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Abstract

A submodular polyhedron is a polyhedron associated with a submodular function. This
paper presents a strongly polynomial time algorithm for line search in submodular polyhedra
with the aid of a fully combinatorial algorithm for submodular function minimization as a
subroutine. The algorithm is based on the parametric search method proposed by Megiddo.

1 Introduction

Let V be a finite nonempty set with |V| = n. Let f be a submodular function on the subsets of
V', that is,
fX)+ ) =2 fF(XUY)+ f(XNY), VX, Y CV. (1)

Iwata, Fleischer and Fujishige [12] and Schrijver [19] independently presented combinatorial,
strongly polynomial time algorithms for submodular function minimization. Iwata [10] pre-
sented a fully combinatorial strongly polynomial time algorithm, which uses only additions,
subtractions, comparisons, and the oracle calls for function values.

For a vector x € RY and u € V, we denote by z(u) the component of z on u. For a
submodular function f : 2" — R with f(0) = 0, the submodular polyhedron P(f) and the base
polyhedron B(f) are defined by

P(f) = {zeR"|z(X) < f(X) (VX CV)}, (2)
B(f) = {zeR[zeP(f), z(V)=f(V)},

where 2(X) = >, c x (). In this paper we consider the following problem and give it a strongly
polynomial time algorithm:

Problem Line Search in Submodular Polyhedra (LSSP)
Instance: A submodular function f : 2V — R with f() = 0, a vector zg € P(f) and a
vector a € RV.
Task: Find t* = max{t € R|z¢ + ta € P(f)}.

An example of Problem LSSP is illustrated in Fig. 1.



Figure 1: Problem LSSP (n = 2)

We denote by R_ the set of nonpositive real numbers, and denote by R, the set of non-
negative real numbers. If a € RY, Problem LSSP does not have an optimal solution. Hence
throughout we assume that a ¢ RY. We may assume f(X) > 0, VX C V, and 29 = 0, by
resetting f(X) := f(X)—xo(X) for all X C V. So throughout we assume that f is nonnegative,
f(@) =0 and o = 0.

From the definition of a submodular polyhedron (2), it is easy to see that the optimal value
t* of Problem LSSP is equal to min{f(X)/a(X)|X CV, a(X) > 0}. So Problem LSSP can be
regarded as a minimum-ratio problem.

The Newton method (Section 3) is a simple approach to Problem LSSP. If a is nonnegative,
it is shown that the number of iterations of the Newton method is at most n 4+ 1 and Problem
LSSP can be solved in strongly polynomial time. (See Fujishige [5, §7.2], Fleischer and Iwata
[4] for details.) If a € RVand a ¢ RK, however, only a weakly polynomial running time bound
is given, and it is left open to verify if the Newton method for Problem LSSP runs in strongly
polynomial time.

In this paper, we propose an algorithm for Problem LSSP, which is quite different from the
Newton method. The algorithm uses a fully combinatorial algorithm for submodular function
minimization [10, 11] as a subroutine, within the framework of the parametric search method
proposed by Megiddo [13, 14]. It solves Problem LSSP in strongly polynomial time.

Let us consider the following problem, which is a special case of Problem LSSP:

Problem Line Search in Base Polyhedra (LSBP)
Instance: A submodular function f : 2V — R with f(f)) = 0, a vector 2o € B(f) and a
vector a € R with a(V) = 0.
Task: Find t* = max{t € R|z¢ + ta € B(f)} (=max{t € R|zo+ta € P(f)}).

As is the case with Problem LSSP, it is previously unknown if Problem LSBP can be solved
in strongly polynomial time. This problem generalizes, for example, the problem of finding a
maximum flow value in a network. We will see some problems associated with Problem LSBP
in the following paragraphs.

