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Abstract This paper addresses a scheduling problem with a cumulative continuous
resource and energy constraints. Given a set of non-preemptive tasks, each task requires
a continuously-divisible resource. The instantaneous resource usage of a task is limited
by a minimum and maximum resource requirement. Its processing has to lie within a
time-window and the total energy received obtained by integrating a function f; of the
instantaneous resource usage over the processing interval must reach a required value
(where f; is a non-decreasing, continuous function). The problem is to find a feasible sched-
ule of the tasks, which satisfies all the constraints. This problem, which is a generalization
of the well-known cumulative scheduling problem, is NP-complete. For the case where all
functions f; are linear, we exhibit structural properties of the feasible solutions and we
present a Mixed Integer Linear Program (MILP) based on an event-based formulation. We
also adapt the famous “left-shift/right-shift” satisfiability test (energetic reasoning) and the
associated time-window adjustments to our problem. To achieve this test, we present three
different ways for computing the relevant intervals. Finally, we present a hybrid branch-
and-bound method to solve the problem, which performs, at each node, the satisfiability test
and time-window adjustments and, when the domains of all start and end times are small
enough, the remaining solution space is searched via the event-based MILP.

P< Christian Artigues
artigues @laas.fr

Margaux Nattaf
mnattaf @laas.fr

Pierre Lopez
lopez@laas.fr

! CNRS, LAAS, 7 avenue du colonel Roche, 31400 Toulouse, France
Université de Toulouse, UPS, 31400 Toulouse, France

3 Université de Toulouse, LAAS, 31400 Toulouse, France

@ Springer


mailto:artigues@laas.fr
mailto:mnattaf@laas.fr
mailto:lopez@laas.fr

Constraints (2015) 20:304-324 305

Keywords Continuous scheduling - Energy constraints - Energetic reasoning - Branching
scheme - Mixed integer programming

1 Introduction

The Continuous Energy-Constrained Scheduling Problem (CECSP) is a generalization of
the well-known Cumulative Scheduling Problem (CuSP). In CuSP, given a resource with a
limited capacity and a set of tasks each one having a release date, a due date, a duration and
a resource requirement, we want to schedule all tasks in their time windows and without
exceeding the capacity limit of the resource.

One of the main limitations of CuSP is that task durations and resource requirements
do not vary over time. However, in many practical cases these variations are part of the
problem.

A practical example where the task duration and resource requirement are not fixed is
presented in [1]. In this paper, a foundry application is presented where a metal is melted
in induction furnaces. The electrical power of the furnaces, which can be adjusted at any
time to avoid exceeding a maximum prescribed power limit, can be seen as a continuous
function of time to be determined. However the function must lie within a limit; thus, a
minimum and a maximum power level must be satisfied for the melting operation. Addi-
tionally, the melting operation can be stopped once the necessary energy has been received,
depending of the selected power function, so the duration of this operation is not known
in advance. Moreover, if we increase the power of an electrical furnace to accelerate melt-
ing operations, the energy received by the operation is not identical to the electrical energy
consumed but is linked to it via a function. Efficiency functions should then be considered
for the furnaces. However, the paper did not consider them. Finally, due to the complexity
of the problem, the solution method proposed in [1] considers a time discretization, which
can lead to suboptimal or infeasible solutions by over-constraining the problem, as shown
below in Section 3.

In the literature, several scheduling problem involving controllable time-varying resource
requirements of the tasks can be found [12, 13, 18] but none of them encompasses
all the characteristics of the problem we consider in this paper. For the scheduling
problem with malleable tasks [5], the task duration depends on the number of pro-
cessors allocating to it. Another problem with this property is the scheduling problem
with continuous resources [4], although in this case there is no task time-windows.
The Resource-Constrained Project Scheduling Problem (RCPSP) with work-content con-
straint [10] also has this property as a work quantity needs to be received by each task
but the resource requirement of a task can only be changed at discrete time periods.
Some variants of the CuSP have been proposed to relax the constraint of constant or
fixed resource requirement. Baptiste et al. [3] propose two such relaxations: the fully
and the partially elastic case. But, in both cases, no fixed energy requirement is set for
the tasks.

To tackle this issue, we model the scheduling problem with a continuously-divisible
resource thus, now, the resource-usage profile of a task can take any shape bounded
by a time-window and a minimum and maximum resource requirement, provided that a
fixed amount of energy is received by the task. This problem, called CECSP (Continuous
Energy-Constrained Scheduling Problem), has been introduced by Artigues et al. in [2] who
considered the particular case in which the resource consumed by a task is equal to the
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energy received by it (identity function). We consider a more general case where the energy
is expressed as a linear function of the resource consumed.

