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1. Introduction

Switching machines on and off is an important aspect of unit commitment and production
planning problems, among others. For unit commitment problems four of the most commonly
cited features are (i) nonlinear production costs, (ii) start-up costs that are a function of the
machine down time, (iii) minimum up/down times and (iv) ramp rates; whereas in production
planning minimum run times may be necessary because it takes time for the product to stabilize
or for other economic reasons, and maximum run times may be imposed because of machine dete-
rioration, etc. Both these classes of problems are often formulated as mixed integer programs. As
the successful solution of such problems often depends on the quality of the formulation, provid-
ing stronger formulations of different aspects of the problem may help significantly in obtaining
good or optimal solutions. In particular a best possible (tight) formulation of a mixed integer set
X C Z™ x RP is provided by an explicit or implicit (with additional variables) description of the
convex hull of X.

Here we describe briefly some earlier work. There is a significant literature on MIP formula-
tions of different aspects of unit commitment problems, see in particular articles in the journal,
IEEE Transactions on Power Systems, and on MIP formulations of production planning prob-
lems, see Pochet and Wolsey [9]. Among others Frangioni et al. [3] and Wu [15] discuss strong
formulations of nonlinear production costs (i), and Damci-Kurt et al. [1] formulations of ramping
constraints (iv).

Here we consider the two other aspects: minimum/maximum up-down times (iii) and time-
varying (hot/warm/cold) start-ups (ii). For lower bounds on the length of on- and off-intervals,
necessary inequalities can be found in Wolsey [14]. Malkin [5] showed that these inequalities
describe the convex hull of solutions in the space of machine-on/set-up and start-up variables,
and Lee et al. [4] describe the convex hull in the space of the machine-on/set-up variables. Van
den Bergh et al. [12] present a very general formulation. Hedman et al. [2]| discuss different
formulations for minimum up/down times and show how their strength can be compared. For
time independent start-ups Morales-Espania et al. [7, 8] and Viana and Pedroso [13] present basic
MIP formulations.

In Section 2 we consider first the joint problem with both lower and upper bounds on the
length of the on-intervals and interval-dependent switch-ons. We present a simple shortest path
network formulation that provides a tight extended formulation with O(n?) constraints and
variables and an O(n?) optimisation algorithm for an n-period instance. Then in the following
sections we examine cases in which it is possible to obtain a tight formulation with only O(n)
variables. In Section 3 we present a new tight network dual formulation for the problem with both
lower and upper bounds on the length of the on- and off-intervals. This allows us to generalize
and simplify earlier results (treating just lower bounds) of Malkin [5] and Lee et al. [4]. In
Section 4 we turn to the problem of interval-dependent start-ups. Based on a different path
formulation, we obtain via projection a description of the convex hull of solutions in the space
of the machine-on and start-up variables. In Section 5 we discuss possible extensions.

It is perhaps of interest that three different proof techniques are used in Sections 3 and 4
to obtain the various polyhedral descriptions: integer "event count" variables in Section 3.1;
dynamic programming functionals providing feasible solutions for an extended formulation in
3.2 as in [10] and Hoffman cuts for node flows in Section 4.

Notation.



[p, q] denotes the set of elements lying in the interval from p to g, i.e. the set {p,p+1,--- ,q}.
For a set S, z(S) =3 ,cq Tu-

2. The Two Subproblems

2.1 The Problem with On/Off Interval Bounds

First we consider the problem with interval bounds. Given a discrete time horizon of n pe-
riods, the state of the system consists first of a number of periods (possibly zero) in which the
machine is off, followed by intervals in which it is then on, then off, then on, etc. The first period
of an on-interval is called a switch-on period and the first period of an off-interval (apart from the
initial off-interval) is called a switch-off period. Various constraints are considered. In particular
one can have bounds on the lengths of the on- and off-intervals. Thus one has parameters :
¢ > 1 is a lower bound on the length of an on-interval starting in period ¢;

B¢ > oy is an upper bound on the length of an on-interval starting in period t;
~v¢ > 1 is a lower bound on the length of an off-interval starting in period t;
d; > 7 is an upper bound on the length of an off-interval starting in period t.

