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Abstract — The problem of finding the minimum cost multi-commodity flow<in an undirected and complete
network is studied when the link costs are piecewise linear and convex. The arc-path model and overflow
model are presented to formulate the problem. The results suggest that the new overflow model outperforms
the classical arc-path model for this problem. The classical revised simplex, Frank and Wolf and a heuristic
method are compared for the problem.
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1. INTRODUCTION

Convex costs, which are a more general cost structure than linear models, occur in numerous settings
including costs of power losses in electrical networks due to resistance, congestion costs in city
transportation networks and delay cost of communication networks. It is well known that the network
minimization problem with piecewise linear convex costs can be restated as a network problem with linear
costs [1]. The minimum cost multicommodity. flow problem in a network with piecewise linear and
convex costs can also be converted to arelated problem in a network with linear costs in the same way.

Two models, the overflow model and the traditional arc—path model are compared to formulate the
multicommodity network flow with piecewise linear and convex costs. This paper is organized as follows:
first, some concepts and notations are defined. Next, two models for the problem are presented and their
equivalence is discussed. /Then, a greedy heuristic method is proposed to obtain a good solution and
finally, the computational results are used to compare the models and the proposed method with the
existing methods.

2. DEFINITIONS AND NOTATIONS

Consider a complete graph (directed or undirected) with the node set N and the link set £. The overflow
model [2] is valid for both directed and undirected networks. The only difference is in distinguishing
between ordered or unordered pairs of nodes. It is assumed that a nonnegative traffic matrix 7" =(¢; ,(i,
J)eE) and a nonnegative capacity matrix Q =(g; ,(i, j)eE) are given. So in the undirected case these
matrices are symmetric.

The overflow variables, Ay, are double indexed, one index representing a link and the other
representing a node. These variables indicate how much flow on the link (i, j) overflows via a third node £,
which is immediately subsequent to #; that is, the flow from i to j crossing edges (i, k) and (%, j). Obviously
g 0 must hold. Also the flow on link (i,/) is equal to

xij = by + 2iei Gyt Aapi-Am)-
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This flow includes the offered traffic for the corresponding origin—destination (OD) pair and also the
negative or positive effects of all routing decisions. It is necessary to bound the above expression not to be
greater than the capacity, g;; ;

0< t -2 At Zic At 2 Ay < G
If there is a lower bound £;; on the flow, then for a feasible flow:
e in-Aaamitrap) < L= G, V(i j) € B

The overflow directed to any link may be overloaded again to other links, therefore the model is as

general as the arc—path model. It is preferred to formulate the problem using these variables as it is not
necessary to define an index indicating commodities for the variables. For.a feasible set of overflow
variables, there would be a corresponding multicommodity flow, not necessarily uniquely determined.
One can easily calculate the flow on different paths for each commodity using the values of the overflow
variables Ay [2], [3]. The other advantage of the model over the arc—path model is the polynomial
number of the variables. More details are given in the next section.
The network flow is completely described by the overflow model. This approach is particularly useful for
undirected networks, but can also be employed for directed networks. Although the overflow variables are
basically defined on complete graphs, the overflow model may also be extended to incomplete graphs
considering high costs for the links which do not exist.

3. PROBLEM FORMULATION
a) The Arc—Path Model

Consider an undirected network consisting of nodes' N and K OD pairs (commodities are distinguished by
their origin-destination nodes). The cost of flow on each link is assumed to be a piecewise linear convex
function with R segments. A simple convex piecewise linear function is shown by Fig. 1. It is not
necessary that all links’ cost functions have the same number of break points, however this assumption
may be made without loss of generality. If (i,j), » and x represent a link, range and commodity
respectively, the problem can'be written as

Min Z (m)eEZf:lej i (1)
st > f - ZHE pOhr, >0 Y(i,j) € E ()
Zuepk T, =t Ve =1,.. K ?3)
fi<bh—bt Y(ij)€ Er=1..R 6]
£ <0z, >0 Y(i,j) € E,r = 1,..,R,k € N,ju € P, (%)
where
p: apath

P.: the set of paths for commodity x,
P: the set of all paths P =y, P,

fi - the flow on link (i,j) in range r,
... the flow of commodity k on path p € Py
C};: the slope of the rth line segment,

X
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64 : the arc — path incidence element (which is equal to 1 if (i, j) € p and is equal to 0 otherwise),
t. . the offered traffic of commodity « (tj=ty, i, j are origin-destination nodes for commodity ),
bjj: the upper limit of theorth line segment.

