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Abstract

We focus on a new class of discrete 2-convex functions, which forms a sub-
class of integrally convex functions. The discrete 2-convexity generalizes existing
special integrally convex functions such as the well-established M-/M®-convex and
L-/Li-convex functions by Murota et al., the recently investigated globally/locally
discrete midpoint convex functions by Moriguchi, Murota, Tamura, and Tardella,
the directed discrete midpoint convex functions by Tamura and Tsurumi, and BS*-
convex and UJ-convex functions by one of the authors. We provide a unifying view
of all these functions within the class of integrally convex functions having discrete
2-convexity. We also consider discrete 2-convex functions with a locally hereditary
orientation property and show parallelogram inequalities, scalability, and proximity
results, which extend the results recently established by Moriguchi, Murota, Tamura,
and Tardella and Tamura and Tsurumi for special cases of discrete 2-convex func-
tions.
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1. Introduction

Ordinary convexity in R" is based on the classical convexity inequality relating the value
of a function f at a single internal point of the segment joining two endpoints x and y
with the values of the function at the two endpoints as

fl@)+ fly) >2fG(x+y) (z,yeR™). (L.1)
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Hence it suffices to consider all triples (z,y, 5(x + y)) (x,y € R") for the definition of
ordinary convexity.

For a discrete function f defined on the integer lattice Z" the function f is discrete
convex if its lower envelope f is a convex function on R™ with f(z) = f(z) forall x € Z".
Triples (z,y, 5(x + y)) (z,y € R™) do not work for discrete functions since 2 and y are
restricted on Z" and 1 (x + y) may not be integral. For an integrally convex function f,
which is a special discrete convex function introduced by Favati and Tardella [1], we need
values of f(z) on at most n + 1 integer points z from an integer neighborhood of %(:E +v)
to get alternative inequalities of (1.1) (its more precise description is given in Section 3).

On the other hand, most notions of discrete convexity proposed in the literature for
functions defined on the integer lattice Z" are based on what we call a discrete 2-convexity
inequality, where the values of the function f at x,y € Z™ are compared to the values of
f at two (not necessarily distinct) points u, v € Z™ somehow “intermediate” between x
and y (see examples given in Section 5).

In this paper we formalize the notion of discrete 2-convexity and we show that it ex-
tends several notions of discrete convexity over Z" including the recent notions of discrete
midpoint convexity by Moriguchi, Murota, Tamura, and Tardella [8] and its directed vari-
ant developed by Tamura and Tsurumi [13]. Other classes of functions that can be viewed
as special cases of discrete 2-convex functions include the well-established M-/M®-convex
and L-/L!-convex functions by Murota et al. (see [2, 9, 10, 11, 12]), and BS*-convex and
UlJ-convex functions by Fujishige [3].

Discrete 2-convex functions form a subclass of the integrally convex functions intro-
duced by Favati and Tardella [1] in general, and they coincide with this very general class
of discrete convex functions under some additional assumptions, which always hold in di-
mensions smaller than 4 (to be discussed in Section 3). Moreover, we propose a subclass
of discrete 2-convex functions, which extends the classes of discrete midpoint convex and
directed discrete midpoint convex functions while keeping most of their structural and
algorithmic properties such as parallelogram inequalities, scaling, and proximity, which
were examined in [8, 13] for special cases.

The present paper is organized as follows. We give definitions of basic concepts in
discrete convexity in Section 2. Section 3 deals with integral convexity and discrete mid-
point convexity, which leads us to the concept of discrete 2-convexity to be investigated
in Section 4. Examples of existing discrete 2-convex functions are shown in Section 5.
Under a plausible condition that requires a locally hereditary orientation property, we
prove parallelogram inequalities, scalability, and proximity results for discrete 2-convex
functions, which extend the results of [8, 13]. Section 7 gives some concluding remarks.



2. Definitions

We denote by Z the set of integers and by R the set of reals. Also Z~, denotes the set of
positive integers and Z> that of nonnegative integers.

Throughout this paper let n be a positive integer and consider a function f : Z" —
R U {400} on the n-dimensional integer lattice Z" that has a nonempty effective domain
dom(f) ={z € Z" | f(x) < +o0}. Define [n| = {1,2,--- ,n}. For any x € R" define
[x] and |z] to be the integer vectors, respectively, obtained by rounding up and down
each component (i) (i € [n]) sothat [z| < x < [x]. Forany z,y € Z" withz < y
define real and integral intervals, respectively, by

[z, yle = {z € R" | Vi € [n] : 2(i) < 2(i) <y(i)},

[z, ylz ={z € Z" |Vi € [n]:x(i) <z(i) <y(i)}.

For any z € R define ||z||o, = max{|x(i)| | i € [n]}. Forany A C [n] define 2 € R"
to be (i) = x(i) fori € A and (i) = 0 fori € [n] \ A. For any A C [n] denote
the characteristic vector, in R™, of A by x4, where x4(i) = 1 fori € Aand x4(i) =0
fori € [n] \ A. We write x(; as x; for any singleton {7} with i € [n]. Also we define
(+00) + (400) = 400 and +00 > +o0.

