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Abstract- The theory of flows is one of the
most important parts of Combinatorial Optimiza-
tion and it has various applications. In this pa-
per we study optimum (maximum or minimum)
flows in directed bipartite dynamic network and
is an extension of article [9]. In practical situa-
tions, it is easy to see many time-varying opti-
mum problems. In these instances, to account
properly for the evolution of the underlying sys-
tem overtime, we need to use dynamic network
flow models. When the time is considered as a
variable discrete values, these problems can be
solved by constructing an equivalent, static time
expanded network. This is a static approach.
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L.

HE optimum (maximum or minimum) flows prob-
lem seeks a feasible solution that sends the opti-
mum amount of flow from a specified source node to
another specified sink node. The general static network
flow models arises in a number of combinatorial appli-
cation as far reaching as machine scheduling, the assign-
ment of computer, medules to computer processor, tanker
scheduling etc. [1], [2]. On the other hand, the bipartite
static network also arises in practical context such base-
ball elimination problem, network reliability testing etc.
and hence it is of interest te find fast flow algorithms for
this class of networks [3], [4], [5].
In some other applications, the time is an essential
ingredient. In these instances; weneed to use dynamic
network flow models [1], [6], [7], [2], [8].
In this paper, we present the optimum (maximum or
minimum) flow problem in bipartite dynamic networks
with static approach and is an extension of paper [9].
Further on, in Section 2, Section 3, and Section 4 are
presented some basic static and dynamic network nota-
tions, terminology and results which are necessarily in
Section 5, where we present optimum flow in directed
bipartite dynamic networks into a static approach. In
Section 6 two examples are given and in Section 7 are
presented some conclusions.
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The problem of optimum flow in bipartite dynamic
networks is treated so far only only by the authors of
this paper.

II. OPTIMUM FLOWS IN GENERAL STATIC NETWORKS

The notions and the respltspresented in this section
are taked over from works [1], [16], [2].

We consider a connected, antisymmetric graph G =
(N, A) without loops with the set of nodes N = {1,...,
iy...yJy...,n}, the set of arcs A = {ay,...,ak,...,am},
ar = (1,j), 1,7 € N. Let S = (N, A,l,u,1,n) be a static
network with the lower bound function [ : A — N, the
upper bound (capacity) function u : A — N, with N the
natural number set, 1 the source node and n the sink
node.

For a given pair of not necessarily disjoint subset X C
N, Y C N we use the notation (X,Y)={(:,7)|(i,j) €
A,ie X,j €Y} and for a given function f: A — N we
use the notation f(X,Y) =3y f(i, ).

A flow vector f is a feasible flow vector in S if it
satisfies the following constraints:

3]
4

v, ifi=1
—v, ifi=n
1(i,7) < f(i,5) Suli,j), forall (i,j)e A (1b)

with the value of the flow v > 0 and f(i,j) = 0 for the
pairs (i, ) ¢ A

The optimum (maximum or minimum) flow problem
consist in determining a flow f for which v is optimized
(maximized or minimized).

We specify that if fupetion f verifies (l-}_a:l) then f is a
flow and if verifies and f is a feasible flow.

For maximum flow problem, a preflow f is a function
f + A — N satisfying the next conditions:

f(N,i)— f(i,N) > 0,i € N —{1,n} (2a)

Wi, j) < f(i,5) <wuli,j),(4,j) € A (2b)
The excess of each node i € N — {1,n} for a preflow

fis
e(i) = f(N,i) — f(i,N) 3)
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and if e(é) > 0, 9 € N — {1,n} then we say that node ¢
is an active node. Similarly, for minimum flow problem,
a preflow f is a function f : A — N satisfying the next
conditions:

f(iaN)_f(Nvi)éovieN_{]-vn} (43’)

1(i,5) < f(i,4) < uli,j), (i,j) € A (4b)
The deficit of each node i € N — {1,n} for a preflow

e(i) = f(i,N) = f(N,i) (5)
and if e(i) < 0,9 € N — {1,n} then we say that node ¢
is an active node.

For an optimum flow problem we refer to a node 4
with e(i) = 0 as balanced. A preflow f satisfying the
condition e(i) = 0,7 € N —{1,n} is a flow. Thus, a flow
is a particular case of preflow.

