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Abstract Submodularity defines a general framework rich of important theoretical proper-
ties while accommodating numerous applications. Although the notion has been present in
the literature of Combinatorial Optimization for several decades, it has been overlooked in
the analysis of global constraints. The current work illustrates the potential of submodularity
as a powerful tool for such an analysis. In particular, we show that the cumulative constraint,
when all tasks are identical, has the submodular/supermodular representation property, i.e.,
it can be represented by a submodular/supermodular system of linear inequalities. Motivated
by that representation, we show that the system of any two (global) constraints not necessar-
ily of the same type, each bearing the above-mentioned property, has an integral relaxation
given by the conjunction of the linear inequalities representing each individual constraint.
This result is obtained through the use of the celebrated polymatroid intersection theorem.
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1 Introduction

Global constraints offer declarative simplicity in modeling complex real-life applications
often with the use of discrete variables. Usually, the resulting model is communicated to a
software platform for resolution. Such solvers use a variety of methods that have been devel-
oped mainly within the field of Constraint Programming (CP). As these models are typically
not easy to resolve, many computational environments also take advantage of Mathematical
Programming (MP) techniques. In this way, these solvers implement a unified resolution
framework that has been advocated and described in various works (see [6, 9—11, 25] and
references contained therein.)

The power of such a framework is greatly enhanced by the ability to represent a global
constraint by linear inequalities that describe the convex hull of points satisfying that con-
straint. If such a representation is known, then resolution can be accomplished by Linear
Programming, especially when an optimal solution is sought. Surveys on the linearization of
several global constraints can be found in [8—10, 18]. Work, where some (or all) of the facets
of the convex hulls associated with global constraints are established, includes [22] (alldif-
ferent), [23] (cardinality rules), [12] (the cumulative constraint), [24] (the sum constraint),
[13] (the circuit constraint). Related research on binary constraint satisfaction problems
appears in [2, 21]. Furthermore, the linear representation of various systems of alldifferent
constraints has been studied [1, 3, 15, 16].

The current work falls within such a framework. It utilizes the powerful theory of Poly-
matroids and Submodularity, developed in the field of MP (particularly Combinatorial
Optimization) in order to establish results analogous to the ones presented above. Although
that theory has been motivated by a wide range of applications, its contribution to the
domain of global constraints is rather limited. To the best of our knowledge, the paper by
D. Magos is the only relevant work where it is shown that the linear representation of the
alldifferent constraint has the submodular/supermodular representation property [14]. In the
current work, we derive the convex hull of the cumulative constraint in the case of identical
tasks Ps and derive its dimension. We show that its defining inequalities form a submod-
ular/supermodular system and establish that Pg is a generalized polymatroid. The direct
consequence is that if the functions providing the right-hand side of these inequalities are
integral, Ps is integral too. We also use results from the theory of submodular systems to
identify the facets of Pg thus deriving its minimal description when it is of full dimension.
Subsequently, we provide an extension to the celebrated Polymatroid Intersection Theorem
[20, Corollary 46.1a] which is directly applicable to any system of two global constraints
each bearing the submodular/supermodular property: an integral relaxation of such a sys-
tem is given by the conjunction of the linear inequalities representing each of the global
constraints individually.

2 Background

2.1 Polytopes and integrality

We review some basic definitions from MP theory [19]. Let n, m € Z.. A polyhedron P C
R”" is the set of points that satisfy a finite number of linear inequalities, that is P = {x €
R" : Ax > b}, where (A, b) is an m x (n + 1) matrix. We say that the system of inequalities
Ax > b is defining for the polyhedron P. A bounded polyhedron is called a polytope. Given
a polytope P, a point x € P is an extreme point of P if there do not exist x', x> € P,
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Submodularity and its application to some global constraints 269

x! = x? such that x = 0.5x! +0.5x2. A polytope has a finite number of extreme points and
every other point of that polytope can be expressed as a convex combination of its extreme
points. Hence, a polytope can be described either by its extreme points or by its defining
linear inequalities. Thus, if C is the set of extreme points of P and conv{C} denotes the
smallest convex region including the points of C, then {x € R" : Ax > b} = P = conv{C}.
The system Ax > b is called a linear description of P. The polytope P is called integral
if all its extreme points are integral. Given two polytopes P and P such that P C P, if the
polytope Pis integral then it is called an integral relaxation of P. The following definition
establishes the notion of total dual integrality.

Definition 1 ([5]) A system of linear inequalities Ax > b is called totally dual integral
(TDI), if for all integral w such that z = min{wx : Ax > b} is finite, the dual max{yb :
YA = w, y € R™} has an integral optimal solution.

2.2 Submodularity

The following definition can be found in any standard textbook on polyhedral combinatorics
(e.g. [20]).
Definition 2 Given a set S, a function g : 25 — R is called submodular if

8(AUB) +g(ANB) < g(A)+g(B),VA,BC S. e
An equivalent definition can be given with respect to the non-increasing first differences.

Lemma 3 ([17]) Given a set S, a function g : 25 — R is called submodular iff

gBU{jD —g(B) =g(AU{j}) —g(A),YACBCS,jeS\B. @)

Proof (Necessity) Let A C B C Sand j € S\ B. Then (1) for sets C, D where C =
= A U {j} yields

g(CUD)+g(CND)=gC)+gD)=
gBUAU{N) +gBNAUD) =< g(B)+gAU{j].
Because BU (AU {j}) =BU{j}and BN (AU {j}) = A, the above implies
gB UL} —g(B) = g(AU{j}) —g(A).
(Sufficiency) Again let A, B, j defined as previously. It is easy to see that (2) implies
g(BUC) —g(B) = g(AUC) —g(A), 3)

where CN B = (.
Forany X,Y C S, thesets X NY, X\ Y, Y qualify for the roles of A, C, B, respectively,
in (3). Substitution yields

gYUXN\Y) —g@) =g((XNY)U(X\Y)) —g(XNY).
Because YU(X\Y)=YUXand (XNY)U (X \Y) = X, the above yields
gYUX)+g(XNY) < g(X)+gY)
which is exactly (1) for X, Y C S. O
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270 D. Magos and I. Mourtos

g is called supermodular if ‘<’ is replaced by ‘>’ in the above definitions. Finally, if (1),
(2) hold as equalities g is called modular. Clearly, the notions of super- submodularity are
symmetric; it is easy to see that if g is submodular, —g is supermodular and vice versa.