2.1. Discrete convexity

Denote by f : R* — R U {+oo} the lower envelope of f, which has the epi-graph
{(z,a) | z € dom(f),a € R, f(z) < o} that coincides with the convex hull of {(z, a) |
r € dom(f),a €R, f(x) < a}. If f(x) = f(z) forall x € Z", then f is called a discrete
convex function.

For any discrete convex function f : Z" — R U {400} and any vector w € R™

Argmin{f(z) — (w,z) | x € Z"}
(the set of all the minimizers of f(z) — (w,z) in x € Z") is called an affinity domain (or
linearity domain) of f, where (w,z) =3, w(i)z ().
2.2. Integral convexity

For a discrete convex function f : Z" — R U {400}, if the restriction of f on every unit
hypercube [z, z + 1] for z € Z" coincides with the lower envelope of the restriction of
fon [z, z + 1]z, then we call f an integrally convex function ([1]). Another equivalent
description of integrally convex function is given in Section 3.1.



3. Integral Convexity and Discrete Midpoint Convexity

3.1. Weak discrete midpoint convexity
For any © € R™ the integer neighborhood N (x) of z is defined by
N(z)={z€Z" |Vien]:|z2(i) —z(i)] < 1}. 3.1

For any x € R" denote by fn(, the restriction of f : Z" — R U {400} on N(z).
(Here we allow dom(fn(s)) = 0.) Also let fy(,) be the lower envelope of fu(;). (When
dom(fy(z)) = 0, we have fy(4)(y) = +oo for all y € R™.) Moreover, define

f(@) = fnw(x) (Yo eR"). (3.2)

If f is convex, then f is integrally convex ([1]) as defined in Section 2.
For any function f : Z" — R U {400} with dom(f) # 0, if f satisfies

@)+ fly) = 2fne (2) (3.3)

for all x,y € Z™ with z = %(3: + ), f is said to satisfy weak discrete midpoint convexity
({8, 13]).

A nonempty set () C Z" is called integrally convex if its indicator function 1, defined
by 1o(z) = 0 for x €  and = +o0 for z € Z™ \ (), is integrally convex.

The following two facts due to [1, Proposition 3.3], [8, Theorem A.1], and [7, Theo-
rem 2.4] are fundamental.

Proposition 3.1 ([1, 8]): For an arbitrary function f : 7" — RU {400} with dom(f) #
(0, f is integrally convex if and only if | satisfies the weak midpoint convexity (3.3) for all
z,y € Z"and z = $(x + y).

Proposition 3.2 ([1, 71): For an arbitrary function f : 7" — R U {+oc}, if dom(f) is
a nonempty integrally convex set, then f is integrally convex if and only if f satisfies the
weak midpoint convexity (3.3) for all x,y € Z" with ||z — y||so = 2 and z = L(z + y).

It should be noted that the inequality (3.3) always holds for any x,y € Z" with ||z —
Y||oo < 1. Hence it suffices to consider x,y € Z" with ||z — y||. > 2.

We now show that, under appropriate assumptions, integral convexity can be charac-
terized by means of inequalities involving only the values of f at suitable quadruples of
points in Z".

Theorem 3.3: For an arbitrary discrete function f : Z" — R U {+o0} with dom(f) # ()
let f be the lower envelope of [ and suppose that for any half-integer point z € %Z” N



dom(f) there exists an affinity domain of f containing two opposite vertices of the hyper-
cube N(z).
Then, f is integrally convex if and only if it satisfies

f@)+ fy) = min{f(wi) + f(wo) | wi,wy € N(3(z +y)),wr +wp =z +y} (34)

forall x,y € Z".
Moreover, if dom(f) is a nonempty integrally convex set, then f is integrally convex
if and only if it satisfies inequality (3.4) for all x,y € 7" with ||z — Y| = 2.

Proof. The “if” part follows easily by Propositions 3.1 and 3.2 by observing that f(3(z+
y)) is bounded above by the right-hand side of inequality (3.4). For the “only if” part, take
n . . . 1
any z,y € Z" and let w;, wy be two opposite points in the hypercube N (5(z + y)) that
belong to an affinity domain of f. Then clearly %(x +y) = %(wl + wy) also belongs to

the same affinity domain of f. Hence,

f(%(x +y)) = %(JF(UH) + flws)) = %(f(uh) + f(w2)),

so that integral convexity of f implies condition (3.4).
Moreover, suppose that dom(f) is a nonempty integrally convex set. Note that we
have

flwr) + f(w2) > 2fne(2) (3.5)

for any wy, w9 appearing in (3.4) and z = %(I + y), and the minimum of the left-hand
side of (3.5) is equal to the right-hand side of (3.5) because of the assumption that for
any half-integer point z € %Z” N dom(f) there exists an affinity domain of f containing
two opposite vertices of the hypercube N(z). Hence it follows from Proposition 3.2 that
f is integrally convex if and only if it satisfies inequality (3.4) for all z,y € Z" with
|z = ylloe = 2. O

In the case of small dimensions, it can easily be seen that condition (3.4) becomes
equivalent to integral convexity.