We define the following decision variables:
yr = 1 if period t is an on-period and y; = 0 otherwise;
z = 1 if period t is a switch-on period (y;—1 = 0 and y; = 1);
w; = 1 if period ¢ is a switch off period® (y;_1 = 1 and y; = 0).
Note that the equation y; —y:—1 = 2+ —w; always links the on and switch-on, switch-off variables.
This allows us to eliminate either the w; or the z; variables.
A simple formulation is as follows:

2 > Yyr— Y1 Vi (2)

ze < l—y1 Vi (3)

Yrkk > 2z fork=0,...,04—1, V1 (4)
i+

a < Y (I—y) Vi<n—4B (5)
j=t+1

1=y > wy fork=0,...,w—1, Vt (6)
t+0¢

we <Yy Vi<n—§ (7)
j=t+1

Yt— Y1 = z—we Vi (8)

y, 2w € {0,137, 9)

Here (1)-(3) and (9) model the link between start-ups and on-periods; (4) ensures that the
machine is on for a4 periods after a start-up in ¢; (5) that the machine cannot remain on for
B¢ + 1 periods after a start-up in ¢; etc. Note that (1), (3) and (8) imply z; + wy < 1 for all ¢.

3Note that this definition of w; differs by one period from that used in [9].



Let Z(a, 8,7,d) denote the set of vectors (y,z) for which there exists (y,z,w) satisfying
(1)=(9). Similarly define Z(a,v) and Z(3,0) as the sets of (y, z)-vectors arising from (1)—(4),
(6), (8)—(9) and (1)—(3), (5), (7)—(9) respectively. Denote the corresponding projections onto the
y variables by Y («a, 3,7,6), Y(a,7), and Y(3,9) respectively. Our goal in Section 3 will be to
describe the convex hulls: conv(Z(«, 5,7,9)), conv(Y (a,7)), etc.

2.2 The Problem with Interval-Dependent Start-Ups

The costs of a start-up may depend on the time that the machine has been idle — in particular
one talks of hot, warm and cold start-ups [7, 8, 13|. Assuming v = v and §; = § for all ¢, a
type p start-up occurs if the machine has been idle for between P~! + 1 and #” periods where
p=1,...,P, and the given parameters 6 = (0',...,0) satisfy 0 <y—1=0" <0 <> < ... <
6" = §. The variable 2¥ = 1 if there is a type p start-up in ¢ and 2! = 0 otherwise. Obviously
ze = 25:1 2¥. We assume for simplicity that the machine is on in period 0 (i.e., yo = 1). The
general case will be discussed later.

A basic formulation H(0) is:

=
IN

y Vi (10)

p=1

P
sz > Yt~ Y1 Vi (11)

p=1
Zf < 1_yt—1—j v] :07"'76p_17 Vtap (12)

P
2 < Z Yt—1—j Vip (13)
j=0r=141

ye{0,1}% 22X € {0,1} Vt>6r' 2 Vo (14)

Here (12) implies that if there is a type p switch-on in ¢, the machine was not on in the previous
6P~! periods, whereas (13) implies that it was on sometime in the previous 6P periods. In
Section 4 we will describe conv(H (6)).

2.3 A Tight Extended Formulation and Optimization over Y («, 3,v,90) N H(6)

Here we consider the problem with bounds «, 3,7, (constant over time for simplicity) as well
as time dependent start-ups. Feasible solutions are represented by paths in an acyclic digraph
D = (V, A) that we now describe. The nodes are V.= {0} U{1,...,n} U{l',....,n'}U{n+ 1}
and the arcs are of two types, A =A; U Ag: an arc (i/,j) € A;j represents a switch-off in 4
followed by a start-up in j, and an arc (i,5') € Ay represents a start-up in i followed by a
switch-off in j. More precisely, because of the bounds, {(i',j) : v < j —i < §} C A; and
{(4,7") : a« < j—i < B} C Ay. The initial and end conditions define some additional arcs leaving
node 0 and arriving at node n + 1 respectively. If the machine is off in 0 and was last on in —p
where 1 < p < 4, one includes the arcs (0,t) € A; for ¢t € [max(1,p+~v+1),—p+ 0+ 1], while if
the machine is on in 0 and was last on in —o where 1 < o < 3, one includes the arcs (0,t") € As
fort € [max(1l,—o+a+1),0+5+1]. If j4+ 3 > n, there is an arc (j,n+1) € A; andif j+ >n
there is an arc (j',n + 1) € As.