Hartvigsen [8, 9] addressed a constrained submodular optimization problem:

max{zuev w(uw)z(u) |z € B(f), ey bilw)z(u) =d; (i=1,...,p) } ,

where p is a nonnegative integer, w € RY, and b; ¢ RV, d; € R foreach i = 1, ..., p. If
p = 0, the constrained submodular optimization problem can be solved in strongly polynomial
time using a greedy algorithm by Edmonds [3]. Hartvigsen [9] showed that the constrained



submodular optimization problem can be solved in strongly polynomial time for fixed values of
p. Problem LSBP is a special case of the constrained submodular optimization problem such
that the feasible set {x € B(f)| >_,cy bi(w)xz(u) = d; (i =1, ..., p)} has dimension 1 (or 0),
that is, p = O(n). Thus Hartvigsen’s result applied to Problem LSBP does not lead to a strongly
polynomial time algorithm.

For each u € V, let x, be the characteristic vector that has value 1 on v and 0 elsewhere.
As an input instance of Problem LSBP, if a = x, — x» for u, v € V, u # v, the optimal value
t* =max{t € R|zo+ t(xu — xv) € B(f)} is said to be an exchange capacity (see, for example,
Fujishige [5]) and can be computed directly by a submodular function minimization algorithm
in strongly polynomial time. So Problem LSBP can be interpreted as a problem of computing
a generalized exchange capacity.

Now we explain here that the problem of finding a maximum flow value in a network can be
reduced to Problem LSBP. Consider a network N with a directed graph G = (V, E), where V is
a vertex set and F is an arc set, and with a nonnegative capacity vector c € Rf . For X CV, we
denote by 6(X) the set {e = (u, v) € E|u € X, v € V\X }. We define a function k. : 2V — R
as Ke(X) = c(6(X)) (X C V). This function k. is called a cut function and it is known that k.
is a nonnegative submodular function with x.(()) = k.(V) = 0. A vector x € RV is said to be
feasible for N if there exists a vector y € R such that

2Ayle)[e e d({v})} = 2{yle)[e € s(V\{v})} = 2(v), Vo eV,

0<y<ec,

that is, there exists a flow y in network A/ which satisfies capacity constraints w.r.t. ¢ and supply
constraints w.r.t. z. Let r, s € V, r # s and we consider finding a maximum flow value from
r to s. The maximum flow value from r to s is t* = max{t € R|#(x, — xs) is feasible for N'}.
Gale [6] showed that the set {z € RY |z is feasible for '} is equal to the base polyhedron
B(k.) = {z ¢ RV |z(X) < ¢(6(X)) (VX C V), 2(V) = 0}. Therefore we can find the maximum
flow value by solving LSBP(x¢, 0, xr — Xs)-

The paper is organized as follows. In Section 2, we provide preliminaries for the following
sections. In Section 3, we describe the Newton method using an algorithm for submodular
function minimization as a subroutine. In Section 4, we present a strongly polynomial time
algorithm for Problem LSSP using a fully combinatorial algorithm for submodular function
minimization as a subroutine within the framework of the parametric search method proposed
by Megiddo.

2 Preliminaries

Let V be a finite nonempty set and |V| = n. A family D C 2V is said to be a ring family if it
satisfies

X, YeD=XUY, XNY e€D.

Let f : 2¥ — R be a submodular function and let argmin f denote a family of all the
minimizers of f. It is not difficult to see that argmin f forms a ring family. Suppose that
X,Y € argmin f and f(X) = f(Y) = a. Then, using submodularity (1), we have

fXUY)+ f(XNY) <20



Since f(XUY) > o and f(X NY) > a, this implies f(X UY) = f(X NY) = «, that is,
XUY, XNY € argmin f. As argmin f is closed under union and intersection, there exists a
minimal minimizer Xmin = ({ X | X € argmin f} € argmin f and exists a mazimal minimizer
KXmax = J{ X | X € argmin f} € argmin f.