Corollary 3.4: Condition (3.4) is equivalent to integral convexity of f when n = 2 or
when n = 3 and dom( f) is nonempty and integrally convex.

Proof. Note that N (3(z + y)) always has dimension at most 2 when x,y € Z* or when
z,y € Z* and ||z — y||c = 2. In this case, the affinity domains of f on N(3(z + y))
always contain two opposite vertices and thus the conclusion follows from Theorem 3.3.

O

The above theorem, Theorem 3.3, seems to be new to the authors’ knowledge. In
Example 1 given below we show an integrally convex function that does not satisfy (3.4)
forall z,y € Z"™.



S={z€2":(0,0.0.0) < 2 <(1,1,1,2)}

fx)=0 z2(4)=0
= (0,0,0.0)

Figure 1: An integrally convex but not discrete 2-convex function.

Example 1: In Figure 1 we show the values of an integrally convex function f : Z* —
R U {+00} with effective domain S = {z € Z* | (0,0,0,0) < z < (1,1,1,2)}. The val-
ues are represented on the three 3-dimensional cubes corresponding to the intersections
of S with the hyperplanes z(4) = 0, z(4) = 1, and z(4) = 2. We can see that f is inte-
grally convex, which can also be seen by a characterization given in [4, Theorem 2.2]. For
this function and for the points z = (0,0,0,0) and y = (1,1, 1,2) we observe that 0 =
f(@)+ f(y) =2f (), but f(wr) + f(w2) > 0 for all wy, wy € N(ZE2) such that wy +
we = x + y. Observe that the affinity domain that includes %(:}c + y) is given by the sim-
plex formed by the convex hull of four points (0,0, 1,1),(0,1,0,1),(1,0,0,1), (1,1,1,1)
lying on the hyperplane z(4) = 1.

The class of functions f satisfying (3.4) for all z,y € Z" is thus a proper subclass
of the class of integrally convex functions when n > 4. In the next section we name
them discrete 2-convex functions and, in Section 5, we show that they provide a common
generalization of several well-known and recently introduced classes of discrete convex
functions (see, e.g., [7, 8, 13]).

4. Discrete 2-convex Functions

We use the following notation. For any a € R define its signed upper and lower rounding
to integers as follows.

[o] " =la]” =T[a],  [o]" =[a]” = |a]. (4.1)

Also for any z € Z" and any sign vector (or orientation) o € {+, —}" define [2]7, | 2] €
Z" by A .

(217 = ([2(01°V lien), |27 =([2())77 i€ n]). (4.2)



We describe here three new classes of discrete convex functions with decreasing levels
of generality ranging from integrally convex to discrete midpoint convex functions: the
class §po of discrete 2-convex functions, the class §rpo of regular discrete 2-convex
functions, and the class §ops of oriented discrete 2-convex functions. All classes are
defined by means of the following discrete 2-convexity inequality

f@)+ fy) > f(T5(@+y)17e) + f(L5(@ +y) | 7o) (4.3)

with respect to a sign vector 0(, ) € {+, —}". The difference among the classes is based
on how the sign vector (or orientation) o(,,) depends on the points z and y and on the
function f.

(D2) Forall f € §p2 and z,y € Z" with ||z — y|| > 2, there exist 0 € {4, —}" such
that (4.3) holds.

(RD2) For all z,y € Z" with ||z — y||ec > 2, there exist o € {4, —}" such that for all
f € 3RD2 (43) holds.

(OD2) There exist 0 € {4, —}" such that for all z,y € Z" with ||z — y||s > 2, and for all
f € Sop2 (4.3) holds.

We now show that discrete 2-convexity is equivalent to a seemingly much more gen-
eral condition where the values of f at x and y are compared to those at a pair of (not
necessarily distinct) points u and v belonging to the smallest box containing x and y and
satisfying u + v = x + y and {u, v} N {z,y} = 0. More precisely, we consider the box

B*(x,y) = {z € 2"\ {z,y} | ¥i € [n] : a(i) < 2(i) < y(i) or 2(i) > =(i) > y(i)}
(4.4)
and we obtain the following result.

Theorem 4.1: A function f : Z" — R U {+oo} with dom(f) # () is discrete 2-convex if
and only if for all x,y € 7" with ||z — y||s > 2 there exist u,v € B°(x,y) such that

r+y=u+v and f(x)+ f(y) > f(u)+ f(v). 4.5)

Proof. If f is discrete 2-convex, then for any =,y € Z" with ||z — y||~ > 2 there exists
a sign vector o € {+, —}" such that (4.3) holds. Hence (4.5) holds with u = [3(z +y)1°
and v = [3(z + y)]?. Conversely, suppose that for all z,y € Z" with ||z — y||oc > 2
there exist u, v € B°(z,y) such that (4.5) holds. Then, repeating x < u and y < v for
such u, v from z,y, we eventually obtain u, v such that ||u — v||o, = 1 and (4.5) holds.
The obtained u and v can be expressed as u = [$(z 4+ y)]° and v = |3 (z + y) |7 with an
appropriate sign vector o. O



In the next section we will show that the class §rpo of regular 2-convex functions
contains the class of directed discrete midpoint convex functions of Tamura and Tsu-
rumi, while the class §op2 of oriented discrete 2-convex functions contains the class of
discrete midpoint convex functions of Moriguchi, Murota, Tamura, and Tardella. More
precisely, the class §opo coincides with the class of those functions f such that f,(z) =
flo(D)x(1),--- ,0(n)x(n)) is discrete midpoint convex for some o € {+, —}".