In his seminal paper [4], Edmonds initiated a systematic study of submodular functions.
Among the main contributions of that work is the definition of a polytope with the use of a
submodular function g. That is, a submodular system (S, g) is associated with the polytope

P(S,g9)={xeR5:x>0,xU) < g(U),YU C S},

where x(U) = ),y %u. P is called a polymatroid while dropping the non-negative con-
straints yields an extended polymatroid denoted as E P (S, g) (c.f. [20, p.767]). An important
property of the inequality system defining P (S, g) is that it is totally dual integral (TDI) [4].
The same applies for the system defining E P (S, f) [20, Corollary 44.3c]. The key impli-
cation of TDIness is that if g is integer-valued, then P (S, g) (and thus E P (S, g)) is integral
[20, Corollary 44.3d].

A most celebrated result is that the above property carries over to the intersection of two
(extended) polymatroids. That is, given two submodular functions go, g; defined on the
same set S, the inequality system x > 0,x(U) < g;(U),VU < S,i = 0,1 is TDI [4].
Note that this system defines the polytope P (S, go) N P(S, g1), i.e., the intersection of the
polymatroids P (S, go) and P (S, g1). An analogous result holds for E P(S, go) NE P (S, g1)
[20, Theorem 46.1]. The consequence is known as the polymatroid intersection theorem
[20, Corollary 46.1a] given next.

Theorem 4 The intersection of two integral (extended) polymatroids is integral.

Structures that are symmetrical to the ones presented above are defined if instead of a
submodular function g, we consider a supermodular function f defined on a set S. Thus a
contrapolymatroid is the polytope

P(S, f)={xeRS:x>0,x(U) > f(U),YU C S},

In an analogous manner, an extended contrapolymatroid is defined. A theorem analogous
to Theorem 4 holds for contrapolymatroids as well [20, Corollary 46.1d]. The intersection
of an integral (extended) polymatroid and an integral (extended) contrapolymatroid is also
integral [20, Theorem 46.2, Corollary 46.2a].

An even more general model is that of a generalized polymatroid (g-polymatroid) [7].
Two set functions f, g defined on a set S are called compliant if

g(A) — f(B) = g(A\ B) — f(B\ A),YA,B C S. “)

The pair (f, g) is called strong if the two functions are compliant and f is supermodular
whereas g is submodular. For a strong pair ( f, g), the polytope

(S, f,8) =f{x e RS : f(U) <x(U) < g(U),VU C S}

is a g-polymatroid. It is known that the system defining a g-polymatroid is TDI [7, Propo-
sition 2.12]. Also the linear system defining the intersection of two g-polymatroids

(S, fo. g0)NQO(S, f1, g1), where (fo, go), (f1, &1), are strong pairs is TDI [7, Proposition
4.1].
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Submodularity and its application to some global constraints 271

3 The Cumulative constraint with identical tasks

The resource-constrained scheduling problem (RCSP) involves scheduling a set of tasks
N = {1, ..., n} on a renewable resource with limited capacity C. Each task j € N has an
earliest release date r}b, a latest release date r;.’b, a due date d; and consumes c; units of
the resource while running, non-preemptively, for p; time units. Given a time horizon of T
time units, we are interested in determining the start time s; of each task j € N such that

Y ¢ <c, Vie{o,....T}, )
JEN;
M <s; <r®=d;—p;,VjeN (6)
j =] =7j J Pjs J B

where Ny, = {j € N :s; <t < s; + pj}is the set of tasks running at time ¢. We refer to a
vector s € R” satisfying (5)—(6) as a schedule. Such a system is modelled by the so-called
cumulative constraint [9, Section 4.16]

cumulative(s| p, c, C). @)

whose set of solutions are all schedules s.
We focus on the case of identical tasks, i.e., p; = po, c; = cp, r}b = rp, and r}‘b =r,
for all j € N. To be more descriptive, in this case, we write (7) as

cumulative(s; : j € N|po, co, C). ®)

Hence, the resource can process at most § = |C/cp] tasks at a time. Table 1 summarizes
the notation introduced above.

Given K C N, observe that pg-[|K| /8] is the minimum number of time periods needed
to process a set of K tasks. We define

p(K) = [@—‘ —1
5 .

Remark 5 The function p : 2V — Z, is non-decreasing on the cardinality of the subsets
of N.

We define,
f@ro. K) = |Klro+p(K) - po- (IK| = 5(p(K) + 1)), )
gri,K) =|Klri —p(K)-po- (IKI = 3(p(K) + 1)). (10)

Table 1 Notation associated with the Cumulative constraint on identical tasks

N : set of tasks to be run non-preemptively

C : amount of a renewable resource

sj : starting time of task j € N

po : processing time of a task

cop : quantity of resource consumed by a task

ro : earliest release date of a task

r1 : latest release date of a task

§ = |C/co) : maximum number of tasks processed simultaneously
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272 D. Magos and I. Mourtos

We begin by showing how (9) and (10) relate to feasible schedules. Hereafter, let s(K) =
Zjeksj,forl( C N.

Proposition 6 For K C N, f(rg, K) and g(r{, K) are the minimum and maximum value
of s(K) in any feasible schedule s, respectively.

Proof We show the result for f(rg, K) (the proof for g(r;, K) is similar). The value of
s(K) is minimized when the tasks in K are processed as early as possible. Recall that,
by definition, p(K) is the number of periods of length pp needed to process |K| tasks,
minus one. Therefore, the first p(K) periods of the schedule will be full, that is, there
will be § tasks running. The tasks that run during the first period have s; = rp, the tasks
that run during the second period have s; = ro + po, and so on, until (and including)
the p(K)-th period. Therefore, the sum of the start times of these first - p(K) tasks is
equal to Zfig)_l (ro + ipo) multiplied by §. The remaining |K| — §p(K) tasks will have
sj =710+ po - p(K). Summing these start times with the former expression, we obtain

p(K)—1
fro. Ky= )" (ro+ipn)s + (ro+ p(K)po) (K| — 8p(K))
i=0
which reduces to (9) after some algebraic manipulations. O
Example 1 Consider a set of N = {1, 2, ..., 7} tasks. Suppose that each task runs non-

preemptively, consumes two units of a resource and requires three periods of processing
time. Assume that the amount of the renewable resource available is limited to 5 units. Fur-
thermore, the processing cannot start earlier than day number 2 and later than day number
14. The parameters of the problem are C = 5, cg = 2, po = 3, r9 = 2, r; = 14. The num-
ber of tasks running at each time period cannot be more than § = |5/2] = 2. The minimum
number of days needed for all tasks to be processed is po - [|[N| /6] = 3-[7/2] = 12. Also,
o (N) = 3. Plausible schedules include s, §, § where
S1=3,5=4,53="7,54="7,55 =10,5¢ = 11, 57 = 14,
§51=2,5=2,53=5,54=5,55=28,5 = 8,57 = 11,
s1=5,5=8,53=8,54=11,55 = 11,5 = 14,57 = 14.

