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Abstract

This article presents a decreasing directed paths algorithm for the parametric minimum
flow problem. The algorithm always finds a shortest conditional decreasing directed path
from the source node to the sink node in a parametric residual network and decreases
the flow along the corresponding path in the original parametric network. On each of the
iterations, the shortest conditional decreasing path (SCDP) algorithm computes a sub-
interval of the parameter value within a decreasing of flow is possible and the maximum
amount by which the flow can be decreased. The complexity of the SCDP algorithm is
O(n*m*K + nmK?) where K — 1 is the number of breakpoints of the piecewise linear
minimum flow value function, n and m being respectively the number of nodes and the
number of arcs in the network.
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1 Introduction

For the parametric maximum flow problem with zero lower bounds and linear capacity
functions of a parameter A\, Hamacher and Foulds [8] investigated an augmenting paths approach
for determining in each iteration an improvement of the flow defined on the whole interval of
the parameter. For the same problem, Ruhe [9] proposed a ”piece-by-piece” approach. Gallo,
Grigoriadis, and Tarjan [7] and Ahuja et al. [2], [3] have pointed out that the parametric
problem has many applications, in multiprocessor scheduling with release times and deadlines,
integer programming problems, computing subgraph density and network vulnerability and
partitioning a data base between fast and slow memory. Ciurea et al. [4], [5] investigated the
non-parametric minimum flow problem. The approach presented in this article refers to the
minimum flow problem in a network with linear lower bound functions of a single parameter
A. Further on, this paper is organized as follows: Section 2 contains the basic network flow
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terminology and some results used in the rest of the paper. More specialized terminology is
developed in later sections. Section 3 deals with the parametric minimum flow problem. Section
4 presents the shortest conditional decreasing path algorithm for the parametric minimum
flow problem. Section 5 gives an example of how the algorithm works on a network with
linear lower bound functions of a parameter. In the presentation to follow, some familiarity
with flow algorithms is assumed and many details are omitted, since they are straightforward
modifications of known results. The notions and results presented in Section 2 and Section 3
are taken from [1], [2], [4], [5] and [6].

2 Terminology and preliminaries

Definitions and Notation

Given a capacitated network G = (N, A, 4, u, s,t) with N = ... i,... being the set of nodes
tand A = ..., a,... being the set of arcs a so that for every a € A, a = (i,j) with 4,5 € N,
let n = |N| and m = |A|. The upper bound function and the lower bound function are two

nonnegative functions, u(a) and £(a) associated with each arc a = (¢,5) € A. The network
has two special nodes: a source node s and a sink node t. A flow is a function f : A — T
satisfying the next conditions:

v, 1=3S5

o ofGh— Y [ = 0, i#st (1)

(i) EA JlGi)eA —v, =1

for some v > 0, where v is referred to as the value of the flow f. Any flow on a directed network
satisfying the flow bound constraints:

(i, 5) < f(i,5) <u(i,j),  V(@ij) €A (2)

for every arc (i,7) € A is referred to as a feasible flow. A cut is a partition of the node set N
into two subsets S and T'= N — S, denoted by [S, T]. Alternatively, a cut can be defined as the
set of arcs whose endpoints belong to different subsets S and T. An arc (i,j) € A with i € S
and j € T is referred to as a forward arc of the cut while an arc (i,j) € Awithi € T and j € S
as a backward arc of the cut. Let (S,T) denote the set of forward arcs in the cut and let (7, .5)
denote the set of backward arcs. A cut [S,T]isans—¢tcutif s€ SandteT.

The minimum flow problem

The minimum flow problem is to determine a flow f for which v is minimized. The problem
can be solved in two phases:
(1) establishing a feasible flow; (2) from a given feasible flow, establishing the minimum flow.
For the first phase see the algorithm presented in [1] and [5].
Let f be a feasible solution for the minimum flow problem. Supposing that an arc (i,j5) € A
carries f(4,7) units of flow, the residual capacity 7(i,j) of any arc (i,j) € A, with respect to a
given flow f, for the minimum flow problem is given by:

’F(’L,j):U(],Z)—f(j,’t)-i-f(’t,j)—E(l,j) (3)
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For a network G = (N, A, £, u,s,t) and a feasible solution f, the network denoted by @( f) =
(N, /Al), where A is the set of residual arcs corresponding to the feasible solution f and consisting
only of arcs (i,7) with #(¢,7) > 0, is referred to as the residual network with respect to the
given flow f for the minimum flow problem. The capacity of an s —t cut é[S, T is defined, for
the minimum flow problem, as:

&8, T] = £(S, T) — u(T, S). (4)

The s —1 cut with the greatest capacity value among all s —¢ cuts is referred to as a mazimum
cut and is denoted by [S,T].