5. Special Cases of Discrete 2-convex Functions

We present here an overview of known classes of discrete convex functions from the
literature that are discrete 2-convex.

5.1. Discrete midpoint-convex functions [1, 9]

If f satisfies
f@)+ fly) > f(T5@ +y)) + f(L5+ ) (5.1)

for all x,y € Z", then f is said to satisfy discrete midpoint convexity ([1, 9]). These func-
tions satisfying (5.1) for all x,y € Z" are called submodular integrally convex functions
[1] and L*-convex functions [9]. Since both [$(z + y)], |5(z +y)] € N(3(z +y)) and
[3(z +y)] + [5(z +y)] =z +y, (5.1) implies (3.3), i.e., discrete midpoint convexity
implies weak discrete midpoint convexity.

Moriguchi, Murota, Tamura, and Tardella [8] further investigated discrete convex
functions satisfying (5.1) for all z,y € Z™ with (a) ||z — y||c = 2 and (b) ||z — Y||s0 > 2.
The discrete midpoint convexity with (a) is called local discrete midpoint convexity, and
the latter with (b) is called global discrete midpoint convexity. Note that globally discrete
midpoint-convex functions are discrete 2-convex functions, while this may not be the
case for locally discrete midpoint-convex functions (see [8]). Also note that local discrete
midpoint convexity and global discrete midpoint convexity do not require the inequality
(5.1) for z,y € Z" with ||x — y||s = 1, so that they lose the underlying submodularity
structure that L%-convex functions have. In [8] it is shown that the classes of Li-convex
functions, of globally midpoint-convex functions, of locally midpoint-convex functions,
and of integrally convex functions strictly expand in this order.

5.2. Directed discrete midpoint-convex functions [13]

Very recently, Tamura and Tsurumi [13] have analyzed the concept of directed discrete
midpoint convexity' defined as follows. For any ordered pair (x,y) of z,y € Z" define

'Tt is mentioned in [13] that the concept of directed discrete midpoint convexity was suggested by Fabio
Tardella.



p(r,y) € Z" by

(@ +y)(@)] if x(i) = y(i) ‘
(@ +y)()] if (i) < y(i) (Vi € [n]). (5.2)

We say that f satisfies directed discrete midpoint convexity [13] if

flx)+ fly) > f(u(z,y) + fuly,x)) (5.3)

forall z,y € Z". Note that p(z,y), u(y,z) € N(3(z+y)) and p(z, y) + p(y, z) = 2 +y.
Hence f is a discrete 2-convex function. Note that (5.3) holds with equality for any
2,y € Z" with |z -yl = L since {, y} = {n(z, ). p(y, )}

Tamura and Tsurumi [13] investigated directed discrete midpoint-convex functions
and revealed that they share nice properties with globally or locally discrete midpoint-
convex functions such as proximity and scaling properties (see [8, 13]).

plz, y) (i) = { [

DN [ =00 =

5.3. M-/M’-convex functions [9, 11]

By definition ([11]) an Mf-convex function f : Z" — R U {+oc} satisfies the condition
that for any distinct x,y € Z" the following (i) or (ii) holds:

(i) For any i € [n]| with z(i) < y(i) there exist j € [n] such that z(j) > y(j) and
f@)+fy) = fle+xi—x5) + fly =X+ x5)-

(i) There exists i € [n] such that f(x) + f(y) > f(z + x:) + [y — xi)-

M-convex functions satisfy the condition with (i) alone (without (i1)) (see [9, 10, 11, 12]
for more details).

We easily see that M-/M%-convex functions satisfy the characterization of discrete 2-
convex functions shown by Theorem 4.1.

5.4. BS*-convex functions and UJ-convex functions [3]

One of the authors [3] investigated a class of discrete convex functions related to bisub-
modular functions.

For the unit hypercube [0, 1]" a Freudenthal cell is defined as follows. Let A =
(v1,- -, v,) be a permutation of [n]. For each ¢ = 0,1, --- ,n denote by S; the set of the
first i elements of A. Then the simplex formed by xg, (i = 0,1,--- ,n) is a Freudenthal
cell. The collection of the n! such Freudenthal cells corresponding to the permutations of
[n] gives us the (standard) Freudenthal simplicial division of the unit hypercube [0, 1]".
For each integer lattice point z € Z" consider the simplicial division of the unit hypercube
{z}+10, 1]™ by translation of the standard Freudenthal simplicial division of [0, 1]™. Then



this gives us a simplicial division of R", called the Freudenthal simplicial division of R".
Note that L*-convex functions on Z" are exactly those functions whose lower envelopes
are convex extensions on the Freudenthal simplicial division of R" (see [2, 6]).