It is assumed that b ;j = 0 and that there is no fixed cost. In (2) inequalities are used instead of
equalities; this does not affect the solution because the minimization problem guarantees equality, but it is
a requirement for applying the revised simplex method. Because of the convexity of the costs, cijl Scijz <...
Scin, automatically means that the flow in one range cannot be positive, unless the flow on the previous
range has reached its upper limit. This is expressed by the following conditions:

fi > 0= fi=b; -0 Vi=12..r—1

[ <y —bit=fi=0 Vi=r+1..R

v

b’ 1:;1 b b’ b*
Fig. 1. A simple convex piecewise linear function
b) The Overflow Model

Consider the same assumptions and notations as in the previous section, and let r and i,j represent a
range and nodes. Now, the overflow model for the network routing problem with piecewise linear convex

cost is:
(®) Min 37 5eed 0 cify ©6)
s.t. Do T D Xk = D Ay D N = by V(i j) € E () (M
i <o —b; "t LV(i,j) € Eor =1..,R (w) (8)
fi =0, Nijie = 0 ,V(,j) € E,;r =1,..,RkeN 9)

where the variables in the right parentheses are the corresponding dual variables. The dual of (P) is given

by

(Dymax — >7 tymy + o >0 whby b (10)
s.t. wh < el —my i, ), (11)

1y < T + My >V, ),k (12)

wl <0 (i, ), 7 (13)
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Constraint (12) expresses the triangle inequality between dual variables m;;, and corresponds to the
overflow variables. This constraint binds if the corresponding overflow is positive, otherwise it can hold
as inequality; this agrees with the natural idea of overflowing the flow. The complementary slackness
conditions are:

if mj <c; , then wy=0 <c; _m; , and so f;'=0;
. r_ r_ r -1,
if mj >cij , then wjj'= C; - T <0, and so f;’=b; —b;j";
if i <ty + 1y , then )\{ij)k =0,

which are equivalent to

b < Fy < b = my; = cf, (14)
)\(U)k >0= 7rij = Tk + 7T]q', (16)

where Fj; = ZTfT .

As can be seen, the problem (6)—(9) is a linear program, which may be solved efficiently by the revised
simplex method along with the complementary slackness conditions (14)—(16).

4. EQUIVALENCE OF THE PATH MODEL AND THE OVERFLOW MODEL

In this section, the correspondence between the feasible paths set and the feasible overflows set is verified.
A simple proof is presented to show the correctness of the overflow model (6)—(9), as well as to give a
deeper insight about the new model.

For every given feasible solution of each model, a corresponding feasible solution of the other model
is derived.

e

First, if a solution to the path modelis given, then the feasible overflow variables are set as follows:

L . . A"
All overflow variables are initialized at zero,

* For every OD pair i-j or commodity k and every path p €P, with links as i-i;-i>-...-i;»-i; ;-j and positive

flow x, the values of overflow variables are changed as below:

Niie < Ny T s
Nijyio < Mgy, + T
Nijis = Nisgis + Tus

Niaiyir < Nisiia + %

Second, if a feasible solution to the overflow model is given, then the feasible path variables are
obtained as follows:

The set of paths with positive flows, P, initially consists of only direct links between OD pairs for
routing commodities.

For all links (i, j) which are contained in at least one path like u; €P, the corresponding overflow
decisions are considered, i.e. Vi;: )\.(ij)il >(.

The traffic on path u;; is reduced by a= min(Ag;; , xy,).

If Ag:, reroutes all the traffic on (7, j), then path u; is removed from P; otherwise X, X4, -
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EOar path u; —{(i-j)} ~ {(i-i}),(i;-j)} is not in P, it is inserted. Then, the flow on this path will be increased
by a.
The above procedure will be repeated until all the overflow decisions are assigned to the paths.

The following example will clarify the second part of the above discussion.

Example 1. Consider a network of 5 nodes with the offered traffic as:
t13 =5, t1s= 20, tp5s =5, t34 = 10.
Assume that feasible overflow variables are given as:
s =10, Aas)s =5, Aasys =5.

Then, starting from the set P = {(1-5)5, (1-3)s5, (2-5)s, (3-4)14}, in which.the subscripts next to the paths
show the related flows, using the above procedure, the corresponding paths will be P = {(1-5) 0, (1-2-5) 0,
(1-3)s, (2-5)s, (3-4) 10} atiteration 1, P = {(1-5);9, (1-2-5)5, (1-2-3-5)s5, (1-3)5.(2-5)5, (3-4)10} at iteration 2,
and finally P = {(1-5) 0, (1-2-5)s5, (1-2-3-4-5)5, (1-3)s5, (2-5)s, (3-4).0}- Figure 2 shows the three successive
graphs related to the construction of the paths.

