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Abstract. A new deterministic branch and bound algorithm is presented in this paper for the global
optimization of continuous problems that involve concave univariate, bilinear and linear fractional
terms. The proposed algorithm, theanch and contract algorithprelies on the use of bounds-
contraction subproblenthat aims at reducing the size of the search region by eliminating portions
of the domain in which the objective function takes only values above a known upper bound. The
solution of contraction subproblems at selected branch and bound nodes is performed firfteén a
contraction operatiorthat helps reducing the total number of nodes in the branch and bound solution
tree. The use of the proposed algorithm is illustrated with several numerical examples.
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1. Introduction

This paper deals with the development of a new deterministic algorithm for the
global optimization of nonlinear programs involving concave univariate, bilinear
and linear fractional terms in the objective function and constraints. For reviews
on methods that address problems with these classes of functions see for instance:
Benson (1995), Al-Khayyal (1990), and Schaible (1994, 1995). The extension of
the proposed approach of this paper to the mixed-integer case can be found in
Zamora (1997). The specific problem under consideration is the following:

Mxin fx) = Z a;jXxix; + Z b; ;C—l + Z gi(x;) +h(x)

(i.j)eBLo (i,j)eLFo T ieco
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subject to 1)
Xi
fk(x) = ' Z AjjkXiXj + ' Z bijk Z
(i,j)eBLk (i,j)ELFy
+ Z gik(x) +hi(x) <0 keK
ieCy

XGSQQ()CRn

where a;;, ajjr, bij, bijx, are scalars with € I = {1,2,...,n}, j € J =
{1,2,...,n},andk € K = {1,2,... ,m}. BLo, BLy, LFy, LF; are(i, j)-index
sets, withi # j, that define the bilinear and linear fractional terms present in the
problem. The function&(x), h;(x) are convex, and twice continuously differen-
tiable.Co andCy, are index sets for the univariate twice continuously differentiable
concave functiong; (x;), g« (x;). The setS C R" is convex, and2y, C R" is an
n-dimensional hyperrectangle defined in terms of the initial variable bouhdéls
andx?-i":

Q={xeR :0=<x"" <x<xV" x'">0if(i, j)eLFRULF,
iel, jelJ keK}

For future reference, the feasible region of problem (1) is denoted by D. Note that
a nonlinear equality constraint of the forfia(x) = 0 can be accommodated in (1)
through the representation by the inequalitfeéc) < 0 and— f;(x) < 0, provided
hi(x) is separable.

Given a positive relative toleraneg, a deterministic global optimization algo-
rithm that belongs to the class of branch and bound algorithms (Horst and Tuy,
1993) is presented in this paper to determine a poirg D such that,

ex)<e VxeD (2
where
f&x*) = fx) .
— - f * 0
e =1 raor T
—fx) if f(x*)=0

The basic ideas in the proposed paper rely on the use of tight underestimating
functions, and the solution of@ntraction subproblerfor variable bounds in order

to reduce the number of nodes in the branch and bound tree. Previous methods
reported in the literature that can solve (1) or particular instances of it include
the algorithms by Al-Khayyal and Falk (1983), Al-Khayyal et al. (1995), An-
droulakis et al. (1995), Cambrini et al. (1989), Epperly and Swaney (1996), Falk
and Palocsay (1992, 1994), Falk and Soland (1969), Konno et al. (1991), Pardalos
and Phillips (1991), Phillips and Rosen (1990), Quesada and Grossmann (1995),
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Rosen (1983), Ryoo and Sahinidis (1996), Sherali and Alameddine (1992), Sherali
and Tuncbilek (1995), Smith and Pantelides (1996), and Soland (1971); see also
Horst and Pardalos (1995).

The remainder of the paper is organized as follows. A convex underestimating
program for problem (1) is presented in the next section. In Section 3 we describe
a convexbounds-contraction subproblethat can be used at a branch and bound
node to eliminate portions of the feasible region in which the objective function
will only take values above a known upper bound. A finite strategy for sequencing
the solution of contraction subproblems is proposed in Section 4, and a branch and
contract algorithm for continuous global optimization is presented in Section 5.
Section 6 contains five examples that illustrate the use of this algorithm.

2. A convex underestimating problem

In this section we present the proposed convex underestimating problem for the
global optimum solution of problem (1) that relies on the use of linear and nonlin-
ear underestimators, and that predicts valid lower bounds.

To obtain a lower bound, B(2), for the global minimum of problem (1) over
DN, whereQ = {x € R" : x¥ < x < xY} C Qo, the following problem is
proposed:

(xMyirl) f(x’ y,2) = Z ai;yij + Z bijzij + Z 8i(x;) + h(x)

(i,j)eBLo (i,j)eLFg ieCo
subject to
J;k(x’ y,2) = Z ajjkYij + Z bijkzij
(i,j)eBLg (i,j)eLFy
+ Y &) +hi(x) <0 ke K (3)
ieCy

(x,vy,2) € T(R2) C R" x R" x R™
xeSNQCR", yeR} zeR}?
where the functions and sets are defined as follows:

(@) & (x;) and g; «(x;) are the convex envelopes for the univariate functions over
the domainy; € [x*, x"] (Falk and Soland, 1969):

(xYYy — o, (xL
8ix) = &) + (g’ RS )) (5 = xE) = gi(x) (4)
S (xUY — o, (L
8i() = g (xl) + (g”"(x;_u) e )) (5 = xP) = gk (5)

whereg; (x;) = g (x;) atx; = xF, andx; = x”; likewise, g; r (x;) = i1 (x;) at
x; = xF, andx; = xV

i
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y = {yij} is a vector of additional variables for relaxing the bilinear terms in
(1), and are used in the following inequalities which determine the convex and

concave envelopes of bilinear terms:

yij = xFxi +xfx; —xfxt (G, j) € BL* )
Yij Z Xj X +xx; — x,-Uxfj (i, j) € BL*
vij < xfxi+xx; —x/xt (i, j) e BL™ @)

yij < xj.]x,» +xFx; —xiij (i, j) € BL™
where

BL" ={(i, j): (i, j) € BLoUBLy,a;; >00ra;j; >0, k € K}
BL™ ={(i,j):(i,j) € BLoUBLy,a;; <0o0ra;;; <0, k€ K}

Note that the inequalities in (6) were first derived by McCormick (1976), and
along with the inequalities in (7) theoretically characterized by Al-Khayyal
and Falk (1983) and Al-Khayyal (1990).

z = {z;;} is a vector of additional variables for relaxing the linear fractional
terms in (1); these variables are used in the following inequalities:

Xi 1 1 Lo
Zij = —L-i-x,-U <———L> (i,j) € LF*

X5 X X
J J J
(8)
Xi L 1 +
ZU —U-i—xl ___U (l’])ELF
.Xj J xj
2
1 Xi + xiinU
wz— | ——=——| GjeLF* ®)
Xj le—i- X,-U
1 U L L L .. —
Zijfm(xjxi—xixj+xixj) (l,])ELF
Jlf (10)
Zij = ﬂ(Xfxi —inx./ +inx.f']) .j)eLF"

ijj

where
LF*={G,Jj):(,j) € LFULF,b; >00rbj >0, k € K}
LF~={(,Jj):(,j) € LFULF,b; <0orbj; <0, k € K}
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The inequalities in (8) and (9) are convex underestimators due to Quesada
and Grossmann (1993, 1995), and Zamora and Grossmann (1997, 1998), re-
spectively. The inequalities in (10) are proposed in this work, and have the
properties given below in Theorem 1.