For each z € 7" denote by I, the integral unit hypercube {z} + [0, 1]". Suppose
that for each z € Z" we are given a subset 7, C [n|. Consider the reflection of the
Freudenthal simplicial division of the unit hypercube {z} + [0, 1]" by a subset 7., C [n],
which is obtained by making points z + x x correspond to points z + X (x\7.)u(r.\x) for all
X C [n]. Also suppose that the collection of such simplicial divisions of the reflections
of {z} + [0,1]™ with subsets 7, C [n] for all z € Z" forms a simplicial division S
of R". Then, a discrete convex function f on Z" is called a BS*-convex function with
respect to the simplicial division S if the extension of f on the simplicial division S is
convex in R"™. The discrete conjugate convex function of a BS*-convex function is called
a BS-convex function (see [3]). UJ-convex functions are BS*-convex functions whose
underlying simplicial divisions bring up the image of Union Jack (Union Flag) when
n = 2 (see [3, Fig. 3]).

For any BS*-convex function f on Z", we have for any =,y € Z"

f@)+ fy) = [z, ) + f(pe(z,9)), (5.4)
where putting z = 2(z +y), z— = |z], and z; = [z], pi(z,y) and ps(z,y) are given
by

e ={ 0 IS e, 5:5)
e ={ 0 TSI e, 56

Like Lﬁ-convex functions, for any z,y € Z" the exact function value of the lower
envelope f at the midpoint %(x + y) is given by

FG+y) =3z y) + f(pa(z,y))}. (5.7)

Hence (5.4) characterizes BS*-convex functions, which belong to the class of discrete
2-convex functions that give exact values of (5.7).

It should be noted that for BS*-convex functions p(x,y) and s (x,y) both depend
only on 1 (z + y) (under a given family of T, (z € Z") for reflections), which is not the
case for directed midpoint-convex functions of Tamura and Tsurumi [13].

10



6. Discrete 2-convex Functions with Locally Hereditary
Orientation Property

6.1. Locally hereditary orientation

For any ordered pair (z,y) of distinct 2,y € dom(f) define

Swy) =i €] [2(0) >y(@)},  Tey={icn][2() <y@)} 61

We are given an orientation o, : [n] — {+, —}. For simplicity we often write S, T,
and o without the suffix (x,y). Also define

t={ieS|oli)=+}, S ={ieS|o(i)=-},
={ieT|o@)=+}, T-={ieT|o(i)=-}, (6.2)

where we omitted the suffix (x,y). Signed integer roundings of any half-integer o € %Z
are given as follows:

[a]" =[a)” =[a], |aff=[a]” =|a], (6.3)

and we note that 1([a]” + |«]7) = a for 7 € {+,—}. For any half-integral vector
u € (37)" recall that

[u]” = ([u(i)17@ i e ), |u)”=(lu@)]”@ |ien) (6.4)
(see (4.1) and (4.2)). It should be noted that

(a) when S(_x = Ly = = () for all z,y € dom(f), we have the rounding for oriented

discrete 2-convex functions in §op2 and

(b) when S, = T(x ,) = O forall z,y € dom(f), we have the rounding for directed

discrete midpoint convex functions in §rps.

Let us consider a discrete function f : Z" — R U {+o0o} that satisfies

f@)+ fy) = f(T5(@+9)17e) + f(L5(@ +y] 7o) (6.5)

for all x,y € Z". As in Section 4 such a function f is called a regular discrete 2-convex
function.
For any z,y € dom(f) we have a box B(z,y) defined by

B(z,y) ={z e Z"|Vien]: (i) < z(i) <y(@)or z(i) > 2(7) > y(i)}.  (6.6)

For any ordered pair (w, z) of w, z € dom(f) we write (w, z) < (z,y) if w, z € B(x,y)
and (0 < (w— 2)(i) < (z — y)(i) o0 > (w — 2)(i) > (x  y)(i)) foralli € [n].

11



Suppose that ||z — y||o. = m > 1. The difference x — y can be expressed in terms of
{0, £1}-vectors d; = x4, — x5, (1 € [m]) as

r—y=> di=» (xa—xs) (6.7)

i€[m] i€[m]

in such a way that

ANStD2ANSTD-- DA, NST, (6.8)
AANS  CANS C---CA,NS, (6.9)
BiNT 2B,NT D---2B,NT", (6.10)
BiNTTCB,NTTC---CB,NT". (6.11)

Under the condition (6.8)—(6.11) the expression (6.7) is unique, where some sets are pos-
sibly empty but at least one of the four sequences (regarded as multisets) consist of m
non-empty sets. Put

di = Xa,ns+ + XAns— — XBinT— — XBin7T+ (= Xa,ns — XBiAT) (6.12)

and denote d; by n(z,y). Note that d; is a non-zero {0, +1}-vector. We consider 7(x, y)
as a mapping from an ordered pair (z, y) of distinct z, y € dom(f) to a non-zero {0, £1}-
vector.

