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Abstract. The concept of neighbor system, introduced by Hartvigsen
(2009), is a set of integral vectors satisfying a certain combinatorial prop-
erty. In this paper, we reveal the relationship of neighbor systems with
jump systems and with bisubmodular polyhedra. We firstly prove that
for every neighbor system, there exists a jump system which has the same
neighborhood structure as the original neighbor system. This statement
shows that the concept of neighbor system is essentially equivalent to
that of jump system. We then show that the convex closure of a neigh-
bor system is an integral bisubmodular polyhedron. In addition, we give a
characterization of neighbor systems using bisubmodular polyhedra. Fi-
nally, we consider the problem of minimizing a separable convex function
on a neighbor system. By using the relationship between neighbor sys-
tems and jump systems shown in this paper, we prove that the problem
can be solved in weakly-polynomial time for a class of neighbor systems.

1 Introduction

The concept of neighbor system, introduced by Hartvigsen [14], is a set of integral
vectors satisfying a certain combinatorial property. The definition of neighbor
system is as follows. Throughout this paper, let E be a finite set with n elements.
Let F be a set of integral vectors in Z¥ . For z, y € F, we say that y is a neighbor
of z if there exist some vector d € {0,+1, —1}F with |{e € E | d(e) # 0}| < 2
and a positive integer o such that y = x4+ ad and z + o'd ¢ F for all o/ € Z
with 0 < o < a. The set F is called an (all-)neighbor system if it satisfies the
following axiom:

for every x,y € F and i € E with x(i) # y(i), there exists a neighbor z € F of
x such that min{z(e),y(e)} < z(e) < max{z(e),y(e)} (Ve € E) and 2(i) # x(3).

See Fig. 1 for an example of a 2-dimensional neighbor system. Given a positive
integer k, a neighbor system F is said to be an Ny-neighbor system if we can
always choose a neighbor z in the axiom above such that ||z — z||; < k. For
example, the neighbor system in Fig. 1 is an Ng-neighbor system for every k > 3,
but not for k = 1,2 since if x = (0,2) and y = (3,5) then we do not have such a
neighbor z with ||z — z||; < 2.

Neighbor system is a common generalization of various concepts such as
matroid, integral polymatroid, delta-matroid, integral bisubmodular polyhedron,
and jump systems. Below we review these concepts; see [12] for more accounts.
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Fig. 1. An example of 2-dimensional neighbor system, where the black dots represents
integral vectors in the neighbor system

Matroids. The concept of matroid is introduced by Whitney [21]. One of the
important results on matroids, from the viewpoint of combinatorial optimization,
is the validity of a greedy algorithm for linear optimization (see, e.g., [11]).
Integral Polymatroids. The concept of polymatroid is introduced by Edmonds
[10] as a generalization of matroids. A polymatroid is a polyhedron defined by a
monotone submodular function, and a greedy algorithm for matroids can be nat-
urally extends to polymatroids. The minimization of separable-convex function
can be also done in a greedy way, and efficient algorithms have been proposed
(see, e.g., [13,15]).

Delta-Matroids. The concept of delta-matroid (or pseudomatroid) is intro-
duced by Bouchet [5] and Chandrasekaran and Kabadi [7]. A delta-matroid can
be seen as a family of subsets of a ground set with a nice combinatorial structure,
and generalizes the concept of matroid. A more general greedy algorithm works
for the linear optimization on a delta-matroid.

Integral Bisubmodular Polyhedron. The concept of bisubmodular polyhe-
dron (or polypseudomatroid), introduced by Chandrasekaran and Kabadi [7]
(see also [6,12]), is a common generalization of polymatroid and delta-matroid.
For the following discussion, we give a precise definition. We denote 3 =
{(X)Y) | X,Y CE, XNY = 0}. For any z € R¥ and (X,Y) € 3% we
define (X, Y) =3, v (i) — >, cy 2(i). A function p : 3% — RU{+o0} is said
to be bisubmodular if it satisfies the bisubmodular inequality:

p(X1, Y1) + p(X2,Y2) = p((X1 U X2) \ (Y1 UY2), (Y1 UY2) \ (X1 U X2))
+p(X1 N X, Y1 NY3) (V(X1, Y1), (X2,Y2) € 37).

For a function p : 3 — R U {400} with p(0,0) = 0, we define a polyhedron
P.(p) CRE by P.(p) = {z e RF | 2(X,Y) < p(X,Y) ((X,Y) € 3F)}, which is
called a bisubmodular polyhedron if p is bisubmodular. Bisubmodular polyhedra
constitute an important class of polyhedra on which a simple greedy algorithm
works for linear optimization. In addition, separable convex function minimiza-
tion can be done in a greedy manner [2].

Jump Systems. The concept of jump system is introduced by Bouchet and
Cunningham [6], which is a common generalization of delta-matroid and the set
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of integral vectors in an integral bisubmodular polyhedron. Interesting examples
of jump systems can be found in the set of degree sequences of the subgraphs
of undirected and directed graphs; for example, matchings and b-matchings in
undirected graphs [6,8,16] and even-factors in directed graphs [17]. Validity of
certain greedy algorithms is shown in [6] for the linear optimization and in [3] for
separable-convex function minimization. Moreover, a polynomial-time algorithm
for separable-convex function minimization is given in [20].

We give a precise definition of jump systems. For i € E, the characteristic
vector y; € {0, 1} is the vector such that y;(i) = 1 and x;(e) = 0 for e € E\ {i}.
Denote by U the set of vectors +x., —Xe (e € E). For vectors x,y € Z¥, define
inc(z,y) = {p € U | x + p is between = and y}. A set J C ZF is a jump system
if it satisfies the following axiom:

(J) for every z,y € J and every p € inc(z,y), if x +p € J then there exists
q € inc(z + p,y) such that t +p+q € J.

Note that a jump system is equivalent to an Na-neighbor system [14].

We give two additional examples of neighbor systems which are not jump
systems. The neighbor system in Fig. 1 is also an example of a neighbor system
which is not a jump system.

Example 1.1 (Expansion of jump systems). For a jump system J C Z% and a
positive integer k, the set {kz € Z¥ | x € J} is an Ng-neighbor system [14].

Ezample 1.2 (Rectilinear grid). Let u € Z¥ be a nonnegative vector, and for
e € E, let 7 : [0,u(e)] — Z be a strictly increasing function. Then, the set of
(me(z(e)) | e € E) for vectors z € Z¥ with 2 < u is an all-neighbor system.

These examples, in particular, show that a neighbor system may have a “hole,”
as in the case of jump system, and it can be arbitrarily large.

Neighbor systems provide a systematic and simple way to characterize ma-
troids and its generalizations for which greedy algorithms work for linear op-
timization. Indeed, it is shown that linear optimization on a neighbor system
can be solved by a greedy algorithm, and that the greedy algorithm runs in
polynomial time for Ng-neighbor systems for every fixed k [14].

The main aim of this paper is to reveal the relationship of neighbor systems
with jump systems and with bisubmodular polyhedra. We firstly prove that for
every neighbor system F C ZF, there exists a jump system J C Z¥ which has
the same neighborhood structure as the neighbor system F (see Th. 3.1). This
means that the concept of neighbor system is essentially equivalent to that of
jump system, although the class of neighbor systems properly contains that of
jump systems. Our result implies that every property of jump systems can be
restated in terms of neighbor systems by using the equivalence. Indeed, we show
in Section 5 that several useful properties of jump systems naturally extend to
neighbor systems.

We then discuss the relationship between neighbor systems and bisubmod-
ular polyhedra. It is known that the convex closure of a jump system, which
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is a special case of neighbor systems, is an integral bisubmodular polyhedron
[6]. We show that the convex closure of a neighbor system is also an integral
bisubmodular polyhedron (see Th. 4.1). In addition, we give a characterization
of neighbor systems using bisubmodular polyhedra, stating that a set of integral
vectors is a neighbor system if and only if the convex closure of its restriction
with an interval is always an integral bisubmodular polyhedron (see Th. 4.2).
This result implies, in particular, that a simple greedy algorithm for the linear
optimization on a bisubmodular polyhedron described below can be also used
for neighbor systems (see [9],[12, §3.5 (b)] for the greedy algorithm of this type).