Theorem 1. (Min-Flow Maz-Cut Theorem): If there is a feasible flow in the network, the value
of the minimum flow from a source s to a sink t in a capacitated network with nonnegative lower
bounds equals the capacity of the mazimum s —t cut.

A path in G = (N, A, {,u, s,t) from the source node s to the sink node ¢ is referred to as
a decreasing path if the corresponding directed path in the residual network consists only of
arcs with positive residual capacities. There is a one-to-one correspondence between decreasing
paths P in G and directed paths P from s to ¢ in the residual network G‘( f). For a directed
path P in G(f) we have #(P) = min{#(i,7)|(i,5) € P}.

Theorem 2. (Decreasing Path Theorem): A flow f is a minimum flow if and only if the
residual network G(f) contains no directed path from the source node to the sink node.

3 The parametric minimum flow problem

A natural generalization of the minimum flow problem is obtained by making the lower
bounds #(i,j) for some of the arcs (i,j) € A linear functions of a single, nonnegative, real
parameter \:

g(i,j;k)Zfo(i,j)—/\'L(i,j), (5)

where L(,7) is a real valued function associated with each arc (i,j) € A, referred to as the
parametric part of the lower bound of the arc (¢, 7). The nonnegative value ¢o(3, j) is the lower
bound of the arc (z,7) for A = 0: £(i,5;0) = £y(¢, ) with 0 < £o(3,5) < u(i, j).

For the problem to be correctly formulated, the lower bound function of every arc (i,5) € A
must respect the condition 0 < £o(4,5;A) < wu(i,j) for the entire interval of the parameter
values, i.e. ¥(i,7) € A and VA € [0, A]. Tt follows that the parametric part of the lower bounds
L(i, j) must satisfy the constraints: +(¢o(4, j) — u(i, §)) < L(4,§) < x4o(4, ), V(i, ) € A.

The parametric minimum flow (PMinF) problem is to compute all minimum flows for every
possible value of A € [0, Al:

minimize v(A\)  forall X €|0,4A] with : (6)
v(A), 1=s
Yo fGEN = Y fUEN) = 0, i#s,t (7)

jl(i,4)€A Jl(i)eA —v(A), i=t
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(i, 33 ) < f(i, 55 A) <w(iyj), V(i j) € A (8)

On the set of piecewise linear functions F/(A) : [0, A] — R* an ordering cannot be defined for
the whole interval [0, A] since two piecewise linear functions are not necessarily comparable.
For any two piecewise linear functions of a parameter A, F;(\) and Fy(\), a partition B of the
interval of the parameter values of the form 0 = A\g < A1 < ... < Ag4+1 = A must be defined
such that on each of the generated sub-intervals [Ag, Ag41], & = 0,..., K an ordering to be
defined as:

Fl(/\) < FQ(/\) fO’I“ [)\k; /\k—i-l] = Fl()\) < FQ()\) Ve [)\Iw)\k-i-l]) (9)

i.e. the two functions have no crossing points within any of the sub-intervals (Ag, Ag+1), the
only crossing points taking place for A\g, £ = 0,..., K. To be mentioned that the breakpoints
and the crossing points of the two piecewise linear functions do not necessarily take place for
the same A\, values.

Based on the above considerations, for the parametric minimum flow problem, the sub-intervals
of the parameter values with the property that within each of the sub-intervals [Ag, Ag41]
the maximum s — ¢ cut for the non-parametric network with constant lower bound functions
£(i,7; A\x) remains a maximum s — ¢ cut for all the A values in [\, Axy1] are denoted by Jg.

Definition 1. A parametric cut partitioning [Sk; Ji| is a finite set of cuts [Sk, Tx], k =0,..., K
together with a partitioning of the interval of the parameter [0, A] in sub-intervals Jy such that
JoU...UJg = [0,A]. The capacity of a parametric s —t cut partitioning for the minimum
flow problem is a piecewise linear function ¢[Sk; Ji| defined for all A values of every sub-interval
Aedy, k=0,....K:

Sk Tl = > LN - Y u(ig) (10)

(4,5)€(Sk,Tx) (4,)€(Tx,Sk)

A parametric s —t cut with the sub-intervals Jj, assuring that every s — ¢ cut is a maximum
cut [Sk,Tk] within the sub-interval Jj is referred to as a pammetric mazimum s — t cut for
the entire interval of the parameter values [0, A] and is denoted by [Sk; Ji]. Thus a parametric
maximum cut [Sy; Ji] is a set of maximum cuts [Sg, T}] and &[Si; Ji] = ¢[Sk; T3] for all X of
every sub-interval Ji, k = 0,..., K. As defined, the capacity of a parametric maximum s — ¢
cut partitioning for the minimum flow problem is a linear function within every sub-interval Jj.

