIME 3600 /*
*/

//

// Enumeration types

//

enum TYPE {MINIMIZATION, MAXI
enum SENSE {E, L, G, N, R};
enum ACCESS

enum STORAGE
enum CONTROL

{MEMORY, DISK};

length of column and row names ¢

length of problem name */
infinity */
epsilon */

maximum number of iterations

maximum number of cpu seconds

MIZATION};

{BYCOLS, BYROWS, BYTRIPLETS};

{TERMINATE, SUSPEND};

enum ISTATUS {INITIAL, MODIFIED};
enum SSTATUS {FORMERRORS, UNSOLVED,
OPTIMAL, SUBOPTIMAL, INFEASIBLE, UNBOUNDED,
TIMELIMIT, ITERLIMIT, NOMEMORY,
NUMPROBLEMS} ;
enum STATUS {Bs, LL, UL, FX, FR, INFEAS};
//
// Structures related to instances of linear programs
/1

typedef struct {
char name [PROBLEMLENGTH+1]; /* problem name */

*/

TYPE type; /* minimization or maximization
int n; /* number of columns */
int m; /* number of rows */ .
long nz; /* number of nonzeros */
6

- 25 -
TTTLE ITE —PHI CPU PA DA TITLE ITE PHIT _CPU PA DA
T25IvaT . 50 50 47 -TA4AE-14  B.0E-00 pilot.we T8 78 39 -3.3E- =
80bau3b 65 65 98 -1.0E-14 1.1E-10 pilot 48 48 299 -3.3E-11 -4.0E-09
agg 53 53 4 -1.5E-12 -2.0E-09 pilot4 79 79 30 -6.8E-08 -7.1E-08
agg3 28 28 6 3.0E-13 8.6E-09 pilot87 60 60 1092 -4.6E-14 1.1E-10
bandm 28 28 3 1.2E-13  -5.7E-09 pilotnov 35 35 45 -8.7E-15 -2.5E-09
bnl1l 54 54 19 1.3E-11 3.2E-09 recipe 20 20 0 1.2E-14 -1.5E-09
bnl2 46 46 84 2.5E-13 3.2E-10 scagr25 25 25 3 1.6E-11  -1.4E-09
brandy 27 27 2 7.9E-12 3.1E-09 scfxm3 38 38 17 -4.4E-13 2.2E-09
capri 30 30 3 3.0E-13 5.5E-09 scrs8 51 51 8 -88E-15 -4.6E-09
cycle 47 47 69 1.7E-13  -1.3E-08 sctap3 34 34 22 3.2E-16 3.7E-09
czprob 57 1 12 -1.7E-11 8.5E-09 she 36 36 6 -1.8E-13 2.0E-09
d2q06c 51 51 194 -5.2E-12 2.9E-09 ship12l 26 26 10 -8.9E-14 1.7E-09
degen3 29 2 160 2.4E-11  -9.9E-09 ship12s 26 26 5 -1.4E-12 6.3E-09
e226 31 31 3 -3.5E-14 -4.0E-09 sierra 31 31 17 -3.9E-13 1.2E-09
etamacro 45 45 10 -1.8E-14 -3.5E-12 stair 28 28 12 8.8E-14 -1.7E-09
fIfif800 46 46 13  -6.0E-12 1.5E-09 standata 27 3 2 -9.0E-16 3.8E-09
finnis 40 40 6 -2.3E-12 3.5E-12 stocfor2 54 54 44  -2.5E-13 1.6E-09
ganges 27 27 17 -1.1E-11 -4.9E-09 truss 31 0 50 -6.2E-13 4.5E-09
greenbea 89 89 163 1.3E-09 3.8E-09 tuff 35 35 8 -6.8E-13 -1.8E-07
greenbeb 63 63 117 -6.3E-12 -5.4E-12 vtp.base 21 21 0 2.8E-13 2.4E-09
perold 45 45 24 3.8E-08 -3.0E-09 woodlp 31 1 41 -1.5E-11 8.1E-09
pilot.ja 146 146 164 1.9E-03  -8.2E-07 woodw 44 44 47 -4.7E-12 1.7E-08