For CuSP and CECSP with identity functions, a polynomial satisfiability test called
“left-shift/right-shift” exists [2, 3]. This test is based on the so-called energetic reason-
ing. One of the goals of this paper is to adapt this satisfiability test and the corresponding
time-window adjustments to our problem, extending the work done in [17]. We also pro-
vide an adaptation of the new way of computing relevant intervals that was proposed
for CuSP in [9].

Another goal of this paper is to present a solution method for our problem. We present
two methods, one consisting in solving an event-based MILP inspired by the existing one
for RCPSP [14] and the RCPSP with flexible resource profiles [15, 16]. The second method
is a hybrid branch-and-bound algorithm, using the branching scheme of Carlier et al. [8], the
“left-shift/right-shift” test and the corresponding time-window adjustments and the event-
based MILP.

In Section 2, we describe the problem. Section 3 is dedicated to the event-based MILP.
Section 4 presents the adaptation of the “left-shift/right-shift” test and Section 5 shows how
we compute relevant intervals for this test. In Section 6, we describe the hybrid branch-
and-bound algorithm and in Section 7 we present some computational results showing the
interest of our approach.

2 Problem statement and properties

In the considered scheduling problem with a continuous resource and energy constraints
(CECSP), we are given as input a set A = {1, ..., n} of tasks and a cumulative, continuous
and renewable resource with limited capacity B. During its execution, a task uses a variable
amount of this resource which has to lie between a minimum and a maximum requirement,
b and b, respectively. A task finishes when a required amount of energy W; has
been received by it. To compute this energy we use a non-decreasing power processing
rate function f; which is continuous in [blf"i”, b***] with a special behavior at point zero,
i.e. f(0) = 0. This function allows us to convert the resource quantity used by i in an
energy quantity. Furthermore, each task needs to be performed in its time-window [r;, d;].
All the following results can be adapted to the case where tasks are preemptive but, for
ease of notation, in this paper, we only consider the non-preemptive case, i.e. b;”"” # 0.
These notations, their corresponding domains and the main notations used in this paper are
summarized in Appendix (see Table 3).

Finding a feasible solution is equivalent to finding, for each i € A, a start time st;, a
finish time ft; and for every ¢ € [st;, ft;] the amount b; () of resource allocated to task i
at time 7. These three quantities have to satisfy the following constraints:

ri <stp < fti <d; Vie A (1)
P < bi(r) < b Vi€ Aandr € [st;, f1;] 2)
bi(t) =0 Vie Aandt ¢ [st;, f1;] 3)
fti
/ fibi())dt = W; VieA 4)
St;
> bi() <B t €10, Dpax] )
i€A

with Dy,qx = max;c4 d; (by translation, we can always assume that min;c4 r; = 0).
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B=5
1 2 R e Q)
1 0 2 6 3 3 b
2 1 5 25 3 4 241
3 I— 3 0 6 39 1 5 3b

Fig. 1 An example of instance and corresponding solution of CECSP

This problem is NP-complete by simple reduction from the well-known Cumulative
Scheduling Problem (CuSP). In this problem, given a set of n tasks and a discrete, cumula-
tive and renewable resource available in quantity B’, the goal is to find a feasible schedule
of the tasks where each task consumes a fixed amount of resource bl’. , has a duration plf and
has to lie in its time-window [r/, d/].

The reduction from CuSP to CECSP is as follows. Let Z’ be an instance of CuSP. We
construct an instance Z of CECSP in the following way: b;"”‘ and b"“* are set to b}, Vi €
A, f; is the identity function, W; is set to pl/. b} and all other data remain unchanged (r; = ri/ ,
d; = d/ and B = B’). Trivially, T is feasible if and only if 7' is feasible. Therefore, the
CECSP is NP-complete.

In this paper, we consider the case where all functions f; are linear, i.e. of the form
aib + ¢; with @; > 0 and ¢; > 0. We restricted the study to positive coefficients a; and c;
in order to avoid case where f;(b) = 0 when b € [b;.”i", b"®*]. We start by presenting an
example of an instance of CECSP and one corresponding solution (see Fig. 1).

In the example of Fig. 1, we can see that, the energy received by task 2 is equal to
2x34+1)+2x44+1)+ (2 x4+ 1) =25 which is not equal to the amount of resource
consumed (11 in this case).

Now, we present a property of the CECSP, which will be helpful for solving it. Actually,
we prove that if a solution S exists, then another solution S’ can be created from S with the
property that each function b; (¢) is piecewise constant. This is the statement of the following
theorem:

Theorem 1 Let Z be a feasible instance of CECSP, with linear functions f;, Vi € A. A
solution such that, for alli € A, b;(t) is piecewise constant, exists. Furthermore, Vi € A
the only breakpoints of b; (t) can be restricted to the start and end times of the tasks.