Observe that §(N) = £(2,7) = 41, §(N) = 56 and 5(N) = g(14,7) = 71.

Intuitively, because tasks have common characteristics, the sum of starting times of a set
K of tasks starting as early (or as late) as possible cannot be less than the corresponding
sum of a set of K’ of tasks where |K ! | < |K|. This is formalized as a remark.

Remark 7 The functions f, g are non-decreasing on the cardinality of the subsets of N.

The preceding analysis implies that any schedule satisfies
g(ri, K) = s(K) = f(ro, K),VK S N. 11

In fact, (11) yields the linear representation of the cumulative constraint for identical
tasks as shown next.
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Submodularity and its application to some global constraints 273

Theorem 8 The convex hull of schedules is

Ps = {s € R" : s satisfies (11)} (12)

Proof Clearly Ps # ¥ if and only if r; > ro + po - p(N). Let as < $ be an inequality
that is valid for Ps and P = {s € Ps : as = B} the face it induces. Either (i) at
least one coefficient of s < f is positive or (ii) all such coefficients are non-positive
(thus the inequality —as > —p has only non-negative coefficients). We prove that P(®#) is
included in a face defined by an inequality s(K) < g(r;, K) (if (i) holds) or an inequality
s(K) > f(ro, K) (f (ii) holds).

Case 8.1 «a; > Oforsomek € N

Let amax = max{ay : k € N}. By hypothesis apmax > 0. Define K = {k € N : oy =
Omax ], 1.6. K is the set indexing the maximum coefficients in the left-hand side of as < 8
(and also o > O for all k € K). We prove that each vector s € P@P) that defines a
schedule satisfies s(K) = g(r1, K).

Thus, assume to the contrary a schedule s’ € P@B) quch that s'(K) < g(r1, K). The
implication here is that, in the schedule s’, not all tasks indexed by K start ‘as late as possi-
ble’. Thus consider the task indexed by K with the earliest start time, i.e. kg = arg min{s; :
k € K}. Since s'(K) < g(r1, K), task ko starts no later than r; — (p(K) + 1) - po, i.e.
s,’(o <r1— (p(K) + 1) - po. Moreover, in the schedule s, either there are § tasks processed
in each period t = r; — (p(K) — 1) - po, ..., r; (and the remaining tasks processed in
r1 — p(K) - po) or there is a period ¢ € {r; — p(K) - po, ..., r1 — po} in which fewer than
4 tasks are processed (or fewer than w tasks are processed in r1).

In the former case (all periods after r; — p(K) - pg are “full’), s'(K) < g(r1, K) implies
that there is a task not indexed by K which starts no earlier than r; — p(K) - po, i.e. there is
k1 € N\K such that s,’q >r1 — p(K) - po. Recalling that s,’(O <r;—(p(K)+1)- pg yields
that s,’(o < s,’q although oy, > oy, (follows from kp € K and k1 € N\K). Construct the
point § as g, = s,’<1 \ Sk = Sl/co and 5, = s; for all k € N\{ko, k1}. Observe that, although §
is a schedule of Pg,

S /o = = / o
oS — oS = QkySky + Xk, Si;p — O Sk — kg S, =
!/ /
= (Qgy — Oky) - (skI — Sko) >0

or as > as’ = B. Hence inequality as < B is not valid for Pg, since violated by §, i.e. a
contradiction to our assumption that s'(K) < g(r1, K).

In the latter case (there is a period after r; — p(K) - po that is not ‘full’), let 7y >
r1 — (p(K)+1) - po be a period in which an additional task can be processed. The schedule
5 € Pg derived as 5, = to, Sk = s,’( for all k € N\{ko, k1} task kg is processed in period 7
and all other tasks are processed as before (i.e., as in the schedule s). Clearly, sz, > s,’co and
ay, > 0 by hypothesis. But then,

as —as’ = ok, - Sk, — s,’co) >0

implies that s < B is not valid for Pg, since violated by §, thus contradicting again that
s"(K) < g(r1, K).

It follows that s(K) = g(r1, K) for all schedules s € P@P) _Since each face of Py is
the convex hull of the schedules belonging to it, P©@#) C {s € Ps : s(K) = g(r1, K)}.
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274 D. Magos and I. Mourtos

Therefore, the only inequalities of the form «os < B (with a positive left-hand side
coefficient) required for the description of Ps are s(K) < g(r;, K), K € N.

Case 8.2 ap <Oforallk e N

Let amin = min{ay : k € N}. Unless as < B is an all-zeros inequality (thus being trivially
redundant) opin < 0. Define K = {k € N : ax = omin}, i.e. K is the set indexing the
minimum coefficients in as < B and o4 < 0 for all k € K. We prove that s(K) = f(r9, K)
for any schedule s € P,

Assuming to the contrary a schedule s’ € P@P) such that s'(K) > f(ro, K) implies that
not all tasks indexed by K start ‘as early as possible’ in s’. Thus consider the task indexed
by K with the latest start time, i.e. ko = argmax{s; : k € K}. Since s"(K) > f(ro, K),
task ko starts no earlier than ro + (o (K) + 1) - po, i.e. s,’co <ro+ (p(K)+1)- po. Moreover,
either there are § tasks processed in each period t = rg, ro + po, . .., ro+ p(K) - po or there
is a period t € {ro, ro + po, ..., o+ p(K) - po} in which fewer than § tasks are processed.

In the former case (all periods rg, ro+ po, - . . , ro+0(K)- po are “full’), s'(K) > f(rg, K)
implies that there is k1 € N\K such thats; < ro + p(K) - po. Thus s,’co > sy, although
ok, < o, (follows from the definition of K). Construct the point § as 5, = s,’CI , Sk, = s,’c0
and 5 = s,/{ for all k € N\{ko, k1}. Observe that, although s is a schedule of Pg, a§ —as’ =
(otkg — aty) - (s,’(I - s,’{o) > O oras > as’ = B, i.e. a contradiction to the assumption that
s"(K) > f(ro, K).