Table 2: Results

done with the ANSI-c procedure clock. Computing time includes all processing except time for
reading and converting the mps files. Table 2 presents results for some problems from the netlib
test set with empty dual interior or which are known to be difficult: Ite is number of iterations,
PH1 is number of iterations with y,, > 0, CPU is computing time in seconds and PA/DA is
digit accuracy of primal/dual ob jective value compared to the reoptimized values reported in [4,
pp 10-11] (they seem to be more accurate than the values reported in the netlib index). Note
the high accuracy of the primal objective value. It is further seen that the iteration count and
accuracy of the final solutions are very competitive with the dual affine and primal-dual results
in [1], [15] and [14], especially for problems without interior points in the dual space.

We have also tested at the problem which is described [7]. The problem is a discretization of
a collapse problem. We will here only present results for N=201 (size of dicretization, see [7, pp
57]), a much finer element grid than reported earlier. The problem was dualised to get a lower
row dimension. Then the problem has the following size:

ROW S = 121204, COLS = 687353, FREE = 81338, |A| = 2301985, and |L] = 2301985.
The optimizer used 98 iterations and 117099 cpu seconds. With duality gap=10~7, primal
feasibility=10~7 and dual feasibility=10~12 which is standard accuracy. The professional simplex
optimizer Sciconic v2.11 was available at the CONVEX. For N=24 our interior point optimizer
outperform Sciconic with a factor of over 130 (in the CPU time). As in [7] using the simplex
optimizer MINOS we observe that the simplex optimizer has problems with finding optimal

solutions. However, as pointed out in [6],with a program like MINOS one should attach the
convex version of the collapse problem.

5 Conclusion.

We conclude that the method presented here is an improvement of the “fixed Big-M” method,
both from a theoretical and practical point of view. For problems with many free variables it
performs better than any other method, which we have tested.

Acknowledgement: I wish to thank my advisor E. Christiansen and K.O. Kortanek for their

help and encourogement and for drawing my attention to the test problem in plasticity with
many free variables.
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read and write for the off-line use of an object of the class. An obvious
implementation of the read and write functions would be to read and write
MPS files so that compatibility with the existing standard is maintained.

Another advantageous feature of C++ is the idea of function overload-
ing. Different functions typically have different names, but for functions
performing similar tasks on different types of objects it is sometimes better
to let these functions have the same name. In C++ it is possible to declare a
function to be overloaded, i.e., it is possible to inform the compiler that the
multiple use of a function name is intentional. Using this feature it would
be easy to extend the class with functions tailored to specific applications.
A developer of a modeling language and data base manager may provide a
specialized put function that uses implementation details of the modeling
system.

To provide the necessary flexibility with respect to data manipulation,
the class should provide various ways to access the instance data, such as
row-wise access, column-wise access, and triplet-wise access.

To provide the necessary efficiency when used in an interactive environ-
ment the class should provide various ways to store the instance data, such
as storage in memory or storage on file.

The envisioned data interchange tool can be implemented as a library of
classes to be used by preprocessors, problem generators, solvers and report
generators in order to provide efficient access to different sets of data pro-
cessed by these modules. When used for the interchange of data between
a problem generator and a solver, it should be able to handle the minimal
set of data that defines an instance of a mathematical program as well as
other information needed by a solver, such as different limits, options, and
tolerances. When used for the interchange of data between a solver and a
report generator, it should provide easy and flexible handling of a solution.

Any distribution of MP-DIT, preferably as source code, should have a
basic, but fully operational, version of all functions. Each application can
then replace one or more of them with tailored versions.

3 Outline of MP-DIT classes

Below we outline the basic MP-DIT classes. We do not present specific
implementation details, because at this point we are mainly interested in the
functionality of the tool. This section is intended to give an idea of what
we have in mind; the actual implementation will depend on assumptions

(15]

(16]

(17]

(18]

(19]

(20]

R.E. Marsten, M.J. Saltzman, D.F. Shanno, G.S. Pierce. and J.F. Ballintijn. Implemen-
tation of a dual affine interior point algorithm for linear programming. ORSA Journal on
Computing, 1(4):287-297, 1989.
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fields is very specialized, components are often built by different groups.
This makes software integration a huge challenge indeed.