Let f: 2" — R be a submodular function with f(f)) = 0 and let z € P(f). A subset X C V
is said to be a tight set at = if x(X) = f(X). We denote the family of tight sets at = by D(x).
Namely,

D(z) ={ X CV]z(X) = f(X)}.
For any y € RV, a function fy: 2V — R defined by

fy(X) =f(X) —y(X) (XCV)
is obviously a submodular function. As x € P(f), fz(X) >0, VX C V, and f,(0) = 0. Thus
the minimum value of f, is 0, which implies for any X C V|

X €D(zr) < X € argmin f,.

So arg min f, = D(x), therefore D(x) forms a ring family. Note that ) € D(z).
Let U be a finite set. A function g : D — R is said to be a modular function on a ring family
D C 2V if it satisfies

g(X)+g(Y)=g(XUY)+g(XNY), VX,YeD.

For a vector b € RY we denote b(X) = Y,y b(u) for all X C U, so b can be regarded as a
modular function on 2. For a ring family D, a function bp : D — R defined by

bp(X) =) b(u) (X €D) (3)

ueX

is a modular function on D.

As an instance of Problem LSSP, without loss of generality, we assume that f is nonnegative,
f(0) =0, 20 = 0, and a ¢ RY. We explain that the optimal value t* of LSSP(f, 0, a) is
nonnegative and finite. The optimal value of LSSP(f, 0, a) is

t* = max{t|ta € P(f)}. (4)

Since 0 € P(f), t* is nonnegative. Let A C V be a subset which satisfies a(4) > 0. If
t > f(A)/a(A), then ta(A) > f(A) and hence ta ¢ P(f). So t* < f(A)/a(A), therefore t* is
finite.

For any t € R we consider deciding whether ta € P(f) or ta ¢ P(f). Since, for any z € RV,
f(0) — 2(0) =0, we have

reP(f) <= fAX)=f(X)-2z(X)>0,VXCV,

= min{f,(X)|X CV}=0,
and if x can be represented as ta, using ta()) = 0,

ta € P(f) <= min{f1,(X)|X CV} =0,
ta ¢ P(f) <= min{fi,(X)| X CV} <O0.
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Casel 0<t<t*

Ex. 1.1 Ex.1.2 Ex.1.3

Case 2 t(=t* Case 3 t* <t

J

Ex.2.1 Ex.2.2 Ex.3.1

Figure 2: Relation between ¢ and t*

So we can decide whether ta € P(f) or ta ¢ P(f) by minimizing f,.

Now, for any t > 0, let us consider the conditions of “t < t*”, “t = t*” and “t > t*”. See
Figure 2 to understand each condition intuitively.

It follows from (4), (5), and the convexity of P(f) that

t>0,
min{ ft,(X) [ X CV} =0,

£>0,
min{ f;(X)| X CV} <0.

0<t<tr <= {

(6)
t* <t <— {

The condition (6) is not sufficient to compare ¢ with ¢*, because we cannot decide whether ¢ < t*
or t = t*. We consider the condition of ¢ = ¢t*. Remark that ¢ = t* and ta € OP(f) are not
equivalent (see Ex. 1.2 and Ex. 1.3 in Figure 2), where OP(f) is a “boundary” of P(f), that is,

OP(f) ={z eP(f)|3X €2V \{0} s.t. 2(X) = f(X)}.

Equation (4) directly implies that

t=t" <= tacP(f), Ve>0 (t+e)ad¢P(f),
< taeP(f), IXCVs.t. Ve>0 eca(X) > fia(X)(>0),
< taeP(f), IX € D(ta) s.t. a(X) >0,
< ta€P(f), max{a(X)| X € D(ta)} > 0. (7)

For ta € P(f), D(ta) always includes (), so max{a(X)|X € D(ta)} > 0. Thus using (6) and (7),



we obtain
t >0,
0<t<tr «— min{ fo(X)| X CV} =0,
max{a(X)| X € D(ta)} =0,
t>0,
f=t e min{fu(X)| X V=0, (8)
max{a(X)| X € D(ta)} > 0,

<t — t20,
min{ f;(X)| X CV} <O.