In the latter case let fo < ro + p(K) - po be a period in which an additional task can be
processed. The schedule 5§ € Pg derived as 5y, = to, 5k = s,’( for all k € N\{ko, k1}, task
ko is processed in period fy and all other tasks are processed as in the schedule s. Clearly,
Sky < s,’co and o, < 0 by hypothesis. But then, a5 — as’ = o, - (5, — s,’co) > 0 yields again
a contradiction to s’ (K) > f(rg, K).

It follows that s(K) = f(ro, K) for all extreme points s € P@P) thus P@P) C (s ¢
Ps : s(K) = f(ro, K)}. Therefore, the inequalities s(K) = f(rg, K), K C N, are the only
ones required (among the inequalities of the form as < B without a positive coefficient) for
the description of Ps. O

It is easy to see that Pg is empty if r| < ro+ p(N) - po. In this case, there are not enough
time periods for all the tasks in N to start. That is, f(rg, N) > g(r1, N). A more general
result can be derived from the following two lemmas.

Lemma9 f(rg, N) =g(r1, N)ifri =rg+ p(N) - po and § divides |N|.

Proof Considering (9) and (10) for N and equating them yields
g(r1, N) = f(ro, N) =

8
IN|r1 = po-p(N) (INI — 5N+ 1))

8
= [Nlro+ po-p(N) (INI - 5(,0(1\’) + 1)) =

INI (2 po-p(N) = (r1 —=ro)) =6 po-p(N)-(p(N)+1)
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Submodularity and its application to some global constraints 275

Setting in the above equation r| — rg = po - p(N) and dividing both parts by pg - p(N), we
get
)
s |8
which implies that § divides |N|. O

Lemma 10 If Ps # @ then there does not exist K C N such that f(rg, K) = g(r1, K), for
any ro, ry.

Proof Since Ps # {J, it can only be that r; > ro + p(N) - po. Now assume there is K C N
such that f(rg, K) = g(r1, K). That yields

n—ro = p(K) - po- o, (13)
nmm)

=(2——-]. 14

" ( K1/5 (1

Observe that u < 1. If r; > rg+p(N)- po (implying f(ro, N) < g(r1, N)) then (13) yields
p(K) > p(N) contradicting Remark 5 as |K| < |N]|.

Next assume that 1 = rg + p(N) - po but § delta does not divide |N| (implying again
that f(ro, N) < g(r1, N)). Then, we have that

p(N) = p(K) - . (15)

For this to hold x must be equal to one implying that § divides | K |. But then as § does not
divide |N| and |N| > |K|, it follows that p(N) > p(K).

Finally, if f(r9, N) = g(r1, N) then by Lemma 9, § divides | N| and thus < 1 if § does

not divide | K| . In this case (15) cannot hold given that p(N) > p(K). On the other hand,

if § divides both | K| and |N| then & = 1 but p(N) > p(K). O
Corollary 11
-1, ry <ro+ p(N) - po,
dim Py = { |[N|—1, ri =rg+ p(N) - po, 8 divides |N]|,
N, otherwise.

Proof By Lemmas 9, 10, when Ps # , the system (11) may include up to one equality;
thatis g(r1, N) = f(ro, N) = s(N) whenry =rg+ p(N) - po and § divides |N]|. (I

Next, we show how submodularity enters the picture.

Proposition 12 Functions f (rg, K) and g(r|, K) are supermodular and submodular on 2N,
respectively.

Proof To establish the supermodularity of f it suffices to show (2) where f replaces g and
‘>’ ‘<’. That is, we must prove

f@ro, K U{jH) — f(ro, K) = fro, K U{j}) — f(ro, K), (16)

for any K C K C Nand j € N\K. By the definition of f (ro, K), the difference f (ro, KU
{jH — f(ro, K) is solely determined by the size of the sets K U {j} and K. Moreover,
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276 D. Magos and I. Mourtos

since all tasks are identical and f(rg, K) represents the minimum sum of start times in a
(feasible) schedule, f (o, KU{ jh— f(ro, K) equals the start time of the last task among the
K U{ 7} tasks. But the start time of that task (irrespective of whether that task is j) equals
ro+p(KU{j}-po= f(ro, KU{j}) — f(ro, K). Similarly, f(ro, KU{j}) — f(ro, K) =
ro + p(K U {j}) - po. Hence, showing (16) is equivalent to showing that p(K U {j}) <
p(K U {j}). The latter follows from the fact that (IE U {j}) C (K U{j}), and by noticing
that p(K) is non-decreasing with respect to |K|. The submodularity of g(r1, K) is shown
in an analogous manner. O

The following statement which is proven in the Appendix reveals a fundamental property
of Ps.

Theorem 13 Ps is a generalized polymatroid.

Corollary 14 The polytope Ps is integral if ro, r1 and po are integers.

Proof As Pg is a generalized polymatroid, the system of inequalities (11) is TDI. Given
that that ro, r1 and pg are integers, the functions f(ro, K), g(r1, K) yield integer values for
any K C N. O

Also, the polytopes defined from Pg for ro = —oo and r; = oo form an extended
polymatroid and contrapolymatroid, respectively, thus constituting integral relaxations of
Pg, when the conditions of the above theorem hold. Submodularity can also be used to
identify the facets of Ps when it is of full dimension. The following definition is adapted
from [7][Chapter VI, page 548]

Definition 15 Let / denote any of the functions f, g, while h the other one. Consider a set
K CN.

e Aset N; C K is called an inner (h, K)-separator if
h(Ny) + h(K \ N1) = h(K).

e Aset N; C N\ K is called an outer (h, K)-separator if
h(N1 UK) — h(Ny) = h(K).

[71[Corollary 1.2, page 548] yields that s(K) > f(rg, K) and s(K) < g(rq, K) define
facets of the full-dimensional Pg iff there is no inner (&, K)-separator and no outer (%, K)-
separator where £ is defined as above. In the following statements, we identify the sets
K C N for which this true.

Proposition 16 For |K| = 1 or |K| > §, there is no inner (f, K)-separator. The same
applies for g.