2.c) iteration 2: Aps)3=5 2.d) iteration 3: A354=5

Fig. 2. Successive graphs related to the construction of the paths from overflow variables in example 1

Therefore it is verified that the overflow model correctly formulates the problem, as it is equivalent to
the classical path model. In the next sections it will be shown that the overflow model is computationally
more efficient for the problem.

5. A HEURISTIC METHOD

Approximate solution procedures are the most common way to solve the multicommodity network flow
problems. Indeed the LP formulation of the problem is highly degenerate. Therefore for very large
networks, LP methods may be time consuming. In this section an approximate solution will be obtained
for the problem. The heuristic greedy-based method presented here considers the properties of a piecewise
linear convex cost function in the same way that an equivalent flow problem (with parallel links instead of
each link, considering the costs equal to the slopes of the cost function’s line segments) does.
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At each iteration of the method, a necessary condition is considered for optimality. If the cost of
rerouting the flow on a link onto an alternative path is negative, then a better solution will be achieved by
rerouting some or all of the flow on that link onto the alternative path. It is noted that the method does not
necessarily reroute the whole flow on each link along the desired path.

To explain the method more precisely, suppose that all commodities are routed on the direct links.
Then, all overflow variables are checked for the necessary condition of optimality. To do this, two range—
indices for each link (7, j) are defined: these are inc; and dec;; , representing incremental and decremental
ranges. For every amount f;; of the flow on link (i, j), dec;; is the range that contains f;; and inc;; is the range
that contains f; + ¢, for sufficiently small ¢. If the flow on the link is equal to one of the breakpoints, these
two ranges represent the adjacent ranges to that breakpoint. Otherwise, they are both equal to the range
that contains the total flow. Then an overflow variable 4 is chosen to increase when the cost of rerouting
the flow is negative, that is c;x <0, where

_ dec; incy inc
Cyi, = —Cyj " Fcp oy (17)

Cijk acts as marginal cost and this condition seems to be similar to'the optimality condition on the reduced
cost for Agjk in the simplex method, except that the dual variables m; may have any value between

inc,

. Figure 3 represents the steps of the algorithm. Step 3 will calculate the maximum rerouting

cffc” and c;;
flow according to the flow in the related range of the candidate link and the remaining capacities of the
related ranges of the other two links. Therefore, if all the data are integer, then the rerouting flow also has
integer value.

The algorithm may be applied to the path model (1)-(5) with slightly different calculations. The
rerouting cost should be defined as the difference between 'the link cost and the shortest distance between
two endpoints of the link, using the link cost as the length. The amount of rerouting flow should also be
calculated according to the remaining capacities of the related ranges for all links on the shortest path. The
idea to reroute flow from a link to a shortest route according to the rerouting cost was exploited by
Minoux [4] for the case of concave cost multicommodity flow problems, and has been improved for

discrete cost multicommodity flow problems later [5].

Input. The offered traffic for all OD pairs and the cost functions of the links.

Variables. The flow, decremental and incremental ranges.

Step 0. Route all commodities along direct links, and for each link, find the range which contains the
flow, and the incremental and decremental ranges.

Step 1. If for all ¢;; defined by (17), c;x >0, then the current solution is accepted, stop. Otherwise,

Step 2. Find the best alternative overflow, i.e. one with the most negative reduced costs, that is,
Cijk = minm,n,l Cmnl-
Step 3. Find'the maximum possible flow for rerouting, A;y, that is,

Al = Ayt IINGby by f, by fy)
Step 4. Update the flow and the decremental and incremental ranges for links (i), (i, k) and (%, ),
then go to Step 1.

Fig. 3. The heuristic method

Example 2. Consider a network of 3 nodes and 3 commodities with piecewise linear convex cost
functions which consist of two segments, with the breakpoints equal to 12 for all links. Table 1 gives the
data, and Table 2 shows the initial values of the variables. The computations of each iteration are as
follows and and the values of the variables are given in Table 3-4:
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Iteration 1:
Cin=-7+2+1=-4<0
Cinp=-2+7+1=6
Cu=-1+7+2=8
A(23 = min{3, 2, 2}.

Network optimization with piecewise linear convex costs

Table 1. The data for Example 2

() | C' | G| &
12| 4 | 7 |15
13| 2 3 |10
23| 12 10

Table 2. The values of the variables after Step 0

(i,j) | dec; | inc; | fi
(1,2) 2 2 15
(1,3) 1 1 10
2,3) 1 1 10

Table 3. The values of the variables after the firstiteration

Iteration 2:
Cipz=-7+3+2=2<0
}\,(12)3 =2+ min{l, 0, OO}

Iteration 3:
ciy=-4+2+3=1
Ci13=-3=7=2=6
Cyu=-1+3+7=9
Stop.

