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A PRIMAL-DUAL ALGORITHM FOR
BI-CRITERIA NETWORK FLOW PROBLEMS

Abstract

In this paper we develop a primal-dual simplex algorithm for the biobjec-
tive linear minimum cost network flow problem. This algorithm improves
the general primal-dual simplex algorithm for multiobjective linear pro-
grams by [3]. We illustrate the algorithm with an example and provide
numerical results.

Keywords: Bi-criteria network flow problem, Primal-dual simplex al-
gorithm.
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1 Introduction

Multiobjective linear programs have been studied for more than 40 years. Exten-
sions of the simplex algorithm to deal with multiple objectives have been proposed
by various authors. Algorithms to solve multiobjective linear programs in objective
space are motivated by the fact that the dimension of the objective space is usu-
ally much smaller than the one of the decision space, and therefore the number of
nondominated extreme points in objective space is much smaller than the number
of efficient basic feasible solutions in decision space. After the discovery of interior
point algorithms to solve linear programs in polynomial time, efforts to apply such
methods to deal with multiple objectives are evident. For more information see the
references in [5].

In single objective linear programming primal-dual simplex algorithms have
proven to be very efficient for several classes of single objective linear program-
ming problems, in particular those related to network optimization problems. Such
efficient algorithms include the Hungarian method for assignment problems, the
augmenting path method for minimum cost flow problems, Dijsktra’s algorithm for
shortest path problems, etc. (see, e.g., [1]).

A primal-dual simplex algorithm has only recently been published in [4]. In this
paper we apply that algorithm to the special case of bicriteria linear network flow
problems, and propose an improvement of the original algorithm.

2 Definitions and Notation

In this section we introduce necessary definitions and notation from graph theory,
network flows, convex and polyhedral sets, and multi-criteria optimization that we
use in this paper. For an in depth introduction to these subjects see [1] and [3]).

Let § = (8, A) denote a directed and connected graph, where § is a finite set of
nodes or vertices with cardinality |S§| = m, and A is a collection of ordered pairs of
elements of 8 called arcs, with cardinality |A| = n.

A graph §' = (8, A’) is called a subgraph of G = (8,A) if & C 8 and A’ CA. It
is a spanning subgraph of G if 8’ = 8. A path P is a sequence of vertices and arcs,
I1—a1— 1y — G — ... —1s_1 — as_1 — is, without repetition of vertices and where for
1 <k <s—1either ay = (ig,igs1) € A, or ar = (igs1,1) € A. A directed path is
a path without backwards arcs. A cycle € is a closed path where the only repeated
vertex is the start and the end point, which coincide. A directed cycle is a closed
directed path. If a graph G contains paths linking any two different vertices of G,
the graph is called connected. A tree T = (V,€) is a connected subgraph without
cycles where V C § and € C A. A tree T is called a spanning tree if it spans the set



of vertices 8§ of G, i.e. V = 8. A spanning tree is denoted by T = (8, &). Consider
(k,l) a given arc belonging to the set A but not to €. Then, there is a unique cycle
C if the arc (k,l) is added to €. The direction of € is defined to be the same as
(k,1). The arcs of a cycle € can be partitioned into two subsets by distinguishing
the arcs having the same direction as C from the arcs in the opposite direction. The
collection of all possible cycles of this type is called fundamental cycle basis of G.

A directed graph with numerical values assigned to its vertices and/or arcs is
called network. Let N = (G, ¢, 1, u,b) be a network with a “cost” ¢;;, a lower bound
li; and an upper bound or capacity u;; associated with every arc (i,5) € A. The
numerical values [;; and w;;, respectively, denote the minimum and the maximum
amount that must flow on the arc (¢, 7). Finally, let z;; denote the amount of flow
on the arc (7,7). A numerical value b; is also associated with each vertex i € 8
denoting its supply (if b; > 0) or its demand (if b; < 0). A vertex with b; = 0 is
called a transshipment vertex.