Greedy algorithm for the minimization of a linear function

Step 0: Let zy be any vector in F and put z := xy. Order the elements in
E ={ej,ea,...,e,} and compute an integer k so that |w(ey)| > -+ > |w(eg)| >
[wlensa)] = -+ = [w(en)| = 0.

Step 1: For i = 1,2, ..., k, do the following: if w(e;) > 0 (resp., w(e;) < 0), then
fix the components z(e1),z(e2), ... ,x(e;—1) and decrease (resp., increase) z(e;)
as much as possible under the condition = € F.

As an application of the results shown in this paper, we consider the separable
convex optimization problem on neighbor systems and show that the problem can
be solved efficiently. Given a family of univariate convex functions f. : Z — R
(e € F) and a finite neighbor system F C Z*, we consider the following problem:

(SC) Minimize f(z) =) . fe(z(e)) subject to x € F.

For a special case where F is a jump system, it is shown that the problem (SC)
can be solved in pseudo-polynomial time by a greedy-type algorithm [3], and in
weakly-polynomial time by an algorithm called the domain reduction algorithm
[20]. We extend these algorithms for jump systems to neighbor systems.

To do this, we show that the problem (SC) on a neighbor system can be re-
duced to the problem (SC’) of minimizing a separable convex function on a jump
system by using the relationship between neighbor systems and jump systems
shown in this paper. Note that this reduction does not yield efficient algorithms
for neighbor systems since it requires exponential time. Instead, we extend the
properties used in the algorithms for jump systems to neighbor systems, which
enables us to develop efficient algorithms for neighbor systems.

The organization of this paper is as follows. Section 2 is devoted to preliminar-
ies on the fundamental concepts discussed in this paper. We discuss the relation-
ship of neighbor systems with jump systems and with bisubmodular polyhedra
in Sections 3 and 4, respectively. In Section 5, we propose efficient algorithms
for (SC). Due to the page limit, most of the proofs are given in Appendix.

2 Preliminaries

We denote by Z,Z,Z ; the sets of integers, nonnegative integers, and positive
integers, respectively. We denote by R the set of real numbers. For vectors ¢ €
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(ZU{—00})¥ and u € (Z U {+o0})¥ with ¢ < u, we define the integer interval
[¢,u] as the set of integral vectors x € Z¥ with £(e) < z(e) < u(e) (Ve € E).

We review the original definition of neighbor systems in [14] using the concept
of neighbor function. A neighbor function, denoted by N, is a function that takes
as input any set F C Z¥ with any z € F and outputs a subset of the neighbors
of z in F, denoted by N (F,z). In particular, N%(F,x) (resp., Ni(F,z)) denotes
the set of all neighbors of z in F (resp., the set of all neighbors y of z in F with
lly — z||1 < k). For vectors z,y,z € Z¥, z is said to be between z and y if
min{z(e),y(e)} < 2(e) < max{z(e),y(e)} (Ve € E). Given a set F C Z¥ and
a neighbor function N, we say that F is an N-neighbor system if the following
condition holds:

(NNS) for every =,y € F and every i € E with (i) # y(4), there exists
z € N(F,z) such that z is between = and y and z(7) # x(4).

An N-neighbor system is an all-neighbor system if N = N¢ and an Ng-neighbor
system if N = Ng.

In the following discussion, we use an equivalent axiom of neighbor systems
given below. Then, (NNS) can be rewritten as follows:

(NNS’) for every z,y € F and every p € inc(z,y), there exist ¢ €
inc(z,y) U{0}\ {p} and o € Z ; such that '’ = x+a(p+q) € N(F,z)
and z’ is between x and y.

We note that the axiom (NNS') is similar to the axiom (J) for jump systems.
The class of neighbor systems is closed under the following operations.

Proposition 2.1 (cf. [14]). Let F C Z™ be an N-neighbor system.

(i) For a positive integer m > 0, define a set F' = {mx | x € F} and a neighbor
function N" by N'(F',mz) = {my | y € N(F,x)}. Then, F' is an N'-neighbor
system.

(ii) For a vector s € {+1,—1}E, we define a set Fs = {(s(e)z(e) | e € E) |
x € F} and a neighbor function Ny by Ns(Fs,y) = {(s(e)z’(e) | e € E) | 2’ €
N(F,z)} fory = (s(e)x(e) | e € E) € Fs. Then, Fs is an Ng-neighbor system.
(iii) For vectors £,u € ZF with ¢ < wu and F N [€,u] # 0, the set F N [l,u] is an
N-neighbor system.

(iv) For a vector a € ZF, the set {x +a | x € F} is an N'-neighbor system,
where N'(F +a,z) ={y+a|ye N(F,x)}.

We introduce a concept of proper neighbor for neighbor systems. For p € U,
we define e(p) to be the element e € E satisfying p € {+Xx¢, —X¢}. For a neighbor
system F and vectors z,y € F, we say that y is a proper neighbor of x in F if
y is a neighbor of x satisfying either of the conditions (i) or (ii), where

(i) there exist some « € Z; 4 and p € U such that y — x = ap,
(ii) there exist some a € Zy 4 and p,q € U with e(p) # e(q) such that
y—xz=a(p+q) and 2+ o'p ¢ F for all o/ with 0 < o’ < a.
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To illustrate the concept of proper neighbor, consider the neighbor system in
Fig. 1. The vector (6,2) is a proper neighbor of (4,0) since (5,0) and (6,0) are
not in F. The vector (6,5) is a neighbor of (3,2), but not a proper neighbor of
(3,2) since (4,2),(3,5) € F.

For jump system, which is a special case of neighbor system, the definition of
proper neighbor can be simplified as follows; for a jump system J and vectors
x,y € J, the vector y is said to be a proper neighbor of x in J if it satisfies
either of the conditions (i) and (ii), where

(i) y—x=pory—ax=2pfor some p € U,
(ii) y — 2 = p+ ¢ for some p,q € U such that ¢ # —pand 2 +p & J.

3 Relationship between Neighbor Systems and Jump
Systems

We discuss the relationship between neighbor systems and jump systems. It is
shown that for every neighbor system, there exists a jump system which has the
same neighborhood structure as the original neighbor system.

Theorem 3.1. Let F C ZF be an all-neighbor system. Then, there exist a jump
system J C ZF and a bijective function © : J — F satisfying the following
property:

for every x,y € F, the vector x is a proper neighbor of y in F if and only if
7~ Y(x) is a proper neighbor of 7= 1(y) in J, where 7= : F — J is the inverse
function of .

Proof. Let F C Z¥ be an all-neighbor system. By Proposition 2.1 (iv), we may
assume, without loss of generality, that F contains the zero vector 0. For e € F,
we define a set F. C Z by

Fe={a|a€Z, Jx e F st z(e) =a}.
Define the numbers u(e) € Z U {+oo} and {(e) € Z U {—c0} by

u(e) = the number of positive integers in Fe,

I(e) = —(the number of negative integers in F,).
We also define a function 7 : [¢(e), u(e)] — Z by 7 (0) = 0 and

7e(k) = the k-th smallest positive integer in F, (if0<k

u(e)),
7e(—k) = the k-th largest negative integer in F, (if £(e) < —k

<
< < 0).

Then, each 7, is a strictly increasing function in the interval [{(e),u(e)]. We
define a set J C Z*” and a function 7 : 7 — F by
T =1{2€ZF | (re(z(e)) | e € E) € F}, w(z) = (me(2(e)) |e € E) (z€ J).

By the definitions of 7. and 7, the function 7 is bijective.
To complete the proof of Theorem 3.1, it suffices to show the following:
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Lemma 3.1.