(d) T(R) = {x,y,z) € R" x R™ x R"2: (6)—(10) are satisfied with’, xV as in
Q}. The feasible region, and the solution of problem (3) are denoted &),
and(x, ¥, 7)q, respectively. We definde approximation gap(2) at a branch
and bound node as

00 if OUB = oo
(OUB-— LB(2)) otherwise
JOUB|

where theoverall upper boundQUB, is the value off (x) at the best available
feasible pointc € D; if no feasible point is available, théDUB = oo.

THEOREM 1. The function

1
l H U L L. L
yl.jf(x,-,xj) = Min |:ﬁ(xj Xi — XX+ XX,
i
1 L U U.,U
—— (X = x7 xj +x7x))
i
is the concave envelope of the linear fractional tefix; over the rectangl€2;; =
l
{(xi,xj) : 0 < xiL <yx < xl.U, 0 < x]L <x; < xj.]}. Furthermore,yi]f(x,-,xj) =
— +L I
xi/xjatx; = x;, andx; = x;

Proof. See the Appendix.

THEOREM 2. The program in (3) is a convex underestimating problem for prob-
lem (1) overD N .

Proof. Convexity of the program in (3) follows from the convexity properties of
its objective function and constraints. The solution of problem (3) underestimates
the solution of problem (1) since, by constructigitx, v, z) < f(x),andDN C
M(Q). O

REMARKS

1. The underestimating problem in (3) is a linear programAft = ¢.

2. During the execution of the branch and bound algorithm that is proposed in
Section 5, problem (3) is solved initially ovef (©2g) (root node of the branch
and bound tree). If a better approximation is requitdd§2o) is refined by par-
titioning 29 into two smaller hyperrectangleQg; and 2¢,, and two children
nodes are created with relaxed feasible regions givel t§q:) and M (Qqy).
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3. The problem given in (3) might be regarded as a basic underestimating pro-
gram for the general problem in (1). In some cases, however, it is possible
to develop additional convex estimators that might strengthen the underesti-
mating problem. See for instance the projections proposed by Quesada and
Grossmann (1995), the reformulation-linearization technique by Sherali and
Alameddine (1992), and the reformulation-convexification approach by Sherali
and Tuncbilek (1995).

THE SET OF BRANCHING VARIABLES

A set of branching variables, characterized by the indexB$&t2) defined below,
is determined by considering the optimal soluti@ny, ) of the underestimating
problem:

BV (Q) ={i, j : |9ij — Xix;| = & or|z;; — X;/X;| =& or

8i (X)) — &i(X;) = & or g; 1 (X;) — &ix(%;) = &,
foriel,jeJ,keK,lel}

where, for a pre-specified numbér, L = {1, 2, ... , £,}, and&; is the magnitude
of the largest approximation error for a nonconvex term in problem (1) evaluated
at ()2, )A/, 2)9

&= Max [l)A’ij - )eifjh |2ij - fi/ij gi(Xi) — & (X)), g (X)) — &k (X)]

iel,jelJ,keK

Similarly, we definet, < &,_,, with £ € L\{1}, as the¢-th largest magnitude for
an approximation error; for instancg, < &; is the second largest magnitude for
an approximation error. Note that in some cases it might be convenient to intro-
duce weights in the determination 8fV (2) in order to scale differences in the
approximation errors, or to induce preferential branching schemes. This might be
particularly useful in applications where specific information can be exploited by
imposing an order of precedence to the set of complicating variables.

3. A contraction subproblem for the reduction of the search region

We define theset of nonconvex or complicating variables the subset of variables
that appear in the nonconvex functions or terms in problem (1). The complicating
variables are characterized by the index@¢tdefined as follows:

CV=\{i,j:ieCygUCror(i,j)e BLoUBL;or
(i,j)e LFpULF. iel, jelJkek)
To reduce the size of a hyperrectangle= {x : x* < x < xY} C Qq, and there-

fore to improve the quality of the convex relaxation at the corresponding branch and
bound node, we consider the following convex LP/Nidatraction subproblerfor
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the complicating variables;;, i € CV (Maranas and Floudas 1997; Sourlas and
Manousiouthakis 1995; Sourlas et al. 1992; Zamora and Grossmann 1996):

Min or Max x;
(x,y,2)

subject to

f(x,y,2) < OUB (11)
(x,y,2) € M(RQ) C R" x R"™ x R™

The inequality f (x, y, z) < OUB will be calledthe OUB constraintand a
solution to problem (11) will be denoted &5, y, 7). Theoptimization direction
Min or Max, is selected depending upon which of the boundsor x,.U, is to be
contracted. We define@ntraction steas the process of computing and updating
a bound,x! or xV, through the solution of problem (11). Tipgerformanceof a
contraction step is quantified by the parameter SP defined as the fractiorwpf the
domain that can be discarded because the objective function can only take values
above the currer®UB:

)Z,' — X-L . L . . . .
( L > if the optimization direction= Min

x.U — x.L
SP= ’ !
in — X . _— . . .
0 T if the optimization direction= Max
X7 —x;

wherex; is the minimum (maximum) value of the variablg obtained by solving

(11) with a Min (Max) direction. A contraction step is said to fueccessfulf

the step performance parameter takes a value higher than or equal to a minimum
prespecified value $i. The contraction step isnsuccessfubtherwise.

REMARKS

1. The value oDUBIs set to a large positive number in problem (11) if no feasi-
ble point for problem (1) is available when performing a contraction step. Also
note that, according to the problem statement given in Section 1, it suffices to
set the r.h.s. of th®UB constraint equal t©&UB—¢,|OUB| (if OUB # 0), or
—g; (if OUB = 0). To keep the presentation simple, this is left as shown in
(11).

2. The size of the relaxed feasible regidf(2) is reduced after a contraction
step if SP> 0O is obtained. Hence, the iterative solution of problem (11), with
contraction performed for different variables and directions, may significantly
reduce the size of the search region, and improve the quality of the under-
estimating problems decreasing, and in some cases eliminating, the need for
branching.

3. Infeasibility of problem (11) indicates that the feasible region of the convex
underestimating problem has become empty, or that the relaxed objective func-
tion can not take values below the curr@itB. In either case, the branch and
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bound node can be safely discarded, since there is no feasible point for problem
(1) over D N 2 with an objective function value belo@UB.