The minimum cost network flow problem is a linear programming problem on a
network N formulated as follows

minimize flx)= > cijay
(i,5)EA
subject to: Yooxpi— Y, Tk = by VEe$§ (1)
(k,j)eA (i,k)eA

lij S Lij S Uiy V(Z,j) eA

or in matrix notation

minimize flx) =z
subject to: Az =, (2)
[ <x<u

where x € R" is the vector of decision variables, ¢ € IN{j, and [,u € IN{j are the
cost and capacity vectors, respectively, b € IN{' is the right-hand-side vector and
A the node-arc incidence matrix. Each column (i,7) of A contains exactly two
nonzero coefficients: +1 in row ¢, and —1 in row j. The special structure of node-
arc incidence matrices is explouted in the network simplex algorithm, that solves the
minimum cost flow problem faster and with less resource consumption than standard
linear programming algorithms. Moreover, node-arc incidence matrices are totally
unimodular and as long as b, [, and u are integer vectors, all extreme points of the
feaible set have integer coordinates (see [1] and [2]).



The dual linear programming problem associated with (1) is

maximize S+ Y. (lij%'j - Uij,uij)
keS (3,7)EA

subject to:  m; — ;v — fij = ¢ V(i,j) € A (3)
Yijs i >0 V(i,5) €A
7 free Vk €8

where m = (my,-+- , W, - ,Tm), © € 8 is the vector of dual variables associated
with constraints (1), v = (Yijis - Yijs*** » Vinjn)> (4,7) € A is the vector of dual
variables associated with the constraints x;; > l;; and gt = ([, 50, 5 figs =+ s Pingn )

(i,7) € A is the vector of dual variables associated with the constraints z;; < w;;.
In matrix notation the dual is

maximize  bTw + Ty —ulp
subject to: Alr+~y—pu=-c

V>0
7 free

(4)

It can be assumed without loss of generality that ~;; - u;; = 0 for all (i,5) € A. If
both 7;; and p;; are greater than zero for some arc (i, 7) € A let £;; = min{v;;, pi;}
and define
Vg = Vi > 0
pig = i — i 2 0.
Problem (3) remains dual feasible if variables v;; and p;; are replaced by .. + €;;
andlu",_p(g.) ince o g L Vij Hij P Y Yij + Eij
1) 179 7 ) 1) 1)
The reduced cost of the arc (7, 7) is defined as ¢;; = ¢;; — m + 75 — Vij + fi-
Consider primal and dual feasible solutions = and (7, ~, ) to the linear programs
(1) and (3), respectively. Then they are both optimal to their respective problems
if and only if they have the same objective value, i.e.

3 cony = Dt 3l v
(’i,j)EA keS (i,j)GA

Theorem 2.1 (Complementary Slackness Theorem) Let x* and (7*,v*, u*)
be any feasible solutions to the primal (1) and dual (3) problems, respectively. Then
they are optimal if and only if

Vi@ —lij) =0 V(i j)eA

and
(i —uig) =0 V(i,j) € A



This theorem indicates that at least one of the two terms in each expression must
be zero. In particular

’}/;;>O:>£L':]:lzj
£L‘:j < Ujj = /l;; =0 (6)

Other statements can also be deduced. If the reduced cost of the arc (4, ) is not
equal to zero then the flow in the arc is either [;; or u;;. First we show that

7TZ< — 7T;-< < Cij = SL':]- = lZJ (7)
We have
=T <cij & Y5~y >0
S vy >y 20
= ;>0
= .’L';f(j = l”
Furthermore
T T > G & Y — ey <0
S v <
= p; >0
= .I;-kj = Uy
which shows that
’/'(';k — ’/'(';< > Cij = .fl?;'kj = Uyj- (8)
Moreover,
*
lz‘j < I:j < (o = m; — 71';-< = C:j. (9)

The bi-criteria linear network flow problem can be stated as follows:

minimize  fi(z) = (Z):GA ciri= (') 'x
ij

minimize  fo(x) = (.Z):GA c;zi= () Tx 10)
ij

subject to: Yooxki— Y T = by Vk € §

(k,g)eA (i,k)eA
lij < x5 < ug V(i,j) € A



Let
X = {:E €eR": z= ($i1j1717i2j2, oy Tigy e ’xinjn)7 (Zaj) € ‘Aa

Z xkj_ Z .fl?ik:bk,Vk’GS&Hd ZUSI'Z]SU”}

(k.j)eA (3,k)EA

and

Y:{<ylay2)€R2:y1: Z ngl’z‘j,yzz Z C?jxij, andxeX}.