(i) The set J is a jump system.

(ii) For every x,y € F, the vector x is a proper neighbor of y in F if and only
if 7=Y(z) is a proper neighbor of ~1(y) in J.

The proof of (i) and (ii) are given in Sections A.1 and A.2, respectively. O

4 Polyhedral Structure of Neighbor Systems

We prove the following theorems concerning the polyhedral structure of the
convex closure of neighbor systems. For a set F C Z"™, we denote by conv(F) (C
R"™) the convex closure (closed convex hull) of F.

Theorem 4.1. For every all-neighbor system F C ZF | its conver closure conv(F)
is an integral bisubmodular polyhedron.

It should be noted that Theorem 4.1 does not follow immediately from Theo-
rem 3.1 and the fact that the convex closure of a jump system is an integral
bisubmodular polyhedron [6].

We also provide a characterization of neighbor systems by the property that
the convex closure is a bisubmodular polyhedron.

Theorem 4.2. A nonempty set F C ZF is an all-neighbor system if and only
if for all vectors £, u € Z¥ satisfying ¢ < u and F N [,u] # 0, the convex closure
conv(F N [¢,u]) is an integral bisubmodular polyhedron.

Below we give proofs of Theorems 4.1 and 4.2.

Proof of Theorem 4.1. Let F C Z¥ be a neighbor system, and p : 3¥ — RU
{+0o0} is a function defined by p(X,Y) = sup{z(X) —z(Y) |z € F} (X,Y) €
3%). Note that p(0,0) = 0 and the value p(X,Y) is integer if p(X,Y) < +oo.
To prove Theorem 4.1, it suffices to show that the function p is a bisubmodular
function satisfying conv(F) = P.(p).

We here consider only the case where F is a finite set; the case where F is
not necessarily a finite set is given in Section A.6. Then, p(X,Y) < +oo holds
for all (X,Y) € 3F. We give a key property to show Theorem 4.1, where the
proof is given in Section A.3.

Lemma 4.1. For every (A,B) € 3% with AUB = E and all subsets Vi, Va, ... , Vi
(k> 1) of E with Vi, C Vo C -+ C Vj, there exists some x € F such that
x(ViNnA,VinB)=p(ViNAV;NB) fort=1,2,... k.

To show the bisubmodularity of p, we use the following characterization.
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Lemma 4.2 ([4, Th. 2]). A function p : 3¥ — R is bisubmodular if and only
if p satisfies the following conditions:

pP(XNAXNB)+p(YNAYNB)
>p((XUY)NA (XUY)NB)+p((XNY)NA(XNY)NB)
(V(A,B) € 3% with AUB = E,¥X,Y €2F), (1)
p(X U{i},Y) + p(X, Y U{i}) > 2p(X,Y)
(V(X,Y) €3, Vie E\ (XUY)). (2)

Note that the condition (1) is equivalent to the submodularity of the function
pap 2N — R defined by pa p(X) = p(XNA, XNB) (X € 2V). By using this
characterization, we prove that the function p is bisubmodular, where the proof
is given in Section A.4.

Lemma 4.3. The function p is bisubmodular.

To show the equation conv(F) = P.(p), we use the following characterization
of extreme points in a bounded bisubmodular polyhedron.

Lemma 4.4 ([12, Cor. 3.59)]). Let p: 3% — R be a bisubmodular function. A
vector & € R¥ is an extreme point of P.(p) if and only if there exist (A, B) € 3F
with AUB = E and subsets Vo, V1,... , Vo of EwithO=Vo Cc Vi C--- C V1 C
Vi = E such that x(V; N A, V; N B) = p(V; N A, V;NB) fort=1,2,... ,n.

Lemma 4.5. It holds that conv(F) = P.(p).

Proof. By the definition of P.(p), it is easy to see that conv(F) C P.(p). To
show the reverse inclusion, it suffices to show that every extreme point of P, (p)
is contained in F, which follows from Lemmas 4.1 and 4.4. a

Proof of Theorem 4.2. The “only if” part is immediate from Theorem 4.1
and Proposition 2.1 (iii). In the following, we prove the “if” part. Let 2,y € F
and i € E with x(i) # y(7). Assume, without loss of generality, that z(i) > y(i).

Lemma 4.6. There exists some zg € F such that zo is between x and y and
z0(7) > x(7).

The proof of this lemma is given in Section A.5. Let o be the minimum positive
number such that azo + (1 — @)z € F, and put z = azp + (1 — a)x. Then, z is
a neighbor of x between = and y and satisfies z(¢) > x(¢). This concludes the
proof of Theorem 4.2.

5 Separable Convex Optimization on Neighbor Systems

We consider the problem (SC) of minimizing a separable convex function on a
finite neighbor system. We propose a greedy algorithm for the problem (SC) and
show that it runs in pseudo-polynomial time. We then show that the problem
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(SC) can be solved in weakly polynomial time if F is an Nj-neighbor system
with a fixed k.

We put n = |E|, and define the size of F by &(F) = max.cp[maxzecr x(e) —
minger x(e)]. It is assumed that we are given a membership oracle for F, which
enables us to check whether a given vector is contained in F or not in constant
time. For simplicity, we mainly assume in this section that F is an Ng-neighbor
system for some k; note that a finite all-neighbor system can be seen as an
Ng-neighbor system with k = @(F).

5.1 Theorems

We show some useful properties in developing efficient algorithms for (SC). The
next theorem shows that the optimality of a vector can be characterized by a
local optimality.

Theorem 5.1. A vector x € F is an optimal solution of (SC) if and only if
f(x) < f(y) for every proper neighbor y of x.

The next property shows that a given nonoptimal vector in F can be easily
separated from an optimal solution.

Theorem 5.2. Let x € F be a vector which is not an optimal solution of (SC).
Let @' = x4+ a.(ps« + ¢«) be a proper neighbor of x in F such that p, € U,
g« € UU{0}\ {+ps, s}, o € Zyy, and f(2') < f(x). Suppose that x'
minimizes the value {f(x + a.p«) — f(x)}/ax among all such vectors. Then,
there exists an optimal solution x, of (SC) satisfying

{w*(z‘) <a(i) — o— (if pe = —x0),
T4 (i) > 2(i) + ay (if P« = +X3),

where o = min{z(i) —y(i) |y € F, y(i) < (i)} and oy = min{y(i) — =(7) |
y e F, y(i) > x(i)}.

To prove Theorems 5.1 and 5.2, we show that the problem (SC) can be
reduced to the problem (SC’) of minimizing a separable convex function on
a jump system by using the relationship between neighbor systems and jump
systems shown in Section 3.

We define vectors £, v € Z¥, a jump system J C Z¥, and a family of strictly
increasing functions 7. : [l(e),u(e)] — Z (e € E) as in Section 3. We define
functions g, : [¢(e),u(e)] — R (e € E) by

ge(@) = fe(me(@))  (a € [l(e),u(e))).

Note that g. is a convex function since f, is a convex function. Then, the problem
(SC) for a neighbor system F can be reduced to the following problem:

(SC’)  Minimize g(z) = Y . ge(z(e)) subject to x € 7,
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which is the minimization of a separable convex function g on a jump system 7.
For the problem (SC’), the following properties are known.

Theorem 5.3 (cf. [3, Cor. 4.2]). A vector x € J is an optimal solution of
(SC') if and only if g(x) < g(y) for all proper neighbors y of x in J.

Theorem 5.4 (cf. [20, Th. 4.2]). Let x € J be a vector that is not an optimal
solution of (SC'). Let &' = x + p. + q« be a proper neighbor of x in J such that
pe €U, g € UU{0}, and g(2') < g(x), and suppose that x' minimizes the value
g(x + p«) among all such vectors. Then, there exists an optimal solution x. € J
of (SC') satisfying x« (i) < x(i) —1 if p. = —xi and x.(i) > x(i) + 1 if p. = +x4-

Then, Theorems 5.1 and 5.2 are just the restatement of Theorems 5.3 and 5.4
by using Theorem 3.1 and the equivalence between (SC) and (SC’).