It is well-known that the corresponding flow polyhedron in which 1 unit enters at node 0 and
leaves at node n + 1 has integral extreme points corresponding to the paths P from 0 to n + 1.
To describe this flow polyhedron, set z;; = 1 if (¢/,j) € Ay N P with x;; = 0 otherwise, and
wi; = 11if (7, j) € Ao N P with w;; = 0 otherwise.

Theorem 1 i) The polyhedron Q:

Z Zo; + Z wo; = 1 (15)

(0,5)€AL (0,5)€A2
Z Tit — Z wy; = 0 fort=1,...,n (16)
(i,t)GAl (t,j)GAQ
Z Wip — Z ry; = 0 fort=1,...,n (17)
(i,t)e Ao (t,j)eAr
Z wij = y fort=1,...,n (18)
1<t,j>t
Z ry = 28 fort=1,...,n, Vp (19)
t—Or<i<t—Or—1
A
z, w € RY (20)

15 1ntegral.

i) projy,-(Q) = conu(Z(, B,7,0) N H(0)).

iii) For any objective (f,c',...,c), the linear program max{fy — dopit A (y,z,m,w) € Q}
solves the optimization problem max{fy — >, A2 (y,z,x,w) € Z(a, B,7,6) N H(O)}.

Proof. Constraints (15), (16), and (17) are flow conservation constraints at nodes 0, {1,...,n}
and {1’,...,n'} respectively. (18) and (19) express y; and 2} as linear functions of the z,w
variables. Thus one can rewrite the objective function as a linear function in the z,w variables

leaving a linear program over the path polytope (15)-(17), (20). O

Corollary 2 The optimization problem over Z(«, 3,7,0) N H(0) can be solved as a longest path
problem in an acyclic digraph with O(n?) arcs in O(n?) time.

3. Polyhedral Results for On/Off Interval Bounds

3.1 Convex Hull in the (y, z)-Space

In this section we add the fairly natural assumption that each bound ¢ € {ay, B, V4,0t },
satisfies |e; — €41 < 1 for all t. Essentially this means that by waiting one period, one cannot
be forced to switch on or off earlier.

We first present a valid formulation Py for the set Z(a, 8,7, ), namely a polytope such that
Z(a, B,7,0) = Pz N (Z™ x Z™). We then show that Pz is integral by showing that there is a
one-to-one unimodular transformation between P, and a polytope Quy that is integral.



Proposition 1 The polytope Py

0 < % < 1 Vit (21)
0 < z < 1 Vt (22)

vy < y1tz Vi (23)

zet+ o+ Zra-1 < Yrba—1 V' (24)
g1+t s 2 Yerp VE (25)
Yt zprt+o ot 2, <1 VL (26)
Ytz +o+ 2, > 1 VE<n—6 (27)

is a valid IP formulation for Z(a, 8,7,9).

Note that the constraints (24) imply the inequality (1) z; < y; and the constraints (26) imply
the constraints (3) z; <1 — y;—1 used in defining switch-on variables.

Proof. Consider first the inequalities (24). If a point does not satisfy the definition of v,

namely z; = 1 and z;:;“*l wj > 1. Using wy = 2 + ys—1 — ¥, the latter can be rewritten as

Zéi?t*l 2j + Yt—1 — Yt+ar—1 = 1. As ;1 = 0, the point is cut off. To see that the inequality is
valid, observe that by definition 2; < y;4o,—1. Also from the condition a;1; > ay — j, it follows
i
Now consider inequality (25). Again using the equality w; = 2z +yi—1 — yr = 0, Z;Jjjrl wj =
Zéifj_l 2j — Yt—1 + Yi+p, and thus the inequality can be rewritten as y; < Zéifj_l w;. Clearly

a point that does not satisfy the definition of ; satisfies z; = 1 and Z;ifil w; = 0. As this

implies y; = 1, such points are cut off. To see that the inequality is valid, suppose that y; = 1,

that 2.4 < ¥t4a,—1. Finally as ) zj < 1, the inequality is valid.

and the corresponding on-interval starts in ¢ — j for some j > 0. Thus wy—j = --- = wy = 0.
Also by definition of 3, z;—; = 1 implies z:;gjﬁzj w; > 1. However t — j+ B;—; < t+ 3, and
thus the inequality is again valid.