(3,7)EA (4,7)EA

X and Y are the sets of feasible solutions in the decision space, R™, and in the
criterion space, R?, respectively.

Definition 2.1 (Efficient solution) A feasible solution x € X is efficient iff there
does not exist another feasible solution ¥’ € X such that y = f(2') <y = f(x) and
Yy #y. The set of all efficient solutions will be denoted by Xg.

Definition 2.2 (Nondominated point) A point y € Y is nondominated if there
is some efficient solution x € Xg such that y = f(x).

A fundamental result in multiobjective linear programming, and in particular
the biobjective network flow problem (10) is stated in the following theorem, see

e.g. [8].

Theorem 2.2 A feasible solution x € X is efficient if and only if there exists a
A €]0, 1] such that x minimizes the weighted-sum linear program

min{(A(c! =)+ ATz :x € X}.

3 A Primal-dual Network Flow Algortihm

In this section a primal-dual simplex algorithm for finding an optimal solution for
the minimum cost network flow (1) with lower and upper bounds is described.

Consider the primal (1) and dual (3) formulation of the minimum cost network
flow problem. Let the vector (7',7’, 1) be an initial dual feasible solution. The
components, 7, v;;, and p;; of 7', 4/, and p', respectively, are such that m; — 7 +
Yij — Hi; = ciy for all (i, 5) € A.

By the complementary slackness property for optimality it is necessary that, if
T, — 7r; # cij, then z;; = l;; or z;; = u;;. Let A= be the set of arcs such that



- 7r} = ¢;j, that is, the set of arcs with reduced cost zero. For each arc not in A~
set @4 to [y or uy; in (1), depending on the sign of ¢;; — 7} + 7.

Then the reduced primal problem that attempts to find a feasible solution to the
(primal) minimum cost flow problem associated with the arcs A~ becomes

minimize z = Z Yk
keS\{1}
subject to: >ooomy— > za—y+ (1) + (1) Pys+
(1,5)eA= (i,1)eA=

o (CD A (D) My =0 (11)
> wg— > wg— (=) =10, kes\ {1}

(k,j)eA= (i,k)EA=
lij < @iy < g, V(i,5) € AT
yr > 0

where

L[ Lt >0
Tl 2 ifb, <0

for k € S. yg, k € 8 are artificial variables used to obtain a starting basic solution to
the phase I problem and b}, k € 8 obtained from b, adding or subtracting the values
l;; and wu;; in the right-hand-side according with the replacement of the variables
x;; ¢ A~ built in the initial problem.

This auxiliary problem is obtained considering the first node as root node and
adding to the initial network the following artificial arcs

(k,1) ifd, >0
(1,k) ifb, <0

for each k = 2,3,--- ;m with flow |0} | and cost 1 as well as node 0 and the arc (0, 1)
with both flow and cost 0 (see [6]). For example, suppose we have the network in
Figure 1(a), then the network with the artificial arcs is in Figure 1(b).

The optimal objective value, Z of the reduced primal problem (11) is either
Z=0or z2>0.If 2=0let (,9) be an optimal solution to (11), z = (‘%ij)(i,j)eA
and § = (g)k)kes. The solution x* such that zj; = #;; for all (7,j) € A~ and
xj; = lij or xj; = u;; for the remaining arcs in A, according to the changes made for
the auxiliary problem, is a feasible solution to the initial problem (1) since all the
artificial variables are zero. Furthermore (7',v/, 1) is a dual feasible solution, and
the complementary slackness conditions also hold. So z* is an optimal solution to
(1).

If Z > 0 the current solution is not feasible for the initial problem. In this case
a new primal solution that improves the objective can be found or it is necessary to



Figure 1: (b) is the auxiliary network for solving the minimum cost flow problem

(a).

conclude that primal problem is infeasible. The current solution is the best solution
for the minimum cost problem associated with the current network A=. A new arc
must be add to this network to obtain a new solution.