Proof Let S be a feasible solution of Z and let (#;){4=1..0} be the increasing series of
distinct start time and end time values (Q < 2n). We construct a new solution S’ in the

following way: Vi € A, we set sti’ and f ti’ to st; and ft; respectively, and Vg € {1, ..., O —
fq+1
1 v 11, B¢ to SO
} we set, Vt € [ty, 1, + 1], b (1) to S = big
As S is a feasible solution, S’ clearly satisfies constraints (1) and (3). First, we prove
that S’ satisfies constraint (4). In order to do so, we prove that Vg € {1, ..., Q — 1} and
. 1 1
Vie Azf,"" fibi)dt = [/ fi(b],)dr.
As we have:

1,

St fi ) pde = [ @b, + et

toal
L9 by (0)dr
= ai(lg+1 — l‘q)ﬁ +ciltgy1 —1g)
‘

S i@t
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S’ satisfies constraint (4).
We can prove that S’ also satisfies constraints (2) and (5) in a similar way. O

Notice that this theorem may be no longer valid when the CECSP constraints are used in
a larger model, for example, if allocation functions b; (¢) are involved in other constraints.
An interesting corollary of Theorem 1 is as follows:

Corollary 1 Forfixed (st;, ft;)ica the satisfiability of CECSP can be checked polynomially
in function of n.

Indeed, for each interval [st;, ft;] or [ft;, st;] (at most 2n), we have to decide how
much resource we give to tasks w.r.t (1)—(5). This problem can easily be modeled by a linear
program.

Another interesting remark can be made about Theorem 1. Indeed, in order to find a
solution to CECSP, we only have to find, for each task, its start time s¢;, its finish time
ft; and the quantity of resource allocated to i between two consecutive start/end time. This
allows us to model this problem with a Mixed Integer Linear Program.

3 Mixed integer program

In this section, we present an event-based MILP for solving CECSP. We choose this repre-
sentation instead of a time-indexed one for the following reason: we can build an instance,
with integer data and identity functions f;, having only non-integer solutions (see Fig. 2).
Note that we could scale the input in order to get back to integer start and end times. How-
ever this might lead to an instance with a very large time horizon and then to a prohibitive
number of variables for a time-indexed model.

Furthermore, it might not be possible to do the same scaling in order to have integer
b; (). In this case, any solver/model used to solve correctly this problem would need to be
able to handle continuous variables in the context of a cumulative constraint.

Our formulation is inspired by the start/end event-based formulation for the RCPSP [14].
In this formulation, the events correspond to the start and end times of tasks and are repre-
sented by continuous variables f,. Let £ = {1, ..., 2n} be the index set of these events. A
decision variable x;, (resp. yi.) is equal to 1 if task i starts (resp. ends) at event e. In addi-
tion, we define two new variables B;, and W;,, which stand for the quantity of resource
(resp. energy) received by task i during interval [f., ,41]. Since there are 2n events, this
model has 8n? variables. This yields the following formulation:

max )N Wie (©)

i€A ec&
e < ter1Ve € & (N
i | ri di Wi, b7 b f(b) B=2
0 0 2 3 2 2 b b 0 1
1 1 3 3 1 2 b

Fig. 2 Counter-example for integer data

@ Springer



Constraints (2015) 20:304-324 309

ine=1 VieA ®)

ecf
Z)’ie=l Vie A O

ec&
Xieli <t, Vi€ A;VYecf& (10)
fe < Xies"™ 4+ (1 — Xj¢)Dipax Vi € A;Ve €& (11
te > yiee™™ VieA;Vee& (12)
diyie+ (1 = yie)Dpax > te Vi€ A;Ve € E (13)
Y Bie < Bltey1 —1,) Vee€& (14)

i€eA
ta = te + (Xie + yia — DWi/f;(b]"*") Vi eA;V(e,d) e &;d>e(15)
Wie < aiBije + ci(tex1 —t.) Vi € A;Vee & (16)
e e
Wie < M) Xie — Y yie) VieAiVeel 17)
e'=0 e'=0
Y Wie=W: VieA (18)
ec
) e e
Bie = b (tex1 — 1) — M(1 — ine’ + Z Vie) YieA;Veel (19)
e'=0 e'=0
B;, < b;"”x(tgﬂ —t1,) VieA;Vecf& (20)
e e
O xie =Y yie)Wi —Bie 20 Vie A;Veel 1)
=0 e'=0

t.>0 VYeecf& (22)
Bie>0 VieA;Veef (23)
W;e>0 VieA;Veec& 24)
Xie €{0,1}, v, €{0,1} VieA;Veel& (25)

where M is some large enough constant, ;""" = d; — W;/f; (b]"*) (resp. elm"" =r +
Wi /fi (B'%)) is the latest start (resp. earliest end) time of task i and Dyqy = maXx;ea d;.