It should be noted that we have

di =n(x,y+di+---+di1) = Xans — XBnr (i=1,---,m) (6.13)

and
r=y+d + - +dpy. (6.14)
Let us denote by D, ,y(x — y) the family (d; | i € [m]) of non-zero {0, 1}-vectors d;
(¢ € [m]) defined by (6.13).
Moreover, we consider a locally hereditary condition on the orientation o described
as follows.

(H) Given z,y € dom(f), for any w,z € B(z,y) such that (w, z) < (z,y) we have

O-(wvz) = O-(Ivy) .

(Here we can slightly relax the condition (H) in such a way that instead of o, ) = (4
We impose 0y ») (1) = 0(qy)(7) forall i € Sotwsy Yo

The following lemma is crucial in the arguments about parallelogram inequalities to
be examined in the next subsection.
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Lemma 6.1: Suppose (H). Then, for any x,y € dom(f) with D, (x —y) = (d; | i €
[m]) satisfying (6.8)~(6.11) and for any w, z € B(x,y) such thatw =y + »_,_; d; and
z2=y+ Zier d; for some Jy, Jy C [m] with Jy 2 Jo, we have Dy, .y(w — 2) = (d; | © €
Ji\ J2) C Dy (x — y) as a multiset inclusion.

Proof. The present lemma follows from the hereditary assumption (H) and the definition
of the mapping 7. O

Also we have the following lemma.

Lemma 6.2: Suppose (H). Then, for any distinct j, k € [m| we have as multisets
{[3(dj + dp)]7e, |5(d; +di) |70} = {d}, di}. (6.15)

Proof. Letw = y+ d; + d; and z = y. Then we have w,z € B(z,y) and w — z =
d;j + di = x — y, which implies 0(,,.) = 0(,,) under assumption (H) and hence (6.15)
holds. O

We call a regular discrete 2-convex function with a locally hereditary o a hereditary
regular discrete 2-convex function or HRD2-convex function with respect to 0. Lem-
mas 6.1 and 6.2 are used explicitly or implicitly in the following arguments. Note that di-
rected discrete midpoint convex functions [13] and L’-convex functions are HRD2-convex
functions while M?-convex functions and BS*-convex functions are not in general.

6.2. Parallelogram inequalities for HRD2-convex functions

Let f : Z" — R U {+o00} be an HRD2-convex function with respect to an orientation o.
Choose distinct arbitrary =,y € dom(f) with ||z — y||oc = m > 1l and let D(z — y) =
(d; | i € [m]) which satisfies (6.7)—(6.11). For any J C [m] defined; =3 _,_, d;.

We first show the following lemma. Because of (H) every o appearing below should
be regarded as o, ).

Lemma 6.3: For any J C [m] we have © —d;, y+ d; € dom(f).

Proof. Our proof consists of the following three steps (1), (II), and (III).
(I) Put z = y and repeat
2 [z +2))° (6.16)

until we get ||z — z||oc = 1, where we see that for all z computed during the execution
we keep
z € dom(f), dy € D(z — 2) (6.17)
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because of HRD2-convexity and of the definition of the d;s. Hence the finally obtained z
satisfies 2 = 2 — d; € dom(f). Moreover, put vY) = x — d; and z = y, and repeat

2 (@MW +2))° (6.18)

until we get ||z(!) — z||o = 1. Then, the finally obtained z satisfies z = () — dy =
x — dy — dy € dom(f). Repeating this argument yields

x—dy —---—d; € dom(f) (Vi=1,---,m—1). (6.19)
Similarly by adapting the arguments in (6.16)—(6.19) we can also show the following:
y+dy+---+d; € dom(f) (Vi=1,---,m-—1). (6.20)
(IT) Next, for any k € [m] put z = y + dy + - - - + di_1. Then repeat
2 [z +2))° (6.21)
until we get ||x — z||oc = 1, where any z computed during this process satisfies
dy € D(z — 2). (6.22)

Then, the finally obtained z satisfies z = x — dy € dom(f). Similarly, we can also show
y + di, € dom(f).

(IIT) Now, for any J C [m] suppose that J = {j; | i = 1,--- £} with j; < -+ < Jp.
From the arguments in (I) and (II) we have = — d;, € dom(f) and hence, starting from
x —d;, and y, we further obtain x — d;, — d;, € dom( f). Repeating this argument, we get
r—dj —---—d;, = —d; € dom(f). Similarly, we can also show y + d; € dom(f).

O

Finally we show the following theorem. The proof given below is a straightforward
adaptation of the one in [8] (also see [13]).