An important step towards software integration is the definition of stan-
dard interfaces between the components. One such interface exists: the
MPS format. An MPS input file describes an instance of a mathematical
programming model, an MPS output file describes a solution to an instance
of a mathematical programming model, and an MPS advanced basis file de-
scribes an advanced starting point, associated with the instance described
in the MPS input file, for the solution process. In fact, the only virtue of
the MPS format is that it is a standard; all commercially available solvers
support at least the MPS input file. However, it has many shortcomings as
an interface: it is very inefficient, both in terms of time and space, and it is
inflexible with respect to data manipulation.

Developing a large-scale linear programming model is an iterative pro-
cess, because few modeling professionals ever get a model right the first time.
Moreover, tuning a solver for a class of instances of a large-scale linear pro-
gramming model is an iterative process as well, because there is a variety
of methods available, such as the simplex method, the affine scaling interior
point method, the primal dual interior point method, and the primal dual
predictor corrector interior point method, each with numerous parameters,
and it is unclear at the start which of these methods will perform best on a
specific class of instances.

Envision a sophisticated environment for the development and solution of
large-scale linear programming models. Such an environment may consist of
a modeling language, such as GAMS [Brooke, Kendrick and Meeraus 1988],
AMPL [Fourer, Gay and Kernighan 1990], or MODLER [Greenberg 1990a),
one or more solvers, such as CPLEX [CPLEX 1990], OB1 [Lustig, Marsten,
and Shanno 1989, 1990], or OSL [IBM 1991], an interactive system to provide
computer assisted analysis of model instances and their solution, such as
ANALYZE [Greenberg 1990b], and a tool to generate random variations
around a base model for statistical experimentation, such as RANDMOD
[Greenberg 1990c].

In such an environment there is a lot of communication between the
various components. MPS files are not very well suited to provide such a
means of communication. They are inflexible and inefficient. The overhead
of writing and reading a complete MPS file, even if a previously generated
and solved instance is only slightly modified, is enormous. What is needed
is a more flexible and efficient data interchange tool.

Another disadvantage of the MPS format is that it was designed for

the quadratic assignment problem is given. We hope by this to be able to clarify the similarities
and the differences between simulated annealing and tabu search.

In what follows we will be considering the minimization case. This is done to avoid ambiguity
in language and the maximization case can be obtained by exchanging words like “increase” with
“decrease”.

2 Simulated annealing

The basic idea in simulated annealing is to choose a neighbour at random and then move to this
neighbour if either it has a better (lower) objective function value or, in case the neighbour has
a higher objective function value, if mxilwv > U. A's the increase in objective function value
if we move to the neighbour, T is a control parameter, that is reduced during the search and U/
is a random number between 0 and 1. In other words, we always move to a better neighbour
if we find one and sometimes we also move to a neighbour with a higher objective function
value. However the bigger the increase in objective function value the smaller the probability of
accepting the move. The effect of decreasing T is that the probability of accepting an increase
in the objective function value is decreased during the search.

The tricky part of simulated annealing, apart from finding a suitable neighbourhood struc-
ture, is to decide what initial value of 7' to choose and how T should decrease during the search.
Though simulated annealing is shown to converge to optimality if 7" is controlled in the right
way (see e.g. [8]) the rate of convergence is too slow. Consequently one has to choose some
compromise between accuracy and speed. For more details on simulated annealing see e.g. [8]
and [15].

3 Tabu search

As opposed to the randomness of the search in simulated annealing, tabu search uses a more
systematic approach. Instead of choosing a neighbour at random, tabu search examines all
of the neighbours and selects the best admissible move away from the current solution. An
admissible move is a move, that is not on the tabu list, where the tabu list is a list containing
forbidden moves. Normally the forbidden moves are the reverse of the s moves last performed.
The tabu list is initialized empty, constructed in the s first iterations and updated circularly in
later iterations. The parameter s is called the tabu list size.