The cases (26) and (27) are similar. O

We now introduce integer (not binary) variables:
v € Z}r denotes the number of switch-ons in the interval [1,¢], i.e., v, = 2;21 2
ug € Z denotes the number of switch-offs in the interval [1,¢], i.e., uy = 22:1 wj.
Since on and off intervals alternate, v; and u; differ by at most one unit. More precisely:

Observation 1 There is a one-to-one unimodular transformation between the variables (u,v)
and (y,z) given by:

Zt = Ut — Vg1 Vit (28)
Yye=ve—u Vit (29)

In addition one has the link to the switch-off variable given by:
Wp=u— w1 =2+ Y1 — Yy VL

Proposition 2 Let Qyy C R™ x R™ be the polytope:



0 < v—u < 1 Vit (30)

0 < vp—1m_q1 < 1 Vit (31)
0 < w—uw— < 1 Vt (32)
Vg — Uppoy—1 > 0 Vit (33)
vp—upyg < 0 ViE+B<n (34)
Upgym1 —U—1 < 1V (35)
Vpys, —up > 1 YViE<n—d. (36)

Quy with the linking equations (28)—(29) defines an extended formulation for conv(Z(a, B,7,9))
under the unimodular transformation of Observation 1.

Proof. The constraints (30)—(36) are obtained from (21)—(27) by substitution.
Theorem 3 Pz and Quvy are integral polytopes and Pz = conv(Z(«, 3,7, 0)).

Proof. To see that the polyhedron Quy is integral, we observe that each constraint in (30)—
(36) has one +1 and one -1 coefficient. Thus the corresponding matrix is the dual of a network
matrix and is totally unimodular. As the right hand-side is integer, the extreme point solutions
are integer. (28) and (29) are just equations defining z and y respectively. Combined with
Proposition 2, the claim follows. O

Note that Malkin [5] proved the integrality of the polytope P7(a~), namely the case with lower
bounds on the interval lengths. The corresponding formulation was tested computationally by
Rajan and Takriti [11].

3.2 Convex Hull in the y-Space

We now consider the question of describing the convex hulls of Y («, ,7,0), Y(a,7) and
Y (B,0), i.e., of the projections of the corresponding Z sets in the original y-space. Lee et al. [4]
describe conv(Y (o, 7)) when a and « are constant over time.

To describe the most important family of valid inequalities, we introduce some notation.

Definition 1 Let S = {ji,--- ,jp} with1 <j; <--- < jp, <T.
If p=[S] is odd, Odd(S,y) = yj; — Yj» + - — Yj,_1 +¥j, and
if p=|S| is even, Even(S,y) = yj, — yjo + -+ — Yj,-
Length(S) = jp, — j1-
An inequality of the form

0dd(S,y) <>

1s called an alternating inequality.
Observation 2 Let S = {j1,...,jk} C [t,7]. With k even, there exists T C [t,7 — 1] such that

Even(S,y) = Z(yj — Yjt1),

JET



and conversely; and with k odd there exists U C [t, T — 1] such that

Odd(S,y) =Y (y; — yj41) + yr,
jeu

and conversely.

Proof. With k even, it suffices to take T' = [j1,j2 — 1] U -+ U [jr—1,7% — 1]. For the converse,
if T' consist of intervals with 7' = [p1,q1] U --- U [py, ¢+, then it suffices to take S = {p1,q1 +
1,...,pr,q + 1}. The case with k odd follows. O.

Proposition 3 The following inequalities are valid for Y :

All alternating inequalities Odd(S,y) > 0 with S C [t — 1,t — 1 4+ ay].
All alternating inequalities Odd(S,y) <1 with S C [t — 1,t + v — 1].
The inequalities z;ift y;j < B for all t.

The inequalities Z;iit y; =1 for allt <n — ;.

Proof. The validity of the alternating inequalities is simple. Namely, replacing each z; variable
by either lower bound 0 or y; — y;—1 in (24) and (26) respectively gives the first two sets of
inequalities. The validity of the last two inequalities is immediate from the definitions of 3;
and §;.0

We now examine the polytope described by the alternating inequalities as well as considering
the separation problem for these inequalities. Given y* € [0,1]7, define
F(t) = max Odd(S,y*) and G(t) = max Even(S,y").
(1) = max Od(S.") (1) = mix Fven(S.°)
F and G are easy to compute and have interesting properties. To compute them in linear time,

one has the recursions:
F(t) =max{F(t—1),G(t—1)+vy;} and G(t)=max{F(t—-1)—y;,G({t—-1)}
with F'(1) =y and G(1) = 0.