We then show that the check of local optimality in the sense of Theorem
5.1 and the computation of a proper neighbor z’ in Theorem 5.2 can be done
efficiently. The proof is given in Section A.7.

Theorem 5.5. Let F C Z¥ be an Ny-neighbor system. For x € F, all proper
neighbors of x can be computed in O(n?k) time.

5.2 Pseudopolynomial-Time Algorithm

Based on Theorems 5.1 and 5.2, we propose a greedy algorithm for solving the
problem (SC). The greedy algorithm maintains an interval [a, b], where a,b € Z¥
containing an optimal solution of (SC). Note that F N [a, b] is a neighbor system
by Proposition 2.1 (iii). The vectors a and b are updated by using Theorem
5.2 so that the value ||b — al|; reduces in each iteration, and finally an optimal
solution is found. Recall that F is assumed to be a finite Ni-neighbor system.
We assume that an initial vector zg € F is given.

Algorithm GREEDY
Step 0: Let x := z¢ € F. Set a(e) := ax(e) and b(e) := bx(e), where

ar(e) :=min{z(e) |z € F}, br(e):=max{z(e) |z € F} (e€ E). (3)

Step 1: If f(z) < f(y) for all proper neighbors y of « in F N [a, b], then stop (x
is optimal).

Step 2: Let 2’ = z+ . (p« +q+) be a proper neighbor of z in FN|[a, b] such that
px €U, g € UU{0}\ {+pu, —ps}, @ € Zyy, and f(2') < f(z), and suppose
that 2’ minimizes the value {f(x + a.p.) — f(x)}/a. among all such vectors.
Step 3: Modify a or b as follows:

b(l) = .Z‘(Z) — _ (lf Psx = _Xi)a (4)
a(i) :=x(i) + ay (if px = +x4),
where a_, ay are defined by

a- = min{e(i) - y(i) | y € FN[a,b], y(i) < (i)},

)Y (5)

ar =min{y(i) —z() |y € FNla,b], y@) > z(i
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Set x := 2’. Go to Step 1. O

We show the validity of the algorithm. By Theorem 5.1, the output x of the
algorithm is a minimizer of the function f in the set F N [a,b]. We see from
Theorem 5.2 that the set F N [a, b] always contains an optimal solution of (SC).
Hence, the output x of the algorithm is an optimal solution of (SC).

Time complexity analysis is given in Section A.8.

Theorem 5.6. The algorithm GREEDY finds an optimal solution of the problem
(SC). The running time is O(n>®(F)?) if F is an all-neighbor system, and
O(n®k®(F))) if F is an Ni-neighbor system and the value k is given.

5.3 Polynomial-Time Algorithm

We propose a faster algorithm for (SC) based on the domain reduction approach.
The domain reduction approach is used in [19,20] to develop polynomial-time
algorithms for various discrete convex function minimization problems. We show
that the proposed algorithm runs in weakly polynomial time if F is an Nj-
neighbor system with a fixed k& and the value k is known a priori.

Given an Nj-neighbor system F C ZF, we define a set F* C ZF by F* =
F N [a%,b%], where ar, by € ZF are defined by (3) and

n n

a(e) = aple) + | L2 | by (e) = bp(e) - [z | (e ),
The following properties of the set F*® are proved in Section A.9.

Theorem 5.7. Let F C ZF be an Nj-neighbor system.

(i) The set F* is nonempty and hence an Ny-neighbor system.

(ii) A vector in F* can be found in O(n3klog ®(F)) time, provided a vector in
F is given.

The algorithm is as follows. Assume that an initial vector xg € F is given.

Algorithm DOMAIN_REDUCTION

Step 0: Set a :=ax and b :=bf.

Step 1: Find a vector z € (F N Ja,b])°.

Step 2: If f(z) < f(y) for all proper neighbors y of = in F N [a, b], then stop.
Step 3: Let ' = z + a.(p« +¢«) be a proper neighbor of z in F N [a, b] satisfying
the same condition as in Step 2 of GREEDY.

Step 4: Modify @ or b by (4). Go to Step 1. O

The validity of this algorithm can be shown in a similar way as the algorithm
GREEDY. The analysis of the time complexity is given in Section A.10, where
the following property is the key to obtain a polynomial bound.

Lemma 5.1. Let p,. be the vector chosen in Step 3 of the m-th iteration, and
i =e(ps) € E. Then, we have by, 11(1) — am+41(i) < (1 — 1/nk) (b (i) — am(4)).

Theorem 5.8. The algorithm DOMAIN_REDUCTION finds an optimal solution
of the problem (SC) in O(n°k?(log ®(F))?) time if F is an Ny-neighbor system.



12

A. Shioura

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

K. Ando and S. Fujishige. On structure of bisubmodular polyhedra. Math. Pro-
gramming 74 (1996) 293-317.

K. Ando, S. Fujishige, and T. Naitoh. A greedy algorithm for minimizing a separa-
ble convex function over an integral bisubmodular polyhedron. J. Oper. Res. Soc.
Japan 37 (1994) 188-196.

K. Ando, S. Fujishige, T. Naitoh. A greedy algorithm for minimizing a separable
convex function over a finite jump system. J. Oper. Res. Soc. Japan 38 (1995)
362-375.

K. Ando, S. Fujishige, T. Naitoh. A characterization of bisubmodular functions.
Discrete Math. 148 (1996) 299-303.

A. Bouchet. Greedy algorithm and symmetric matroids. Math. Programming 38
(1987) 147-159.

A. Bouchet and W. H. Cunningham. Delta-matroids, jump systems and bisubmod-
ular polyhedra. SIAM J. Discrete Math. 8 (1995) 17-32.

R. Chandrasekaran and S. N. Kabadi. Pseudomatroids. Discrete Math. 71 (1988)
205-217.

W. H. Cunningham. Matching, matroids, and extensions. Math. Program. 91
(2002) 515-542.

F. D. J. Dunstan and D. J. A. Welsh. A greedy algorithm for solving a certain
class of linear programmes. Math. Programming 5 (1973) 338-353.

J. Edmonds. Submodular functions, matroids, and certain polyhedra. Combinato-
rial Structures and their Applications, pp. 69—87 Gordon and Breach, 1970.

J. Edmonds. Matroids and the greedy algorithm. Math. Programming 1 (1971)
127-136.

S. Fujishige. Submodular Functions and Optimization, Second Edition. Elsevier,
2005.

H. Groenevelt. Two algorithms for maximizing a separable concave function over a
polymatroid feasible region. European J. Operational Research 54 (1991) 227-236.
D. Hartvigsen. Neighbor system and the greedy algorithm (extended abstract).
RIMS Kokytroku Bessatsu (2010), to appear.

D. S. Hochbaum. Lower and upper bounds for the allocation problem and other
nonlinear optimization problems. Math. Oper. Res. 19 (1994) 390-409.

Y. Kobayashi, J. Szabo, and K. Takazawa. A proof to Cunningham’s conjecture
on restricted subgraphs and jump systems. TR-2010-04, Egervary Research Group,
Budapest (2010).

Y. Kobayashi and K. Takazawa. Even factors, jump systems, and discrete convex-
ity. J. Combin. Theory, Ser. B 99 (2009) 139-161.

L. Lovasz. The membership problem in jump systems. J. Combin. Theory, Ser. B
70 (1997) 45-66.

A. Shioura. Minimization of an M-convex function. Discrete Appl. Math. 84 (1998)
215-220.

A. Shioura, K. Tanaka. Polynomial-time algorithms for linear and convex opti-
mization on jump systems. SIAM J. Discrete Math. 21 (2007) 504-522.