Consider the dual of problem (11):

maximize dSobeme 4+ >0 (Lijvig — ijhtig)

keS (3,7)EA
subject to:  m; —m; 4+ vi; — pi; =0 V(i j) € A (12)
1 Z 0

(—1)fm — (=) < 1

Let (7,4, /1) be an optimal solution to this problem. By the complementary
slackness we obtain that

T — 7ATj + ’%j - ﬂij = 0 for all (Z,]) e A- (13)
T — ’ﬁ'j <0 = ‘%ij = lij (14)
ﬁi—ﬁj >0 = .QATZ']' :Ul’j,(i,j) eA™. (15)

Consider now a new solution (7", ~”, 1) for the initial dual problem defined as
7' =7a +06r

V' =7+ 07
M/I:MI+9M



where 8 > 0. In this case we have

Cij = T + T =i iy = cij — (T A 0T) A 7 A 075 — i — 095 + py; + Of
= ¢ —m T — v+ g — O — 5+ Fij — i)

This new solution is a dual feasible solution for the initial problem if 6 is small
enough. There are two cases to examine.

1. If (4,j) € A= then
R =l = =

since ¢;; — 7}

+ 1 —7i; + pi; = 0 and also 7t; — 75 + 4i; — fi; = 0.
2. If (i,5) ¢ A~ then

" " " no . S s AN
Ty — Ty Y — Mg = Cij < T — Tj = Yij — [ij
which is always possible since 4;; — fi;; can be any real number.

The new arc (7, j) to be include in the current network must reduce the objective
value, so if (¢, ) € L we must have m; —7; > 0 and if (4,j) € U, m; — m; < 0. In the
first case c;j — m + 7 > 0 and

! /
Cij—ﬂ'i‘i‘ﬂ'-
Cij—ﬂ'g/—Fﬂ'UZO@QSA—AJ
7 J

In the second case, (4,7) € U, ¢;; — 7 + 7; < 0 and

/ /
Cij—’/Ti‘i"/T-
cj =7 +7 <00 < -~
J T — 7

(2

This means that if we choose 8 > 0 such that

/ /
Cz'j—7Ti+7T'

9:min{ L :(i,5) ¢ A~ such that (c;; — 7 +7; > 0 and 7; — @; > 0)

~

7TZ'—7Tj

or (cij —7T§—|—7T;» <0Oand 7; —7; < 0)} (16)

at least one arc (7,j) not in the current set A~ will be in the set A~ of the next
iteration. This arc will reduce the objective function value.

In the next iteration the updated set A~ of all the arcs such that 7} + 7 = ¢;;
is considered and the new restricted problem is solved. Some arcs previously in A~
may not be in A~ in this new iteration.



(3,10]

Figure 2: Network flow example.

The foregoing process is continued until either 2 = 0, in which case we have an
optimal solution for (1), or there are neither arcs in L such that 7; — ; > 0 or arcs
in U such that ; — 7; < 0. In this case the initial problem is not feasible.

Example 3.1.
Consider the minimum network flow problem illustrated in Figure 2.

It. 1:

The algorithm starts with an initial feasible solution for the dual problem.
A solution with 7, = 0 for all nodes k and ;; = y;; = 0 for all arcs (i,7) € A
is feasible. It can be easily seen that ¢;; — m; + 7} are all positive for all arcs
(¢,7) in A (see Table 1) and so all variables z;; = [;;. Therefore, the initial
restricted problem is

minimize Yo + ys + Y4 + Y5 + Ys

subject to: o +ys —Ya +Ys +ys =38
—1s =-2
—Ys = -1

Yy =
—Ys =-1
—ys = —0
Y >0, k=2,3,4,5,6

This is the minimum cost network flow problem of Figure 7(a). The optimal
value of this problem is not zero and, therefore, the optimal solution is not



optimal for the initial problem. The dual of the restricted problem has
optimal solution 7# = (0, —1,—1,1,—1,—1). The diferences m; — 7; for each
arc (i,j) € A are shown in Table 1. Thus, we have

6 = min {10,10,5,25} =5
and the new dual feasible solution
7’ =1(0,0,0,0,0,0) +5 x (0,—1,—1,1,—1,—1) = (0, =5, —5,5, —5, —5)
and we proceed to the next iteration.