Lemmal i) 0< F(t) - F(t—1)<1V¢

i) 0<Gt) -Gt —1) <1Vt

iii) 0 < F(t) —G(t) =y <1V t;

w) F(t) — G(7) = maxgc(r g Odd(S,y*) V 7 < t;
v) F(1) — G(t) = mingc[ry Odd(S,y*) V 7 < t.

)_
)_

Proof. The first two range inequalities follow directly from the recursion and y* € [0,1]7.
F(t) — G(t) = y; is immediate from the definitions of F'(t) and G(t). To establish iv), note
that G(k + 1) — G(k) = max({G(k), F'(k) — y; .} — G(k) = max{0,y} — y;,,}- Therefore for
T <t F(r) = G(t) = YIZUGG + 1) = GG)) + F(t) — G(t) = X max{0,y7 — vl } + 47 =
maxgc(r g Odd(S,y*), where the last equation follows from Observation 2. The proof of v) is

similar. O

This leads to a simple proof of the structure of conv(Y (a,7)).



Theorem 4 [4]. conv(Y (e, 7)) is given by the two families of alternating inequalities in Propo-
sition 3.

Proof. Let P be the polytope obtained as the intersection of the two families of alternating
inequalities with [0,1]7 and Pz(«,~) the polytope Pz without constraints (25) and (27) . From
Proposition 3 and Theorem 3, proj, (Pz(a,7)) € P. To show the converse, suppose that y* €
P C [0,1]7. We will show that y* € proj,(Pz(a,v)). Calculate F' and G with respect to y*.
Set vy = F(t),us = G(t) for all t. Lemma 1 already shows that u,v satisfy (30)-(32). As
y* € P, it follows that all the alternating inequalities are satisfied and thus vi—1 — Upya,—1 =
Ft—1) -G+ o —1) = mingcp—1 44q,-1] Odd(S,y*) > 0 satisfying (33). Similarly the fact
that maxgc(i—1,44+,—1) Odd(S,y*) < 1 implies that (35) is satisfied. So (u,v) € Quy and the
claim follows. O

Corollary 5 There is a linear time separation algorithm for conv(Y (a,7)). Given a point y*,
it suffices to calculate F and G, set v=F,u = G and verify if the point (u,v) lies in Quy .

Proposition 4 conv(Y (3,7)) is given by:

i+t

Zyt < B Vit
j=t

t+6¢

Yoy = 1 Vi
j=t
y € [0,1)".

Proof. The formulation guarantees that the machine is not on for 5; + 1 consecutive periods
and not off for §; + 1 consecutive periods. So it provides a valid formulation for Y. The resulting
constraint matrix has the consecutive 1’s property. Thus it is totally unimodular. As the right-
hand side vector is integer, the claim follows. O

To terminate this section, we provide an example showing that the facets of conv(Y') are more
complex in the presence of both lower («,~) and upper bounds (8, 9):

Example 1 For an instance of Y («a, ) with o = 2 and [ = 3, one obtains facet-defining
inequalities of the form:

Y+ Y1 FYra — Yy <1

Yt + Yee1 Y43 — Yrpa < 2

Yt +Yt+1 + Y43 + Ytpa < 2

Yt +yre1 Y43 t Yrs +Yrpe < 4

as well as alternating inequalities and on-interval upper bound (Prop. 8 (iii)) inequalities

)

Yt — Y1 T Y2 =
Yt + Y1 + Y2 + Y3 < 3.