(i.j) | decy inc; | fi
(1,2) 2 2 13
(1,3) 1 2 12
2,3) 1 2 12

Table 4. The values of the variables after the second iteration

(i, )| decy | incy | f;
(1,2) 1 2 12
(1,3) 2 2 13
2,3) 2 2 13

6. COMPUTATIONAL RESULTS AND CONCLUSION

321

In practice the overflow model gets the optimal solution faster than the path model, even for networks
with a relatively small number of OD pairs. Furthermore, the overflow model is simpler and more efficient

when there is a large number of commodities; the number of overflow variables is of order |N/|".

The algorithms for the methods are coded in C and run on a Sun Sparc Station using Unix. First, for

some given number of nodes and traffic density, random networks are generated and the cost functions are
made up of 5 linear segments with the slopes proportional to the length of the edges. The time comparison
of the revised simplex method for two models (path and overflow) of the problem is given in Table 5. The
first two columns show the number of nodes and commodities, while the second two columns show the

Autumn 2006
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running times of the revised simplex method for the two models in seconds. Increase in the number of OD
pairs greatly decreases the performance of the revised simplex method for the path model, even though the
method uses a column generation routine. Obviously, it does not affect the result of the overflow model, as
all |[N|*(|N|-1)*(|N|-2) possible overflow variables are checked for optimality, regardless of the number of
OD pairs. Even for relatively small networks, the model with path variables cannot be solved in a
reasonable time, and for networks with 16 nodes and more, the CPU times are not reported. Experience
shows that several factors may affect the efficiency of the revised simplex method such as the number of
nodes and commodities and the structure of the costs, especially the number of ranges and the magnitude
of the offered traffic between OD pairs compared to the length of the ranges.

The last two columns of Table 5 show the results for the heuristic method applied to two models of
the problem. The results show the ratio (percentage) of the best cost obtained by the heuristic method to
the optimal cost obtained by the revised simplex method and the CPU times (in seconds) for the running
of the algorithm. A comparison between the results for two models, the path and overflow models, shows
that the heuristic method for the overflow model is often more efficient.

Column 5 of Table 5 shows the results for the Frank and Wolfe method, which has been known to
efficiently solve convex network flow problems [6]. Starting from afeasible flow and using the gradients
at that point as the length of the links, the Frank and Wolfe method finds the shortest path between every
OD pair (or commodity) and then forms a new flow for.the next iteration until the necessary conditions for
optimality are obtained. To apply the Frank and Wolfe method, the cost function is required to be
differentiable. The piecewise linear convex function is approximated at the neighborhood of the
breakpoints by a polynomial function. For the neighboring points of each breakpoint the mean of the
slopes of the adjacent line segments is considered as the gradient. As may be seen, the heuristic method
for the overflow model works better than this method for the test examples. In fact, the heuristic method
tries to make improvements by using a very. simple procedure rather than re—finding the shortest path as in
the Frank and Wolfe method.

The size of the overflow model, [N ;.is independent from the number K of commodities. In the
heuristic method, the flow on each link overflows on a suitable link after, at most, R *|N| iterations. So it
takes, at most, R*/N|’ to find:an acceptable overflow for all links. Therefore the complexity of the heuristic
method will be R*|N|°.

One advantage of the heuristic method is that if all the data are integer, its solution will also be
integer. It may be useful to work on the improvement of the heuristic method for the overflow model.
How to handle the worse cases and how to find an applicable sufficient condition for optimality will be
investigated in the future.

Table 5. A comparison of the results and running—times for different algorithms

node | OD Revised Si'mplex (path) Revised Simplex (overflow) F\r;r;lff;& Heuristic(path) | Heuristic(overflow)
time time - - -
cost | time cost | time cost | time
5 4 0.09 0.06 103%— .03 100% — 0.03 101% — 0.01
7 8 1.27 0.74 102%—0.04 100.3%— 0.06 100.5%— 0.03
7 21 1.35 0.66 103%—0.12 100.1%— 0.08 100.1%— 0.03
9 30 2.39 0.65 103%—0.06 100.3%— 0.24 100.2%— 0.09
11 23 220.31 42.52 106%—0.43 105% — 0.83 101% — 0.22
12 11 11.71 32.35 103%—0.21 100.1%— 0.16 100.1%— 0.09
12 14 379.07 31.97 102%—0.18 101% — 0.27 101% — 0.15
12 18 413.87 32.97 103%—0.38 100.5%— 0.32 100.2%— 0.15
14 39 2289.79 234.43 104%—0.68 103% —2.47 100% — 0.51
16 23 - 41.63 101%—0.41 100.3%— 0.42 100.3%— 0.37
17 29 — 805.08 102%—0.65 100.9%— 1.81 100.4%— 0.48
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