A cut is a partition of nodes set N into proper subset
X and Y = N — X. We represent this cut using notation
[X,Y]. An arc (i,7) with i € X,j € Y is a forward arc
of the cut and an arc (j,¢) withi € X and j € Y is a
backward arc of the cut. Let (X,Y) denote the set of
forward arcs and let (Y, X) denote the set of backward
arcs in the cut. We have [X,Y] = (X,Y) U (Y, X). We
refertoacutasal—ncutifl€ X andneY.

Whereas the optimum flow problem with zero lower
bounds always has a feasible solution (since the zero flow
is feasible), the problem with positive lower bounds could
be infeasible. Any optimum flow algorithm for problems
with non-negative lower bounds has two phase:

(1) to determine a feasible flow if one exists;

(2) convert a feasible flow into an optimum flow.

We cousider the network S = (N’ A’ I, v/, f') with
N' = N, A = AU{m D)}, FGig) = 16G,5) G,)) €
A, U'(n,1) =0, W(4,5) = u(i,j), (4,7) € Au'(n,1) =
oo, f'(4,5) = f(i,4), (4,7) € A, f'(n,1) = v. Because
I'(n,1) < u/(n,1) and N’ = N the relation I'(Y’, X’) <
u/(X',Y") is equally with the relation [(Y, X) < u(X,Y).
Thus, we transform the flow problem into a circulation
problem by adding the arc (n,1) to network S. This arc
carries the flow send node 1 to node n back to node 1.
Clearly, the optimum flow problem admits a feasible flow
if and only if the circulation problem admits a feasible
flow.

The feasible circulation problem is to identify a flow
f' satisfying the following constraints:

f'(i,N")y — f/(N',i) <0,i € N’

is

(6a)

(i, 5) < f'(6,5) <'(i, ), (4,5) € A (6b)
Theorem 1. Clirculation Feasibility Conditions A circu-
lation problem with nonnegative lower bounds is feasible
if and only if for every set X of nodes (Y, X) < u(X,Y),
Y=N-X.

For the maximum flow problem, we define the capac-
ity K[X,Y] of the 1 —n cut [X,Y] as:

K[X,Y] = u[X,Y] — [V, X] (7)
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and for the minimum flow problem, we define the capac-
ity k[X,Y] of the 1 —n cut [X,Y] as:

kX, Y] =1[Y, X] — u[X,Y] (3)
For the maximum flow problem we refer to a 1 — n cut
which has the minimum capacity among all 1 — n cuts
as a minimum cut and for the minimum flow problem
we refer a 1 — n cut which has the maximum capacity
among among all 1 —n cuts as a maximum cut.

Theorem 2. Maz-Flow Min-Cut Theorem If there exists
a feasible flow in the network S = (N, A,l,u,1,n), the
value of the maximum flow from a source node 1 to a
sink mode n is equal with the capacity of the minimum
1 —n cut.

Theorem 3. Min-Flow Max-Cut Theorem If there exists
a feasible flow in the network S = (N, A,l,u,1,n), the
value of the minimum flow from a source node 1 to a
sink node n is equal with the capacity of the maximum
1 —n cut.

The concept of residual network plays a central role
in the development of all the optimum flow algorithms.
Residual capacity of an arc (i, j) for maximum flow prob-
lem is:

T(i,j) = U(Z’j) - f(lvj) + f(],l) - l(]vz)
and for minimum flow problem is:
T(imj) = u(],z) - f(j,Z) —|—f(Z,j) - l(l,j)

We refer to the network S = (N,fl,n 1,n) with A=
ATUAT AT = {(i,j)|(i,j) € A} and f(i,j) < u(i, ),
A= ={(4,1)|(i,5) € A} and f(i,5) > I(i,7) as the resid-
ual network (with respect to the flow f).

The optimum flow algorithms works with only resid-
ual capacities. These algorithms end with optimal resid-
ual capacities. From these residual capacities we can
construct optimum flow. For maximum flow we have:

(9)

(10)

f(Z’.]) = l(Z,j) + max{o?“(ivj) - T(iaj)_

S (11)
_l(Za])}a (27]) €A
and for the minimum flow we have:
£6.9) = 16.3) 4 max(0,0G,9) —ulit

+(5,0)}, (i, 5) € A

Clearly, the present results in this section are valid and
for bipartite networks.