4. Although the contraction subproblem is used in this work to contract only the
bounds of the complicating variables, it can also be used to contract the bounds
of any of the othew;, y;;, or z;; variables by applying the objective function in
(11) to these variables.

A LOWER BOUND ESTIMATE OVER THE REDUCED FEASIBLE REGION

A lower boundL B(£2) for the global optimum solution of problem (1) ovBrn

can be computed by solving the lower bounding problem (3). If a successful reduc-
tion of the hyperrectangl is achieved through the performance of a contraction
step for a variable;, then the convex underestimating problem can be resolved
over the, now smaller, regiod (2) to compute a potentially tighter value for
LB(R2). A drawback of this strategy is that it demands extra computational effort
without necessarily providing additional useful information. Therefore, we propose
to make use of Theorems 3 and 4 given below to try to determine an improved lower
bound without additional computational cost.

THEOREM 3. Consider the following alternative formulation of problem (11) for
the contraction of the lower bound:

Min X;
(x,y,2)
subject to
Gi(x,y.2) = f(x,y,2) —OUB=<0 (12)
Gi(x,v,2) <0 k=23, ...,p.
(x,y,z) € R" x R" x R™

in which the constraints that defird (2) in (11) have been arranged to have:
M(Q) ={(x,y,2) € R" x R" x R"? : G¢(x,y,2) <0, k=23,...,p}

Assume that problem (12) has a soluti@n y, 7)¢ that satisfies the Karush—Kuhn—
Tucker conditions with optimal Lagrange multipliers given by= (1y, A2,
Az, ..., A,)T. Let i1 be the Lagrange multiplier associated with the OUB con-

straint, Gi(x, y, z). Then, the following lower bound fof (x, y, z) is valid if
A > 0:

fx,y,2) = OUB— (x = %)/ha (13)
Proof. See the Appendix.

COROLLARY 1. Assume that a contraction step is performed, and the value of a
variable %,i € CV, is minimized by solving problem (12). Then, the corresponding
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branch and bound node can be discarded if a solutiony, 2)q withx; = in, and
a strictly positive Lagrange multiplier for the contraction constraint are obtained.
Proof. This result is a direct consequence of Theorem 3.

THEOREM 4. Consider the following alternative formulation of problem (11) for
the contraction of the upper boun! :

Min —x;
(x.y,2)

subject to
Gi(x,y,z) = f(x, v,z)—0OUB<O0 (14)
Gi(x,y,2) <0 k=23, ..., p.
(x,y,z) € R" x R" x R™

in which the constraints that defie (2) in (11) have been arranged to have:
M(Q) ={(x,y,2) € R" x R"™ x R"?: Gy(x,y,2) <0, k=223,...,p:}

Assume that problem (14) has a solutian y, 7)q that satisfies the Karush—-Kuhn—
Tucker conditions with optimal Lagrange multipliers given by= (i1, A2,

Az ... ,X,,(_)T. Let 1, be the Lagrange multiplier associated with the OUB con-
straint, Gi(x, y, z). Then, the following lower bound fof(x,y,z) is valid if

A > 0:

fx,y,2) = OUB— (& — x) /%4 (15)

Proof. Similar to the proof of Theorem 3.

COROLLARY 2. Assume that a contraction step is performed, and the value of a

variablex;, i € CV is maximized by solving problem (14). Then, the corresponding

branch and bound node can be discarded if a solutiony, 7)o with x; = xiL, and

a strictly positive Lagrange multiplier for the contraction constraint are obtained.
Proof. This result is a direct consequence of Theorem 4.

ADDITIONAL MULTIPLIER BASED BOUNDING INEQUALITIES

The following bounding inequalities for the variables involved in problem (1) can
also be obtained from the solution of contraction subproblems for a vaniable

X; §xf+(in—xiL)/)~»j (16)
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for the case when the constra.hft —x; <0,j e J,isactive at the solution of the
contraction step, and

xp=x =) —xl)/h (17)

for the case when the constraint — x{ < 0, j € J, is active. In both cases,

a Lagrange muItipIieri.,- > 0 is required for the application of the bounding
inequalities.

REMARK. The inequalities in (16) and (17) are analogous to some of the in-
equalities presented by Ryoo and Sahinidis (1995, 1996). Note, however, that the
inequalities developed by Ryoo and Sahinidis involve the solution of the convex
underestimating program for the nonconvex problem as opposed to the solution of
the contraction subproblem that is utilized in this paper.

4. The contraction operation

As mentioned before, the solution of the contraction subproblem, for different
variables and directions, may significantly reduce the size of the search region, and
improve the quality of the underestimating problems decreasing, and in some cases,
eliminating the need for branching. A strategy for sequencing the contraction steps
at a given branch and bound node is presented in this section wittinteaction
operationthat has finite termination.

THE FOCAL POINT

We define thdocal pointat a branch and bound node as the psfhe R” that pro-
vides the best known upper bound for problem (1) over the corresponding subset,
D N Q, of the feasible region. If no such point is available, then the focal point is
given by thex component of the solutiork( y, z)q of the convex underestimating
problem overM (2).

Given a positive parametey, a focal point is said to be, -close to the boundary
atx! > 0if x> < xL(1+e¢,);itis e,-close tax! = 0if x? < ¢,. Similarly, a focal
point is said to be,-close to the boundary at’ > 0if x> > xU(1 —¢,); itis
g,-close toxV = 0if x* = 0.

The lower focal distanceAif’L(Q), i € CV, is the relative distance from the
focal point to the boundary at* defined as follows:

b L
L X — X
Ai'f () = Uiln ¥ in
x, M — X

Likewise, we define thepper focal distanquf’U(Q),i eCV,as

U _ b
Xi Xi

U,in L,in
X X

A Q) =
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In this way,A/*(R) (A7Y (R2)) represents the fraction of the initig-domain that
remains on the left (right) of the focal point at the current node. Depending on the
position of the focal point or the outcome of a contraction step, a focal distance can
be labeled either amarkedor unmarked.

Contraction operation

Step C1. Specify the minimum valug Pnin, for a successful contraction step.
Specify the minimum value§ P,, for the application ofeasibility based
reduction technique&Step C8).

Specify the parameter,, which determines the,-closeness property.
Specify the maximum number of contraction steps to be performed,
Ncmax-

Specify the maximum number for unsuccessful contraction steps,
NU Crax

Specify the index seBLUE; C CV that determines the subset of com-
plicating variables over which contraction is to be performazh(rac-

tion variables).

Initialize the control set8LUE := BLUE,, andRED := ¢.

Specify the maximum fraction afontraction variables F¢y, allowed

in theRED set.

Initialize counters NG= 0, NUC= 0.

Step C2. Foi € BLUE, ComputeA/*(Q), andA/"(Q). Label all these focal
distances as unmarked.

If x” is &,-close tox’, then marka/*(Q). If x” is ¢,-close tox?, then
mark AV ().