In order to provide better understanding of the model, we want to point out the fact that,
if task i is in process at event e, then Zefzo(xi ¢ — yif) = 1 and 0 otherwise. We now
described the constraints of the model. Constraints (7)—(15) are classical constraints of an
event-based MILP model for a cumulative constraint. Constraints (16)—(18) combined with
objective function (6) guarantee that the required energy is available for the tasks. Indeed,
constraints (17) set W;, to 0 if the task is not in process and constraints (16) combined with
the objective function ensure resource conversion. Constraints (19) (resp. (20)) impose that,
during its execution, a task satisfies its minimum (resp. maximum) resource requirement.
Constraints (21) set the resource consumption of task i to O if the task is not in process.
Indeed, in this case, constraints become B;, < 0.

We have presented an event-based MILP solving the CECSP. Experimental results are
described in Section 7. The rest of the paper is dedicated to the hybrid branch-and-bound.
We start by presenting the checking and filtering algorithms which will be used in the main
algorithm.
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4 Energetic reasoning based satisfiability test
4.1 Mandatory consumption

In this section, we present a polynomial satisfiability test for CECSP. This test is based on
the famous “left-shift/right-shift” test for the Cumulative Scheduling Problem [3] and use
the so-called energetic reasoning [11].

Before explaining how this reasoning yields a polynomial satisfiability test for our prob-
lem, we exhibit an elementary necessary condition to check whether all task data are
consistent. This condition can be expressed as follows: if there exists a task i such that
fi(®"**)(d; — r;) < W; then the instance is infeasible.

Indeed, as f;(b) is a non-decreasing linear function, execute a task i at its maximum
requirement during interval [r;, d;] gives the maximum possible energy. Therefore, if W; is
greater than this quantity, then we cannot have a solution for the instance.

In order to present our satisfiability test, we define two quantities: the minimum resource
consumption (resp. minimum energy requirement) of a task i over an interval [t1, f2],
b(i, 11, 1) (resp. w(i, t1, t2)). These quantities are expressed by the following equations:

5]
b(i,t,n) = rrgn/ b;(t)dt S = {bi (2)|b; (¢) satisfies (1) — (4)} (26)
t
1 .

w(i, t, ) = rr}sln/ Inz(1) fi (bi (1))dt (27
131
| Vift e NZ := {t]b;i(t) # 0}
where 1yz(t) := { 0 otherwise
These two values are used to compute the slack of the interval [f1, f,] defined by
SL(t1, 1) = B(ta—11)—Y_;c4 b(i, 11, 12). With these definitions, we are now able to define
a necessary condition for CECSP to have a solution:

Theorem 2 Let T be an instance of CECSP. If there exists (t1, 1) € R2, with t < 12, such
that SL(t1, t7) < O then T is an infeasible instance of CECSP.

Proof By contradiction, suppose the condition is satisfied for some (#1,#;). Since,
b(i, 11, tp) is the minimum resource consumption of i over [¢1, #2], for any feasible solution,
we have ft’f bi(t) > b, 11, 1).

It implies D ;.4 fttlz bi(t) = Y jcabli,t1,1) > B(t, — 1), and this is a contradiction
with the integration of (5) on [t1, 2]. O

An example of this theorem is described by Fig. 3 in which the available quantity of
resource is equal to B(fp — t1) = 3(6 — 1) = 15 and the sum of all resource mandatory

mimrmrmrTssT—r - - - B=3
\ mandatory
consumption
N
t1 =1 ta =6 available resource

Fig. 3 Illustration of Theorem 2
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consumptions is equal to 18. So, SL(t1, ) = —3 < 0 and the instance is infeasible. The
method used for computing the mandatory consumption of a task is described after the
example.

In order to have a complete polynomial satisfiability test, we have to prove that the slack
function can be computed in a polynomial time and that it is sufficient to perform the test
on a polynomial number of intervals.

To compute the slack function in polynomial time, we have analyzed the possible config-
urations of minimum resource consumption. First, since f; () is a non-decreasing function,
we can observe that, given an interval [t1, #2], the minimum consumption always corre-
sponds to a configuration where task i is either left-shifted (the task starts at r; and is
scheduled at b}"** between r; and #1) or right-shifted (the task ends at d; and is scheduled at
b"** between t; and d;) or both (both-shifted).