3 The Newton method for Problem LSSP

In this section we describe the Newton method for Problem LSSP. The Newton method is a
simple approach to Problem LSSP with weakly polynomial running time bound. It is left open
to verify if the Newton method for Problem LSSP runs in strongly polynomial time.

The Newton method for Problem LSSP uses an algorithm for submodular function mini-
mization as a subroutine. Let f : 2V — R be a submodular function and |V| = n. We assume
that for any given X C V a function value f(X) can be acquired by an oracle call. Let v denote
the upper bound on the time to compute the function value of f. An algorithm for submodular
function minimization is said to be a strongly polynomial time algorithm if the total number of
oracle calls for function evaluation and arithmetic operations, that is, additions, subtractions,
multiplications, divisions and comparisons, is bounded by some polynomial in n. Combinatorial
strongly polynomial time algorithms for submodular function minimization are given indepen-
dently by Iwata, Fleischer and Fujishige (IFF) [12] and Schrijver [19]. Fleishcer and Iwata [4]
described an improved variant of Schrijver’s algorithm. Iwata [11] described an improved variant
of the IFF algorithm and this algorithm achieves the best known bound on the running time,
O(y(n%log n) 4+ n"log n).

Let Algorithm SFM be some algorithm which finds a minimizer of a submodular function f :
2V — R with O(7°(n)) oracle calls for function evaluation and O(7”(n)) arithmetic operations
where 7°(n) and 7”(n) are some polynomials in n, for example, 7°(n) = n8log n and TA(n) =
n"log n. For simplicity, we assume n7°(n) = O(TA(n)). Let T(n) = y7T°(n) + TA(n). The
running time of Algorithm SFM is O(7 (n)).

Algorithm SFM (Submodular Function Minimization)

Input: A submodular function f: 2" — R.
Output: A minimizer of f.
Operation: Oracle calls for function evaluation, arithmetic operations.

Running Time:  O(T(n)) (T (n)=~T°%@n)+TA(n)).

We define a function h: R — R as

(t) = min {fia(X)} = min {f(X) ~ ta(X)}. ©

It is obvious that h is a concave function. As 0 € P(f), h(0) = 0. Since f,(0) = 0 for any
t € R, h(t) <0 for any t € R. Using (4), (5) and (9), we have

t* = max{t € R|h(t) =0}.



The graph of h is illustraited in Figure 3 by a thick curve.

h(t)

f(X1) — ta(Xy)

Figure 3: h(t)

For any ¢t € R we can obtain the value h(t) by running SFM(f — ta). For each v € V we
compute ta(v) in advance. A function evaluation of f — ta needs at most n + 1 steps, that is, a
function evaluation of f and at most n subtractions. Thus the time complexity of one iteration
in the Newton method is O((y +n) 7°(n) + T7"(n)). Since n7°(n) = O(7"(n)), f — ta can be
minimized in O(7 (n)) time.

The Newton method is described below. The process of Newton method is illustrated in
Figure 3.

The Newton method for Problem LSSP
Step 0: Find a set Xy C V such that a(Xy) > 0. Set t; := f(Xp)/a(Xp) (> t*). Set

1:=1.
Step 1: Obtain X; C V such that h(t;) = f(X;) — ta(X;) by running SEFM(f — ¢;a).
Step 2: If h(t;) =0, return t* := ¢; and stop. If h(t;) < 0 then set t;41 := f(X;)/a(X5)
and ¢ :=4+ 1. Go to Step 1.

As h(t) has at most 2" linear segments, the Newton method terminates in a finite number
of iterations. Let k£ be the number of iterations. Then

h(ti) = f(Xz) - tia(Xi) (Z =1,..., k)a (10)
tl' = f(Xi,l)/a(Xi,l) (Z = 1, ey k) . (11)

The following lemma is intuitively obvious. See Radzik [17, 18] for its proof.

Lemma 3.1 The Newton method for Problem LSSP terminates in a finite number of iterations.
Let k be the number of eterations. Then

(a) h(t1) < h(t2) <--- < h(ty) =0,

(b) t] >ta > >t =tF,

(c) a(Xo) > a(Xy) > -+ > a(Xk—1) > 0.