Step C3. Determine

A @) = Max [A]F(9), ] ()]
for A7* (), A/ (), unmarked
Then, select a complicating variabtg with + € BLUE, such that
Al*(Q) is unmarked ana\/"" () = A/ _(Q)
or
AlY () is unmarked and\/Y (Q) = A/ (Q)

Step C4. IfA/*(Q) is unmarked ana/"*(Q) = A} ax(2) perform a contraction
step with a Min direction to contract’. Otherwise, perform a con-
traction step with a Max direction to contract. SetNC := NC +
1.
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Step C5.

Step C6.
Step C7.

Step C8.

Step C9.

J.M. ZAMORA AND |.E. GROSSMANN

If the contraction subproblem in Step C4 is feasible, then:
Determine SP. ‘

If x/ was contracted andP < SPmin, then markA/* (), and set
NUC :=NUC + 1.

If x' was contracted angf < x’, then setc” := x”.

If xU was contracted anP < §Pnin, then marka/ ¥ (), and set
NUC :=NUC + 1.

If xU was contracted ang/ > xV, then set’” := xU.

Use the inequality given in (13) or (15) to try to tighten the value of the
lower boundL B(£2).

Computes(£2).

If the contraction subproblem in Step C4 is infeasible(@) < &,
then terminate theontraction operation.

If possible, use the inequalities in (16) and (17) to try to contract the
bounds of ther variables.

(Optional). IEP > SP,, utilize feasibility based reduction techniques
developed for problem (1) to try to contract the bounds ofxtheri-
ables. If crossing of these bounds occurs at any point, then terminate
the contraction operation.

LetM VE < BLUE be the index subset that characterizes the variables
whose lower bound were contracted during the execution of Steps C4,
C7, or C8. Similarly, let VY < BLUE be the index subset that char-
acterizes the variables whose upper bound were contracted during the
execution of Steps C4, C7, or C8.

Fori € MVE, mark Aif’L(Q) if x? is e,-close tox”, else recompute
AE(Q).

Fori € MVY, mark Aif’U(Q) if x? is e,-close tox”, else recompute
AV ().

Foralli € MVE U MVY, with A/*(Q) and A/Y () marked, set
BLUE = BLUE\{i}, andRED= REDU {i}.

Step C10. Terminate thepntraction operationf any of the following conditions

is met: (i) |IRED > Fcv|BLUEy]; (i) NC = NCmax (iii) NUC =
NU Cnax Otherwise, return to Step C3.

REMARK. By feasibility based reduction techniquéStep C8) we mean finite
contraction techniques that manipulate, and reduce problem constraints deriving
univariate bounding functions that can be used iteratively to eliminate portions
of the domain in which the nonconvex problem is infeasible. These techniques
exploit convexity, concavity, or monotonicity properties present in a problem, and
frequently utilize monotonicity principles, or interval arithmetic (see e.g. Amarger
etal. 1992; Hamed and McCormick 1993; Hansen et al. 1989 1991, Lodwick 1992;
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Ryoo and Sahinidis 1995; Sherali and Tuncbilek 1995; Zamora and Grossmann
1998).

5. The branch and contract algorithm for continuous global optimization
Initialization
SetOUB := oo andx? := (x&" 4 xViny /2.

Phase 1 (Heuristic NLP search, optional)

Attempt to solve problem (1) starting from a small number of initial points. If
feasible points are located, then use the best found local minimum to define the
initial incumbent solutionc*, and updat®©UB. Set the focal point? := x*.

Phase 2 (Global NLP search)

Step 1. Specify the parametéy for the determination of the set of branching
variables.
Specify, F},, the minimum fraction of domain to be assigned to a children
node.
Specify the maximum approximation gafi,, under whichthe contrac-
tion operationis to be performed.
SetL B(f2g) := —o0.

Step 2. (Optional). Attempt to reduc®y, and obtain a finite lower bound for
f(x, v, z) with (13) or (15) by performinghe contraction operatiomwith
BLUE, := CV and Fcy = 1. If termination occurs at Step C10, then
continue to Step 3. On the other hand, if termination occurs at Step C6 or
C8, then Stop. IIOUB = oo, then problem (1) is infeasible. Otherwise,
x* is a global minimizer.

Step 3. |Initialize the list of open nodé&N = {0, L B(2p)}.

Step 4. IfON = §, then stop. IfOUB = oo, then problem (1) is infeasible.
Otherwise x* is a global minimizer.

Step 5. Determine the overall lower bou@dB:

OLB= MIin[LB(Q,)] for (r, LB(,)) € ON

Compute theoverall approximation gap:

00 if OUB = oo
e — | —OLB if OUB=0
B— OLB
M otherwise
|OUB|
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If £ < &, then stop. In this case; is a global minimizer of problem (1).

Step 6. Select a nodawith LB(2,) = OLBand®2,; = {x € R" : x! < x < xY}.
SetON := ON\{s, LB(Q;)}.

Step 7. (Optional). Apphfeasibility based reduction techniquas the selected
node to try to contract the bounds of the variables. If crossing of these
bounds occurs at any point, then go to Step 4.

Step 8. Computé B(£2,) by solving the lower bounding problem (3) ove$2,).

If the problem is infeasible, then go to Step 4. Else, calculdfe,).
If £(2;) < &, then go to Step 4. Else, determine the set of branching
variablesBV, and set’ := %.

Step 9. SeU B(L2,) := oo. Starting fromzx, attempt to solve problem (1) over
D N @, with a local NLP optimizer. If no feasible point is found, then go
to Step 11. Else, if a feasible solutiath with an upper bound/ B(£2,) is
found, then set? := x*.

Step 10. IfU B(2;) < OUB, then (i) Setx* := x*; (ii) UpdateOUB := U B(£2,);

(iii) Delete fromON all nodes such that. B(2,) > OUB,; (iv) Calculate
£(2y), and (v) Ife(2y) < &, then go to Step 4.

Step 11. Ife(Q2y) < F,, then execute theontraction operatiorat the current node.

If the contraction operatiorterminates at Step C6 or C8, then go to Step
4.
Step 12. Select a variahlg, with b € BV (£2), such that

xlS/ B xlf‘ xlU - xl'L V B Q
U.in Lin = Uin T Vi€ BV(Q)
Xp T X X X

Create two new nodes] and 2. SetL B(Q;1) := LB(£2,), LB(Q,2) :=
LB(,), andON := ON U {(s1, LB(§2,1)), (s2, LB(,2))}. 251 and€2,
are defined as follows:

b L U b
. X, — X Xy, — X
! M.n[g b 5 i}zFb
X, — X X, — X
b b b b

thenQ = Q;,N{x € R" : x, < x,lj} andQ, = Q, N{x € R" :
xp > xp}. OtherwiseQ == Q, N {x € R" : x, < (x} +x7)/2} and
Qo= N{x e R":x, > (xbL +x,§/)/2}. Goto Step 5.