The reader interested in further details is urged to
consult the works [1], [10], [2].

III. OPTIMUM FLOWS IN GENERAL DYNAMIC

NETWORKS

The notions and the results presented in this section
are take over from works [6], |7], (2], [§], [11], |12], [13].

Most optimum flow models considered in the litera-
ture are static, in which the lower bounds and the up-
per bounds of the arcs are assumed to be constant. In
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practical situations, it is easy to see many time-varying
optimum flow problems.

Let D = (N, A, H,h,l,u,1,n) be a general dynamic
network, where N = {1,...,4,...,4,...,n} is the set
of nodes, A = {ay,...,ak,...,an} is the set of arcs,
H=1{0,1,...,t,...,T} is the set of periods with T € N,
h: Ax H — Nis the transit time function, [ : Ax H - N
is the time lower bound function, u : A x H — N is the
time upper bound function, 1 the source node and n the
sink node.

The optimum (maximum or minimum) dynamic flow
problem for T time periods is to determine a dynamic
flow function f : A x H — N, which should satisfy the
following conditions in dynamic network D:

> O rL it

t=0 j

(13a)

)= SN Sk 157) = v
kT

Do fgt)=d> Y fki;T)=0i#1n, te H
J

k T
(13b)
T
SO fgit) =D > fkniT)) = —va  (13c)
t=0 j k T
Ui, jit) < f(i,55t) < uli, jst), (4,5) € At e H  (14)
opt  vg, (15)

where 7 t — h(k,i;t), vq

= (t), v(t) is the

flow value at time ¢, f(4,5;¢%) 0 for all t €
{T — h(i,j;t)+1,...,T} and opt is max or min.

In the most general dynamic model, the parameter
h(i) = 1 is waiting time at node 7 and the parameters
I(i;t), u(i;t) are lower bound and upper bound for flow
f(4;t) that can wait at node ¢ from time ¢ at ¢ + 1. This
most general dynamic model is not discussed in this pa-
per.

Obviously, the problem of finding an optimum flow
in dynamic network D = (N, A, H,h,l,u,1,n) is more
complex than the problem of finding an optimum flow in
static network S = (N, A,l,u,1,n). Happily, this com-
plication can be resolved, through static approach, by
rephrasing the problem in dynamic network D into a
problem in static network Ry = (Vp, Eo, lo, uo) with mul-
tiple source nodes and multiple sink nodes. The network
Ry can be obtained by two methods:

1. using static shortcut path [1];

2. using dynamic shortcut path [6].

We present only second method [14].

Let d(1,4;t) be the length of the dynamic shortcut
path at time ¢ from the source node 1 to the node i
and let d(i,n;t) be the length of the dynamic shortest
path at time ¢ from the node ¢ to the sink node n, with

T
S
=0
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respect to h in the dynamic network D. Let us consider
H;, = {t|t € H,d(1,4;t) <t <T —d(i,n;t)}, i € N, and
H;j={t|t € H,d(1,i;t) <t <T —h(i,j;t) — d(j,n;0)},
(i,7) € A. The multiple source, multiple sinks static
reduced expanded network Ry = (Vy, Fo, lo, ug) has Vy =
{icli € Nt € Hi}, Eo = {(it,jo)|(1,7) € At € Hy;}
lo(ie, jo) = (7, 45 t), uo(ic, jo) = u(i, jst), (ir,jo) € Eo.

The optimum flow problem for T time periods in
the dynamic network D formulated in conditions ,
(14), is equivalent with the optimum flow problem
in static reduced expanded network Ry as follows:

Vt, ifit:].t,tEHl
_ , 0, ifi;# 1,,m,tc Hy,
folie, Vo) = fo(Vo.ir) = I
—Ut, ifit:nt,tGHn
(16)
lO(itmje) S f()(itvje) S uO(itaje)u (itaje) € EO (17)
(18)

optZUd,
H,

If h,l,u are constant over time, then a dynamic net-
work D is said to be stationary. In this case, the dy-
namic distances d(1,i;t), d(i,n;t) become static dis-
tances d(1,1), d(i,n).