Theorem 6.4 (Parallelogram Inequality): For any J C [m| we have

f@)+ fly) > fle—dy)+ fly+dy). (6.23)

Proof. Choose any J C [m]. Suppose that J = {j,---,j,} with j; < --- < j, and
K=[m|\J={k, -k} withky < --- <k, If J =[m]orJ =, then (6.23)
trivially holds with equality. Hence we assume p,q > 1 (and p+ ¢ = m). Note that (6.23)
can be rewritten as

14



Now, adapting the proof in [8, Theorem7], we show (6.24). For all s € {0} U [p] and

t € {0} U [q] define
s t
Tap=T— Y dj = dy, (6.25)
i=1 i=1
which belongs to dom( f) due to Lemma 6.3. We first show

f(x(s,t)) + f(l’(sflztfl)) > f( (s,t— 1)) + f( (s—1,t) ) (S € [p]a le [Q]) (626)

Because of the definition (6.25), of HRD2-convexity, and of Lemma 6.2 we have

F(@ep) + [(@—1,-1))
= f(T(s—1,4-1) — dj, — di,) + f(2(s—14-1))
> f(w(s-10-1) = [5(dj, +di)17) + f@s-16-1) — L5(dj, +di,)]7)
= f(@-1-1) = di.) + [(@(s—1-1) — di,)
= f(@-1) + f(@6-1p), (6.27)
which validates (6.26).
Next, by summing up (6.26) for all s € [p| and ¢ € [g] we obtain (6.24). O

Remark: Defining F'(s,t) = f(x(y) forall s € {0} U [p] and t € {0} U [q], F :
({0}U[p]) x ({0}U[¢]) — Risan ordlnary submodular function in the orthant ({1}, {2})
(or orientation (0(1),0(2)) = (+, —)). The proof technique to show (6.24) from (6.26)
is a well-known technique to show the submodularity of set functions from their local
submodularity.

6.3. Scalability of HRD2-convex functions

Here we provide a proof of the scalability of HRD2-convex functions based on two lem-
mas given below. Let x € (Z>()" be an arbitrary nonnegative vector, which is uniquely
expressed as

¢
i=1
with positive integers ¢ and p; (¢ € [¢]) and sets A; (i € [(]) satistying
[n]QAlDAQD-”DAg#@. (6.29)

Now let us consider the upper-rounding [1z] of the half-integral vector 3z. Defining

g = {%me - {%me (j € [0), (6.30)
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the upper-rounding of the half-integral vector %x can be rewritten as

J4
[32] = aixa, (6.31)
i=1

It follows from (6.30) that integers ¢; (i € [¢]) satisfy
0<q<p  (Viell]). (6.32)
Similarly, we can show that the lower-rounding [%xj is expressed as

14

[3z] = rixa, (6.33)
i=1
with integers 7; (i € [¢]) satisfying
0<r<p  (Viell]). (6.34)
Since [$2] + |32 = z, we have
¢ +7ri=p; (Vi € [0]). (6.35)

Summing up, we have the following lemma.

Lemma 6.5: For any nonzero vector x € (Z>)" expressed as

¢
T=) pixa
i=1
with positive integers p; (i € [(]) and sets A; (i € [{]) satisfying
[n]QAlDAgD---DAg%@,
the upper-rounding f%x] and the lower-rounding L%xJ are, respectively, expressed as
¢ ¢
(%Z'—I = Z diX A; s L%xJ = Z TiXA;
i=1 i=1
with integers q; (i € [(]) and r; (i € [{]) satisfying

0<q¢<pi, 0<r<pi, q+ri=np (Vi € [£]).
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More generally, for any non-zero vector x € Z" and an orientation o, vector x can be
expressed as

¢
v = pilxa, —x5) (6.36)
=1

for a positive integer £ in such a way that, putting S = {i € [n] | (i) > 0}, T = {i €
[n] | z(i) <0}, ST ={i€S|o(i)==+},andT= = {i € T | o(i) = +}, we have

ANSTDANSTD-.-DANST, (6.37)
ANS CANS C---CANS, (6.38)
BiNT 2B,NT D---DB,NT", (6.39)
BiNTTCB,NTTC---CBNT™, (6.40)

and for each i € [¢ — 1] at least one of the following four relations hold with strict
inclusion:

AinNST DA NSt ANS T CANST,
B;,NT~ DB, NT™, B,NTTC B, NTT. (6.41)
We can now show the following lemma that generalizes Lemma 6.5.

Lemma 6.6: For any non-zero vector z € Z" and an orientation o, z is uniquely ex-
pressed for some positive integers p; (i € [(]) as

0
2= pixa —xn) (6.42)
=1

with sets A; and B; (i € [{]) satisfying the conditions described above ((6.37)-(6.41)).
Furthermore, the signed upper-rounding [%z} 7 is expressed as

V4
(3217 = ailxans — XB,r) (6.43)

i=1

with integers g; (i € [m]) such that 0 < q; < p;. Also, the signed lower-rounding | z]°
is expressed as

~

13207 = ri(xans — XBr) (6.44)

=1

with integers r; (i € [m]) such that 0 < r; < p;. Moreover, we have q;+r; = p; (Vi € [{]).