If the current solution is a local minimum there is no improving moves and in this case the best
admissible move is a move that increases the objective function value as little as possible. Due to
the tabu list tabu search avoids returning to the solutions just visited, and since degrading moves
are allowed, the algorithm has a chance of leaving a local minimum. Usually one introduces an
aspiration level criterion to speed up the search. That is, we allow a move currently on the tabu
list if it leads to a better solution than the best found so far.

The most difficult part of applying tabu search is finding the right size of s. If the tabu
list size is too small the search will start cycling and if it is too large the search might be too
restrictive. Again it is a question of finding the right compromise, typically depending on the
specific problem investigated. For more details on tabu search see e.g. [5] and [6].
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NAME

Table 2: Problem Origins.

ORIGINATOR

FORMULATOR

DONATOR

air01-
air06
bell3a
bell3b
bell4
bells
bm23

cracpbl
diamond
dsbmip
egout
enigma
fixnet3
fixnet4
fixnet6
flugpl

ren
m:commmo
1152]lav

misc07

mod008
mod010
mod011

noswot
p0033

p0040

p0201
p0282
p0291
p0548

(

s 45
stein9
vpml

B. Bouvier,

G. Messoumain
Harlan Crowder
John W. Gregory

Harlan Crowder

Harvey M. Wagner

1 Crowder
1 Crowder

Suhl
ice A. Wolsey

George L.
George L.
George L.
George L.

William Cook
William Cook
William Cook
William Cook
Harlan Crowder

Harlan Crowder
John W. Gregory

Laurence A. Wolsey
Harlan Crowder
Laurence A. Wolsey
Laurence A. Wolsey
Laurence A. Wolsey
John W. Gregor
Laurence A. Wolsey
Laurence A. Wolsey
Harlan Crowder
Harlan Crowder
Ellis L. Johnson,
Uwe H. Suhl
Laurence A. Wolsey

IBM France
IBM Yorktown Hts
Uwe H. Suhl
Laurence A. Wolsey

Linus E. Schrage

Ellis L. Johnson
Ellis L. Johnson
Telecommunications
Corporation
Laurence A. Wolsey

Laurence A. Wolsey
Laurence A. Wolsey
Senju-Toyoda
Laurence A. Wolsey
Laurence A. Wolsey
Laurence A. Wolsey
John W. Gregory
John W. Gregory
John W. Gregory
John W. Gregor
Laurence A. Wolsey

Greg Astfalk

William Cook
William Cook
William Cook
William Cook
E. Andrew Boyd

E. Andrew Boyd

E. Andrew Boyd
John J. Forrest
Martin W. P. Savelsb
E. Andrew Boyd
Martin W. P. Savelsber
Martin W. P. Savelsbergh
Martin W. P. Savelsbergh
E. Andrew Boyd

Martin W. P. Savelsbergh
Martin W. P. Savelsbergh
John W. Gregory

E. Andrew Boyd

John J. Forrest

Martin W. P. Savelsbergh
Greg Astfalk

John J. Fc
John J. Fo
John J. Fo
John J. For
Shireen Sara Dadmehr
John W. Gregory

. Andrew Boyd

. Andrew Boyd

. Andrew Boyd

. Andrew Boyd

. Andrew Boyd

. Andrew Boyd

. Andrew Boyd

arla Hoffman

St

slolololololo!

—

Martin W Savel
John J. I'c

Martin W. P. Sav
Martin W. P. Savelsbergh
Linus E. mn_:.mmm
Martin W. P. Sav
Martin W. P. Savelshe
Martin W. P. Savelsbe

E. Andrew Boyd

E. Andrew Boyd

E. Andrew Boyd

E. Andrew Boyd

Martin W. P. Savelsbergh

interaction between facilities. More formally, let fix denote the cost of moving the flow between
facility i and facility k one unit of distance and let dj; denote the distance between location j
and location I. We want to assign the facilities to the locations, such that the total flow cost
is minimized. An assignment of n facilities to n locations is equivalent to a permutation ¢ of
{1,...,n} and the quadratic assignment problem can now be formulated as:

n n

mmw MU MU fikdy(iyp(k),  Where @ is the set of all permutations ¢. (1)
i=1 =1

At present it seems impossible to solve a quadratic assignment problem with arbitrary coef-
ficients exactly for n > 18 (see [7]) and simulated annealing and tabu search is by far the most
successful heuristics.