Many notions and results are presented in [1], [6], |7],
2].

IV. OPTIMUM FLOWS IN BIPARTITE STATIC
NETWORKS

In this section we consider that static network S =
(N, A,l,u,1,n) is a bipartite static network. A bipartite
network has the set of nodes IV partitioned into two sub-
sets N1 and Na, so that for each arc (4,j) € A, either
1€ Ny andjENQ or i € No andjENl. Letn1:|N1|
and ng = |Ny|. Without any loss of generality, for the
maximum flow problem we assume that n; < ns and
for the minimum flow problem that no < ny. Also we
assume that 1 € Ny and n € Ny. A bipartite network
is called unbalanced if ny << ng for the maximum flow
problem and ny << n; for the minimum flow problem.
Otherwise the bipartite network is called balanced.

In reference [4], [5] the authors show that time bounds
for several optimum flow algorithms automatically im-
proves when the algorithms are applied without modifi-
cation to unbalanced networks. A carefully analysis of
the running times of these algorithms reveals that the
worst case bounds depend on the number of arcs in the
longest node simple path in the network. We denote this
by L. For general network, L < n — 1 and for a bipar-
tite network L < 2n; 4+ 1 for maximum flow problem,
L < 2n5 4+ 1 for minimum flow problem. The columns
3 and 5 of Table 1 summarizes these improvements for
several network flow algorithms.

The authors of references (3], [4] obtain further run-
ning time improvements by modifying the algorithms.
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Algorithm Running time, Running time, Running time Running time Running time
general network bipartite network modified wversion bipartite network modified wversion
(optimum) (maximum) (mazimum,) (minimum) (minimum)
Dinic n2m n%m does not apply n%m does mot apply
Karazanov n3 n%n nim + n‘;’ n%n nam + n%
FIFO preflow n3 n%n n1m+n? n%n n2m+ng
Highest label n%y/m niny/m nim nany/m nam

Excess scaling

nm + n?logu

nim + ninlogu

nim + n% logu

nam + nanloga

nam + n% logu

Table 1: Several optimum flows algorithms

This modifications applies only to preflow algorithms.
The columns 4 and 6 of Table 1 summarizes the im-
provements obtained using this approach. In Table 1
we use the notation #. This notation have value @ =
maz{u(i, j)|(i,j) € A} 5]

The reader interested in further details is urged to
consult the papers [3], [4], [5].

V. OPTIMUM FLOWS IN BIPARTITE DYNAMIC
NETWORKS

In this section the dynamic network D =
(N, A, H, h,l,u,1,n) is bipartite.

We construct the static reduced expanded network
Ry = (Vo, Eo,lo,up) with Vo = Wiy U Ws, Wy =
{’Lt|l € Ny,t € IT[Z}7 Wy = {’Lt|Z € Ny, t € HZ}

In paper [16] the next theorem is proved.

Theorem 4. If the dynamic network D =
(N,A,H,h,l = 0,u,1,n) is bipartite, then the static
reduced expanded network Ry = (Vo, Eo,lg = 0,uq) is
bipartite.

From this theorem results: if the dynamic network
D = (N,A Hh,l > 0,u,1,n) is bipartite, then the
static reduced expanded network Ry = (Vp, Eo,lo >
0, up) is bipartite.

Let w1, W2, €p be wy, = ‘Wll Wwo = |W2|, €y = ‘E0| If
ny << np then obvious that wy << w; and if n; << ny
then obvious that w; << ws.

In the static bipartite network Ry we determine a
maximum flow fy with a generalization of bipartite FIFO
preflow algorithm.

We recall that the FIFO preflow algorithm applied
into general static network S for a maximum flow f
might perform several saturating pushes followed either
by a nonsaturating push or relabeled operation. We re-
fer to this sequence of operations as a node examination.
The algorithm examines active nodes in the FIFO or-
der. The algorithm maintains the list @) of active nodes
as a queue. Consequently, the algorithm selects a node
i from the front of ), performs pushes from this node,
and adds newly active nodes to the rear of Q). The al-
gorithm examines node ¢ until either it becomes inactive
or it is relabeled. In the latter case, we add node i to the
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rear of the queue . The algorithm terminates when the
queue @ of active nodes is empty. The reader interested
in further details is urged to consult the book [1].