Proof We show the result for f. By definition there can be no inner separator if |K| = 1.
Next, let |[K| > §. Since ¥ C Ni C K and function p is non-decreasing, p(K) > p(Ny)
and p(K) > p(K\Np). We show that at least one of these two inequalities is strict, i.e.,
p(K) > p(Ny)or p(K) > p(K\Np). Assuming the contrary and adding the two equalities,
we get
2p(K) = p(N1) + p(K\Ny). 17)
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Next, considering Lemma 24, (see Appendix), with n = 2,a9 = |K|,a; = |[Ni|,a2 =
|K \ Ni| and b = §, we obtain

5w 232

where 65 x| € {0, 1}. Moving 65 || to the right-hand side and subtracting one from both
sides, yields

p(K) = p(N1) + p(K \ Ny).

Substituting the right-hand side from (17), we arrive at p(K) > 2p(K) which is a con-
tradiction because p(K) > 1 (i.e.,, p(K) # 0); this stems from the hypothesis that
K| > 3.

Recall that f(ro9, K) denotes the minimum sum of start times of | K| tasks in a feasible
schedule, i.e. § tasks start at each period t = rg, ..., ro+ po-(p(K)—1) and |K|—p(K)-$
tasks start at period ro + po - p(K). Let {sg, k € K} denote the start times of such a schedule
sorted in increasing order, i.e. s1 < 52 < -+ < six| and s(K) = f(ro, K).

Similarly, f(ro, N1) and f(rg, K\N1) represent the minimum sum of start times for
two schedules comprising |[N1| and |K| — |Nj| tasks respectively; that is, & tasks start at
each period t = rg,...7r0 + po - (0(N1) — 1), |N1| — po - p(Ny) - 8 tasks start at period
ro + po - p(N1), another § tasks start at each period t = rp, ..., po - (p(K \ N1) — 1) and
|[K \ N1| — p(K \ Np) - § tasks start at period p(K \ Nj). Let {s,’(, k € K} denote the start
times of all |K| tasks in these two schedules in increasing order, i.e. 5| < s) < --- < S\/Kl
and s'(K) = f(ro, N1) + f(ro, K \ Ny). It is not difficult to see that, since all tasks are
identical and p(K) > p(Ny) or p(K) > p(K \ Ny), s, < s¢ forall k € K while 53, <
sk« for some k* € K (i.e. there is at least one task starting ‘earlier’ in the second case).
Therefore, f(ro, N1) + f(ro, K \ N1) < f(ro, K). The proof for g(r;, K) follows along
similar lines. O

Proposition 17 If Ps is full-dimensional then there is no outer (g, K)-separator. The same
holds for function f.

Proof Suppose there exists Ny € N \ K such that it is an outer (g, K)-separator. That
implies

g(ri, Nt UK) = f(ro, N1) + g(r1, K). (18)

Recall that the first period when tasks start in a feasible schedule s such that s(N; U K) =
gri, NNUK)isr; — po- p(N1 UK). The only way for (18) to hold is for a schedule s’
such that s"(N1) = f(ro, N1) to have the same first period that tasks start, i.e.,

ro=ri—po-p(NfUK) =ri —ro=po-p(NiUK). (19)

For Pg to be full-dimensional we need r{ — r9 > po - p(N). That together with (19) imply
that p(N1 U K) > p(N) which can hold only as equality because Ny UK € N, i.e.,

N

p(N) UK) = p(N) = [ﬂ _ [

Ny UK—‘ 20)

)
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For (18) to hold as equality according to schedule s exactly § tasks must start at period
r1 — po - p(N1 U K). It follows that

IN1 UK|

INVUK| =38 p(N1UK) =8 = p(N1 UK) =

1 Q1)

(21) implies that § divides |N; U K| . Then (20) yields

N7 _ INUK]|
s 8

which, given that Ny U K € N, implies N U K = N. But then § divides N and because
r1—ro = po- p(N) the polytope Ps is not full-dimensional by Corollary 11 (contradiction).

The proof for f follows in an analogous manner. O

The two propositions above imply the following theorem.

Theorem 18 [f Ps is full dimensional then (9) and (10)

o define facets for |K| > § or |K| =1 and
® are redundant for2 < |K| <.

The efficacy of the theory of submodularity will become even more apparent in the next
section.

4 The polytope of two submodular systems

Prompted by the paradigm of the single cumulative constraint analyzed above, we take
the next step to consider the more general situation of a system of two such constraints.
Therefore, suppose that there are two sets of tasks, not necessarily distinct. Each set is to be
processed by a different machine with the restriction that common tasks, between the two
sets, must be started in both machines at the same time period. The tasks of each set are
treated identically by the machine they are submitted to; they all have the same processing
time and they all require the same amount of renewable resource offered by the machine.
Also all tasks of both sets have the same earliest release date ry and latest released date ry.
If the tasks are indexed by the sets Ny and Ny, respectively, a schedule s € RMYN must
satisfy

cumulative(s; : j € No|po, co, Co), 22)
cumulative(s; : j € Ny|p1, c1, C1), 23)
ro <sj <ry,Vj € NoUNjy, (24)

where ¢; is the amount of resource required by each task of the set N; when processed by
the machine with resource capacity C;, for i = 0, 1. Similarly, all tasks of the set N; have
the same processing time p;.

We seek for a linear relaxation of such a system. Clearly, the theory presented in Sec-
tion 2 does not address this situation. All intersection theorems require a common ground
set S, whereas in the example above we have submodular/supermodular systems defined
on different ground sets; for constraint (22) the corresponding system is (No, fo, go) while
for (23) it is (N1, f1, g1). Moreover, observe that fo 7# fi as these functions are instan-
tiations of (9) for different processing times and consumption rates in the two cumulative
constraints (22), (23). The same applies for go, g1-
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Motivated by the above situation, we extend the theory presented in Section 2 for the case
of two submodular/supermodular systems defined on two distinct ground sets in terms of
different submodular/supermodular functions. In the following proofs, the functions under
examination are not assumed of a particular form other than being submodular (supermod-
ular) and mapping the empty set to zero. It follows that the results obtained are not pertinent
solely to the system described by (22)-(24). Rather, they address a wide spectrum of mod-
els composed of structures having the submodular/supermodular representation property.
Examples of such models include the intersection of two alldifferent constraints [1], two
polymatroids associated with matroids on distinct ground sets, etc.