It. 2: The arc (4,5) is added to the current network since it is the only one with

PN . Cij—ﬂg-‘rﬂ;
minimum ratio ————=

The new restricted problem is depicted in Figure 7(b). This problem has
an optimal solution with objective value greater than zero (see Figure 7(c)).
The dual of this problem has an optimal solution 7 = (0, —-1,—-1,1,1,—1)
and # = min {5,5,20,10} = 5 obtained from the arcs (1,2) and (1,3). Thus
the new dual solution is

7" =0,-5,-5,5,—5,—5)+5x(0,—1,—1,1,1,—1) = (0, —10, —10, 10, 0, —10)

We proceed to the next iteration.

The subsequent iterations are summarized in Table 2. The algorithm ends
with 7 = (0, —10, =10, —20, —30, —70), A= = {1,2),(1,3), (3,5), (4,5), (4,6), (5,6) },
¥ =(2,8,0,2,0,0,8,1,1,9) and f(x*) = 640.

4 A Primal-dual Algorithm for the Bi-criteria Net-
work Flow Problem

In this section a primal-dual algorithm to solve the bi-criteria network flow problem
(10) is developed. This algorithm is a direct application of the algorithm of [4] for
the bi-criteria minimum cost flow problem.

10



Table 1: Iteration output.

arc — T+ w;- 7y — % !l + 7T;-/ Ty — 7 %

1,2) 10 1 10 5 1 5

(1,3) 10 1 10 5 1 5

(2,3) 20 0 20 0

(2,4) 70 —2 80 —2

(2,5) 50 0 50 —2

(3,4) 25 —2 35 —2

(3,5) 20 0 20 0

(4,5) 10 2 D=5 0 2

(4,6) 50 2 P =25 40 2 0 =20

(5,6) 20 0 20 0 2 =10

a)First iteration b) Second iteration
arc | - Ty % T | Ry — w
(1,2) 0 0 0 0
(1,3) 0 0 0 0
(2,3) 20 0 20 0
(2,4) 90 ~1 95 1 95
(2,5) 60 -1 65 1 65
(3,4) 45 1 50 1 50
(3,5) 30 -1 35 1 35
(4,5) 0 0 0 0
(4,6) 30 2 P =15 20 0
(5,6) 10 2 D=5 0 0
¢)Third iteration d) Fourth iteration

arc T+ | = 7 c”mi:;ﬂ; T+ w;?i T — T RN ;i:;ﬂ;”
1,2) 0 0 0

(1,3) 0 0 0

(2,3) 20 0 20

(2,4) 60 0 60

(2,5) 30 0 30

(3,4) 15 0 15

(3,5) 0 0 0

(4,5) 0 0 0

(4,6) 20 1 20 0

(5,6) 0 -1 —30

e)Fifth iteration

f) Sixth iteration

11



Table 2: Pirimal—dual results.

Iter. Dual solution A= Dual restricted so- | 6
lution
1 7=(0,0,0,0,0,0) {} 7=(0,-1,-1,1,-1,-1) | 5
2 7=(0,-5,-5,5,-5,-5) {(4,5)} 7=(0,-1,-1,1,1,-1) 5
3 7=(0,-10,-10,10,0,-10) {(1,2), (1,3), (4,5)} 7=(0,0,0,1,1,-1) 5
4 7=(0,-10,-10,15,5,-15) {(1,2), (1,3), (4,5), | #=(0,0,0,0,-1,-1) 35
(5.6)}
5 7=(0,-10,-10,-20,-30,-50) | {(1,2), (1,3), (3,5), | #=(0,0,0,0,0,-1) 20
(4,5), (5,6)}
6 7=(0,-10,-10,-20,-30,-70) | {(1,2), (1,3), (3,5),
(4,5), (4,6), (5,6)}

Finding all efficient solutions of (10) is equivalent to finding all optimal solutions
of network flow problems of the form

minimize > ()\(c}j — C?j) + C%)%j
(3,7)EA

subject to: SNoomgi— Y, Tk =by Vk €8 (17)
(k,g)eA (i,k)EA

lij S Lij S Uiy V(Z,j) eA

for all A €]0, 1] (Theorem 2.2).