Theorem 3. (Parametric Min-Flow Maz-Cut Theorem): If there is a feasible flow in the
parametric network, the value function of the parametric minimum flow from a source s to a sink
t in a capacitated network with parametric lower bounds equals the capacity of the parametric
mazimum s —t cut. [6]

Let f(A) = (... f(4,5;A),...)4,5)ea be a vector of feasible flow functions defined on the
interval [0, A]. Supposing that an arc (i,j) € A carries a flow f(¢,7; ), the existing flow can
be reduced either by pulling the flow f(i,5;A) — £(4,j; A) from node j to node i over the arc
(i,4) or by pushing the flow u(j,i) — f(j,i;A) from j to i along the arc (j,7). These flows
are computed as differences between piecewise linear functions of A\. The parametric residual
capacity 7(i,j; A) of any of the arcs (i, 7) € A, with respect to a given flow f(\), is given by:

f‘(l,j,)\):U(j,l)—f(j,l,)\)+f(2,j,)\)—6(’&,],)\), )‘EJk (11)
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with £ =0,...,K(¢,7) where K(i,7) is the number of sub-intervals where the piecewise linear
parametric residual capacity function of the arc (4,7) maintains a constant slope. Based on
these ideas, for a network G(\) = (N, A, ¢()\),u, s,t) and a feasible solution f(\), the network
denoted by G(f(\)) = (N, A(N)), with A(\) being the set of arcs consisting only of arcs with
7(i, ;) > 0 for at least a sub-interval of [0, A], is referred to as the parametric residual network
with respect to the given flow f(\) for the parametric minimum flow problem. The sub-intervals
I(i,j) C [0,A] where a decreasing of flow along an arc (i,7) in G(f()\)) is possible based on
f(X), are defined as:

I(i,j) = {7 (0,53 A) > 0} for (i,5) € A(). (12)
If an arc (i,7) does not belong to G(f()\)) then I(i,7) := 0 is set.

Definition 2. A conditional decreasing directed path P(\) in G’Qf()\)) is a directed path P from
the source node s to the sink node t such that: 1(P) = ﬂ(v er I(i,7) # 0.

V)
Definition 3. A partly conditional decreasing directed path P (i, \) in G(f(\)) is a conditional
decreasing directed path from the source node s to a node i with i # t.

Definition 4. The parametric residual capacity of a conditional decreasing directed path ]5()\) mn
G(f(N)) is the inner envelope of the parametric residual capacities (i, j; ) of all arcs composing
the conditional decreasing directed path for all A € I(P):

#(P(N) = min {7(i,5:N)|(i,) € PV}, A€ (13)
Ael(P)
with k = 0,...,K(P()\)) where K(P()\)) is the number of sub-intervals where the piecewise
linear parametric residual capacity function of the conditional decreasing directed path P(\)
maintains a constant slope.

It must be mentioned that, denoting by K (i,j) the number of sub-intervals where the
piecewise linear parametric residual capacity function of the arc (4,j) maintains a constant

slope, K(P())) generally respects the following relation: K(P(A)) = 32 yep K (i)

Theorem 4. (Conditional Decreasing Path Theorem): A flow f(\) is a parametric minimum
flow if and only if the parametric residual network G(f()\)) contains no conditional decreasing
directed path from the source node to the sink node. [6]

If the parametric residual network G(f(\)) contains no conditional decreasing directed path
from the source node to the sink node, the parametric minimum flow in network G(\) can be

determined from the parametric residual capacities using the expression: f(i,7; ) = £(i,5; \) +
max{7 (i, j; ) — u(j, i) + £(j,3;A), O}

4 Shortest decreasing paths algorithm for the parametric minimum flow problem

The shortest decreasing path algorithm for the parametric minimum flow problem presented
in this paper determines in each of the iterations an improvement of the flow over the sub-
interval of the parameter values given by a shortest conditional decreasing directed path in the
parametric residual network.
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Finding the minimum length of a conditional decreasing directed path

Let N ={0,1,2,...,n—1} be the set of nodes in the parametric residual network with s =0
and t = n — 1. For increasing values of h = 1,2,...,n — 1, the sub-intervals fjh on which the
flow can be decreased over a partly conditional decreasing directed path from the source node
s tonode 7, P(j,A) in G(f(\)) with exactly h arcs are computed for each node j € N — {0} as:

Lin = {\| 3 P(j,\) € G(f(\) with exactly h arcs} (14)

To find a recursive way of computing the sub-intervals I jh, the following relation is considered:
IOO = [O,A], IjO :@ for aﬂj = 1,...,’/1— 1,

L= J Una(1G,), j=1,....n=1 h=1...,n-1 (15)

il(i,5)€A(N)

The set of the sub-intervals fjh in relation (15) can be regarded as being the elements of a
matrix [ = [—fjh](n—l)x(n—n of sub-intervals of [0, A]. The algorithm starts with I:= [fjh =
@](n_l)x(n_l) and as soon as I,,_1p # () is reached for a certain value of h, the recursion stops
indicating that a conditional decreasing directed path of length A can be found. On the other
hand, if the condition In_1n_1 = 0 is reached, since any elementary path from the source node
s to the sink node ¢ has at most n — 1 arcs, no conditional decreasing directed path exists and
the current flow is a parametric minimum flow. The procedure LENGTH presented below deter-
mines whether there exists a nonempty sub-interval of the parameter values I,,_1p, over which
an improvement of the flow can be obtained. Based on this sub-interval both the value h of
the minimum length of a conditional decreasing directed path and the path itself can be derived.