Consider two submodular functions &, &1 defined on the sets Sp, S, respectively, such
that hg(¥) = h1 (@) = 0. Hereafter all additions on indices are taken mod 2.

Proposition 19 The function g; defined on the set S = Sp U S as

qgU)=hUNS)+hin(U\S),UCS

is submodular, fori =0, 1.

Proof Let i = 0; we show that function gg is submodular, i.e., we show that
qo(T NU) 4+ qo(T UU) < qo(T) + qo(U), (25)

forall T, U C Sp U S;.
Inequality (1) written for hp and A = T NSy, B = U N Sp (notice that A, B  Sp) yields

ho ((T'N So) N (U N So)) + ho (T N So) U (U N So)) < ho(T N So)+ ho(UNSo).

Since
(TNSHNWUNSY) =(TNU)N Sy,

and
(TNSHUWUNSy) =(TUU)N Sy,

the above expression becomes
ho((T NU)N So) +ho((TUU)N So) < ho (T NSp) +ho(UNSp). (26)

In an analogous manner, (1) written for 41 and A = T \ Sp, B = U \ So (notice that
A, B C §y) yields

hi ((T'\ So) N (U \ So)) +h1 (T \ So) U (U \ So)) < hi (T \ So) +hi (U\ So).
After observing that
(T'\ So) N (U \ So) = (T NU)\ So,
and
(T'\So) U \ So) = (T UU)\ So,
the above inequality becomes
hy (T NU)N\ So) +hy (T UU)\ So) < hy (T'\ So) +hi (U\ So).
Adding (26) to (27) yields
[ho((T N U) N So) + hi (T NU) \ So)l + [ho((T' U U) N Sop) + i ((T'UU) \ So)l
< [ho (T N So) + h1 (T \ So)] + [h1 (U \ So) + ho (U N Sp)]
which is exactly (25). O
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Theorem 20 Fori = 0, 1, let h; be a submodular function defined on the set S; such that
hi (@) = 0. The system

x(U) <h;(U),YU € §;,i =0,1 27)
is TDI.

Proof A direct consequence of Proposition 19 is that the system
x(U) = qo(U),VU < So U 51, (28)
x(U) = qi(U),VU < So U Sy, (29)
is defining for E P (So U S1, qo) N EP(So U S1, q1) and therefore is TDI, by [20, Theorem

46.1].
Notice however that, fori = 0, 1, inequality x(U) < ¢; (U) is the sum of the inequalities

x(UNS) <hi(UNS)=qUNS),
x(U\S) < hivi(U\S;) =qir1(U\ Sy),

unless U C S;. (Note that the equalities in the above expressions hold because #;((J) =
0,i =0, 1.) Thus, (28) and (29) after removing redundant inequalities, become

x(U) = qo(U),VU C So,
x(U) <= q(U),VU C Si.
Observe that the removal performed does not affect TDIness [19, p. 322 (41)].

Last, notice that, for U C S;, ¢;(U) = h;(U) since h; () = 0. Therefore the above
system is equivalent to

x(U) = ho(U), VU < S, (30)
x(U) < hi(U),YU C S;. (31)
O

It is straightforward that Theorem 20 extends to the case where x; > 0, forall s € SoUS;;
that is, the system including (30), (31) and x; > O, for all s € Sp U Sy, is also TDI. This
implies a generalization of the polymatroid intersection theorem, i.e., Theorem 4 becomes
a special case defined for Sy = S;. Analogous results hold for supermodular systems as the
proofs of Lemma 19 and Theorem 20 carry out in an analogous fashion when supermodular
functions take the place of submodular ones.

Our results extend to the case of g-polymatroids. That is, let (v;, h;) be a strong pair
defined on the ground set S;, for i = 0, 1. The functions

gi(U) = hi(UNS) +hit1(U\Si),U < SHU S, (32)

ri(U) = vi(UNS) +vip1(U\S), U S SoUSi, (33)
are submodular and supermodular, respectively, and the system v;(U) < x(U) <
hi(U),YU C S;,i =0, 1, isequivalent to r; (U) < x(U) < ¢q;(U),YU < SoUS1,i =0, 1.
It remains to show the following.

Lemma 21 The functions r;, ¢; are compliant fori = 0, 1.

Proof Leti = 0; (4) for rg, go becomes
qo(A) —ro(B) > qo(A\ B) —ro(B\ A), VA, B € So U §;.
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Substituting from (32), (33) yields
ho(A N So) +h1(A\ So) — (vo(B N Sop) +vi(B\ So))
> ho((A\ B) N Sp) +h1((A\ B) \ So)
—(vo(B\ A) N Sp) +vi((B\ A)\ So)) (34)
Since vg, ho are compliant,
ho(A N Sy) — vo(B N Sp)
> ho((A N Sp) \ (BN Sp)) —vo((BNSp)\ (AN Sp))
= ho((A\ B) N Sp) — vo((B\ A) N So). (35)
Since vy, h1 are compliant,
hi(A\ So) — vi(B\ So)
> hi((A\ So) \ (B\ S0)) —vi((B\ So) \ (A\ So))
=hi((A\ B)\ So) — v1((B\ A)\ So). (36)
Adding (35) to (36) yields (34). O

The following statement is now straightforward.

Theorem 22 Fori = 0,1, let (vi, h;) be a strong pair defined on the set S; such that
hi (@) = v; (@) = 0. The system

vi(U) = x(U) = hi(U),VU <€ §;,i =0, 1,
is TDI.

The above theorem, in conjunction with Theorem 8, implies that a integer relaxation of
the convex hull of the points satisfying the two cumulative constraints (22),...,(24) is given
by (11) written for Ny, Nj.

5 Conclusions

It is usually the case that a model includes more than one global constraint. In terms of
the line of research adopted here, this amounts to deriving linear representations of sys-
tems of global constraints. This is a daunting task given that even a single global constraint
might imply the solution of a problem which is inherently difficult (N/P-hard). Even if
one succeeds in analyzing such a system, the results will be ad-hoc; they will apply to
that specific configuration only (i.e., the system consisting of the specific constraints). The
current work exploits the notion of submodularity to provide a first step towards a more
general framework. First, it is shown that the cumulative constraint on identical tasks has
the submodular/supermodular representation property; it is linearly represented by a sub-
modular/supermodular system. Motivated by this result and the corresponding result for
the all-different constraint [14], our work establishes an integral relaxation of a system of
two (global) constraints when each of these has the submodular/supermodular representa-
tion property; the constraints of the system must not be necessarily of the same type (e.g.,
two cumulative constraints). Once the submodular/supermodular representation property
holds for each constraint individually and the defining functions are integral, we imme-
diately obtain an integral relaxation of the associated polytope. Thus, the current work
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provides a strong motivation for more global constraints to be examined under the prism of
submodularity.