H. Whitney. On the abstract properties of linear dependence. Amer. J. Math. 57
(1935) 509-533.



Neighbor Systems, Jump Systems, and Bisubmodular Polyhedra 13

A Appendix: Proofs

A.1 Proof of Lemma 3.1 (i)
To prove Lemma 3.1 (i), we use the following lemmas.

Lemma A.1. Let z € F and suppose that z + ap + Bq € F holds for some
p,q € U with e(p) # e(q) and o, 3 € Z,. Then, there exists some o € Z such
that 0 <o/ <a, a—d' <3, and z+d'pe F.

Proof. Consider a vector z’ € F of the form 2’ = 2+ (o — &)p + (8 — 9)gq, where
¢ and § are nonnegative integers satisfying ¢ < «, § < (3, and € < §. Note that
such a vector exists when € = § = 0. Suppose that the vector z’ maximizes the
value § among all such vectors.

Suppose, to the contrary, that § < (. Since —q € inc(2’, z), the property
(NNS') implies that there exists some integers €', such that 0 < &’ < a — ¢,
0<d <B-46,¢ €{0,0}, and

2 —ep-dg=z4+(a—e-p+(B-0-0)gcF,

which is a contradiction to the choice of z’. Hence, we have 6 = . Then, it holds
that 2/ = z 4+ (e —¢e)p € F and 0 < ¢ < min{a, S}, i.e., the statement of the
lemma holds.

Lemma A.2. Let z € F, and p1,p2,ps € U be vectors such that the elements
e(p1),e(p2),e(ps) are distinct. Suppose that z + a1p1 + aapa + asps € F holds
for some a1, an, a3 € Z. Then, there exist some integers oy and oy such that
0<a] <a,0< o) <ag, (o —a))+(az—ah) < as, and z+ap1 +abps € F.

Proof. The proof is similar to that for Lemma A.1 and therefore omitted.

We now show that J is a jump system. Let 2,7 € J, and p € inc(Z,g), and
suppose that « + p ¢ J. By Proposition 2.1 (ii), we may assume that p = +x;
for some ¢ € E. We will show that

dq € inc(Z + x5, 9) such that 2+ x; + ¢ € J. (6)

Define z,y € F by « = 7(%) and y = (7). Then, we have +y; € inc(z,y)
since +x; € inc(Z,g) and each 7, is a strictly increasing function.

We firstly consider the case where there exists some a. € Zy. such that
x4+ aux; € F and 0 < au < y(i) — x(4). We note that Z(i) < g(¢) < u(i) since
+xi € inc(Z, §).

Lemma A.3. Suppose that there exists some o € Zyy such that x + a.p € F
and 0 < ai, < y(i) — x(i). Then, we have either

(a) z+ (m(2(i) + 1) — m(2(0)))xs € F, or

(b) u(i) > §(i) > #(i) + 2 and x + (7;(2(3) +2) — 7 (2(3)))xi € F  (or
both,).
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Proof. Put oy = m;(Z(¢) + 1) — m;(Z(¢)). Suppose firstly that y(i) — z(i) < ag
holds. By the definition of the function m;, we have {z' € F | z(i) < 2'(i) <
x(i) + a1} = 0. Hence, we have y(i) — z(i) = a; holds. Since x + a..p is between
z and y, we have o, = aq, i.e., T+ a1x; € F holds.

We then suppose that y(i) — x(i) > «; holds. Then, it holds that w(i) >
g(i) > &(i) + 2 and y(i) — (i) > g, where ag = m;(Z(i) + 2) — m;(Z(7)). In the
following, we assume

z+ayx; € F, x+aox; € F, (7)

and derive a contradiction. We may assume that o, is the minimum positive
integer with = + a.x; € F, implying that

r+a'x; € F  forall o with 0 <o < a,. (8)

Claim 1: There exists some ¢ € U \ {+x;} such that z + a;(x; +¢q) € F.
[Proof of Claim 1]  Let z € F be a vector with z(i) = m;(2(4) + 1) = 2(i) + 1.
Since +x; € inc(zx, z), the property (NNS') implies that there exist some ¢ €
inc(z, z)U{O}\ {+x:} and v € Z, such that z+~v(x;+¢) € F and 2 +~(xi+q)
is between x and z. It follows that 0 < v < z(4) — (i) = aq, implying v = oy
since {2’ € F | z(i) < 2'(i) <z(i) + a1} = 0. By (7), we have ¢ #0  [End of
Claim 1]

Claim 2: a9 < ay < 207.

[Proof of Claim 2] By (7), we have a. > ao. Suppose, to the contrary, that
ax > 2aq. Consider the vectors x + aux; € F and « + a1(x; + ¢) € F. By
Lemma A.1, there exists some n € Z such that a3 <7 < a,, n — a1 < ag, and
x +nxi € F. This, however, is a contradiction to (8) since n < 203 < au. [End
of Claim 2]

Let z € F be a vector with z(i) = m;(Z(¢) + 2) = z(i) + az. We have
—Xi € inc(z+ ey, z) by Claim 2. Hence, there exists some s € inc(x+ o, 2)U
{0}\{—x:} and pu € Z 4 such that o+ (. —p)x;i+us € F and x4 (o —p) xi+ps
is between x4+, x; and v. It follows that as < a,—p < @, implying p < o, —ao.
By Lemma A.1 applied to « and = + (a. — p)x; + ps, we have some v € Z such
that max{0, o, —2u} < v < o, —p and x +vyx; € F. Then, we have v < a, and

> — 20 > — 2@ — 2) = —a + 200 > —aw + 207 > 0,

where the last inequality is by Claim 2. This, however, is a contradiction to (8)
since x + vx; € F.

Lemma A.3 implies that we have either (a) Z 4+ x; € J or (b) u(i) > (i) >
Z(i) + 2 and T + 2x; € J (or both). Since & + x; € J by assumption, we have
(6) with ¢ = +x;-

We then assume that

r+axi ¢ F (0 < Va <y(i) — z(7)). (9)
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Since +x; € inc(x,y), the property (NNS') implies that there exist ¢ € inc(z, y)U
{0}\{+x;} and B € Z, ; such that x+ 3(x;+¢) is a neighbor of z and between x
and y. By Proposition 2.1 (ii), we may assume that ¢ = +y; for some j € E\ {i}.
Since x + B(x: + x;) is a neighbor of z, we have

c+a'(xi+x)€F  (0<Vd <g). (10)

Lemma A.4. For every §',8" € Z such that 0 < ' < 8 and 0 < 5" < 3, if
z+ 0'xi+ 0"x; € F then we have (5, 5") € {(0,0), (0,5), (8,0)}.

Proof. Let 3',3" € Zbesuchthat 0 < 8’ < 3,0 < p” < B,and z+8'x;+0"x; €
F. It suffices to show that @', 8" € {0, 8} since x + Ox; € F by (9).

Suppose, to the contrary, that 0 < 3 < (3 holds. Since +y; € inc(z,z +
B'xi + 8”x;), the property (NNS') implies that there exists some 7 € Z with
0 <n < < 3 such that either x + n(x; + x;) € F or x +nx; € F (or both).
This, however, contradicts (10) or (9).

We then suppose, to the contrary, that 0 < 8” < 3 holds. Then, we have
—x; € inc(xz + B(xi + xj),x + B'xi + £”x;). Therefore, the property (NNS’)
implies that there exists some n € Z with 0 < n < 8 — 8” < 3 such that either
4+ (B—n(xi+x;) €F orx+pfxi+(B—n)x; €F (or both). By (10), we
have z + Bx; + (6 — n)x; € F. It follows from Lemma A.1 applied to = and
x4 Bx: + (8 —n)yx; that there exists v € Z such that 0 <~y < 3, B —v < f—n,
and = + yx; € F, a contradiction to (9).