It is well known that there exists a finite partition of the interval ]0, 1] such that
an efficient solution of (10) is associated with one and only one set in the partition
(see [9]).

The algorithm of [4] solves problem (10) by applying the primal-dual algorithm
to (17). The dual feasible solutions constructed in the algorithm do not depend
on the A parameter. Moreover, the sequence of problems solved correspond to a
partition of the interval |0, 1].

Consider problem (17). The dual is

maximize S+ Y. <lz’j7ij - Uz‘jﬂij)
k€eS (i,7)EA
subject to: ™ — T 4+ Yij — pij = A(C}j - C?j) + C?ja v(i,j) € A

Yijs iy > 0 V(i,5) € A.

(18)

Let 7'(A) be be an initial feasible solution to (18) and Aj,,¢' =1,2,--- ;7" be a
partition of |0, 1[ such that for ¢’ =1,2,--- ' there exists A, C A such that

o forall A € Ay,

12



— for all (i,j) € Ay, m(A) —mi(A) = )\<ng - ngj) + c?j and
— for all (i, 7) ¢ Az, w(A) — 7H(A) # Acl — &) + &
o forall A ¢ Ay thereis (4, 5) € A7 m(\) — 75(N) # Aci; — ¢;) + ¢

Consequently, for A € Ay and (i, j) & Ay, zij = lij or z;; = u;;. Let A7 be the
set of arcs (7, ) such that z;; = l;j, i.e., such that m{(A) — 7j(A) < Acl; — &) + ¢
and A be the set of arcs (4, 7) such that x;; = u,j, i.e., such that m(\) — 7}(\) >
Al — ) + ¢

For each interval A, we have the restricted primal problem

minimize 2= > Yk
keS\{1}
subject to: YooTy— Y, Ta—yi+ (—1)Pys + (—1)Pys+
(Li)EA (i,1)eA;

oA (D A+ (CD) My =0 (RP(A)T)
> wki— > wma— (1) =1, kes\{1}

(k.J)EAS (GR)EA
Ly < wij <wig, V(i,7) € AG
Ye = 0.

If the optimal objective value z* of (RP(A)~) is zero, its optimal solution & is
optimal for (17) for any A € A, as in the case of the single objective primal-dual
algorithm. If 2* > 0 we can formulate the dual (DRP(A~)).

maximize Yobme+ D> (Lijvij — wigpeis)

keS (4,7)EA
subject to:  m —m; +vi; —pi; =0 V(i j) € AT (DRP(A7))
T 2 0

(=) — (=1)km, < 1.
Let (7(A),¥(A), 1(A)) be an optimal solution of (DRP(A~)). A new solution for
the dual initial (18) is

=
—
>
R

7r T+ 0(\)7
V') = A+
PN = g+ 0N p

13



where (A) > 0 is defined by

vy

)\(Cl — 62) —+ 02. — 7 —+ i
0(A) = min { WO T
T, — T
A4 1 2 2 P
7 —7;>0and ¢;; — ¢ +ci; —m+7; > 0or

m—frj<0andc}j—c?j+c?j—7r~+7r’-<O}.

1 _ .2 2 _ -/ /
(Cij cij)-l—cij AT

. . . . LA
Notice that §(\) might have different values since the quotient E—
i

depends on the A value. The interval A, is partitioned in intervals Ay, ¢" =
1,2,--- ,r"”. The algorithm continues with the dual solution 7”()\) and an interval

A

qq"-

Algorithm 1. Primal-dual bi-criteria network flow algorithm

1. Choose 7' (N), an initial value of the vector  in problem (18) and
compute the partition A;,, qd =1,2,--- 7" of the interval ]0,1].