REMARKS

1. Phase 1, and Steps 2 and 7 above are optional in the sense that their elimination
does not compromise the convergence properties of the algorithm.

2. Thecontraction operationis only executed in Step 11 if the approximation
gap at the branch and bound node takes a value less than or equal to the value
of the control parametéf,. This measure prevents wasteful computations that
may occur when contraction steps are performed under very poor convex relax-
ations. In other words, the algorithm will selectively perform tmmtraction
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operationin branches of the branch and bound tree in which a relatively good

convex approximation has already been obtained. The algorithm goes to a

noncontraction mode in other sections of the tree allowing the execution of

more branching to improve the quality of the approximation.

3. The parameteF;, in the algorithm takes always a value greater than 0.05. As
indicated in Step 12, branching occurs at the focal point if the smallest of the
children nodes gets at least a fractigpnof the x,-domain of the father node.
Otherwise the children nodes are created by bisection.

4. The convergence of theranch and contract algorithnis guaranteed by the
following properties (see also Theorem IV.3 in Horst and Tuy 1993):

(&) Any partition element irON can be further refined at any point in the
search.

(b) When evaluated at the points determined by the bounds of the complicat-
ing variables, the bounding estimators in (4)—(10) are exact for each of
the corresponding nonconvex terms in problem (1). Therefore, the lower
bound predicted by problem (3) over the limit set of a decreasing sequence
of partition sets, created by subdividing the subspace of complicating vari-
ables, is exactly the minimum gf(x) over the limit set.

(c) The node selection rule of the algorithm is bound improving.

(d) Thecontraction operatiorand thefeasibility based reduction techniques
used in the algorithm are finite.

5. The extension of the proposdmtanch and contract algorithnior MINLP
problems can be found in Zamora (1997).

6. lllustrative examples

Five global optimization problems are solved in this section to illustrate the perfor-
mance of some of the algorithmic strategies embedded in the branch and contract
algorithm presented in the previous section. Strategies S1 to S4 in Table 1 are
determined by the inclusion or exclusion of each of the four optional features of the
general algorithm. Note thétasibility based reduction strategi€Step 7, and Step
CB8) are only included in the strategies S2, and S4. The heuristic local search (Phase
1), and the initial contraction of the feasible region (Step 2) are only executed in the
strategies S1 and S2. The strategy S5, introduced for comparison in Examples 1 and
5, excludes the four optional features of the branch and contract algorithm, as well
as thecontraction operatiorof Step 11. Therefore, S5 represents a simple version
of a branch and bound algorithm which excludes bathtractionandfeasibility
based reduction techniques.

For the sake of illustration, the solution strategies described above are applied
to the Examples in the following manner:

(i) S1, S2 and S5 are applied to Example 1.

(il) S1is applied to Examples 2 and 3.
(iii) S3 and S4 are applied to Example 4.
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Table 1. Algorithmic strategies applied to the illustrative exam-
ples.

Strategy Phasel Step2 Step7 StepC8 Step1ll

S1 * * *
S2 * * * * *
S3 *
S4 * * *
S5

(iv) S1, S3, and S5 are applied to Example 5.

In all cases the solution is required to satisfysar= 0.5 x 107® andBLUE, :=
CV is specified. Where needed, the following parameters are ésed:1, F, =
0.20, F, = 5.0, Fcy = 0.50, S Pyin = 0.20, SP, = 0.01,&, = 0.5¢78, NCppax =
1000, andNU Cpax = 1000. Large values foN Cpax and NU Cpax are set to
force termination with the criteriofRED| > Fcy|BLUE| in Step C10 of the
contraction operation. A summary of results is given later in Table 7. All computa-
tions were performed on an IBM RS-6000/530 workstation with a non-optimized
GAMS/MINOS (Brooke et al. 1992) implementation of the algorithm.
EXAMPLE 1.

Minimize f(x) = xf + 2x22 — 50x; — 80x, + 250

subjec); to
x1xo+x1—50=0 (E1.1)
x € Qg
Qo={xeR2:0<x; <20,0<x, <20}

The convex underestimating problem is given by

Minimize f(x) = xZ + 2x3 — 50x; — 80x, + 250

subjexc’:icl‘io
yiz+x1—50=0
Y1z = x§x1 + X{xp — x{x§
yiz > xJx1 + xVxp — xVxY (E1.2)
y12 < szxl + xi]xz - XYXZL
yiz < x¥xq + xbxp — xbxy
x € Q C Qo Q:{xERZ:xLSxSxU},

y12 € R}
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Table 2. Computational results for Example 1, Strategy S1,

Step 2.
Iter Dir Var SP LB(R) £(R0)
1 min xp, 0.26335 —1294.379 0.94021
2 max x; 060109 —1294.379 0.94021
3 min xp 047124 —793.5140 0.18944
4 min xp 0.30995 -782.7225 0.17326
5 max x; 059889 —782.7225 0.17326
6 min x» 049271 —678.4248 0.16927¢
7 min x; 0.77641 —678.4248 0.16927¢
8 max x» 043287 —669.2815 0.32221¢
9 min xp 0.85800 —668.0890 0.14346¢
10 max x; 0.86047 —667.7139 0.87235¢
11  min xp, 0.46009 —667.2656 0.20033¢
12 max xp 052059 —667.1960 0.96043¢"
13 max xp 0.28894 —667.1585 0.39809¢"
14 min xp, 0.26927 —667.1457 0.20619¢"
15 min x; 0.72352 —667.1457 0.20619¢"
16 min xp 0.34435 —667.1353 0.50298¢
17 max xp 0.60699 —667.1327 0.11226¢
18 max x; 0.84228 —667.1327 0.11226¢
19 min x, 051920 —667.1321 0.20781&

The contraction subproblem in this case is

Min or Max x;

X,¥y12
subject to

f(x) = x? + 2x3 — 50x; — 80x, + 250 < OUB

yi2+x1 —50=10

L.L

L L
V12 = X5 X1 + X7 X2 — X1 X5

U.,U

U U
Y12 = X5 X1+ X X2 — X1 X;

L U U.,L
Yi2 < X5 X1+ X1 X2 — X1 X,

U L L.,U
Y12 < X5 X1+ X7 X2 — X1 X5

XGQQQ(),

1
Y12 € Ry,

Q={xeR?:xl <x

ieCV=1{12

IA
=
-

233

(E1.3)
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Strategy S1

Phase 1

The following two solutions are found for the nonconvex problem in (Ek4)=
(2.5602869118.5290613)and x> = (20.00000001.50000000, with f(x') =
—667.131955 andf (x?) = —465.500000, respectively. Thus, we €tB :=
—667.131955, and* = x” = (2.5602869118.5290613)

Phase 2

Table 2 shows the details of the execution of toatraction operatiorin Step 2

of the algorithm; each iteration represents the execution of a contraction step with
the optimization direction, and objective function variable given on columns 2 and
3, respectively. As can be seen on the fourth column of Table 2, the fraction of
the domain that is eliminated in this example after the execution of a contraction
step ranges from 0.26335 to 0.86047. The lower bound obtainefiforby using

the results presented in Theorems 3 and 4, is shown on the fifth column, and the
respective approximation gagi2o) is given on the last column. The execution

of the contraction operationis terminated at Step C6 after 19 iterations, when
the required precisions{ = 0.5¢7°) for the global optimum is achieved. Thus,

x* = (2.5602869118.5290613)is proved to be a global minimizer with an opti-
mal objective function valug' (x*) = —667.131955. Note that for the solution of
this problem no underestimating problem is solved, and no branching is required.