Lemma A.5. Let z € F.
(i) If 0 < z(i) — z(i) < B then z(i) —
(i) If 0 < 2(j) — x(j) < B then 2(j) — :E(J

Proof. [Proof of (i)] Suppose, to the contrary, that there exists some z € F
such that z(i) < z(i) < z(i) + 8. Since —x; € inc(x + B(x; + X;), %), there
exist some s € inc(z + B(xi + x;5),2) U {0} \ {—x:} and v € Z; such that
B—v2>2()—x(i) >0 and

/

d=x+(B-7)xi+0x;+yseF.

By (10), we have s # —x;.

Suppose that s = +x;. Then, we have z + (8 — v)xi: + (8 +7)x; € F. Since
B —~ >0, it holds that +yx; € inc(x,z+ (8 —v)x: + (8 +7)x;). Hence, (NNS')
implies that there exists some n € Z4; such that n < § — v < (8 and either
r+nx; € Forx+n(x;+x;) €F (or both). This, however, is a contradiction
to (9) or (10). Hence, we have s & {+x,, —X; }-

Suppose that v < 8 — ~. Then, Lemma A.2 applied to x and z’ implies
that there exists some o, € Z such that 0 < of < -7, 0 < o) < 0,
(B—y—0a))+(B—ay) <~v,and z+ o) x; +asX; € F, a contradiction to Lemma
A 4 since

A >B-N+B-ay)—7>-2y>0.
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Hence, we have v > 3 — ~.

Since +x; € inc(z,2’), there exists some ¢ € inc(z,2’) U {0} \ {+x:} =
{+x;,5,0} and n € Z, such that = +n(x; +t) is a neighbor of z and between
z and z’. We have n < 8 —~ < (3, and therefore it holds that ¢ = s by Lemma
Ad ie x4+l +s) eF.

Lemma A.2 applied to = + S(x; + X;) and  + n(x; + s) implies that there
exists some ju1, o € Z such that n < py < 6,0 < pe < B3, (u1 —n) + p2 < 1,
and x + p1x; + pe); € F. Since g + po < 2n < 28 and pu; > n > 0, we have
(1, p2) € {(0,0),(0,08),(8,8)}, a contradiction to Lemma A.4. This concludes
the proof of (i).

[Proof of (ii)] Suppose, to the contrary, that there exists some z € F
such that z(j) < 2(j) < z(j) + 8. Since —yx; € inc(x + B(x: + X;j),2), there
exist some s € inc(z + B(x; + x;),2) U{0} \ {—x;} and v € Z, such that
8-~ = 2(j) — 2(j) > 0 and

' =x+Pxi+ (B-7v)x; +yseF.

By (10), we have s # —x;.

Suppose that s = +x;. Then, we have z + (8 4+ v)x; + (8 — v)x; € F. Since
B —~ >0, it holds that +x; € inc(z,z+ (8+7)x: + (8 —7)x;). Hence, (NNS')
implies that there exists some n € Zy; such that n < 8 —~v < (8 and either
z+nx; € Forx+n(x;+x;) €F (or both). This, however, is a contradiction
to Lemma A.4. Hence, we have s € {+x;, —Xi}-

By Lemma A.2 applied to = and 2"/, there exist some integers o and af
such that 0 < of < 3,0< oy <y < B, (B—af)+(y—ay) < B -7, and
z + ol x; + ofs € F. Note that

B>af >—=(B—7)+B+(y—ay)>7>0.

By the statement (i) shown above, we have of = 3, i.e., x4+ Bx; + afs € F. By
Lemma A.1 applied to = and x + Bx; + of's, there exists some ¢ € Z such that
0<e<f,0—e<ay<p,and z+eyx; € F. Since € > 0, this is a contradiction
to (9).

By Lemma A.5, we have
B =mi(2() + 1) = mi(2(0) = m5(2(4) + 1) — m; (2(5))- (11)
Since x + B(x: + x;) € F, the equation (11) implies that Z + x; + x; € J and

+x; € inc(z, 7). That is, we have (6) with ¢ = +x;. This concludes the proof of
Theorem 3.1.

A.2 Proof of Lemma 3.1 (ii)

Let #,y € F, and put & = 7~ 1(x),§ = 7~ (y). Note that Z,7 € J.
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Proof of “if” part We firstly show that if ¢ is a proper neighbor of  in 7, then
y is a proper neighbor of z in F.

[Case 1: |[{e € E | Z(e) # g(e)}| = 1] Let i € E be the unique element in
{e € E| &(e) # y(e)}. We may assume that Z(i) < g(¢). Then, we have either

(aQ)g=+x: € J, or b)g=2+2x,€eTJandz+x; ¢ J.

If (a) holds, then we have y = x4+ a1 x; € F with ag = m(2(0) + 1) — m; (2(4)),
which is a proper neighbor of z in F. If (b) holds, then we have y = x+agx; € F
with ag = m;(2(2) + 2) — m(Z(¢)) and 4+ a1 x;s §Z F, implying that y is a proper
neighbor of x in F.

[Case 2: |[{e € E | Z(e) # g(e)}| = 2] We may assume, without loss of
generality, that § = & 4+ x; + x; for some distinct ¢,j € E. Since ¢ is a proper
neighbor of Z in J, we may also assume that & + x; € J. Then, we have
y=x+ax;+0x; € Fand z+ ax; € F, where o = m;(Z (3 )+1)77T1(1'( )), and
B =mj(Z(j) + 1) — m;(Z(j)). By the assumption and the definitions of «, 3, we
have

ifr+axi+8x;€F, 0<a <a, 0<3 <p, then (¢/,3) € {(0,0),(0,8), (a

(12)

Hence, y is a proper neighbor of z in F if o = .

Suppose, to the contrary, that o # 3. If & > 3, then Lemma A.1 applied to
x and x + ayy; + Bx; implies that there exists some o € Z such that 0 < o/ <
a—ad < fB,and x+a'y; € F. Since a > 3, we have a > o/ > a— 3 > 0.
This, however, is a contradiction to (12). Hence, we have a < . Since —x; €
inc(z+axi+0x;, x), the property (NNS') implies that there exists some 6 € Zy
such that either (a) 6 < g and x+ax;+(8—0)x; € F,or (b) 6 <min{e, f} and
z+ (a—08)xi+ (8—19)x; € F (or both). In either case, we have a contradiction
o (12).

Proof of “only if” part We then show that if y is a proper neighbor of x in F,
then g is a proper neighbor of Z in J.

[Case 1: |[{e € E | z(e) # y(e)}| =1] Let i € E be the unique element in
{e € E| z(e) # y(e)}. We may assume that x() < y(¢). Then, there exists some
o € Zy 4 such that

y=x+ a.x; €F, r+adx; €F (0<Va < ay).
If a = m(2(i) + 1) — m(2(4)), then § = 7= 1(z + cuxs) = T + x5 € J, which
is a proper neighbor of Z in J since +x; € inc(Z, §). Hence, suppose that o, >
7 (2(¢)+1) —m;(Z(4)). Then, Lemma A.3 implies that ., = m( (1)+2)—m; (2(2)).
Therefore, it holds that
g=7m "z +a.xi)=T+2x €T, T+xi € J,

which shows that g is a proper neighbor of z in 7.

7/8)}'
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[Case 2: |[{e € E | z(e) # y(e)}| = 2] We may assume, without loss of
generality, that y = x + a(x; +x;) for some distinct 4,j € F and o € Z1 . Since
y is a proper neighbor of z in F, we may also assume that

z4+axyi¢F  (0<Va <a).
Then, in the same way as in the proof of Theorem 3.1, we can show that
a=mi(Z() +1) = mi(2(i) = m(2() + 1) — m;(2(5))
(cf. (11)). This implies § = 7~ (z+a(xi+x;)) = T+xi+x; € J and T+x; & J.

Therefore, y is a proper neighbor of z in J.

A.3 Proof of Lemma 4.1

We prove the claim by induction on k. Since the case where k = 1 is obvious, we
assume k£ > 1. By the induction hypothesis, there exists some z € F such that

t(ViNAVinB)=p(V,NA,V,NnB) (t=1,2,...,k—1).