2. Compute the set L = {(.A;,A;,), g =12, ,T’}.
3. While (L #0) do

Choose (A5, AZ) € L and solve RP(A)~.
(a) If the optimal value is O then its solution is an efficient
solution to (10). Set L = L\(A;,A;,).
(b) Else solve DRP(A~) and let (7,7, t) be an optimal so-
lution.
i. If there is mo arc (i, j) such that c;j — m + 7 >0
and 7t; —7; >0 orcij—ﬂg—i—ﬂ; <0andm;—7; <0
P()) is infeasible. STOP.
ii. Else compute the partition Ay of Ay,
J" = 1,2,--- 7" and set L = L\(A;,A;,) U
{(AggAg ) 1 d" =12, 7"}

5 An Improvement of the Algorithm of [4]

The primal-dual algorithm as it has been presented in Section 4 leads to a partition
of the interval ]0,1] into more sub-intervals than necessary. As a consequence the
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same solutions are found repeatedly. In this section we use the knowledge of each
extreme solution (an extreme solution is an efficient solution such that f(z) is an
extreme point of Y') to find a partition of the interval |0,1[in Ay, ¢ = 1,2,--- ,r with
one subset for each extreme nondominated point.

The primal-dual algorithm divide the interval |0, 1[ successively according to the
tree in Figure 3.

0.1
A‘/AQ/ [\‘A
TN

Figure 3: Interval division scheme.

Using a depth-first search for the choice of the interval A, the first extreme point
x* obtained is an optimal solution for the problem (17) with A = 0 + &, where ¢ is
a sufficiently small positive number. It is known that the optimal Spanning Tree
Structure (STS) associated with this solution has reduced costs ¢; = ¢;; — m +
7, (1,j) € A. Both ¢, m; and 7; are linear functions in A. Thus ¢;; are also linear
functions

where a;; and b;; are real numbers.
Let X’ €]0, 1] be such that

N = max {)\ 1, > 0,Y(i,5) € L and &; < 0,¥(i, ) € U}.
The solution z* is an optimal solution for the problem (17) for all A €]0, \']. There-

fore, in the second iteration of the primal-dual algorithm all the intervals A, C ]0, \']
can be removed from further analysis since the same solution x* would be obtained.
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6 An Illustrative Example

Consider the bicriteria network flow problem which is sketched in Figure 4. Mathe-
matically it becomes

minimize fl ({L‘) = 32312 + 81’13 + 52723 + 31‘24 + 23734 + 102735 + X5

minimize fQ(ZL') == 51‘12 + 13 + 51’23 + 9()324 + 7(1334 + 2[L’35 + 41'45

subject to: w19 +213 = 10
D) +x23 +To4 = 0
—IT13 —T23 +r34 +I3s =0 (19)
—Tgy —T34 +x45 = 0
—x35 —xy5 = —10
T12 < 10,713 < 5,093 < 4,794 < 7,234 < 8,235 <6,
Ty5 < 8 (20)

T12, T13, T23, Ta4, T34, T35, Tas > 0.

(3,9)

[0,7]

Figure 4: Bi-criteria network flow problem.

Let A €]0, 1] and consider the parametric problem
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minimize (—2)\ + 5)1’12 + (7)\ + 1)1’13 + 5.I23 + <—6)\ + 9)$24+

subject to: w19 4213 = 10
—T12 +x93 +Toy = 0
—T13 —x23 +T34 +Ts3s =0 (21)
—Toq —T34 +r45 = 0
—r35 —xy45 = —10
12 < 10,213 < 5, w93 < 4,794 < 7,34 < 8,235 <6,
Ty5 < 8

T12, %13, T23, To4, T34, T35, Ta5 > 0.

Let 7y, 7o, w3, 74, 5 be the dual variables associated with constraints (19) and
the dual variables pio, j113, - - - , 145 associated with constraints (20). Then the dual
problem is defined as follows

maximize 107 — 1075 — 10p12 — dp1z — 4oz — Tpizg — 8pu3a — Opizs — Bjigs

subject to:  m —my —p12 < —2\+5
m —13 —z < TA+1
Ty  —T3 —p23 < D
9 — Ty — 24 S —06A + 9 (22)
T3 —Ty —pga < —HA+T
3 —T5 —MU35 S 8\ + 2
Ty —Ts s < —3A+4

12, [L13, [235 24, 434, [435, pas = 0.