EXAMPLE 1 (continued)

Strategy S2

The following four bounding inequalities for; andx, can be easily developed
from the only constraint in (E1.1):
50
xg +1
50
X1 = m

X1 =

(E1.4)
X2 = v 1

XZS—L—].

These inequalities are used recursively in the optional step, Step C8, cbithe
traction operationto further tighten the bounds of the problem variables after a
new contracted bound is obtained by the execution of a contraction step (Step C4).
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Table 3. Computational results for Example 1, Strategy S2,

Step 2.
Iter Dir Var SP LB(R) £(R0)
1 min xp, 0.26335 —1294.379 0.94021
2 min xp 047124 —793.5140 0.18944
3 min xp 055312 —688.0112 0.31297¢
4 min xp 0.36768 —673.1595 0.90350¢
5 max xp 0.46521 —669.0161 0.28243¢
6 min x» 041124 —667.7574 0.93752¢
7 max xp 0.43863 —667.3335 0.30204¢
8 min xp 0.42471 —667.1980 0.98962¢
9 max x» 043127 —667.1534 0.32143¢
10 min xp, 0.42844 —667.1390 0.10488¢
11  max xp 0.42940 —667.1342 0.34142¢
12 min xp, 0.42931 —667.1327 0.11126€
13  max xp 0.42905 —667.1322 0.36244&

This feasibility based reductionf Step C8 is stopped when the largest reduction
of the bounds in the recursive strategy goes below a pre-specified small tolerance.

The execution of the Phase 1 of the algorithm is similar to the one shown for
Strategy S1. Table 3 shows the results obtained for the global optimization of Ex-
ample 1 when Step 2 in Strategy S2 is applied. The number of iterations required to
prove thatr* = (2.5602869118.5290613)is a global optimum decreases in this
case from 19 (Strategy S1) to 13. A very interesting result is that the contraction
steps are only performed for the variable Such areduced space searéh more
effective, and arises here due to the combinatiorcaitraction and feasibility
based reduction

Strategy S5

To achieve the specified precision for the solution of Example 1, the solution strat-
egy S5 requires the analysis of 39 branch and bound nodes. The upper bounding
step of the algorithm is performed in 22 of these nodes.
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Table 4. Computational results for Example 2, Strategy
S1, Step 2.

Iter Dir Var SP LB(R0) (o)

1 max x3  0.27273 —-800 1.00000
2 max x19 0.38889 —800 1.00000
3 max x3 1.00000 —-400 0.00000

EXAMPLE 2 (Haverly 1978).

Minimize f(x) = 6x1 + 16x — 9x5 + 10x5 — 15x9

subject to
X1+x2—x3—x4 =0

x3—xs+x7 =0
X4+ xg—x9 =0
—xe+x7+xg =0
—2.5x5 4+ 2x7 4+ x3x10 <0
2xg — 1.5x9 + x4x70 <0

3x1 + x2 — x3x10 — X4x10 =0
X € QO

where
Qo=1{x¢€ R'¥:0 < x; <300, 0 < x, <300,0 < x3 < 100,0 < x, < 200,

0 < x5 <100, 0 < x <300,0 <x7<100,0 < xg <200,
0<x9<200,1<x10<3}

Strategy S1
Phase 1

The following solution is founds! = {0, 100,0, 100,0, 100,0, 100,200, 1}, with
f(x') = —400. Thus, we séDUB := —400 andx* = x? = x?.

Phase 2

Table 4 shows the results obtained by executingctivgraction operatiorin Step

2 of the algorithm, which only requires three iterations to prove that {0, 100,

0, 100,0, 100,0, 100,200,1} is a global minimizer with an optimal objective func-
tion value f (x*) = —400. Note that in the third iteratiofiP = 1 is obtained when
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x§ is contracted to a valug) = x% (see also the Corollary 2). Neither the solution
of underestimating problems, nor branching are required to solve this problem.

EXAMPLE 3 (Stephanopoulos and Westerberg 1975).

Minimize f(x) = xf'e + xg'e + xg'4 — 4x3 + 2x4 + 5x5 — x5

subject to
—3x1+x2—3x4 =0

—2xo+x3—2x5 =0
4dxg—x6 =0 (E3.1)
X1+ 2x4 <
X2+ x5 <

X3+ Xg
XEQO

where

Q={xeR°0<x<30<x<40<x3<40<x<2
0<x5<2 0<xs <6}

Strategy S1
Phase 1

The following solution is found for the problem in (E3.1)! = {0.166666667,
2.000000004.000000000.5000000000.0000000002.00000000, with f(x1) =
—13.4019036. Thus, we s&UB := —13.4019036 ana* = x? = x*.

Phase 2

The execution of theontraction operatiorin Step 2 proves that the point is a
global minimizer. Only 11 contraction steps are performed, and an average SP
0.857 is obtained. In other words, thentraction operatiordiscards in this case
an average 85.7% of the box domain after the execution of each contraction step.
EXAMPLE 4 (Falk and Palocsay 1992)
370+ 73+ 13 63x — 18x, + 39
13y +13x% + 13 13x + 26x, + 13
subject to (E4.1)

5)61 - 3)62 =3

15<x <3

Maximize fi(x) =
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Besides illustrating the application of Strategies S3 and S4, this example illustrates
the effect of different formulations for the solution of a given problem. The problem
reformulation 4A that is given below trades the two complicating variables problem
in (E4.1) for a problem with four complicating variables, increasing the dimension
of the branch and bound search space from 2 to 4. The reformulation 4A also
changes the complicating variables of the original problém, x,), for a new
group of complicating variables given kys, x4, x5, xg). On the other hand, the
second problem reformulation that is presented, reformulation 4B, changes neither
the group of complicating variables, nor the dimension of the search space. As will
be seen, keeping the dimension of the search space small allows one to expedite
the solution of the problem in (E4.1).

Problem reformulation 4A

Consider the solution of the following formulation to solve the problem in (E4.1):

Minimize f(x) = —— — —

subject to
5% —3x,—3 =0

x3— 37 —73%»—13 =0
x4—13x —13x% —-13 =0
x5 —63x +18x% -39 =0
xg— 13x — 26x, — 13 =0

XGQO

(E4.2)

where

Qo={xeR®:15<x; <3 15<x, <4, 178< x5 < 416,
52 < x4 < 104, 61.5< x5 < 201,71.5< x5 < 156}

Note that the bounds that defisg, are easily computed from the constraints in
(E4.2).