Let y € F be a vector satisfying y(Vy N A, Vi N B) = p(Vi, N A, V;, N B), and
assume that y minimizes the value ||y — x||; among all such y. We will show that
y satisfies

y(ViNAViNB) = p(V,NAV,NB)  (t=12... k).

Assume, to the contrary, that there exists some ¢t € {1,2,... ,k—1} such that
y(VinA,ViNB) < p(V;NA,V;NB). Since 2(V;NA,V,NB) = p(ViNA,V:NB),
we have either (1) {e € E | e € ViNA, z(e) > yle)} #Dor {e € E|e €
V; N B, z(e) < y(e)} # 0 (or both). We consider the former case only since the
latter case can be dealt with in a similar way.

Let i € E be an element such that i € V; N A and x(i) > y(). Since +x; €
inc(y, ), the property (NNS’) implies that there exist ¢ € inc(y, ) U{0}\ {+x:}
and a € Z4 4 such that v’ = y+ a(x; + q) € F and v’ is between y and z. If
q = 0, then we have

y'(Vk NA,V ﬂB) > y(Vk NA,Vg ﬂB) = p(Vk NAV ﬂB)
since i € V; N A C Vi N A, a contradiction. If ¢ # 0, then we have
y’(Vk NA VN B) > y(Vk NA VN B) = p(Vk NA VN B),

and the inequality must hold with equality by the definition of p. In addition, it
holds that ||y’ — z||1 < ||y — z||1, a contradiction of the choice of .
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A.4 Proof of Lemma 4.3

By Lemma 4.2 it suffices to show that p satisfies the conditions (1) and (2).
We firstly show the condition (1). By Lemma 4.1, there exists a vector x € F
satisfying

z(XNY)NA(XNY)NB)=p(XNY)NA (XNY)NB),
2(XNAXNB)=p(XNA XnNDB),
z((XUY)NA(XUY)NB)=p(XUY)NA (XUY)NB),

which implies the desired inequality as follows:

p(XUY)NA (XUY)NB)+p(XNY)NA(XNY)NB)
=z(XUY)NA (XUY)NB)+z((XNY)NA,(XNY)NB)
=z(XNAXNB)+2(YNAYNB)
<p(XNAXNB)+p(YNAYNB).

We then show the condition (2). By Lemma 4.1, there exists a vector x € F
satisfying

(X)) —z(Y) = p(X,Y), (X)) —xz(Y) —2(i) = p(X,Y U{i}),
which implies the desired inequality as follows:

P(X UL Y) +p(X. Y U{i}) 2 {a(X) + (i) — 2(¥)} + {o(X) - 2(Y) — (i)}
= 2(a(X) — 2(Y)} = p(X.Y).

A.5 Proof of Lemma 4.6

We define the vectors £, u € Z¥ by £(e) = min{z(e), y(e)} and u(e) = max{z(e),y(e)}
for e € E. Since x € F N [{,u], the set F N [¢,u] is nonempty, and therefore its
convex closure S = conv(F N [¢,u]) is an integral bisubmodular polyhedron. By

the definitions of £ and u, the vector x is an extreme point of S. We consider the
tangent cone TC(x) of S at x, which is given by TC(z) = {az |z € RF, 2 +2 €

S, « € R, a >0}

Lemma A.6. There exists an estreme ray d € R¥ of TC(x) that is a positive
multiple of either +x:, +Xi + Xk, or +xi — xr for some k € E\ {i}.

Proof. By the definition of the tangent cone, we have y — x € TC(z). Since
x(i) > y(i), there exists some extreme ray d € R¥ of TC(z) such that d(i) > 0.
Since S is a bisubmodular polyhedron, every extreme ray of the tangent cone
TC(z) is a positive multiple of a vector +x;, —Xj, +X;+ Xk +X;—Xks OF —X;— Xk
for some j, k € E (see [1, Theorem 3.5]). Hence, the extreme ray d is a positive
multiple of either +x;, +x; + X&, or +X; — xx for some k € E\ {i}.
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Proof (Proof of Lemma 4.6). By Lemma A.6, there exists an extreme ray d € R”
of TC(x) that is a positive multiple of either +x;, +x; + X&, or +x; — x& for
some k € E\ {i}. Since d is an extreme ray of TC(z), there exists some vector
zp € S such that 2y is an extreme point of S and zy — x is a positive multiple of
d. Since d(i) > 0, we have zo(7) > x(7). The vector zp is contained in F N [¢, u]
since it is an extreme point of S = conv(F N [¢, u]). This implies, in particular,
zo € F and zg is between x and y.

A.6 Proof of Theorem 4.1 for Infinite Neighbor Systems

We prove Theorem 4.1 for the case where a neighbor system F is not necessarily
a finite set.
Let 29 € ZF be any vector in F and define Fj, for k =1,2,... by

Fr={z € F|l|z(e) —xo(e)| < k (Ve € E)}.
We also define a function py : 3% — RU {+o00} (k=1,2,...) by
p(X,Y) =max{z(X) —z(Y) | € Fi} (X,Y) € 3F).

By Proposition 2.1 (iii), each Fj is a neighbor system, and therefore pj is a
bisubmodular function by Lemma 4.3. We note that Fy, is a finite set and there-
fore py, takes finite values. Moreover, it holds that limg_, 4 fx(X,Y) = f(X,Y)
for every (X,Y) € 3. Therefore, we have

p(X1,Y1) + p(X2,Y2)

li X1, Y, li Xo.Y5
kilprk( 1, 1)+k_1141rfloopk( 2,Y2)
kglfoo pr((X1UX2) \ (Y1UY2), (Y1 UY2)\ (X1 U Xy))

v

+khm pk(Xl NXs, Y1 N ng)
— 400

p((X1UX2) \ (Y1 UY2), (Y1 UY2) \ (X1 UX3))
+p(X1ﬁX2,Y1ﬁY2) (V(Xl,Yl),(XQ,}/Q) c 3E>,

i.e., p is also a bisubmodular function.

We then show that conv(F) = P.(p) holds. Since F C P.(p), we have
conv(F) C P.(p). It holds that P.(p) = limg— 100 Ps(pr), and that P.(px) =
conv(Fy) for each k = 1,2,... by Lemma 4.5. Since conv(Fy) C conv(F), we
have

P.(p)= lim P.(px) = lim conv(Fx) C conv(F).

k—-+o00 k— 400

Hence, conv(F) = P, (p) holds.

A.7 Proof of Theorem 5.5

Computation of all proper neighbors of x can be done as follows. We firstly
compute proper neighbors of the form = + ax; (i € E, 0 < a < k). If the
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set {a | x+ay; € F, 0 < a < k} is nonempty, then we compute the value
af =min{a | z+ax; € F, 0 < a <k}, and output =+ o x;, which is a proper
neighbor of x. Otherwise, we put a?‘ = +00. It is easy to see that this can be
done in O(nk) time. Similarly, we can compute all proper neighbors of the form
x — ay; and values o = min{a |z —ayx; € F, 0 < a <k} in O(nk) time.

We then compute proper neighbors of the form z+a(x;+yx;) for some distinct
i,j € Eand a € Zy 4 with a < k. If theset {a |z+a(xi+x;) €F, 0 <a <k}
is nonempty, then we compute the value a;;- defined by a;;- = min{a | z4+a(x; +
Xj) €EF, 0<a <k} If a;;- <ajf or a;;- < a;-", then the vector = + Oéj_inj is a
proper neighbor, and output it. It is easy to see that this can be done in O(n2k)
time. Similarly, we can compute all proper neighbors of the forms =+ a(x; — x;)
and z+a(—y; — ;) in O(n?k) time. Hence, we can compute all proper neighbors

of z in O(n%k) time.