The modified version of FIFO preflow algorithm for
maximum flow in bipartite static network S is called bi-
partite FIFO preflow algorithm. A bipush is a push over
two consecutive admissible arcs. It moves excess from a
node i € N to another node k& € N;. This approach
means that the algorithm moves the flow over the path
P = (i,j,k),j € Ny, and ensures that no node in Nj
ever has any deficit. A push of « units from node i to
node j decreases both e(i) and r(i,7) by « units and
increases both e(j) and r(j,i) by « units. In the pa-
per [3] is presented the bipartite preflow for maximum
flow (BFIFOPM) algorithm. We remark the fact that
this algorithm runs on network S = (N, A, = 0,u, 1,n).

In the paper [14] is presented the generalized of BFI-
FOPM algorithm for a network Ry = (Vj, Eo,lo,uo)
where [y > 0, there are multiple source nodes
1;, t € H; and there are multiple sink nodes
ng, t € Hy. This algorithm is presented be-
low.

ALGORITHM GBFIFOPM;

BEGIN

PREPROCESS;

while Q # () do
select the node i; from the front of Q;
BIPUSH/RELABEL(é;);

end while;

END.

PROCEDURE PREPROCESS;

BEGIN

fo is a feasible flow in Ry; Q := 0;

compute the exact distance labels d(i;);

for t € H; do
fo(1y, jo) := uo(1s, jo) and adds node jg to the rear
of @ for all (14,7s) € Ey
d(1;) := 2w, + 1;

end for;

END;

3

PROCEDURE BIPUSH/RELABEL(4;);
BEGIN

312



INTERNATIONAL JOURNAL OF CIRCUITS, SYSTEMS AND SIGNAL PROCESSING

DOI: 10.46300/9106.2020.14.43

3: select the first arc (i, jg) in Eg (i;) with ro(is, jo) >
0;
4: B:=1;

5: repeat

6: if (i, jo) is admissible arc then

7: select the first arc (jp,k,) in Ef (jo) with

ro(io, kr) > 0;

8: if (jg, k) is admissible arc then

9: push « = min{e(it),r0(it, Jo), 70 (o, kr)}
units of flow over the arcs (i, jo), (Jo, kr);

10 if k. ¢ @ then

11: adds node k, to the rear of Q;

12: end if;

13: else

14: if (jp,k,) is not the last arc in Ej (jp) with
r0(jo, k) > 0 then

15: select the next arc in Eg (jp);

16: else

17: d(]g) = mm{d(kT) + 1|(j9,k7—) S Eg(_jg),

ro(jo, kr) > 0} ;

18: end if;

19: end if;

20: if e(i;) > 0 then

21: if (it,js) is not the last arc in Ej (i;) with
ro(it, jo) > 0 then

22: select the next arc in E (i) ;

23: else

24: d(iy) = min{d(je) + 1|(ir, jo) € Ef (jo),

7o (it, jo) > 0};

25: B :=0;

26: end if;

27: end if;

28:  end if;

29: until e(i;) =0or =0

30: if e(i¢) > 0 then

31:  adds node 7; to the rear of Q;
32: end if;

33: END;

We remark that any simple path P;,,, in the resid-
ual network Ry = Vo, Ey, ro) can have at most 2wy + 1
arcs. Therefore we set d(1;) = 2w; +1 in PROCEDURE
PREPROCES. Also, we specify that in the first phase
the feasible flow fj is zero flow and in the second phase
the feasible flow fj is the feasible flow fy determined in
the first phase.

The correctness of the GBFIFOPM algorithm results
from correctness of the BFIFOPM algorithm. From pa-
per [14] we present following theorem.

Theorem 5. The GBFIFOPM algorithm has the com-
plexity O(nymT?+n3T3).

Now, present the minimum flow problem in bipartite
dynamic network D = (N, A, H, h,l,u,1,n).