4. Interval-Dependent Start-Ups

Here we consider the problem in which the start-up costs depend on the number of periods
during which the machine has been off. We suppose without loss of generality that yo = 1. The
case in which yo =y_1 =+ =y_,41 =0, y_r = 1 for some 7 > 0 can be treated by adding
T periods at the beginning of the n-period horizon and then setting yg =1l and y; =--- =y, =0
in the augmented problem. One obtains the following:

Theorem 6 conv(H (0)) is described by the polytope

YA < w Vi (37)
p
y + > Loy < a1t Ay V=2 (38)
Pp:0P=0r—141,t4+0P<n p

min[n,t+6P~ 1—l—l]

yHrZ oA <1 vt (39)

u=t+1
k+-6P
yk+ZZzg > 1 VkE<n-9 (40)
P u=k+1
min[n,t+0P~1+1] min[k+06P t]
W), D A S wmt) A
P u=max[t+1,k+6P+1] u=k+1
Vk,t withn -0 <k<t-2t<n (41)
yeRY; 2 € RL wt>oP 142 Vo (42)

Observe that when P = 1, constraints (37)-(40), (42) are precisely the constraints of conv(Z(vy,9)).
When k =t — 1, (41) reduces to (38).

Lemma 7 i) Inequality (41) can be rewritten as

min{n,t+67~ 1 +1}

yHrZ > AT N (43)

u=k+6P+1 P u=k+1

i) Ifk+0 <n, t >k+2andt < k+60P < t+0P~! for allp € P, inequality (41) can be rewritten
as

min{n,t+0P~14+1} k0P
w2 2 A S ) 2 el (44)
u=t+1 P u=k+1

It is then the sum of the inequalities (39) and (40).

Proof.
i) For p with k + 6P > ¢, the zP terms in (41) and (43) are identical. If k + 6P < ¢, it suffices to
add the term ZZ:I@+0P+1 zh to both sides.

i) Add 3, S0 ) 28 to both sides. O

10



Figure 1: n=6,P =2, § = (0,2,4) and yo = 1. Type-5 arcs (¢/,7) with t =2...,5 not drawn.

To prove Theorem 6 we show how the set conv(H (6)) can be viewed as the solution set of a

network flow (path) model and then use the projection of this network onto the arcs corresponding

to the y; and 2! variables to obtain conv(H (6)).
First we describe the flow model. The digraph D = (V, A) has nodes t forall t = 1,...,n+1;
t'forallt =0,...,n;and t-pforallp=1,...,Pand t =1...,n. The arcs are of the following

types, with specified lower and upper bounds I, and u, on the flow on each arc a:

1.

Arcs (t,t") for t = 1,...,n with flow bounds l;y = wu;py = y;. Flow on this arc indicates

whether the machine is on in period t.

Arcs (t',t+1) for t = 1,...,n with flow bounds ly 441 = 0 and uy 411 = oo. This arc is

used if the machine stays on from period ¢ to ¢ + 1.

Start-up Arcs (¢-p,t) with flow bounds lp.p s = ugpy = 28 fort =1,...,nand p=1,..., P,
used if a type-p start-up occurs in period t.

. Arcs (¢, (t+k)-p) with k € P71 +2,0P + 1], fort =1,...,nand p=1,..., P, with flow

bounds Iy (415, = 0 and uy (444)., = 00. Such an arc is used if a switch-off in ¢ + 1 is
followed by a type-p start-up in period t + k.

Arcs (t,n + 1) for t > n — § with flow bounds Iy 11 = 0,uy 41 = 00, used if there is a
switch-off in ¢ + 1 and the machine then remains off.

. Return Arc (n + 1,0") with flow bounds l,, 41,0 = Up41,00 = 1.

Initial Arcs (0/,t - p) for t € [#P~1 + 2), 6P + 1] with flow bounds ly 4, = 0 and g ¢, = 00.
Terminal Arc (0/,n + 1) with flow bounds ly 11 = 0 and ug 41 = 00 if § > n.

An instance of the digraph with n =6, P = 2, (°,6',6%) = (0,2,4) (hence v = 0 and § = 4)
and yg = 1 is shown in Figure 1.

Given X CV,let X =V \ X,

l(X,X) = Z lij and U(X,X) = Z ul-j.

(i,j)€A : ieX, jeX (i,)€A : ieX, jeX

11



Observation 3 To describe conv(H (0)), it is necessary and sufficient to consider valid inequal-
ities of the form

(X, X) —u(X,X) <0 (45)
where u(X, X) < +oo.

This follows from the Hoffman circulation theorem, see in particular Martens et al. [6]. We shall
call inequalities of the above form “cut-inequalities”. Note that such inequalities in the variables
v and 2! have coefficients 0, +1 or —1.

Using this Observation, we now show that the five families of inequalities (37)—(41) are valid.