We will denote by a);“(n,tz) (resp. w; (t1,t2) and w;(1, 12)) the minimum energy
requirement of task i inside [t, ;] if the task is left-shifted (resp. right-shifted or
both-shifted). We have:

- o (t1, ) = max(0, W; — max(0, 1 — r;) fi (b]"*))
w; (11, 1) = max(0, W; — max(0, d; — 1) fi (b"**))
- ity ) = max(f;(B"") (12 — 1), Wi — f; B") (max(0, 11 — r;) + max(0, d; — 12)))

Therefore, the minimum energy requirement in [#1, 2] is:
w(i, t1, 1) = min(w; (1, ), ] (1, 1), i (t1, 1)) (28)

We still have to compute the minimum required resource consumption. For this, let J
be the interval over which task i has to receive an energy quantity w(i, t1, fp), i.e. J =
[t1, 2] N [ri, d;]. We have two cases to consider :

— the remaining interval is sufficiently large to schedule the task at its minimum
requirement, i.e. |J| > L&02) and then b(i, 11, 1) = bMin LEIL2)
q ! 1= ) bi, 1, ) = b =) ‘
— the remaining interval is not large enough to schedule the task at its minimum
requirement and finding b(i, t1, #2) is equivalent to solving:

minimize [, b; (t)dt
subjectto [, fi(bi(t))dt > w(i, 11, 12)

The constraint can be written as: a; [, bj(1)dt + ¢; [,dt > w(i, 11, 12), which is
equivalent to [, bi (1)dt > (i, 11, 12) — |J]e:).

Then, since there is only one constraint, the minimum value of f g bit)dr =
bli, 11, 12) = (i, 11, 12) — | J]ey).

The expression of the minimum resource consumption of i inside [#1, #;] is:

2O L it11) — 116 (29)
—, —(w(, 1, ) = |/

fi"") - ai
We show that we can compute the slack function in polynomial time. To have a complete

polynomial satisfiability test, we have to prove that it is sufficient to perform the test on a

polynomial number of intervals and that we can compute them in polynomial time. Since

the same intervals are used to perform the time-window adjustments, we start by presenting

them and after that, in Section 5, we will describe the interval computation method.

b, 11, 1) = max(b]"
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4.2 Time-window adjustments

In this section, we describe some time-adjustments that can be deduced from the
satisfiability test. These adjustments are an adaptation of the adjustments of Baptiste et al.

[3].
.. . + p—

We start by defining some notations. We denote by B;" (t1, 12) (resp. B; (t1,12) and
Bi(t1, t2)) the minimal resource consumption corresponding to a)l.'" (t1, 12) (resp. w; (11, 12)
or w; (t1, 12)). )

+ _ min @; (t1,02) 1 + . s .

We have B;" (t1, 1) = max(b; AR aT(wi (t1, ) —ci|J 1)) and similar expressions
for B (11, t2) and B; (t1, 12).

Now, we are able to describe our time-window adjustments. Given a task i and an interval
[#1, t2] the goal is to decide whether i can end before .

Lemma 1 [fthere exists [t1, t2] such that:

Y bGj,t1, 1) +min(B (11, 1), Bit1, 1)) > Blta — 1)
it
17=J

then, we have:

. 1 _
" >t + W(ZQ(L t1, 1) +min(B;" (11, 1), Bi(t1, 1)) — B(ta — 11)) (30)
i JjeA
i#]

Indeed, ZjeA;i#j b(j,t1,1r) + min(,Bl.'*' (t1, 1), Bi(t1,12)) is the total minimum
resource consumption in [#1,#] when i is left-shifted. Therefore, if this quantity is
greater than the quantity of available resource then a part of i must be scheduled
after 1.

Furthermore, ZjeA;i#j b(j, 11, 1) —|—min(,B;r (t1, 1), Bi(t1, 12))— B(t —17) is the amount
of resource that has to be allocate to i after f2. Hence, we can divide this number by b;"** to
obtain a valid lowqr bound of the end time of i.

Similarly, if b{"'" # 0 then, when:

Y b(j.ti, 1) + min(B (11, 1), Bi(t1, 1)) > Btz — 1)

JEA
i#j
then, we have:
1 .
izt = o (Bl = 1) = 3 b(jo 1, 12)) 31)
i jeA
i#j

We perform these adjustments on the intervals on which we perform the satisfiability
test! (see Algorithm 1). These intervals are described in Section 5.

Example 1 Consider the following instance:

Note that we did not prove that these intervals are sufficient to perform all the relevant adjustments.
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B=5 . .

il di Wi bPTHT RG] ] X

1[0 6 12 1 5 b .

210 4 12 2 5 b L !

311 4 6 2 2 b - :
tp =1 ty =4

On interval [1, 4], we have:

— b, 11, )[1][1][4] = min(12 — 5 x 1,3, 12 — 5 x 2) = 2 (right-shifted)
— b(i, 11, )[2][11[4] = min(12 — 5 x 1,7, 12) = 7 (left-shifted)

— b, 11, )[3][11[4] = min(6, 6, 6) = 6 (both-shifted)

— Blth-t)=5@4-1)=15

Considering task 1, the quantity of resource available for 1 in [1,4] is 15 — (15 — 2) =
15 — 13 = 2. If task 1 starts before ¢, we need either ﬂfr(l, 4) = 7 (the task is left-shifted)
or B1(1,4) = 3 (the task is both-shifted) units of resource available in [1, 4]. So, since the
task is non-preemptive, i.e. b;"i " #£ 0, task 1 cannot start before #1. Furthermore, since only
2 units of resource are available in [1, 4], r; can be set to t, — 2/b;”i" =4-2/1=2.