In general the sign of a(Xy) is undeterminable. But we can assume Xj := V, because
setting Xy, := V does not contradict (10), (11) and lemma 3.1. So throughout we can assume
that X3 = V. Thus lemma 3.1 (c) can be replaced with

a(Xo) > a(Xl) > > G(Xk_l) > a(Xk) =0.

If « € RY, it is known that the number of iterations of the Newton method for Problem
LSSP is at most n. (See Fujishige [5, §7.2], Fleischer and Iwata [4] for details.) It is left open
to verify if the Newton method for Problem LSSP runs in a strongly polynomial number of
iterations. An analysis based on Radzik [17, 18] gives a bound on the number of iterations of
the Newton method for a special class of the LSSP problem with an integer-valued submodular
function f and a integer vector a.

Theorem 3.2 Let f be a integer-valued nonnegative submodular function, and let a be a integer
vector which satisfies a ¢ RY. If maxycy |f(X)| < Uy, maxxcy |a(X)| < Us, the Newton
method for LSSP(f, 0, a) runs in O(log Uy + log Us) iterations.

4 A strongly polynomial algorithm

In this section we present a combinatorial strongly polynomial time algorithm for Problem
LSSP. We use a fully combinatorial strongly polynomial algorithm for submodular function
minimization [10, 11] as a subroutine and the parametric search method proposed by Megiddo
[13, 14].

Framework

Later we will describe two procedures for Comparison with the Optimal Value; Procedure COV
and Procedure L-COV. For any given nonnegative value ¢t > 0, we can tell whether “t < t*”,
“ = t*" or “t > t*” by running COV(t) in O(y Ty (n) + Tdhy(n)) time, where 7 (n) and
TCAOV(n) are some polynomials in n. Procedure L-COV is a similar procedure. For any given
t > 0, once ta(v) is computed for each v € V, it compares ¢ to t* with O(7%qy(n)) oracle
calls for function evaluation of f, and O(7"¢(n)) fully combinatorial operations, that is,
additions, subtractions and comparisons, where ’ZT_(_)COV(n) and ’ZT_F_CCOV(n) are some polynomials
in n. Moreover, if ¢t = t*, Procedure L-COV returns a subset X C V such that f(X) = t*a(X)
and a(X) > 0.

By running COV(0) we can tell whether t* = 0 or t* > 0. So we can assume that t* > 0. If
we knew the value of t* and run L-COV(t*), then it would return “t* = ¢*” and a subset X C V'
s.t. f(X) =t*a(X) and a(X) > 0, that is, t* = f(X)/a(X). We try to run L-COV(t*) without
knowing the value of t*. If we can run L-COV(t*) successfully without knowing the value of ¢*,
we can obtain t* by f(X)/a(X) using X C V s.t. f(X) =t*a(X) and a(X) > 0. The point is
how to run L-COV(t*) successfully without knowing the value of ¢*. To achieve this goal, we use
Megiddo’s parametric search method [13, 14].

Megiddo’s parametric search

We give a strongly polynomial time algorithm for Problem LSSP using the parametric search

technique of Megiddo [13, 14]. We explain this technique in the following paragraphs.
Operations used in running L-COV(t*) are additions, subtractions, comparisons, oracle calls

for function evaluation of f, and only n multiplications to obtain ¢*a(v) for each v € V. So each



value which appears in running L-COV(t*) can be represented as the form p — ¢qt* where values
p, q are known values and not functions of ¢t*. We consider trying to run L-COV(¢*) without
knowing the value of t* with all the values represented as linear functions of ¢t*. When values
are represented as linear functions of t*, each operation is done as follows:

Operation

An addition :

(p1 —t"q1) + (p2 — t*q2) == (p1 + p2) — t"(q1 + q2)
A subtraction :

(p1 —t"q1) — (p2 — t*q2) == (p1 — p2) — t" (@1 — q2)
A comparison :

(p1 —t*q1) > (p2 — t¥¢2)
or

(p1—=t"q1) 7 (p2 —t'q2) = (;1 —t"q1) = (p2 — t"q2)
or
(p1 —t*q1) < (p2 — t¥q2)
An addition of two linear functions of t* needs 2 scalar additions. A subtraction of two linear
functions of t* needs 2 scalar subtractions. So, even though ¢* is not known additions and
subtractions do not change the assymptotic running time of the procedure. A comparison of
two linear functions of t*, however, is not so easy as the other operations.