Strategy S3

Tables 5, and 6 contain the results obtained for the solution of Example 4 by apply-
ing Strategy S3 to the problem formulation given in (E4.2). An iteration in Table 5
represents the analysis of a node of the branch and bound tree. Table 6 presents the
node by node computational results for this problem. The valBe ;) on the

third column of this Table corresponds to the tightest lower bound obtained while



A BRANCH AND CONTRACT ALGORITHM 239

Table 5. Overall computational results for the solution of Ex-
ample 4 through the formulation in (E4.2), Strategy S3, Steps
3-12.

Ilter Node OLB OouB £(%) |ON]|

—6.45848 —5.00000 29.16958
—6.45848 —5.00000 29.16958
—5.36682 —5.00000 7.33631
—5.36682 —5.00000 7.33631
—5.30039 —5.00000 6.00776
—5.30039 —5.00000 6.00776
—5.03243 —-5.00000 0.64856
—5.03243 —-5.00000 0.64856
—5.00000 —5.00000 0.00000

© 0 NO O~ WDN PP
o N Ol WN PP O
O FRP NEFPDNWMMWN

Table 6. Node by node computational results for the solution of Example 4 through the
formulation in (E4.2), Strategy S3, Steps 3—-12.

Node Father LB(2y) LB(R2) UB(R2) Contraction  Branching

steps variable

0 - - —6.45848 —5.00000 6 x4

1 0 —6.45848 —5.54017 —-4.96284 8 X3

2 0 —6.45848 —5.36956 —5.00000 7 X4

3 1 —5.54017 —-5.08686 —4.94463 4 -

4 1 —5.54017 -5.09959 -4.96027 4 -

5 2 —5.36956 —5.04811 —-4.98487 5 -

6 2 —5.36956 —5.05032 —5.00000 9 X4

7 6 —5.05032 —4.99765 infeasible — -

8 6 —5.05032 —-5.00388 —-5.00000 5 -

analyzing the father node. TherefoieB(S2) is the lower bound assigned to the
children nodes when the branching step, Step 12, is performed, and the children
nodes are created. Nine nodes are analyzed, and a total of 48 contraction steps
are executed to prove that the poiit = {3, 4, 416,104,156,156} is a global
minimizer/maximizer for the problem in (E4.2)/(E4.1).
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Problem reformulation 4B

Consider now the solution of the following alternative formulation for Example 4:

Minimize f(x) = —z34— 256
X

subject to
5)61 - 3)62 —-3=0

37x +73x% + 13
734 =<
13x; + 13x + 13
63x; — 18x + 39
756 =
’ 13x; + 26x, + 13
X € QO

(E4.3)

where
Qo={xeR?:15<x; <3, 15<x,<4)

Since the numerators and denominators in the linear fractional constraints in
(E4.3) are all positive, and only upper bounding inequalities are requireg for
andzs g, @ special convex underestimator problem that needs the introduction of no
extra problem variables can be developed in this case. Bounding inequalities for
73,4 @re obtained by using the inequalities given in (10) with

x; =37x1+ 73x% + 13
xj =13x +13x» + 13

and

xb =37 73 +13;, xV =37 + 734 +13;
xbF=13x +13x +13;  x¥ =13y +13x] +13;

Similar bounding inequalities are obtained fgf by using

x; = 63x; — 18x + 39
xj = 13x + 26x + 13

and

x} =63x —18x +39;  x} =63y — 18x) + 39;
1%

xb=13x] +26x +13;  xY =13x +26x) +13;
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Table 7. Summary of results from the applica-
tion of the branch and contract algorithm to the
Illustrative Examples.

lllustrative example  Nodes Contraction

steps

Example 1

S1 1 19
S2 1 13
S5 39 -
Example 2

S1 1 3
Example 3

S1 1 11
Example 4

(E4.2), S3 9 48
(E4.3), S3 9 31
(E4.3), S4 7 15
Example 5

S1 11 82
S3 11 61
S5 157 -

Strategy S3

The results for the solution of Example 4 by applying the Strategy S3 to the prob-
lem formulation given in (E4.3) are included in Table 7. Note that, although nine
branch and bound nodes are analyzed, the number of contraction steps decreases
from 48 (reformulation 4A) to 31.

Strategy S4

For the application of th&easibility based reductiosteps of the algorithm (Steps 7
and C8), the following bounding inequalities are obtained from the linear equation
in (E4.3):

- 3x2L+3
X1 = 5
<3xg+3
- 5

X1
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5xL —3
X2 = 13
5xV —3
X2 = 13
Phase 2

The results obtained for the solution of Example 4 by applying Strategy S4 to the
problem formulation given in (E4.3) are included in Table 7. In this case, 7 nodes
are analyzed, and only 15 contraction steps are needed to achieve global optimality.

EXAMPLE 5.

Minimize f(x) = —71x; — 60x; + 65x3 + 57x4 — 30x5

—65x1x4 — 56x1x3 — 8513 — 87x0x5 + 142
subject to
2.5x7 — 1.8xp 4+ 5x4 — 5.6x5 < 296

X2 +4.6x4 — 5xs5 + 1.5x3x4 + 2x1x2 < 250
—3.5x1 + 2.3x5 + 4x3 — 10x5 — 6xox4 + 2.2x3x5 < 192.5
1.9x5 — 5x3 + 1.4x5 + 2.9x5x3 — 1.5x3x5 < 134.5
7.5x1 + 5.8x3 — 3x5 + 1.5x1x2 — 3x4x5 =55
—3.5x2 — 10x3 + 10.5¢5 — 3.5x1x, < 32
3.7xo — Tx3 + 3.8x4 — bxs + 3.5x1x0 — Bxoxg =75
—Txp 4+ 2x3 — 2x4 4+ 4x5 < 20

x1+x3—x5 <615

(E5.1)

x4+ 1.5x5 <90
2x1 — x2 + x1x3 <80

X € QO
where

Qo={x e R°:0<x; <53,0<x, <85,0< x5 <40,
0 < x4 <64,0< x5 <68}
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This problem has at least the following five local minima:

x = (7.4343366817.161341311.06926842.3000848825.8916639
x? = (41.00319222.006384330.00000000023.66507565.08041128)
x* = (3.4250689418.53627826.355533880.00000000034.2607198
x* = (40.34270100.6854019610.00000000041.7968590 2.25130780
x° = (2.9521972652.76580550.0000000001.7364185624.4606926

with f(x') = —61,865.6260,f (x2) = —65,652.2628,f (x3) = —68,311.5219,
f(x*% = —110,185.701and f (x°) = —116,491.474, respectively.