Algorithm 1 Time window adjustments

for every relevant interval [t1,t2] do
W<+0
R+ 0
for all : € A do
W+ W+ min(w:r(tl t2), wi(t1, t2), w; (t1,t2))
R+ R+ max(by" —W— L(W —¢;|J)))

Fib) @

end for
if R > B(tg — tl) then
instance infeasible, exit
else
for all : € A do
W« min(w] (t1,t2),w;(t1, t2),w; (t1,t2))
slack < B(to —t1) — R+ max(brm%7 %(W —ci|J)
if slack < min(B; (t1,t2), Bi(t1,t2)) then
e:nzn P max(e?ﬁ"’ to + W(mln(ﬂj (tl s tg), Bi (tl R tg)) — Sllle))

slack)

pmin
i

ri < max(r;, ta —
end if
if slack < min(B; (t1,t2), Bi(t1,t2)) then
ST < min(s, t; — W(min(ﬁ[ (t1,t2), Bi(t1,t2)) — slack))
d; min(di, t1 + Ziﬁch)
end if ’
end for

end if
end for

We have presented the time adjustments we performed in the hybrid branch-and-bound
procedure. Now, we prove that the time needed to apply the satisfiability test on an instance
is polynomial by proving it is sufficient to do the test only on a quadratic number of intervals
(11, 2].

@ Springer



314 Constraints (2015) 20:304-324

4.3 Complexity

The following theorem establishes the polynomiality of the test by proving that the number
of relevant intervals is quadratic.

Theorem 3 ([2]) The energetic reasoning (Theorem 2) needs only to be applied on a
quadratic number of intervals.

Proof Since the slack function is the difference of one linear function B(f; — t1) and a
sum of two-dimensional piecewise linear functions, it is a two-dimensional piecewise lin-
ear function. Therefore, its minimum is reached on an extreme point of one of the convex
polygons on which it is linear. As the break line segments of the slack function are the same
as the ones of the sum of the individual minimum consumption functions, an extreme point
of the slack function is the intersection of two break line segments of an individual task
minimum consumption.

Thus, we only have to perform the satisfiability test on the intervals corresponding to
these intersection points and, since for each task there is a constant number of break line
segments, there is at most O (n?) such points. O

For each intersection point, the slack function is computed in O (n). So, the satisfiability
test needs also O (n) time and, since the test is performed on a quadratic number of intervals,
the total time complexity is O(n®) with a naive enumeration algorithm. In the following
section, we described three different methods for computing these intervals.

5 Computing relevant intervals

We now present three ways for computing these intervals. The first and second ones are
based on an analysis of the break line segments of the individual task minimum consumption
functions, as done in [2]. The first one computes the intersection points in a naive way and
the second uses a sweep line algorithm to compute them. The last one is an adaptation of
the work of Derrien et al. [9]. It is based on an analysis of the partial derivatives of the slack
function.

In our work, we have considered the following cases:

Lo bpin = pre

2. 0 <bpin < pinax

(@ W< - ri)fi(blml:n)
() Wi > (di —r) fi (")

Since all cases are treated in a similar way, we only describe our results for case (22b).

5.1 Task break line segment analysis

In this section, we perform an analysis of the task break line segments. Indeed, we know
that an extreme point of the slack function, i.e. a point for which it can be minimal, is

at the intersection of two break line segments of an individual task minimum consump-
tion. So, we are interested in finding, for each task, a list of these break line segments.
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Once these lists are computed, we only have to test intersection of each pair of break
line segments.

First, we have to analyse the expression of w(i, t1, ;) depending on the value of
(t1, ). This analysis has already been done in [2]. So, we just summarize these results
in Fig. 4 before doing the analysis for function b(i, t,t2). The left part of the fig-
ure corresponds to the case where e;”i” < s/"® and the right part to the case where
emin > gmax.

1 — 1l
In the red polygon, w(i, t1,t) = W;. In both green ones w(i,t;,) = W; —
(di — 1) fi(0"**). In blue ones w(i, t1,2) = W; — (t1 — r;) fi(b{"*"). In the white one
w(i, t1, ) = W; — (di — tn + 11 — 1) f;(0"). And, in the yellow one w(i, 11, 1) =
(h — )ﬁ(bf’””). All the other areas correspond to w(i, 1, t) = 0.
For ease of notation, we define the following set of points:

- C=(rd), F=(" s, G= (", s") and G’ = (", ]'"™)
di fi B —ri i = Wi i fe B —d; fi () Wi
— I — i ~L - i s I — .’ _ : i ,d,
i =, B = fi (B ) ‘ 5 B = fi (B ‘?
i (i ) — fi ("™ —di f; O™+ Wi di (fi (0 fi (0"™) =i fi (B")— Wi
FiBr=2 £ b") ’ [iB=2£ M)

- H=(

)

These points correspond to the intersection of two segments delimiting two areas
with different expressions of w(i, t1, 12). qu example, H is the intersection point of line
Wi — (di — ) b)) = (ty — 1) fi(B"") and line W; — (11 — 7)) i) = (2 —
n) fi (B"").