Appendix

First, we state two auxiliary results.

Remark 23 For any a and b € Z, it is true that

a a+epa(b— upa)
= 37
H : 67
where vp  =amodb, and ¢, , = 1if vp 4, # 0, and €, , = 0 otherwise.
Lemma 24 Letag, ay,...,a, € Z4 suchthata; + ...+ a, = ap. Then, forany b € Z_,

] 2] =[5

where 0 < 0p qp <n — [%1

Proof First observe that 0, 4, is integer. Solving, in the above expression, with respect to
04, While substituting terms from the equation of Remark 1, we get

Ob.ay = Z a; + €p g l()b — Upq;) __do + Gb’aol()b — Up,ag)

i=1,..n

1
5D b= ) = €nag(b = Ubay))-
i=l,..n

The maximum value of the right-hand side is attained if €5 4, = 1, Up,; = 1 and €p 4y = 0.

Therefore
b—1 n
eb’ao SHT=I’I—Z
yielding 6 o) < n — [} since 6p 4, is integer. O

To show Theorem 13, we observe that, forany X,Y € N,

Yl =Y\ X+ Y NX], (38)
IX] = [X\Y|+ Y NnX], (39)
[YUX| = |Y\XI+IYNX[+[X\TY]. (40)
The above equalities in conjunction with Lemma 24 yield
CIYAXI]  [1IYnXxl] [1Y]
Oly| = - =1, 41
Y| 5 + 5 3 (41)
oo = [XAYI], [IYOXI] TIXI @)
Xl 5 5 5 |
CIYAXIT [IYnx|] . [IX\7Y] Y UX
Oyux| = 5 + 5 + 5 - 5 , (43)
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where
Oy.0x < 1, if§=>2, (44)
2, if § > 3,
frux) = [1, its =2. “5)

We can drop the ceiling operator from (41), (42), (43) by substituting terms from the equa-
tion of Remark 1. To simplify notation we will drop the § subscript from € and v. This
convention will be used throughout. Then canceling out equivalent terms from (38), (39),
(40) yields respectively,

ernx|6 —vyrnx) + €ynx|(8 — viynx) — €r|(8 — vyy))

Oy| = 3 (46)
€x\v|(6 —vux\r) + €ynx|(8 — viynx)) — €x1(6 —vix))
Ox| = [X\Y| [X\Y]| | \8 | | |X| |X| , (47)
er\x|1(6 —yr\x)) + €ynx| (6 — viynx))
Oyux| = 5
5 — - 5 —
+ €1x\v|(6 —yix\y|) 86|YUX\( U|YUX|)' “8)

We are now ready to prove Theorem 13.

Proof Forry > ro+ pop(N)andany X,Y C N with X\ Y # @ and Y \ X # ¢ we must
show that f, g are compliant, i..e.,

F=gX)—g\X)—(f(X)— f(X\T)) =0. (49)
By the definition of g
3
g(Y) =g\ X) = (Y= 1Y\ XDr1 — pop(Y)(|Y] — E(p(Y) + 1)
1)
+ pop(Y \ X)(IY \ X| - i(p(Y \ X)+ 1),

while by the definition of f
8
JX) = fX\Y) = (X[ =X\ YDro+ pop(X)(1X] — E(p(X) +1)

— pop(X\V)(X\Y| - g(p(X \Y)+1)).
Putting it all in (49) and observing from (38), (39) that
IXNY[=[Y]-[Y\X|=[X]-|X\Y| (50)
yields
F = [XNY|(@1 —ro)
po(p(V) Y]+ p(X) [X[ = p(Y \ X)[¥ \ X[ = p(X\ V) [X \ Y])
+ Pog((p(Y) =P\ X))+ pY\X)+ 1)
+ (p(X) = p(X\ V) (p(X) + p(X\TY) + D).
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Substituting |Y| and | X| from (38) and (39) respectively, we get

F=1XNY|@r1 —ro)
— po((p(¥) + p(X) |X NY]|
+ (p(¥) = pY\N X)) Y\ X|+ (p(X) —p(X\Y) X\ Y]
+ Pog((p(Y) —pX\NXN(PT)+pY \X)+ 1)
+ (p(X) = p(X\Y)(p(X) + p(X\Y) + 1)),

yielding
F=|XNY[(r1—ro)
= po((p(¥) + p(X) X NYY
)
+ po((p(Y) —p(Y\X))(E(ﬂ(Y)er(Y\X) + 1 =Y\ X))
)
+ (p(X) — p(X\ Y))(E(p(X) +oX\Y)+ 1) —[X\Y]). (51)
Because
_IYANX] 1Y\ X]
Y\ X| = > + >
_IYAX] Y] (X NY|
=2 T3 2

(due to (38)), we have that

S (p()+p(Y\X)+ 1) — Y\ X]|

—18 |Y] v 18 Y\ X| Y\ X XNyl §
= S [—]— >+§<{ W— XD+ 3

) 3 2’
while substituting terms in brackets from the equation of Remark 23, we obtain
3 (M +p\X)+ 1D — Y\ X]
= %((lX NY|—38) + 8y + €yv\x) — €y Vjy| — €r\X|VI7\X|) (52)
In an analogous manner, we obtain
§ (X)) +p(X\V)+1) =X\ Y|
= %((IX NY[—38) + (x| + €x\r)) — €X1V1X] — €X\Y|VIX\Y])- (53)

Plugging (52), (53) in (51) and performing further substitutions from the equation of
Remark 1, (38)—(43) and (48), we derive

F=(1X0Y|(ri —r0) = XN Y| pop(Y UX)) + F'po,
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where
§—v YNXx
F' = €|YﬁX\%(€\Y\X|(5 —urnx|)
+ €x\v|(6 — yx\r)) + €rnx (8 — viynx)) — 6)
IXNY|

€yux|(6 —vyux) + g(9|Y|(9|Y| + D +0x0x +1)

— Oy |(er\x1(8 — yy\x)) + €ynx|(6 — viynx)))

— Oxi(ex\v (6 — vix\y) + €vnx| (8 — viynx))) (54)
Notice that the first bracket evaluates to a non-negative quantity for r; — rg > pop(N),

since p(N) > p(¥Y U X). Thus, it remains to show that F’ also evaluates to a non-negative
quantity.