The modified version of FIFO preflow algorithm
for minimum flow in bipartite static network S =
(N, Al u,1,n) is called bipartite FIFO preflow for mini-
mum flow (BFIFOPm) algorithm. A bipull is a pull over
two consecutive admissible arcs. It moves deficit from a
node j € N5 to another node k € Ns. This approach

ISSN: 1998-4464
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means that the algorithm moves the flow over the back
path P = (jyi,k),i € N1, and ensures that no node in
N ever has any deficit. A pull of o units from node j to
node ¢ decreases both e(i) and r(4, j) by « units and in-
creases both e(j) and r(j,7) by « units. In the paper [4]
is presented the BFIFOPm algorithm.

In the paper [9] is presented the generalized
of BFIFOPm algorithm for a network Ry =
Vo, Eo,lo, ug)- This algorithm is presented be-
low.

ALGORITHM GBFIFOPm;

BEGIN

PREPROCESS

while Q # () do
select the node jg from the front of @Q;
BIPULL/RELABE(js );

end while

END.

PROCEDURE PREPROCESS;
BEGIN
fo is a feasible flow in Ry; Q := 0;
compute the exact distance function d in residual
network G;
for A\ € H, do
fo(ja,nn) = lo(jo,nx) and adds node jy to the
rear of Q for all (jy,ny) € Ey
d(ny) == 2w, + 1;
end for
END.

PROCEDURE BIPULL/RELABEL(jy);
BEGIN
select the first arc (i, jo) in Ej (jg) with 7o (i, jg) >
0;
B =1
repeat
if (i, jo) is admissible arc then
select the first arc (k-,4) in Ej(i;) with
Po(kr,it) > 0;
if (k;,i;) is admissible arc then
9: pull « = min{—e(Jo), Po(it,Jo), To(kr,it)}
units of flow over the arcs (i, jo), (kr,it);
10: if k; ¢ @ then
11: adds node k; to the rear of Q);
12: end if;
13: else
14: if (kr,i;) is not the last arc in Ej (i;) with
7o(kr, i) > 0 then
15: select the next arc in Ey (i)
16: else
17: d(ie) = min{d(k;) + 1(kr,%:) € Eq (i),
Po(kr,iz) > 0}
18: end if;
19: end if;
20: if e(jg) > 0 then
21: if (i, jo) is not the last arc in E; (jy) with
70 (i¢, jo) > 0 then
22: select the next arc in E; (jg)
23: else

24: d(jo) := min{d(i¢) + 1|(it, jo) € Eq (jo),

@«

o
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fO(itajG) > 0}

25: B :=0;

26: end if;

27: end if;

28:  end if;

29: until e(jyp) =0or =0

30: if e(jy) > 0 then

31:  adds node jg to the rear of Q;
32: end if;

33: END;

We remark that in this case, the correctness of the
GBFIFOPm algorithm results from correctness of the
BFIFOPm algorithm. From paper [9] we present follow-
ing theorem.

Theorem 6. The GBFIFOPm algorithm has the com-
plezity O(namT? + n3T3).

For more information see [9].

VI.

A.  Maximum flow
In this case we consider a bipartite dynamic network
D with ny < no.

EXAMPLES

Fig. 1: The support digraph of network D
(N,A,h,@,q)

The support digraph of bipartite dynamic network
is presented in Figure [I] and time horizon being set
T = 5, therefore H = {0,1,2,3,4,5}. The tran-
sit times h(i,j;t) = h(i,j),t € H, the lower bounds
e(i,j;t) = e(i,j) and the upper bounds (capacities)
q(i,7;t) = q(i,7),t € H for all arcs are indicate in Table
2.

We have Ny = {2,3,7} and Ny = {1,4,5,6}.