Solving problem (21) by using primal-dual algorithm of Section 4 the efficient
STSs and the intervals A, are outlined in Figure 5. The algorithm starts with
A €]0,1[. It first splits this interval into two subintervals |0, %] and [&,1[. If the
interval |0, 2] is first considered two new subintervals are obtained 0, 3] and [2, Z].

Taking the interval ]0, 2] the first efficient extreme point for the bi-criteria prob-

' 22
lem is achieved
!
= (212 ="50,213 =5,%93 = 1,294 = 4,234 = 0,235 = 6,245 = 4).

The STS associated with this solution is in Figure 6 with dual variables m and

reduced costs for the first and second criteria ¢; and ¢, respectively. This STS

7] 5
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remains an optimal STS for problem (21) while A €]0, '] where

=2
—C2.
)\I = min ﬁ

with
i .o | ) .. =1 =2
J' ={(i,j)e L:¢;<0and ¢; >0} U{(i,j) € U:¢; >0and¢; <0}

So N = ﬁ = £ and solution 2’ remains optimal for (21) for all A €]0, -%]. This

knowledge avoids the search of efficient extreme points in both intervals |55, &] and
& ]
Next, problem (21) is solved for (%, 1%). The optimal solution is 2" = (5, 5,0, 5, 0,

5,5). Computing the reduced costs for the STS associated with this optimal solution
we conclude that this is also an optimal solution for the interval [13, %] The last
efficient extreme point 2" = (7,3,0,7,1,2,8) is obtained when X € [, 1].

(cij> cy) (e, 55)

[0,u5] 2i;

(»—A) 3 3
fa ttn

! 3 0N
s ()

(3,9)

Figure 6: Efficient solution and reduced costs to problem of Figure 4

19



Table 3: Problem parameters.
Skeleton Arcs
Problem Nodes Arcs Sources Sinks Supply with  with  Capacity
max  max
cost cost

1 2
150-179 10 40 5 4 100 20 30 0-20
250-279 20 100 7 5 200 30 30 0-30
350-379 30 300 8 12 300 25 25 0-30
450-479 40 600 12 14 400 20 30 0-40
550-579 20 1000 15 15 600 25 25 0-40
650-679 60 1400 20 20 800 20 20 0-40

7 Computational Experiments

Two versions of the primal-dual simplex algorithm for the minimum cost bi-criteria
network flow problem have been implemented using the C programming language.
The first version is the implementation of algorithm 1 and the second is the same
algorithm with the modification made in Section 5. The computer used for the
experiments is equipped with an Intel Pentium processor 2.13GHz with 1GB of
RAM, and runs under OS X operating system.

Several instances (30 of each type) of the minimum cost bi-criteria network flow
problem were generated using the NETGEN network generator after some changes
for this particular problem. The objective function coefficients were randomly gen-
erated (uniform distribution) from the integer set {0,1,2,---,100}. All arcs are
capacitated with minimum value of 0. The remaining parameters of the generated
problems are tabled in Table 3. The designations are the same used in NETGEN
(See [7]). The number of nodes and arcs, the number of nondominated extreme
points and the average CPU time for both algorithms are shown in Table 4. It can
be seen that the average CPU time using the second algorithm is smaller than that
of the first algorithm. The improvement is about a factor of 6 to 7.
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Table 4: Numerical results.

Problem Nondominated extreme CPU Time (sec.)
points (average) 1st version 2nd version
150-179 777 0.10 0.02
250-279 29.63 0.65 0.14
350-379 85.67 7.08 1.02
450-479 126.77 28.40 4.18
550-579 104.52 139.23 18.27
650-679 164.32 317.17 50.35
Average 86.45 82.10 12.33

8

Conclusions

In this paper we have developed a primal-dual simplex algorithm for the biobjective
network flow problem. Our numerical results show that the algorithm can solve
medium size instances in reasonable time. In the future we plan to compare our
algorithm with other algorithms for the same problem, e.g. a parametric network
simplex algorithm. Another topic of research is the investigation of the integer bicri-
teria flow problem. In contrast to the single objective case, this poses considerable
difficulties, because nondominated points in the interior of Y exist. The proposed
algorithm can be used in phase 1 of a 2 phase approach to this problem.
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