1 procedure LENGTH(I, h, C)

2 begin

3 while (C' = 0) do

4 begin;

5 for { i=1ton—1do I, := Ui‘(i,j)em)\) (Iin—1 N1, 7)) 3
6 if (I,_1p # 0) then C:=1

7 else if (h<n—1)thenh:=h+1

8 else C :=2;

9 end;

10  end;

Theorem 5. If the procedure LENGTH ends with Lo_1n £ () then h is the length of the shortest

conditional decreasing directed path from the source node to the sink node in the parametric
residual network G(f(X)).

Proof. The algorithm stops as soon as Ln_1n # () which means that a conditional decreasing
directed path consisting of exactly h arcs exists in the parametric residual network é’( f).
It is obvious that h is minimal with this property since otherwise the algorithm would have
stopped earlier. For an arbitrary chosen value of the parameter \* € fn_lh, in the non-
parametric residual network G(f(A\*)) a breadth first search determines the elements h(i) such
that h(i) = d(i) for all nodes i € N. For h = 0, \* € Iyo and h(0) = d(0) = 0. Assuming the
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statement to be true for h = k and starting from a node i with h(i) = d(i) = k, for all nodes
§ with \* ¢ I, for all K < k and for which there exists an arc (i,7) € G(f(\*)) holds that

h(j) = h(i)+1=d(i)+1=k+1=d(). |

(i
€

It has to be reminded that according to definition 2 a shortest conditional decreasing directed
path P()\) in the parametric residual network G(f(\)) is not ~a shortest directed path P in
G(f()\)) since for some arcs (4, j) € P might hold that ﬂ (z Jj)=0.

Finding a conditional decreasing directed path

After procedure length ends with a minimum length h of a possible conditional decreasing
directed path ]5()\), the problem of finding the conditional decreasing directed path itself is
investigated. Let Ln_1n # () for an h < n — 1, where h is minimal with this property. For every
arbitrary chosen value \* € I,,_1), there must exist a node i with (i,n —1) € A()\) so that both
M€ Iy and \* € I(i,n —1) since I,,_15 == | (Iin—1 N I(i,n—1)). Therefore, for

i|(i,n—1)€EA(N)

an arc (i,n — 1) € P()\) we have:
A€ Loy [ I(i,n = 1)). (16)
On the other hand \* ¢ fih,g since otherwise the recursion would have stopped after h—1 iter-

ations (i.e. h is minimal with the property J T # (). Continuing in the same logic it results
that \* ¢ I;,_3 since otherwise the recursion would have stopped after h — 2 iterations etc.

Based on this reasoning, a vector p = (p(0),...,p(n—1)) can be defined in order to memorize the
conditional decreasing directed path based on relation (16). In the beginning of the algorithm,
the following initialisation is performed: p := (n,...,n). Let p(h) := n—1 be set and for an arbi-

trary chosen value \* € I,, 15, if \* € Iin—1N1(j,n—1)) then the arc (j,n—1) is added to P(\),
i.e. p(h—1) := j is set. Then a new node i € N —{j,n—1} with \* € I;,_» (1(i, 7)) is searched,
p(h —2) := i is set and so on. Based on the values of the vector p, the following conditional
decreasing directed path will be obtained: P()\) := (p(0) = 0,p(1),...,p(h —1),p(h) =n —1).
The procedure DPATH for determining a conditional decreasing directed path P()) is the fol-
lowing:

1 procedure DPATH(f7 h,p)

2 begin

3 A= (max{A | A € Tn_1p} +min{\ | A€ I,_12})/2;
4 N*:=N—{n—-1};

5 p(h) :=n—1;

6 for k:=h —1 down to 1 do

7 begin;

8 select a node i € {N* | A\* € I NI(i, p(k+1))};
9 p(k) =4

10 N* := N* — {i};

11 end;

12 p(0) := 0;
13  end;
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Theorem 6. The procedure DPATH computes correctly a conditional decreasing directed path
of h arcs from the source node to the sink node in the parametric residual network G(f(X)).