We now consider comparing two linear functions of t*. Let p1, p2, g1, g2 be known values.
Let us consider the comparison of p; — t*q; and ps — t*qo. Setting p = p1 — p2, ¢ = q1 — g2, We
want to decide whether p — t*¢ > 0, p —t*¢ = 0 or p — t*q < 0. Note that t* > 0. If pg <0, it
is easy to decide the sign of p — t*q using t* > 0 (see Fig. 4):

p=0,¢=0 — p—t'q=0,
p>0,¢<0, (p,qg) #0 = p—1t*q¢>0,
p<0,¢>0, (pg #0 = p—1tq¢<0.

Now let us assume that pg > 0. If p > 0 and ¢ > 0, then p/q > 0, and hence

p—tiq=0 <= p/q=1t",
p—1t'q>0 <= p/qg>t",
p—trg<0 < p/g<t’.

If p<0and g <0, then p/qg > 0 and hence

p—tq=0 <= p/q=1t",
p—tq>0 <= p/q<tt,
p—1tg<0 <= p/qg>t.

This analysis implies that we can obtain the sign of p — t*q if we can decide p/q > t*, p/q = t*
or p/q < t*. So a comparison of two linear functions of t* can be done by running Procedure
COVifpg>0.

Thus we can run L-COV(t*) successfully without knowing the value of ¢*.

We describe below Algorithm LSSP, which solves Problem LSSP within Megiddo’s parametric
search method.
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Figure 4: Signs of p — t*q

Algorithm LSSP
Step 1: Decide whether “t* = 0” or “t* > 0” by running COV(0). If t* = 0, then stop.
Step 2: Run L-COV(t*) without knowing the value of ¢* with all the values represented
as linear functions of ¢*. Each comparison of two linear functions of t* en-
counterd during the computation can be evaluated (if necessary) by running
Procedure COV. We can obtain X C V s.t. f(X) =t*a(X) and a(X) > 0.
Step 3: Return t* := f(X)/a(X).

We will show that Algorithm LSSP solves Problem LSSP in strongly polynomial time after
describing two procedures; Procedure COV and Procedure L-COV.

Comparison of ¢t with t*

Now let us consider describing Procedure COV and Procedure L-COV using (8). As a prepara-
tion for describing them, we introduce four algorithms; Algorithm FC-SFM, Algorithm SFM iy,
Algorithm FC-SFM;,, and Algorithm MFM.

An algorithm for submodular function minimization is said to be a fully combinatorial
strongly polynomial time algorithm if the total number of oracle calls for function evaluation
and fully combinatorial operations, that is, additions, subtractions and comparisons, is bounded
by some polynomial in n. Iwata [10] presented a fully combinatorial strongly polynomial time
algorithm for submodular function minimization as a variant of the IFF algorithm [12], and
later, Iwata [11] described an improved algorithm, which runs in O(vy(n®log? n) 4+ nlog? n)
time.

Let Algorithm FC-SFM be some algorithm which finds a minimizer of a submodular function
f 2V — R with O(Z2(n)) oracle calls for function evaluation of f and O(ZZ<(n)) fully
combinatorial operations, where 7:2(n) and 7F&(n) are some polynomials in n. For example,
TR (n) = n®log? n and TZ&(n) = n”log? n . For simplicity, we assume n 72 (n) = O(TZE(n)).
Let Tec(n) = v 72 (n) + T¢E(n). The running time of Algorithm FC-SFM is O(Zgc(n)).
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Algorithm FC-SFM (Fully Combinatorial algorithm for SFM)

Input: A submodular function f: 2" — R.
Output: A minimizer of f.
Operation: Oracle calls for function evaluation, fully combinatorial operations.