Proof. ~ We see that the signed upper-rounding [1z(i)]°(") becomes [$2(i)] for i €
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ST U TT with the decreasing vector sequences (xa,ns+ | @ = 1,--+,¢) in (6.37) and

(=XBirr+ | @ = 1,---,¢) in (6.39), and becomes |$z(i)| for i € S~ U T~ with the

increasing vector sequences (xa,ns— | ¢ = 1,---,¢) in (6.38) and (—xp,nr- | @ =
1,---,0)in (6.40). Similarly, the signed lower-rounding |1z (i)|”) becomes |1z(i)] for
i € ST UTT with the decreasing vector sequences (xa,ns+ | ¢ = 1,---,¢) in (6.37)
and (—xpnr+ | @ = 1.---,() in (6.39), and becomes [$z(i)] for i € S~ U T~ with
the increasing vector sequences (xa,ns- | ¢ = 1.---,¢) in (6.38) and (—xp,nr- | ¢ =
1.--+,/¢) in (6.40). Hence the present lemma follows from Lemma 6.5. O

Now suppose that we are given an HRD2-convex function f : Z" — R U {+oc0} and
an integer k& > 2 such that dom(f) N (kZ)™ # (). Define

ffa) = f(kx) (Vo eZm). (6.45)
The function f* is called a k-scaled function of f.

Theorem 6.7 (Scalability): For any HRD2-convex function [ : 7" — R U {400} with
respect to an orientation o and for any integer k > 2 such that dom(f) N (kZ)™ # (), the

k-scaled function f* is again an HRD2-convex function with respect to the orientation o*

given by O-ng,y) = O(ka,ky)-

Proof. For any distinct z,y € Z" put z = x — y. Because of Lemma 6.6, for z € Z" we
have expressions (6.43) and (6.44) for a positive integer {. Hence we have

l
k(x —y) =Y kpi(xa, — x5.); (6.46)
=1
0
K[ =917 =D kai(xans — XB,r), (6.47)
=1
14
3@ —y)]7 =) kri(xans — xB,nr) (6.48)

i=1
with ¢; + r; = p; (¢ € [£]). Moreover, under the condition (H) we have that for any
x,y € dom(f¥)

5@ +917) = k5@ + )17, e +9)]7) = fkL5+y)]7), (6.49)

and
[5+y)] =y+d |[3(@+y)]” =x—d, (6.50)

where

d=([3(z(@) —y@)] i€ STUTT) & ([3(x(@) —y@)] i€ S"UT™). (6.51)
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Hence, from (6.46)—(6.51) and Theorem 6.4 we obtain

@)+ o) = A5+ 917) + (@ +y)]7) (Ya,y € dom(fY)).  (6.52)

O

It should be noted that the HRD2-convexity inequality (6.52) for f* is an instance of
the parallelogram inequalities for f.

6.4. Proximity results for HRD2-convex functions
We show a proximity theorem for HRD2-convex functions. The proof given below is an

adaptation of the one in [13].

Theorem 6.8 (Proximity): For any HRD2-convex function f : 7" — R U {400} with
respect to an orientation o and for any integer k > 2 such that dom(f) N (kZ)™ # 0, let
@ be a vector in dom(f*)(= dom(f) N (kZ)") such that

(@) < fHa+a) (vd € {0, £1}"). (6.53)

Then there exists a minimizer x* of f such that ||kt — x*||s < n(k —1).

Proof. Let y be any vector in dom(f) such that ||kZ — y||oc = m > n(k — 1). Note that
the difference kz — y is expressed as (6.42) with z replaced by k2 — y, where

¢
¢ <n, Zpi:m>n(k—1). (6.54)
i=1

Hence p;- > k for some i* € [¢] and let d* = k(xa,. — X5, ) from (6.42). It follows from
the parallelogram inequality (Theorem 6.4) that we have

fk2) + fly) = f(ki = d*) + fly +d) = f(k2) + fly + d7). (6.55)

Hence, f(y) > f(y+d*) and ||kZ — (y +d*)||oc = ||kT — y||oo — k. Put yo = y and repeat
the above arguments by putting y < y + d* until we obtain a vector y € dom(f) such
that f(yo) > f(y) and ||kZ — y||o < n(k — 1). It follows that there exists a minimizer z*
of f such that ||kZ — 2*||oc < n(k —1). O

We have thus shown that HRD2-convex functions satisfy a proximity result with the

same proximity bound as the more restricted classes of Li-convex, discrete midpoint con-
vex, and directed discrete midpoint convex functions (see [9, 8, 13]).
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7. Concluding Remarks

We have drawn the readers’ attention to the class of discrete 2-convex functions, which
is a subclass of integrally convex functions. We have examined discrete 2-convex func-
tions that have nice combinatorial structures under a plausible condition, i.e., a locally
hereditary orientation property. We have shown parallelogram inequalities, scalability,
and proximity results for discrete 2-convex functions with the locally hereditary orien-
tation property, which extend the known results for special cases in [8, Theorem 7] and
[13, Theorem 5] (also [7]). Such extensions naturally lead to simple extensions of the
minimization algorithms developed in [8] and [13] for discrete midpoint convex and for
directed discrete midpoint convex functions to the class of HRD2-convex functions.

Our proofs in the unifying framework are simple and will lead us to further deeper
understanding of discrete 2-convex functions even in the special cases in the literature.
The class of discrete 2-convex functions we have focused on is worth further investigation.
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