The easiest way to define a neighbourhood structure for the quadratic assignment problem
is to define a move as an exchange of two assignments in a given solution. A neighbour % of a
solution ¢ is thus of the form:

P(i) = @(k), (k) = ¢(i) and (1) = @(I), 1 # i,k (2

It is easy to see that all solutions can be obtained using the above defined moves and
neighbourhood structure. N, the number of neighbours of a given solution, is equal to Em..b

4.2 Outline of experiment

Simulated annealing and tabu search are given the same starting solutions constructed at ran-
dom. The algorithms are each performing M search steps from the starting solution and the
best solution found during the search is recorded. In our experiments we used M so that .w« =
1, 5, 10, 25, 50, 100, 200, 400, 800 and 1600.

We have chosen a rather simple way of controlling the parameter 7' in our implementation
of simulated annealing. The method were originally suggested in [4] and later improved in [10].
Before the search was started, we randomly selected a small number (here: .m\.v of neighbours to
the starting solution and determined A,z and A,,in, the maximal and the minimal increase in
the objective function value. The initial value of 7' was now set equal to A,,in + mchDsaal Aviin)
and T was decreased after each step by HI_cADsna — Amin)/M. In this way T equals A,,;, at the
end of the search.

In order to avoid a lot of fine-tuning of the tabu list size s we adopted a strategy proposed
in [13]. Instead of having a fixed size s was changed randomly between Sz and smin every
2N $may search steps. We used [0.9n) and [1.1n] for sy, and Spq in accordance with [13].
Our tabu list size thus fluctuated round n, the size of the problem.

The data used in the experiments were: The four largest Nugent problems (Nugl2, Nugl5,
Nug20 and Nug30) [9], the Steinberg-problem with rectangular, Euclidean and squared Euclidean
distances (Stel, Ste2 and Ste3) [12], Burkard and Offermann’s German electrical typewriter data
(Ger26) [3], a Danish electrical typewriter data sample (Den29, own data - not published), three
30x30 problems (Ran1, Ran2 and Ran3) and three 50x50 problems (Ran4, Ran5 and Ran6). The
six random problems were constructed using a 5x6 and a 5x10 grid with rectangular distances
and uniform numbers on [0,100] for costs. However in order to give the problems different
complexities the costs were set equal to zero with probability W in Ran2 and Ran5 and with
probability w in Ran3 and Ran6.
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MIPLIB users will allow this file to be expanded.

4 Accessing MIPLIB

MIPLIB is accessible through SOFTLIB, an electronic software distribution system
available through Internet. By sending e-mail to softlib@rice.edu with a message
body reading “send catalogue,” you will receive via electronic mail a list of software
codes and libraries currently available for public access through the system, along
with specific instructions for accessing each one.

In addition to making this library available for public use, we wish to invite
comments and suggestions regarding the library. Contributions of new problems to
the library would also be greatly appreciated, as well as any new solutions that have
been proven optimal.

To make submissions or comments, please contact Dr. Robert . Bixby, Depart-
ment of Computational and Applied Mathematics, Rice University, Houston, TX
77251, or Dr. E. Andrew Boyd, Department of Industrial Engineering, Texas A&M
University, College Station, TX, 77843-3131, or send e-mail to either bixby@rice.edu
or boyd@marvin.tamu.edu.
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the average solution quality of tabu search and of simulated annealing relative to best known
solution.