Proof. If I 1n = () then for every A\* € Iy qp it results that \* € Iin—1 and \* € I(z n—1)

for at least a node i since I,, 15 == J P Am( in_1(I(i,n —1)). For an iteration k of the
il(i,m—1)€

procedure DPATH, the existence of an ending point ¢ of a partly conditional directed path in
G(f(\)) such that A* € Ijp N 1(i,p(k + 1)) is assured by \* € Ilk and \* € I(i, p(k +1)) for at

least one node i because otherwise, from the recursive relation ;11 := UW heioy (Lik N 16, j)),

would result that \* ¢ I, for any k' > k and any node j € N — {0} which contradicts the
initial assumption: A* € I,,_qp for h > k. Hence, the directed path is a conditional decreasing

directed path in G(f())) for at least the sub-interval I(P) = ﬂ(m>eﬁ I(i,j) = {)\*}. O

Decreasing the flow over a conditional decreasing directed path

After a conditional decreasing directed path P()) in the parametric residual network G(f ()

is memorised in vector p, the flow is decreased along the corresponding decreasing path in G(X).
For an arc a = (i, j), the piecewise linear parametric residual capacity function 7(a; A) can be
represented considering the ordered list of its K (a) breakpoints B, := {A\x}, 0 = Ao < A1 <
. < Ak(a)+1 = A and the corresponding ordered list of residual capacity values computed
for every breakpoint Ay € Ba: Ry := {7(a;\¢) | A € B,}. Similarly, the piecewise linear
parametric residual capacity function 7#(P())) of a conditional _decreasing directed path P(\)

in G(f()\)) can be represented as the ordered list R, = {F(P(M\) | A € Bﬁ(k)} with BPW
being the list 0 = Ao < A1 < ... < )\K(PM))H = A containing, in increasing order, its K (P()))
breakpoints. As mentioned before, K (P()\)) > Z . K(a), i.e. U Chon B, € B, ,,. In order

to compute the piecewise linear parametric residual capacity function #(P())) of a conditional
decreasing directed path I:’()\), the procedure PRC (parametric residual capacity) repeatedly
compares two piecewise linear parametric residual capacity functions and sets the parametric
residual capacity of the conditional decreasing directed path to their inner envelope. It starts
by setting the parametric residual capacity of the conditional decreasing directed path to the
parametric residual capacity of the first arc a € P (M) and successively computes the inner enve-
lope of the current parametric residual capacity of the conditional decreasing directed path and
the parametric residual capacity of each of the following arcs. The procedure stops after all the
arcs in P()\) have been investigated. The algorithm starts with K (a) = 0 (i.e. no breakpoint),
B, ={0,A} and R, = {#(a;0),7(a; A)} for every arc a € A( ). Every time the piecewise linear
parametric residual capacity function of a new arc a € P()\) is analysed, the procedure PRC
updates the list of breakpoints Bﬁm with the breakpoints in B, and then compares, for each

of the sub-intervals generated by B the two linear residual capacity functions finding the

PN’
lowest of them. Any new breakpoint which may occur within a sub-interval Jy = [Ag, Agt1] is

added to B,

PN’
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procedure PRC(P)
begin
a:= (0,p(1)); RP(A) = R.; B
forg:=1toh—1do
begin
a = (ﬁ(Q)»ﬁ(q + 1))7 B:; = Ba;
while (B} # 0) do
begin
A :=min{\ | X\ € B}}
if (\* ¢ BP(A)) then ADD NEW(A\*, BP(A)’ RP(A));
remove \* from B};
end;
A¢:=min{\ | X € Bﬁ(x)};
if (A\¢ ¢ Bo) then ADD NEW(Ag, Ba, Ra);
repeat
begin
Ar:=min{A | A € B, ND A> Nk
if (A ¢ Bq) then ADD NEW(\,, Bq, Ra);
if ([F(a; Ae) — F(P(N\e))] - [Fla; Ar) — #(P(Ar))] < 0) then

Ba;

P(X) =

begin
Amid = Ag (PP Ar) = (@A) A [Plaidg) —H(P(A))] .
me (P (Ar))—7(a;Ar)+7(a;Xg) —7(P(Xg)) ’
ADD NEW(Amid, Bﬁ'(k)’ Rﬁm);
ADD NEW(Apmid, Ba, Ra);
end;
F(P(Ag)) := min{7(a; Ag), #(P(Ae))}
Ao = Ar

end;

until (Ae = A); R

g(_P(A)) :=min{#(a; A), #(P(A))};
end; ’

The procedure ADD NEW adds a new breakpoint in the piecewise linear parametric resid-
ual capacity function by adding a new A\* value to the list B and a new 7(A*) value to the list R.