To perform the same analysis to function b(i, t1, t), we have to consider, for each poly-
gon, the following inequality: w(i, t1, t2) < f; (b;’””)l] |, i.e. knowing whether the interval
J =[ri,di]1 N [t1, 2] is large enough to execute i at bf"i”.

So, in the blue polygon, we consider this inequality:

Wi — (11 — i) f; 1Y) < f; (BT

t2 Py t2 @ Py
Driax C II Dpiax C II’
(3 1---- -7 1 R
H
sprar I = — A I
) I I maz I G’
1 1 S; L T -
1 1 G
I | | |
I | | I
l | | I
I | | |
I | | |
0 L 1 1 0 I I t1
0 T e;‘ﬂl’n Dvnaz 0 T e'?”n Dmam
(a) e;{nin S S;naac (b) e;nin Z s;naa:

Fig. 4 Break line analysis
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Since, the blue area is delimited by equation #; = r;, we only have to consider two cases:
t) > d; and r, < d;. In both cases, the inequality becomes
L Wi n G — 0 fiop
B Si(B*) — fi(d"")
In the case where 1, > d;, replacing 1, by d; gives us the ordinate of point I’ and, in the other

case, the inequality corresponds to the equation of either the segment 1’ H (e;”i" < s")or
the segment I'G’ (¢/""" > s!"“¥). So, the blue polygon is separated into two parts:

—  the light one where b(i, 11, 12) = = (w(i, t1, 12) — ci|J )
—  and the dark one where b(i, t1, 2) = b["" (w(i, t1, 12) /f; (B"™))

and so does for the green polygon.
By applying the same reasoning, we find that:

— inthe red polygon b(i, 11, 12) = 5 (W; — ¢;(d; — )
— inthe yellow one b(i, 11, 12) = a%(Wi —(di —np+ 1 —r) fi (O™ — ci(ta — 1))
~  and, in the white one b(i, t1, o) = (to — t;)b""

All the other areas correspond to b(i, t1, t) = 0. These results are displayed in Fig. 4.

We have analyzed the expression of b(i, t1, ;) depending of the value of (¢, t2). The
break line segments to consider correspond to segments delimiting two areas with different
expressions of b(i, t1, 7). Thus, the break line segments to consider are (we denote by I,
(resp. I,) the x-coordinate (resp. y-coordinate) of point [):

— inboth cases: (r;, Dinax)C, (0,d;)C, (0, s"*)F, F(elf”i", D),
Cl, CI', 1(0, 1), 1/(11/1,Dmax), 11

— forcase /" <s"*:IH, I'H and HF.

— for case e;"i” > s IGand I'G.

To identify the relevant intervals, we need to compute, for all pairs of break line seg-
ments, their intersection (¢, #). To achieve this, either we use a naive algorithm, i.e. we
test intersection of all couples of break line segments, or we use the sweep line algorithm of
Bentley-Ottmann [6].

The main idea of the sweep line algorithm is that two segments cannot have an intersec-
tion point if they do not share x-coordinates and y-coordinates. A fictive horizontal line is
used to sweep the x-axis and, at some “events”, we test the intersection of two segments if
they both cross this line and if they follow each other in vertical order. So, the number of
tested intersections may decrease in comparison with a naive algorithm.

In the first case, we obtain a total complexity for the satisfiability test of O (n?) and, in
the second case, the complexity is O((n? + nk) logn) with k the number of intersection
points. Even if the theoretical complexity is higher with the sweep line algorithm (k may be
in 0(n?)), in practice, the algorithm can be faster than the naive one (see Section 7).

5.2 Slack function analysis

The last way of computing relevant intervals is an adaptation of work of Derrien et al. [9]
and is based on the following theorem:
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Theorem 4 The slack function is locally minimum in interval [t1, t2] only if there exists two
tasks i and j such that the following conditions are satisfied:

§Th(i, 1, )  87b(i, 1, 1)
<

32
ot 8ty ( )
8Th(j, t1,t 87b(j, 1, t
b(j, t1,12) - b(j, 1, 10) 33)
Sty Sty

s L
with ® b(;t’ztl’m (resp. ® Q(gr’;' 2) ) the right (resp. left) derivative of b(j, t1, t2) w.r:t ta.