Strategy S1
Phase 1

The heuristic local search is performed initializing the solution of problem (E5.1)
fromx = sx + (1 — 8§)xY, with § = 0, 0.25,0.50,0.75, 1. In this case, the local
solutionsx?3, x*, andx® are obtained. Thus, we s&{UB := —116,491.474 and

x* = xb = x°.

Phase 2

In Step 2 of the algorithm, 9 contraction step are executed. Due to the large initial
relaxation gap, the performance parameter, SP, averages only a 4.974% in Step 2.
Clearly, for the contraction strategy to be effective in this problem, some branching
is required in order to tighten the convex representation. During the execution of
Steps 3-12 of the global optimization algorithm, 11 nodes are analyzed, and 73
contraction steps are performed with an average=S#3.965%. The poink® is

proved to be a global minimizer.

Strategies S1, S3, and S5

Table 8 and Figures 1 and 2 show the results obtained for the solution of Example 5
with the Strategies S1, S3 and S5. Note that the simple branch and bound strategy
(Strategy Sb5), is very successful in initially reducing the large approximation gap
present in the problem. Nevertheless, this remarkable decrease in the approxima-
tion gap is paid with a rapid increase in the number of open nodes, which goes
up to a maximum of 19. Strategies S1 and S3, on the other hand, seem to be very
ineffective during the first few seconds of the computations, which are consumed
mainly in the contraction of bounds; S1 and S3 outperform S5 at the end by keeping
the number of open nodes low. The three strategies proved that thexpasa

global minimizer for Example 5. All computations were performed on an IBM RS-
6000/530 workstation with a non-optimized GAMS/MINOS (Brooke et al. 1992)
implementation of the algorithm.
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Figure 2. Computational results for Example 5.
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Table 8. Computational results for the solution of Example 5 with Strategies S1, S3 and S5.

Feature S1 S3 S5

No. of nodes 11 11 157

No. of upper bounding problems 13 10 78

No. of contraction steps 82 61 -

Average SP 30.787 47.224 -

CPU(s) convex underestimating problems 0.66 (6.4%) 0.78 (9.3%) 10.49 (51.1%)
CPU (s) upper bounding problems 1.5 (14.6%) 1.21 (14.4%) 10.03 (48.9%)
CPU (s) contraction subproblems 8.13 (79.0%) 6.42 (76.3%) —

Total CPU time (s) 10.29 (100%) 8.41 (100%) 20.52 (100%)

7. Conclusions

In this paper we have addressed the global optimization of problems with concave
univariate, bilinear, and linear fractional terms. A tight convex underestimating
problem, and dinite contraction operatiorfor variable bounds have been used

to develop abranch and contractlgorithm for the solution of NLP problems.

A detailed description of the proposed algorithm has been presented, and tested
on several example problems using different options. Although the computational
experience is somewhat limited, the results suggest that the proposed approach
is effective, keeps the size of the tree relatively small, and in some cases totally
eliminates the need for branching.
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Appendix: Proofs of Theorems 1 and 3
Proof of Theorem 1
Let

1
l1(xi, xj) = ﬁ(xyxi —xfFx; + x,-l‘xf (A1)
P
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and
1
Lr(xi, xj) = ﬁ(ijx,» - inxj + inx;]) (A.2)
it
The approximation error df (x;, x;) is given by
1 Xi Xj Xi Xl-L
Ay =hxi, x) ——= |- — ——=—1=0 (A.3)
)Cj xj )Cj xj
Similarly, the approximation error @$(x;, x;) is
2 X; X X-U Xi
AL =l x)——=(1-= || —-—]=0 (A.4)
)Cj Xj Xj Xj

SinceAl andA?Z are both nonnegative ove;, v/ (x;, x;) = Min[ly (x;, x;),
I>(x;, x;)] overestimates the linear fractional tesyx; over ;;. Furthermore, it
is easy to verify the following statements:

(i) li(xi, x;) = x;/xj atx; = x]L, and at the pointx’, xj.]).
(i) la(xi, x;) = x;/x; atx; = x7, and at the pointx, x1).
(iii) Let T;; be the triangle determined by the vertieés= (x/, x), v> = (x/, x%)

l
andv3 = (xl.L, xy), thenyif(x,-, xj) = l1(xix;) overTl.jl..

(iv) Let T2 be the triangle determined by the vertia€s v® andv* = (x, x¥),
theny,/ (x;, x;) = lo(x;, x;) overT2.
V) @ =TjUTE
If yl.’jf(x,», x;) were not the concave envelopexgfx; over;
a third overestimating affine functida(x;, x;), such that

;» there would be
13()6,', Xj) < yl-l]:f(xi, )Cj) for some(x;, )E,) € Q,’j (A5)

Assume thatx;, x;) € T,} then there are unique coefficierits, A, A3 > 0,

with 3% | A, = 1, such that(x;, ¥;,) = Yo, Av'. Also, sincels(x;, x;) and
v (x;, x;) are affine functions oveF?}, we obtain

3 3
la(%;, %;) = I3 (Z m") =" hila(v')
i=1

i=1
3 3
If, - = 1 ; I
y[]:r(Xi’ )C/) = )/ljf (Z )\,i‘U ) = Z )w)/l]f(v )
i=1 i=1

But at the vertices of F'we havels(x;, x;) > x;/x;, andy,/ (x;/x;) = xi/x;,
therefore (A.6) implies that '

(A.6)

- - l - -
I3(x;, xj) = Vi;f(xi,xj)
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which is in contradiction with the assumption made in (A.5). A similar argument
holds when(¥;, ;) e 72. The fact thaty,/ (x;,x;) = x;/x; atx; = x%, and
xXj = x]l/ can be easily verified by direct evaluation in the equation that defines
v/ (x:, x;), or through (A.3) and (A.4). O

Proof of Theorem 3

Since problem (12) is convex, its solution satisfies the saddle point conditions with
the Lagrangian multipliei serving as the multiplier in the saddle point criteria
(see, e.g. Bazaraa et al. 1993). Consequeftlys ®(0) — Ag, with ¢ € R?, is

a supporting hyperplane at= 0 of the graph of the perturbation functid@n(q)
defined as

P(g) = Min x;
(x.y,2)

subject to (A7)
Gix,v,2)<qr k=21,2,...,p
(x,y,2) € R" x R" x R"

In other words,
®(q) > ®(0) —ig Vg€ R? (A.8)

(see, e.g. Minoux, 1986). Assuming that @E/B constraint is active at the solution
(X, ¥, 2)q of problem (12) withi; > 0, and considering the perturbation vector
g =1{g1,0,0,...,0}, withg; <0, (A.8) reads

®(q) = ®(0) - A1qs
from which it follows that

®(q) = & — Ml f(x, y, ) — OUB]
In particular, ford(g) < xV, we obtain

xU > % — Jlf(x,y,z) — OUB]

1

or

fx.y.2)=0UB=(x/ —%)/lx O
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