Avg. dev. in % from best known solution when M/N equals
1 5 10 25 50 100 200 400 800 1600

Problem  Size

Nugl2 12 13.4 1.7 -03 -05 -05 -05 -03 -04 -02 -0.1
Nugls 15 14.6 4.9 1.5 04 -02 -0.1 -0.2 -0.1 -0.1 0.0

Nug20 20 15.3 6.9 24 08 02 01 00 00 -01 -0.1
Nug30 30 18.8 11.8 6.8 2.5 1.2 09 04 02 0.1 0.0
Ger26 26 5.3 1.4 0.3 0.1 0.1 0.1 0.1 0.1 0.2 0.2
Den29 29 6.7 2.1 0.4 0.0 00 0.1 0.1 0.1 0.1 0.1
Stel 36 73.5 44.4 252 65 41 40 3.0 22 20 1.5
Ste2 36 69.4 41.6 21.8 53 35 24 22 20 19 1.4
Ste3 36 2279 1155 554 102 48 42 38 38 34 3.1
Ran1 30 7.8 4.8 2.5 0.7 03 02 01 0.0 0.0 0.0
Ran2 30 15.5 9.9 5.5 1.9 1.1 09 07 05 03 0.1
Ran3 30 30.8 18.8 10.5 39 21 1.4 07 02 -01 -0.1
Ran4 50 7.6 5.8 4.0 1.8 09 06 05 03 03 0.1
Ran5 50 14.7 11.0 7.5 3.1 1.6 10 08 06 0.5 0.4
Ran6é 50 27.4 20.8 14.7 69 38 2.7 22 1.6 1.2 1.0

Table 3: The difference between the average solution quality for tabu search and simulated
annealing.

The results confirm our expectations. In the beginning before tabu search has sufficient
information to escape from a possible bad starting solution simulated annealing is much better
than tabu search. But as the search goes on the differences between the the solution qualities
are reduced. In most case tabu search catches up with simulated annealing after 400N — 800N
search steps. The only exceptions are the three Steinberg problems. This reflects the fact,
that these problems are extremely difficult, and thus tabu search requires more information.
The same can be observed on the random problems, where increased complexity increases the
differences between simulated annealing and tabu search.

Another interesting observation is that at the time tabu search catches up with simulated
annealing the solution quality is usually within 0.5—1.0% of the best known solution. This leaves
very little room for tabu search to outperform simulated annealing. Based on these observations
it seems that the simulated annealing approach is the best way to use (local) information on
the structure of a quadratic assignment problem. In other words, fast and cursory is better that
thorough and slow.

5 Final remarks and future extensions

In this paper we have been comparing simulated annealing and tabu search as two opposite
ways of using gained information about the structure of a complex problem. Tabu search was
characterized as a thorough but slow way of using the information whereas simulated annealing
is a fast but cursory way. In order to investigate the relationship between these two philoso-
phies of search, we compared their performance on 15 instances of the quadratic assignment
problem. We found that simulated annealing seems to be using the information most efficiently.
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The MIPLIB Mixed Integer Programming
Library

Robert E. Bixby E. Andrew Boyd Shireen S. Dadmehr
Ronni R. Indovina

October 19, 1992

1 Introduction

Mathematical programs arising from real applications almost uniformly contain struc-
ture and sparsity not found in their randomly generated counterparts. These dif-
ferences are often so significant that algorithms developed for randomly generated
problems are almost guaranteed to perform poorly on the real problems they were
presumably intended to solve.

The need for problems arising from real applications was recognized carly in the
development of lincar programming algorithms. In 1985, an electronically accessible
library of linear programming problems was introduced which has become a widely
recognized foundation for computational work in linear programming [2]. The library
consists of a collection of problems contributed for the most part by practitioners.
The library continues to be modified, and most recently some significantly larger
problems have been added in response to the need of developers to stretch the limits
of their algorithms. A similar library was introduced in 1990 for research on traveling
salesman problems [3]. As a result of the introduction of the traveling salesman
srary, 13 previously unsolved problems have now, in fact, been solved.

While mixed integer programs are used extensively to model real app
similar library has ever been created for use by developers of mixed int
ming algorithms until very recently. MIPLIB is an electronic library of integer and
mixed integer programs created in an effort to fill this void. MIPLIB was or
developed by three of the authors and described in [1]. The purpose of this paper
is to provide pertinent information on MIPLIB and to describe recent ¢
modifications which have been made to the library.

ations, no

nges and

2 MIPLIB

Tables 1 and 2 contai

information about the models currently contained in MIPLIB.
The first table contains statistics for each problem, and the second table con
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