Proposition 5 The inequalities (37)-(41) are valid for H(0).

Proof. In each case we specify the set X that is used in Observation 5 to obtain the inequality.
Taking X = V' \ {t} gives the valid inequality (37).
Taking X = {(t — 1)’,¢} gives the valid inequality (38).
Taking X = [1,¢t]U [0/, (t — 1) ]U U5:1[1 p, (t+ 6P~ + 1) - p] gives the valid inequality (39).
Taking X = [t + 1,n + 1JU[t',n'|UU,[(t + 0P + 1) - p,n - p] gives the valid inequality (40).
Taking X = [k+1,t]U[K, (t = 1)U, [k +67""+1)-p, (t+1) - p] gives the valid inequality (41).
g

The proof of Theorem 6 is given in a series of Observations and Propositions below.

Observation 4 Finiteness of u(X, X) implies:

(a) ift' € X, thent+1 € X from arc type 2;

(b) ift' € X, then (t+k)-p € X fork € [0P~1 +2,0P + 1] from arc type 4;

(c)ift' € X, thenn+1¢€ X ift >n— 0P from arc type 5;

(d) if 0 € X, thent-pec X fort e [max(1,7 + 0P~ +2),7 4+ 6P + 1] from arc type 7. Also if
00X andd >n, thenn+1¢eX.

Our approach will be to consider all possible X -assignments of the path PA = {0',1,1',... n,
n’,n + 1}, i.e. assignments of its nodes to X or X. The following Proposition shows that facet-
defining inequalities (45) are uniquely defined by the X-assignment of the path PA.

Proposition 6 Consider an X-assignment of the path PA. If any node t - p, other than those
assigned to X by the cases in Observation 4 (a), is assigned to X, then any resulting inequality
s not facet-defining.

Proof. If ¢ - p is assigned to X, the contribution to the violation I(X, X) — u(X, X) of the arcs
incident to node t-p is 0if t € X, and 2! if t € X. If ¢t - p is assigned to X, the contribution is
—2Vifte X, and 0if t € X. Therefore an inequality with ¢-p € X is the sum of the inequality
with ¢ - p moved to X and the inequality 2!’ > 0. O

Proposition 7 For any valid inequality (45) other than (37) with an X -assignment of the path
PA, the inequality is not facet-defining if (t —1)" and t are on opposite sides of the cut, i.e., are
assigned differently to X and X.

12



Proof. The case in which (t — 1)’ € X and t € X is excluded by Observation 4. Thus assume
that (t — 1)’ € X. Here there are two possibilities.

i) ¢ € X. We consider the contribution to the violation of the arcs incident to node t. If t € X,
the contribution is —y; + Zp:t~p€X 2V, while if ¢ € X, the contribution is — Zp:t-pEX 2F

ii) # € X. If t € X the contribution is

Zp:t-pé)? Zf

Thus an inequality (45) with (t — 1)) € X and t € X is the sum of the inequality with (¢t — 1)’
and ¢t € X and the inequality Yz <y;. O

ptpeX 2P, while if t € X, the contribution is y; —

It follows that the remaining candidates to provide facet-defining inequalities are determined
by the flip periods o(1) < ... < o(K) (where 1 < o(1) and o(K) < n) in which nodes o (i) and
o(i)" on the path PA lie on opposite sides of the cut (X, X).

We now complete the proof of Theorem 5. There are four different possible X-assignments
of nodes 0/ and n + 1.
Case 1. 0/, n+1 € X. Then K is even, say K = 2I. The flips o(i) on the path PA lead
to a partition Sy, S1,---, S of the nodes X N {1,...,n} with §; = [ (2i) + 1,0(2i + 1)] where
o(0) = 0 and o(2I + 1) = n. The complement is a partition S, --,S;_1 of X N {1,...,n} with
S;=[o(2i + 1) + 1,0(2i + 2)].