N O Ut WN

procedure ADD NEW(\*, B, R)
begin
add \* to B;
N i=max{\ | XA € B,A < X*}; N :=max{\ | XA € B,A > \*};
FOW) 1= 7(V) + (A = X) + [FN) = FOV)]/ = Vs
add #(A*) to R;
end;

After the piecewise linear parametric residual capacity function #(P(\)) of the conditional
decreasing directed path is computed, the procedure UPDATE decreases the flow along the corre-
sponding path in G(\) which reflects in updating the parametric residual network G(f())). For
each of the arcs composing the conditional decreasing directed path a € ]5()\)7 the procedure
checks, in increasing order of the Ay values, if the breakpoints in B, . belong to B, and if not,
procedure ADD NEW adds the breakpoints to B,. Then the values of the parametric residual
capacity of the conditional decreasing directed path ]5()\) computed for each of its breakpoints
are subtracted from the parametric residual capacity values of all arcs a = (¢,7) and added to
the parametric residual capacity values of arcs b = (j,4). Simultaneously, every time two con-
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secutive breakpoints with zero parametric residual capacity values are found, the sub-interval
bounded by the two A values is subtracted from I(a).

1 procedure UPDATE(p)

2 begin

3 A¢ := min{\ | )\EBP(A)7 A >0}

4 repeat

5 begin

6 for g:=0to h—1do

7 begin

8 a = (p(q),p(q + 1)); b:= (p(q + 1),5(a));
9 if (A\¢ ¢ Ba) then ADD NEW(A¢,Ba, Ra);
10 if (A\¢ ¢ Bp) then ADD NEW(A\g,Byp, Rp);
11 end;

12 r:=min{\ | X € BP(A)’ A> Mok A= A
13 end;

14 until (A\y = A);
15 A :=min{\ | X € Bﬁ(x)};
16 for g:=0to h—1do

17 begin

18 a:=(p(q),p(g+1)); b:= (pla+1),0(a)); X

19 F(a; Xe) = (a3 Ar) — F(P(Ne)); #(bs Ae) = 7(b; Ae) +7(P(Ae));
20 end;

21 repeat

22 begin

23 Ar:=min{\ | X € Bf’(%)’ A> Nk

24 for g:=0to h—1do

25 begin

26 a:= (p(q), (g +1)); b:= (plg +1),0(9)); R
27 #a; Ar) = Pla; Ar) — F(P(Ar)); #(b; Ar) := 7(b; Ar) + 7(P(Ar));
28 if ((a; A\g) 4+ 7(a; Ar) = 0) then I(a) := I(a) — [Ag, Arl;
29 if (7(b; Ae) + 7(b; Ar) # 0) then

30 if (7(b; A¢) = 0) then I(b) := [(b) + (A, Ar]

31 else if (#(b; A.) = 0) then I(b) := I(b) + [\, Ar)

32 else I(b) := I(b) + [A¢, Ar;

33 end;

34 Ap = Ar;

35 end;

36 until (Mg = A);

37 end;

Shortest conditional decreasing paths (SCDP) algorithm

The first phase of finding a parametric minimum flow consists in establishing a feasible
flow if one exists in a nonparametric network G’ = (N, A, ', u, s,t) obtained from the initial
network G(\) = (N, A,¢()\),u,s,t) by only replacing the parametric lower bound functions of
every arc (i,7j) € A with the non-parametric lower bounds: ¢'(i,j) = max{(i,7; A) | A € [0.A]},
ie. 0'(i,5) = €o(3,5) for L(i,§) > 0 and €'(i,5) = Co(i,5) — A - L(4,5) for L(i,j) < 0. Af-
ter a feasible flow fy is established, the parametric residual network for this feasible flow
G( fo(N\)) is computed. The piecewise linear parametric residual capacity function #(i,j; \)
of every arc a = (i,7) is initialised as (4, j; A) = u(j,4) — (4,5 A) + f(4,5; A) — €(i,5; A), ie.
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for B, = {0, A} the corresponding lists of residual capacity values R, = {7(a;0),#(a; A)} with
#(i,3:.0) = u(j, 1)~ fo(G, )+ foli, §) (6, 53 0) and (i, j; A) = u(j, #) — fo(j, )+ foi, )~ £(i, : A).
The sub-interval of the parameter values for every arc is initialised as I(a) := [0, A], V a € A(X).
In the second phase the algorithm repeatedly computes the minimum length h of a conditional
decreasing directed path, constructs the shortest conditional decreasing directed path, starting
from the sink node ¢ and adding arcs till the source node is reached, memorised in vector p
and finally once the conditional decreasing directed path found, the flow is decreased and the
parametric residual network is updated. As soon as the sink node t cannot be reached, even
with a directed path of n — 1 arcs, i.e. fn,ln,l = (), the algorithm stops and the obtained flow
is a parametric minimum flow. The shortest conditional decreasing paths (SCDP)algorithm is
presented above.