A.8 Time Complexity Analysis of Algorithm GREEDY

We analyze the running time of the algorithm GREEDY in Section 5.2. For each
e € E, the values ar(e) and br(e) can be computed in O(n?klog @(F)) time
by using the algorithm for linear optimization by Hartvigsen [14]. Hence, Step
0 can be done in O(n3klog®(F)) time. Steps 1 and 2 can be done in O(n?k)
time by Theorem 5.5. The values a_, oy can be also computed in O(n?k) time
by using the following property and Theorem 5.5.

Proposition A.1. Let F C Z¥ be an all-neighbor system and x € F.

(i) Suppose that {y € F | y(i) < z(i)} # 0. Then, there exists a proper neighbor
Yy« € F of x such that (i) — y«(¢) = min{z(i) —y(i) |y € F, y(i) < z(i)}.

(i) Suppose that {y € F | y(i) > x(i)} # 0. Then, there exists a proper neighbor
Yy« € F of x such that y.(i) — z(i) = min{y(z) — z(i) |y € F, y(i) > z(3)}.

Proof. We prove (i) only. Let z € F be a vector such that 2:(i)—z(¢) = min{z(:)—
y(i) |y € F, y(i) < z(i)}. Since —x; € inc(x, z), the property (NNS’) implies
that there exists some ¢ € inc(x,z) U {0} \ {—x;} and a € Z,, such that
¥ =x + a(—x; + q) is a neighbor of x and 2’ is between x and .

If 2’ is a proper neighbor of x, then the choice of z implies y. (i) = z(7) since
x(4) > '(i) > z(i). Suppose that =’ is not a proper neighbor of z. Then, ¢ = 0
and there exists some o € Z . with o/ < « such that 2’/ = z —a/y; is a proper
neighbor of x. By the choice of z, we have 2(i) = z(i) since z(i) > z'(i) =
x(i) — o > z(i).

This property implies that Step 3 can be done in O(n%k) time.

To bound the number of iterations of the algorithm, we consider the value
[|b — al|1. Suppose that we have p, = —y; in Step 3, and denote by boiq (resp.,
bnew) the vector b before update (resp., after update). Then, it holds that a(i) <
bnew (1) = (1) — a— < (i) < boa(), implying that ||byew — all1 < ||bola — al|1. If
p« = +x; holds in Step 3, then we can show in the same way that ||b — anewl||1 <
[|b — acial|l1, where aolg (resp., anew) the vector a before update (resp., after
update). Hence, the value ||b — al|; reduces in each iteration, and therefore the
number of iterations is bounded by n &(F).
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A.9 Proof of Theorem 5.7
To prove Theorem 5.7, we use the following property of jump systems.

Theorem A.1 ([20, Theorem 4.3]). Let J C Z¥ be a jump system. Define
aset J°PCZF by J°e=7JnN [a%,0%], where for each e € E,
a7(e) = min{z(e) |z € T}, br(e) = max{z(e) | x € T},
ay(e) = agle)+ [220=0@| o) = by(e) - |Lelzaza]

Then, the set J° is nonempty.

Proof of (i) Let F be a given Ny-neighbor system, and define vectors £, u € Z¥,
a jump system J C Z¥, and a family of strictly increasing functions 7. :
[¢(e),u(e)] — Z (e € E) as in Section 3. For e € E, let ¢'(e) be the mini-
mum integer with 7.(¢'(e)) > a%(e) and u/(e) be the maximum integer with
me(u'(e)) < b%(e). Then, we have

F* = {z € F|m(l(€)) < nle) < me(u(€)) (Ve € E)}.
Therefore, F* is nonempty if and only if the set J°* C J given by
TJ*={zeT|l(e) <xz(e) <u'(e) (Ve € E)}
is nonempty. By Theorem A.1, the set J° is nonempty if it holds that

U'(e) < L(e) + {MJ ,u'(e) > ule) - {MJ (Ve € E).
(13)

Therefore, it suffices to show that the inequalities (13) hold. In the following,
we prove the former inequality in (13) only since the latter can be proven in a
similar way.

For e € F, it holds that

(¢'(e) = 1) = L(e) < me(l(e) — 1) — me(U(e) < (af%(e) — 1) —ax(e),

where the first inequality follows from the fact that . is a strictly increasing
function, and the last inequality is by the definition of ¢'(e). Hence, we have

(e) — £e) < a%(e) — ap(e) = {WJ . (14)

Lemma A.7. It holds that me(a+ 1) — me(a) < k (Ve € E, (e) < Va < u(e)).

Proof. Let © € F (resp., y € F) be a vector with z(e) = m.(«a) (resp., y(e) =
me(a+ 1)). Since +x. € inc(z,y), the property (NNS') implies that there exist
q € inc(z,y) U {0} \ {+x} and o € Z, such that 2’ = 2+ a(x. + q) is a
neighbor of z, ||/ — z|[s < k, and 2’ is between z and y. In particular, we
have z(e) < 2'(e) < y(e). By the definition of the value m.(ar + 1), we have
2’ (e) = me(a+1) = y(e). Hence, m.(a+1)—7m.(a) = y(e) —z(e) < ||z’ —z||1 < k.
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It follows from Lemma A.7 that
br(e) —ar(e) < k(u(e) — L(e)) (e € E).

From this inequality and (14) follows that

to) -t < | O8I0 | w0 =)

nk n

i.e., the former inequality in (13) holds. This concludes the proof of (i).

Proof of (ii) We can compute a vector in F* by the following algorithm.
Let xq be a given vector in F and assume for simplicity that E = {1,2,... ,n}.
Fori=1,2,... ,n, we iteratively define a vector x; € F as follows:

o if a% (i) < wi—1(7) < b% (%), then set x; = x;_1.
o if ;_1(i) < a%(i), then let x; be a vector in F which maximizes the
value z;(¢) under the constraints z;(z) < b%(¢) and a¥}(e) < z;(e) <
by(e) (e=1,2,...,i—1). ®if x;_1(2) > b%(7), then let x; be a vector in
F which minimizes the value z;(i) under the constraints z;(i) > a%(¢)
and a%(e) < zi(e) < b%(e) (e=1,2,...,i—1).

By the statement (i) of Theorem 5.7, we see that the set

Fi=Fn{x|akx(e) <wzi(e) <b%k(e) (e=1,2...,4)}
is nonempty for all ¢ = 1,2,... ,n. Therefore, the vector x; is contained in F;;
in particular, we have x,, € F,, = F°.
Each iteration of the algorithm above can be done by using the algorithm
for linear optimization by Hartvigsen [14], which requires O(n?klog ®(F)) time.
Hence, a vector in F* can be found in O(nklog ®(F)) time.

A.10 Time Complexity Analysis of Algorithm DOMAIN_REDUCTION

We analyze the number of iterations of the algorithm DOMAIN_REDUCTION in
Section 5.3. Denote by a,,,b,, the vectors a,b at the beginning of the m-th
iteration. It is clear that the value b,,(e) — a.,(e) is nonincreasing with respect
to m for each e € E.

We have by(e) — ap(e) < P(F) for all e € E at the beginning of the al-
gorithm, and if b,,(e) — am(e) < 1 for all e € E, then we obtain an optimal
solution immediately. Hence, it follows from Lemma 5.1 that the algorithm Do-
MAIN_REDUCTION terminates in O(n?klog @(F)) iterations.

By Theorem 5.7 (ii), Step 1 can be done in O(n®klog @(F)) time. As shown
in Section 5.2, Step 0 can be done in O(n3klog ®(F)) time, and Steps 2, 3, and
4 can be done in O(n?k) time. Hence, we obtain the following theorem.

Finally, we give a proof of Lemma 5.1.
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Proof (Proof of Lemma 5.1). We show the inequality in the case p. = —yx; only.
Let © € (F N [am,bm])® be the vector chosen in Step 1 of the m-th iteration.
Then,

b1 (1) — a1 (1) = (1) — a_ — am(i) < (bm( - [%J) 1 —am(i)

i)
<) On) @)