For each p, Proposition 6 then gives a collection of possibly overlapping sets (Té’ o ,Tf_l)
such that (UZ3TF) -p = [1-p,n-p]N X where TV = [0(2j + 1)+ 6P~ +2,0(2j +2) +9P] 1, n]
Now the complement is a collection of disjoint sets (T3, - ,T7) such that (Ul o T7 ) p=

[1-p,n-plNX with T} = [0(2)) + 67+ 1,0(2j +1) + 6P~1 + 1] N [1,n]. Some of the T} may be
empty. The resulting cut inequality is

I-1
Z Yo 21+1)+Zzzp TpmS
1=0

p=1j=0
I P I-1 )
< D (Woy + D (SiNT))
i=1 p=1j=0
Adding
P
Z ZP(T]P N SZ)

1

S
Il

to each side for all pairs (4, j) except (0,0) and (I, ), and using the following identities,

SoUS---US1US; = [o(1) +1,n];
SoUSogUS---NSr1USr = [1,n];
PN (SoUSoUS:---NSi_y) = 0
Son(TFUTfU--- TP ,UTY) =
TPUTYUTP U-- TP UT? = [l,n]; and
TUTPUTI U0, = [Lo(21) +67]

13



this simplifies to:

P I-1
Zy021+1)+zzp (Ty N [o(1) +1,n]) ZZ
P I-1 o
Zya(gl HO0+ D AP —i—Zzp(S[ﬂ[l,a(QI)—i—Hp]).
p=1i=1 p=1

This is the sum of the inequalities:

Yoy + 2 (o) + Lo() + 677 +1) < L
o(2i+1) T Zzp (I?) < Yo(2i) + Zzp(Si) fori=1,...1 —1; and
P

~Yo(ar) Zzp (2I) +1,0(2D) +67)) < -1,

namely: inequality (39); I — 1 inequalities (43) (equivalent to (41)); and inequality (40) (since
n+ 1€ X implies o(21) + 67 < n).

Thus we have shown that every valid inequality with 0' and n 4+ 1 € X, other than (37), is a
nonnegative combination of the inequalities (38)—(41).

Case 2,0 € X,n+1 € X. Here the flips occur at o(1),...,0(2I +1). The sets S;, S;, T" and T
are unchanged, and sets S; and T}) are added for all p. The resulting cut inequality is

I
Z y021+1)+zzzp TpﬂS
=0

p j=0

I I
< D (o + 22 P (SinT)) +1

=1 p 7=0

where the 1 appears because of the arc (n +1,0') with n+1 € X and 0/ € X. After adding the
terms D 2P(S; N T]p ) as before, the resulting inequality is the sum of

1)+Zzp D+1,01)+6"14+1]) < 1

and the I inequalities
Yois) + O P(TT) < Yo + Y 2(S))
P p
of the form (43).

Case 3, 0/,n+ 1 € X can be treated as Case 2 by omitting sets Sy and Té’.
Case 4,0 € X and n+ 1 € X is then similar. O
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Example 2 n=7, P =3, 0 =(0,2,4,5).

(37)
44+ < op

1 2

Z5 +z2+z§’ < e
1 2
z7+z7+z$’

< w7

v < g4+
y3 < Yot 23+ 25+ 2

yr < yetzr+2+ah

nt+nt+H, s <1
Yo + 231, + 2375 + 233:77 < 1

y6+z%+z$+z$’ < 1

y1+ 25,3 + 25,5 + Z§,6 > 1

Y2 + 25,4 + Z§,6 + Zg,? > 1

(41)
ys + 25 < y3+zi,5+zi5+zi5
yot+ o1 < ystzistzigtzig
yot+2r Syttt e
y€R7,z€RiX7, m= === =d==0=3=0

5. Extensions

The results of Section 3 can be extended in different ways. One possibility is to include
lower and/or upper bounds on the number of set-ups in a given interval. Bounds on thﬁ zZr =
Ur, — Ur,—1 can be added to the Quy formulation without losing integrality. For Y (a,~y) with
an upper bound on the number of setups, the constraint thﬁ 2t < Q7 7, projects into another
set of alternating inequalities maxgc|s, -, Odd(S,y) < Q7 -,. These can be separated in linear
time using the functions F' and G and now the three sets of alternating inequalities give the
convex hull. Another possibility is that the behaviour of the machine depends on the number of
start-ups that have occurred. Thus 2} = 1 if the ¢'" start-up is in period ¢. Here the network
dual formulation can be generalized based on the binary variables vf and u{ taking the value
1 if the ¢** start-up, respectively switch-off, occurs in or before ¢. Finally we note that one
can generate inequalities for interval-dependent switch-offs, using a similar approach to that of
Section 4.
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