1 SCDP ALGORITHM

2 Begin

3 let fo be a feasible flow in network G;
4 compute the parametric residual network G(fo(\));
5 Too == [0,A]; h:=1;

6 forj::lton—ldofjo::(b;

7 repeat

8 C:=0;

9 LENGTH(f, h, C);

10 if (C =1) then

11 begin

12 DPATH(f, h, P);

13 PRC(P);

14 UPDATE(D);

15 end;

16 until (C = 2);

17  End.

Theorem 7. If there is a feasible flow in the network G(\) = (N, A, €(\),u, s, t), the shortest
conditional decreasing paths algorithm computes correctly a minimum flow.

Proof. The algorithm terminates when the sink node ¢ cannot be reached in the parametric
residual network even with a conditional decreasing directed path of n—1 arcs, i.e. fn,ln,l = 0.
From the Conditional Decreasing Path Theorem (4) it results that the flow is a parametric
minimum flow. u

Theorem 8. The complexity of the shortest conditional decreasing paths algorithm is O(n*m? K +
nmK?), where K is the number of breakpoints of the piecewise linear minimum flow value func-
tion.

Proof. Procedure LENGTH investigates all the m arcs of the network for every node in a con-
ditional decreasing path in each of the n iterations thus the complexity of finding the length
of a conditional decreasing directed path is O(n?m). A conditional decreasing directed path is
constructed in O(n?) time since in each of the n iterations all the n nodes are investigated. The
complexity of computing the parametric residual capacity of a conditional decreasing directed
path and updating the parametric residual network is O(nK) with K — 1 being the maximum
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number of breakpoints of a piecewise linear parametric residual capacity of a conditional de-
creasing directed path. Thus, the total complexity of performing one step of decreasing the flow
is O(n?m +nK). The number of steps of decreasing the flow is O(mK) since each step reduces
the residual capacity to zero of at least one sub-interval of the parameter values bounded by
two consecutives breakpoints and for at least one arc. Thus the total complexity of the scDp
algorithm is O(n?*m?K + nmK?). d

5 Example

The algorithm is illustrated on the network presented in Figure 1.a and for the parameter A\ taking
values in the interval [0,1], i.e. A = 1. The source node is s = 1 and the sink node is ¢ = 3. The
feasible flow fy is computed in the non-parametric network G’ = (N, A, ¢, u, s,t) presented in Figure
1.b and obtained from the initial network G(\) = (N, A, £()\), u, s,t) by replacing the parametric lower
bound functions with their maximum values over the entire interval of the parameter A € [0, 1].

Figure 1: a. The parametric network G()) with linear lower bound functions and constant upper bounds; b.
The feasible flow fo(Z,7) in network G'(\) = {N, A, ¢, u, s, ¢}

The parametric residual network G(fo())) is presented in Figure 2.a. The sub-intervals of the param-
eter values available for decreasing the flow on every arc are initialised as I(a) = [0,1] for all arcs
a € A()). For practical reasons, in the parametric residual network, the direct arcs are denoted by
a; and the backward arcs are denoted by b; with ¢« = 1,...,5: (0,1) = a1, (0,2) = a2, (1,3) = as,
(2,1) = au, (2,3) = as and (1,0) = b1, (2,0) = be, (3,1) = bs, (1,2) = ba, (3,2) = bs respectively. Using
these notations, the lists B, and R, are initialized as follows: B,, := {0,1}, Rq, := {#(a;;0), #(ai; A)},
By, :={0,1}, Ry, := {#(b;;0),7(b;; A)} fori =1,...,5.

Iteration 1: For the parametric residual network G(fo()\)), based on the values of I = [I;](s)x(s) illus-
trated in Figure 2.b, procedure LENGTH finds the minimum length of a conditional decreasing directed
path h = 2 since Iso # (). Starting from p(h) = n — 1 = 3, procedure DPATH searches the predecessor
node belonging to the conditional decreasing directed path by investigating all arcs ending in node
p(h) = 3 and starting from a node with a nonempty value of Iin_1 = Ii1 ie. the nonempty elements of
the first column of the matrix I. Choosing A* = (0 + 1)/2 = 1/2 as an arbitrary value A* € Is2, both
nodes i = 1 and 4 = 2 can be selected since the condition \* € f;j,_; ﬂf(z,ﬁ(h)) holds for both arcs
(1,3) and (2, 3). Let node 1 be selected, i.e. p(h—1) = p(1) = 1. Since the last value of the iteration in-
dex in procedure DPATH is reached, p(h—2) = p(0) = 0 is set. The conditional decreasing directed path

P(\) = (0,1, 3) memorized in p = (0,1, 3,4) is obtained and the parametric residual capacity #(P(\))
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Figure 2: Tllustrating the first iteration of the scpp algorithm. The parametric residual network G(fo(\));
b. The sub-intervals of the parameter values I= [f jn) in the parametric residual network; c. The parametric
residual capacity function of the conditional decreasing directed path P(A) = (0, 1,3).

is computed by procedure PRC((0,1,3,4)) as follows: BP(A) := B,, ={0,1}, Rﬁ(k) = R,, = {1,4}.
The next arc of the conditional decreasing directed path is the arc as = (1, 3) for which all the X values
inB, = {0,1} also belong to B,; = {0,1} so that there is no need to add new breakpoints and the
two current variables Ay = min{0,1} = 0 and A, = min{0,1 | A > 0} = 1 are computed. The procedure
PRC verifies if there is a crossing point of the two parametric residual capacities between A\, = 0 and
A =1, i if [Flas; Ae) — F(P(A))] - [F(as; Ar) — #(P(Mr))] < 0.