Running Time:  O(Zec(n)) (Trc(n) =~y TR (n) + TEE(n)).

Now we consider finding a minimal minimizer of f. It is known that the IFF algorithm
[12] finds a maximal minimizer. (Refer to Prop. 10.28. of Murota [15].) And similarly, Iwata’s
combinatorial strongly polynomial time algorithm [11] and Iwata’s fully combinatorial strongly
polynomial time algorithm [10, 11], which are improved variants of the IFF algorithm, find
maximal minimizers. If f : 2¥ — R is a submodular function, then a function f’ defined
as f'(X) = f(V\X) (X C V) is also a submodular function. So we can construct a (fully)
combinatorial strongly polynomial algorithm which finds a minimal minimizer of a submodular
function using the IFF algorithm or its variant. Note that an oracle call for function evaluation
of f' can be done in O(y+n) time. A minimal minimizer can also be computed easily using any
algorithm for submodular function minimization O(n) times. (Refer to Note.10.12. of Murota
15].)

Let Algorithm SFMp,i, be some combinatorial strongly polynomial time algorithm which
finds a minimal minimizer of a submodular function and let Algorithm FC-SFM,,;, be some
fully combinatorial strongly polynomial time algorithm which finds a minimal minimizer of a
submodular function. For simplicity we assume the running time of SFM i, is O(7 (n)) and that
of FC-SFMpin is O(Zgc(n)).

Algorithm SFMy,,

Input: A submodular function f: 2" — R.
Output: The minimal minimizer of f.
Operation: Oracle calls for function evaluation, arithmetic operations.

Running Time: O(T(n)) (T(n) =~vT°%n) +TA(n)).

Algorithm FC-SFM;,

Input: A submodular function f: 2" — R.
Output: The minimal minimizer of f.
Operation: Oracle calls for function evaluation, fully combinatorial operations.

Running Time:  O(Tec(n)) (Trc(n) =y T2 (n) + TEE(n) ).

Let U be a finite set and let D C 2V be a ring family. For a modular function g : D — R with
g(#) =0, g can be expressed as g(X) = b(X), VX € D, using some vector b € RV. Let b € RY,
and let us consider minimizing a modular function bp : D — R defined as (3). We can assume
w.lo.g. {0, U} C D. Even though ) ¢ D and/or U ¢ D, a modular function minimization
problem on a ring family D can be reduced to one in which {0, U} C D by replacing each
X € Dby X\({Y]Y € D} and U by ({Y|Y € D}. We need to have some infomation on D
in advance. We assume for each v € U the minimal set M, € D containing v is known. (This
is enough information about D. See, for example, Fujishige [5, §3.2].) Using a result of Picard
[16] the modular function minimization problem can be reduced to the minimum cut problem
of a network with O(|U|) vertices in O(|U|?) time, and Cunningham [2] showed the equivalence
between the modular function minimization problem and the minimum cut problem. For the
minimum cut problem, many combinatorial strongly polynomial time algorithms are known [1],
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and most of them are fully combinatorial. So we can construct a fully combinatorial strongly
polynomial time algorithm for modular function minimization over ring families. Using, for
example, the Goldberg-Tarjan algorithm [7] for solving the minimum cut problem, bp can be
minimized with O(|U|?) fully combinatorial operations. Let Algorithm MFM be some fully
combinatorial strongly polynomial time algorithm which finds a minimizer of a modular function
over a ring family D C 2V with Zypm(|U]|) fully combinatorial operations, where Tugm(|U]|) is
some polynomial in |U|. For example, Tuem(|U|) = |U|3. We can assume Tyrm(n) = O(7 (n))
and TMFm(n) = O('Tpc(n))

Algorithm MFM (Modular Function Minimization)

Input: A vector b € RV, and ring family D C 2V with {§), U} C D (Vv € U,
the minimal set M, € D containing v is known).