Case 1 6x| = Oyy| = 6, where 6 € {0, 1}.

3 — viynx|
)

+ €x\v|(6 —vix\rD + €ynx (6 — viynx|))
8 — vynx| IXNY|
) + )

+ 80;(0; + 1) — 0.€)ynx (8 — viynx))- (5%)

F' = (eynx| = 0)(ey\x|(8 — vir\x))

— S€jynx| €yux|(6 —viyux))

Subcase 1.1 6, = 0.

(48) implies that
80)yux| + €yux| (6 — viyux))
= er\x|(6 —vr\x) +€x\r|(6 — vix\r)) + €rnx|(8 — virnx))
and thus

8 —vynx
F 6|Y0X\#(59|YUX\ + €yux|(6 — viyux)) — 96)

s
IXNY|

€rux|(8 — viyux))

8 —
_ &rux|( . vlyux|) (X NY|+€ynx| (8 — vynx))

+ qynx|(8 —vynx) @yux) — . (56)

If €;ynx| = O then (56) implies F’ > 0. Otherwise, we will show that F’ > 0. Hence,

let €)ynx; = 1. If ¢yux| = 0 then 6)yux| must be greater than or equal to one (implying
F’ > 0) since if O)yux| = 0 (48) yields

en\x|(8 —yr\x)) + G —vynx) +€x\y (6 —vx\y) =0

which cannot be true as (§ — vjynx|) > 1 and the remaining terms of the right-hand side are
nonnegative. If € yyx| = 1 then (56) becomes

X NY|—vynx
F'=(@- UlYUX\)(%

+ (6 = vynx)Orux; — D.

+1)
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Clearly F’ > 0if )yux| > 1. Thus assume 6|yux| = 0 and because IXﬂY\gw >0

F' > (8 — vjyux)) — (6 — vjynx))-
Observe that if 9)yuy| = 0 then (48) yields
6 —vyux)) = 6 —vynx)) + €x\v|(6 — vix\r) + €r\x1(6 — vr\x))
and because the two last terms of the right-hand side are nonnegative, we have that
(6 —vyux)) = (6 — viynx))

implying that F' > 0.

Subcase 1.2 0, = 1.

(55) yields
§—v
F = 89|Yux|(6|mxw% -1
+ 2(8 — €ynx| (8 — viynx)))
5 —
Wox1C = Vrox1) x4 v 4 ey (6 — vvax) — 8). 57)

8
If €)ynx| = O then (57) becomes
|XNY]|
8

In this case, § | |X N Y| implying that IXBLY' = k, where k > 0 and integer. For k > 1, the
above implies that F’ > 0. Next assume that k = 0 implying that |X N Y| = 0. Then (40)
becomes |Y U X| = ¥\ X| + X \ Y], (43) [ 5] 4 [ 2401 ) = [0 ] 6y 0n
this case, Lemma 24 implies 6jyux| < 1. Thus (58) yields

F' = (2 —9yux)s + €rux (6 — viyux))( - 1. (58)

F' =8 —eyux|(6 —vyux) = 1,

since § — 1 > vjyux; = 1.
If €)ynx| = 1 then (57) becomes

8_
F o= €yux|( - vjyux|) (IXNY|— U|YﬂX\)
—0Oyux|viynx| + 2vjynx|

which implies that F’ > 0 since |X N Y| — vjynx| > 0 and Ojyux| < 2.
Case2 Oy =1—0x

Without loss of generality assume that 6)x| = 0 yielding 6|y| = 1. (46) leads to
3+ €6 —vy)) = €r\x1(6 — yr\x)) + €ynx|(8 — viynx))-
That implies
€r\x| = €ynx| = 1 (59

because the left-hand side is greater than or equal to § whereas each of the terms of the
right-hand side evaluates to at most § — 1. Thus (46) yields

€16 —vy) =8 —vyr\x| —vrnx =0 (60)

since the left-hand side is non-negative.
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Setting 9)x| = 0 and €)ynx| = 1 in (47) yields

8 —viynx| T €x\r1(6 —vx\y)) = €x(8 — vix))

implying that
ex =1 (61)
since § — vjy\x| + €/x\r|(8 — vx\y)) = 1. (47) yields
€x\v|(6 —vx\r) = vynx| —vix; =0 (62)
because the left-hand side is non-negative.
(54) becomes
v
F' = — |y5mq (6 —vr\x| — virnx))
§ — vynx
%GIX\YI((S —vx\r|)
IXNY|
+ 5 €lyux| (8 — vyux))- (63)
(48) yields

€rux|(8 — virux) = (6 — yrn\x| — Yirnx)) + Wynx) — vix) +6(1 — Gyux)).

Substituting in (63), we obtain

F' = —ujynx|(6 — vy\x| — Vynx|)
8 — yynx
%G\X\Y\@ —uix\r|
IXNY|
5 ((6 —yr\x] — viynx)) + (Wynx) — vix)) +8(1 — Gyux)))

X NY|—vynx|

= (0 —yr\x| — virnx)( 5 )
§—v
+ %E\xm@ —vix\r|)
IXNY|
+ 3 (Vynx) —vix) +1XNY[ (1 = 0Byux)-

Because of § — ujy\x| — Uynx| = 0 (by (60)), XU > 0 and vy — vx| > 0 (by
(62)), we have that F’ > 0if yux| < 1. Assume that 6jyyx| = 2. It is easy to see that (48)
and (47) yield

80yux| = 80)x| + €x1(8 — vix)) + €r\x1(6 — yy\x)) — €rux|(d — viyux))-
In this case 0)x| = 0, €;x| = 1 (by (61)), y\x| = 1 (by (59)) and 0)yux| = 2 yielding

28 = 28 — vix| — yr\x| — €rux|(6 — vyux) =
€lyux| (8 — vyux)) = —(Vix| + yr\x))

leading to a contradiction since the left-hand side is strictly non-negative and the right-hand
side is negative ((61) and (59) imply that v x|, vjy\x| = 1). Thus it can only be O)yux| < 1
and therefore F’ > 0. O
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