Since [3 — 1] - [3 — 4] = —2, a new breakpoint is found for Anig = 2/3 with #(P(Amiq)) = 3. The new
breakpoint is added both to B, =~ and Ba; which become B, = = {0,2/3,1}, Bay, = {0,2/3,1} and
the corresponding parametric residual capacities are updated to R, = = {1,3,4} and R., = {3,3,3}.
Then #(P(0)) is set to min{#(P(0)),#(as;0)} = min{1,3} = 1, and A, is set to the value of \, = 1.
Since now A\¢ = A the procedure stops after setting #(P(1)) to min{#(P(1)),7(az; 1)}, i.e. #(P(1)) :=
min{4,3} = 3. The resulting piecewise linear parametric residual capacity function f(P(A)), pre-
sented in Figure 2.c. as the inner envelope of the parametric residual capacities of all arcs compos-

ing the conditional decreasing directed path P(A) = (0,1, 3), is represented as Rﬁ(x) = {1,3,3} for
BP(A) ={0,2/3,1} with K(P(\)) =1.
D)
Vo(N)
@3 g ¢
I=([0,1/3) ¢ o
g ¢
b. (o

o m oz us 1

Figure 3: a. The parametric residual network G(f3(\)); b. The sub-intervals of the parameter values I = [fjh]
in the parametric residual network; c. The evolution of the piecewise linear flow value function v;(\) after each
of the iterations.

The algorithm makes then a call to procedure UPDATE((0, 1, 3,4)) which updates the parametric resid-
ual network G(f()A)) according to the decreasing of flow along the corresponding path in G(\). This
step ends with: R,, = {0,0,1}, Ry, = {1,3,3}, Ra; = {2,0,0} and Ry, = {5,7,7}. Finally, the
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sub-intervals available for decreasing the flow are updated to 1(0,1) = [1,1] — [0,2/3] = (2/3,1] and
1(1,0) = 0 U [0,2/3] = [0,2/3], respectively I(1,3) = [0,2/3) and 1(3,1) = [0,1]. After two more
iterations, the updated parametric residual network G(f3()\)) for the new parametric flow f3()\) is
presented in Figure 3.a. with the lists B, having the following values: B,, = By, = {0,2/3,1},
Bay = By, = {0,1/3,1/2,2/3,1}, Ba, = By, = {0,1/3,1/2,2/3,1}, Ba, = By, = {0,1/3,1/2,2/3,1},
Ba, = By, = {0,1/2,1}.

By investigating the sub-intervals of the parameter values I= [I ;] in the updated parametric residual
network it can easily be noticed that In 1n—1 = 133 =0 (see Figure 3.b) which means that no condi-
tional decreasing directed path exists in the parametric residual network and the algorithm stops.
The parametric residual capacity functions are presented in Figure 4 for all the sub-intervals of the
parameter values defining the parametric maximum partitioning cut: [S’k, Jk], k =0,...,3. For each
of the sub-intervals Jix the parametric minimum flow value function equals the parametric capacity
function of the corresponding maximum cut: &[Sk; Jx] = €(Sk, Tk) — u(T%, Sk). From these residual
capacities, the parametric minimum flow f (A) is obtained.

For the parameter value A = 1/2 the piecewise linear flow value function does not change the slope
but the parametric flow distributes differently over the parametric network arcs. The decreasing of the
piecewise linear flow value function after each of the three iterations of the SCDP algorithm is repre-
sented in Figure 3.c.

275 Fi. J:A)
~ ) ~
(1 (1= ) o
ar P~ ] o S TSy NNy S~ j\ 8 ~Z
= SR = ‘ (oA ) iy > A \\.\ .
TN 7 L =<||= ™ - TN S N
(0) < )3\|Di ¥ (3)(0) =< (3)(0) < é'S_l
T N — S ‘ e — 4 T "~ I
] /gf,/ ) [ o> ~3M wf;/; Y 9';-,‘
i A X ~ ~, W e W L
2 ) a 2 ) b ~2 ¥ N2 P d
Figure 4: The parametric residual network for each of the sub-intervals Jy, k = 0,...,3 of the parametric

maximum cut.
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