Output: A minimizer of bp.

Operation: Fully combinatorial operations.

Running time:  O(Tuem(|U))).

We describe below Procedure COV, which decide, for any given nonnegative value ¢ > 0,
whether “¢ < t*7, “t = ¢*” or “t > t*” using conditions (8) directly. In Step 1, we examine
whether ta € B(f) or not. In Step 2, we obtain information about D(ta). Note that D(ta)
always includes () but not necessarily includes V. Hence, for some v € V, there may not exist a
subset X such that v € X and X € D(ta). In Step 3, we maximize ap;,) and examine whether
t = t* or not.

Procedure COV (Comparison with the Optimal Value)
Input: A nonnegative value t > 0.
Output: A decision whether “t < t*7, “t = t*” or “t > t*”.
Operation: Oracle calls for function evaluation, arithmetic operations.
Step 1: Minimize f;, on 2" by running SFM(f3,).
If min{ f;,(X)| X C V} < 0 then stop (¢t > t¥).
Step 2: For each v € V, let f, : 2V\{¥} — R be a submodular function defined by
fo(X) = fra(X U{v}) (X € V\{v}). Find (if any) the minimal set M, €
D(ta) = arg min f;, containing v by running SFMmin(fy)-
Step 3: Maximize ap ) : D(ta) — R by running MFM(—a, D(ta)).
If max{a(X)| X € D(ta)} = 0 then stop (¢t < t¥).
If max{a(X)|X € D(ta)} > 0 then return the maximizer of ap,) and stop
(t =1t%).

Let us consider the running time of Procedure COV. In Procedure COV we run Algorithm SFM
once, Algorithm SFMp,i, n times, and Algorithm MFM once. Note that for any given X C V a
function value fi,(X) = f(X) — >_,cx ta(v) can be acquired by a function evaluation of f(X)
and at most n subtractions. (For each v € V' we compute ta(v) in advance.) So the running time
of SFM(f1a) is O((y +n) T9(n) + TA(n)). Since n7°(n) = O(T"(n)), fia can be minimized
in O(7 (n)) time. Thus, the total running time is O((n + 1)7 (n) + Zurm(n)) = O(n7 (n)). Let
T&y(n) = nTO(n), T&y(n) = nTA(n), and let Tcov(n) = nT(n) (= vIQy(n) + Ty (n)).
The time complexity of Procedure COV is O(Zcov(n)).

Let Procedure L-COV be a procedure which is obtained by replacing Algorithm SFM and
Algorithm SFM,;, by Algorithm FC-SFM and Algorithm FC-SFM,i, respectively in Procedure

12



COV. For any given t > 0, once ta(v) is computed for each v € V', Procedure L-COV compares
t to t* with O(7,%oy(n)) oracle calls for function evaluation of f, and O(7; &q,/(n)) fully com-
binatorial operations, where 7%y (n) = n 72 (n) and 7,F¢, (n) = n TEE(n). And moreover
if t = t*, Procedure L-COV returns a subset X C V s.t. f(X) = t*a(X) and a(X) > 0. Let
Ti-cov(n) = nTec(n) (= *ﬂ]_(_)cov(n) + ’ZT_F_CCOV(TL)) The time complexity of Procedure L-COV is
O(7i-cov(n)).

Complexity

Finally, we conclude the paper with the following theorem.
Theorem 4.1 Algorithm LSSP solves LSSP(f, 0, a) in strongly polynomial time.

Proof The running time in Step 1is O(Zcov(n)). In Step 2, O(7, oy (7)) comparisons of linear
functions of t* are evaluated and the running time of the other part is O(7 -cov(n)). So the total
running time is O(Zcov(n) + Ti-cov(n) + T\ ¢oy (n)Tcov(n)) = O(nTrc(n) + n? TEE(n)T (n)),
that is, strongly polynomial time. [
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