Applying the GBFIFOPM algorithm in the first
phase and the second phase we obtain the flows fo(i¢, jg),
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(4,7) h(i, ) | e(i,4) | a(i9)
(1,2) 1 3 12
(1,3) 1 5 10
(2,4) 3 1 8
(2,5) 1 1 3
(2,6) 2 1 3
(3,4) 3 0 4
(3,6) 1 4 5
(4,7) 1 1 12
(5,3) 1 0 3
(5,7) 1 1 4
(6,7) 1 5 10

Table 2: The functions h, e, q

5 (s, jo) (the feasible flow, the maximum flow) which
are indicated in Figure We have Wy ={2;, 25, 23,
31, 32, 337 73, 74, 75} and W2 = {10, 11, 12, 44, 52,
53, 54, 62, 63, 64} A minimum (10, 11, 12)—(73, 74,
75) cut in static network Ry is [Yp,Yo] = (Yo, Yy) U
(YO,YQ) with Yy = {10, 11, 1o, 29, 23, 31, 39, 33} and
}70 = {21, 44, 52, 53, 54, 62, 63, 64,73,74,75}. Hence
[Y07}/0}:{(10a21)a (22753)7 (22364)’ (23754)7 (31362)5
(31,44), (32,63)} U {(52,33)}. We have wo=f; (Yo, Yo)-
15 (Yo, Yo)=40-0=40=u(Yy, Yp). Hence f§ is a maxi-

mum flow.

B.  Minimum flow
In this case we consider a bipartite dynamic network
D with ny < ny.

Fig. 3: The support digraph of network D = (N, A, h, q)
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Fig. 2: The network Ry = (Vo, Eo, fo, f§)-

The support digraph of the bipartite dynamic net-
work is presented in Figure [3] and time horizon being
set T = 5, therefore H = {0,1,2,3,4,5}. The tran-
sit times h(i,j;t) = h(i,j),t € H, the lower bounds
e(i,j;t) = e(i,j) and the upper bounds (capacities)
q(i,j;t) = q(i,7),t € H for all arcs are indicate in Table
3.

(,3) | h(i,5) | e@d) | a(i,J)
(1,2) 1 5 8
(1,3) 2 1 3
(1,4) 1 2 5
(2,5) 1 3 6
(2,6) 2 2 3
(3,6) 1 1 5
(4,5) 2 1 3
(4,6) 3 1 3
(5,3) 1 2 3
(5,7) 2 0 7
(6,7) 1 3 9
Table 3: The functions h, e, q

ISSN: 1998-4464

We have Ny = {2,3,4,7} and Ny = {1,5,6}.

Applying the GBFIFOPm algorithm in the first phase
and the second phase we obtain the flows fo(it,js),
5 (e, jo) (feasible flow, minimum flow) which are in-
dicated in Figure We have W1={2;, 22, 32, 33,
41, 747 75} and Wgz{lo, 11, 52, 537 63, 64}. A max-
imum (1g,11)-(74,75) cut in the static network Ry is
[Yo, Yo|=(Yo, Yo) U(Yo, Yo) with Y5={10,11,21,2,} and
Yo={32,33,41,52,53,63,64,74,75}. Hence [Yo,Yy]= {(1o,
32)a(10a41)a(11a 33)a(21a 52)a(21a_63)a(22a 53)a(22a 64)} uUg.
We have wo=f§ (Yo, Yo) - fi (Yo, Yo)=14 — 0 = 14 and
lo(YQ,YQ) — UO(Y07YO) =14 -0 = 14. Hence, fg is a
minimum flow.

VII.

In this paper, we present the optimum (maximum or
minimum) flow problem in bipartite dynamic networks
with static approach. This problem has not been treated
so far. We demonstrate the fact that if the dynamic net-
work D = (N, A, H,h,l,u) is bipartite, then the static
reduced expanded network. Ry = (Vj, Eo,lo, ug) is bi-
partite. Therefore we solved the optimum flow problem
in bipartite dynamic network D by rephrasing into a
problem in bipartite static network Ry;. We have ex-
tended the bipartite FIFO preflow algorithm (Ahuja et
al., 1994) for the static reduced expanded network Ry
which is a network with [y > 0 and multiple sources and
multiple sinks. For the generalization bipartite FIFO
preflow algorithm we have presented the complexity.

CONCLUSIONS
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Fig. 4: The network Ry = (Vo, Eo, up)-

Many interesting flow problems in bipartite dynamic

network are still open: optimum flow problem in bi-
partite dynamic networks with dynamic approach, the
generalization other algorithms for optimum flow in bi-

partite static networks.

Other research directions are

possible.
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