Proof By contradiction, suppose (f1, #2) is a local minimum of the slack function and
equation (32) is satisfied for all tasks. Then, SL(#, t;) has its left derivative greater
than or equal to its right. Since, by the second derivative test, minimal value of a func-
tion can only be reached at a point where its left derivative is lower than its right,
(t1, ) can not be a local minimum of the slack function. The proof for condition
(33) is similar. O

In the following lemma, we characterize, for a task i and a fixed ¢, the value of function
ty — b(i, t1, tp) for which its left derivative is greater than its right.

Lemma 2 Suppose task i satisfies the following condition: W; > ﬁ(b:”i")(d,' — r;). Then,
for any fixed t1, only one interval [t1, tp] satisfying (33) exists:

1. ifty < rj then only interval [t1, d;] has to be considered

2. ift; > ef""" then no interval has to be considered

3. ifri<n < e;""” At > It’1 At < 8" v 11 < Hy) then intervals [ty, U(t)] and
[t1, D(t1)] have to be considered

4. ifri<n < elm"” Al < I,/1 then intervals [t1, d;] and [t1, D(t1)] have to be considered

5. ifri <t < e Aty > Hy, then only interval [t1, d; + r; — t1] has to be considered

6. ifri<n < e{"i” Aty > s then only interval [ty, U(t1)] has to be considered

Wity i O™ — @)+ i B

nd

Wi = fi®"")d; + 11 f; (b]")
D) = max min :
Ji(® ) — fi(b™")
Proof We only present the third case, the other ones are similar.
In order to prove the lemma, we analyse the variation of t, — b(i, t1, t). Figure. 5
represents these variations. The color corresponds to its expression w.r.t Fig. 4.

Fig. 5 Relevant intervals for I |
case (3) :
-_— |
I
1

sae D(t1) U(t)

i
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The two intervals for which condition (33) is satisfied are [#1, U (¢1)] and [¢;, D(t;)]. O

We can apply the symmetric reasoning on #, in order to obtain a list of relevant intervals.
This list is described in Lemma 3:

Lemma 3 Suppose tasks i and j satisfy: W; > ﬁ(b;"i")(dl —r), I =i, j. Then the slack
Sfunction is locally minimum in (t1, t2) only if it is one of the following intervals:

[rj, di] iIfrj<rv@;<e™narj <IN
(di = dj Vv (di = s7 Ndi > 1))

[D'(d;), d;] if (D'(di) <ri v(D'(di) < e AD'(di) < I[)A
dj >d; > S;rmx Ad; < 1,2 /\d,‘A > th

[U'(dy), d;] if(U'(d) <ri v (U'(di) <™ AU'(d;) < 1))

Adj = di = ST A (dy = €V di = Hy)
[dj +7rj —d;, d;] lf(dj +rj —di < V(dj-i-l‘j —d; Selmin /\dj-i-rj —d; < It/l))/\
dj >d; Zs}nax/\dl‘ < th

[rj, U(rp] ifri <rj < €™ Arj= I Arj < Hyn
Urj) =dj v U@)) = s7 AU = 1))
[rj, D(r)] if (Drj) 2 dj v (D(rj) = 57 AD(rj) = 1))

ri <rj < el'.”i” AP > vy < Hy)
[rj,di +ri—r;] ifdi+ri—rj>djVv(di+ri—r;> s;rmx ANdi +ri —rj = 1)
ri <rjp <el" Ar; > Hy

D (i B = f; B ))+di f; B = Wi

. / _

and

Wi — b2 fi (B + 1y f (B"Y)
LBy — fipriny

U'() =

Proof Lemma 3 By contradiction, suppose the slack function is locally minimum in (¢1, #2)
and [t1, t2] is not one of the intervals defined by the lemma. Then, either condition (32) or
(33) is not satisfied. Then, by Theorem 4, the slack function can not be locally minimum in
(11, ). O

Here, we have described only the case where i and j are such that W; > fz(bl’""”)(dl —
r1), I =i, j. The other cases to consider are:

- W= fl(blmi'n)(dl ), l=1ij ‘
- Wiz fi(6/"")(d; —ri) and W; = f;(B"")(dj — 1))

There is no need to consider case where bf"i” = b"® since it is included in case W; <
ﬁ(b;”i”)(di — r;i). Cases not described in this paper can be found in a similar way to the
case we have presented.

In terms of complexity, since three cases of Lemma 3 can not happen simultaneously,
we have only, for all couples of tasks (i, j), at most two intervals to consider. The total
complexity of the satisfiability test is still O(n>) but the hidden constant is much smaller
than the one of the naive algorithm.
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Table 1 Results of experiments for computing relevant intervals

# tasks time (ms)
naive sweep-line adaptation [9]
10 0.51 1.56 0.22
20 3.67 5.39 0.92
25 7.79 6.45 1.59
30 14.59 15.26 4.08
60 43.03 54.76 13.7

Experiments have been done on randomly generated instances to compare these three
methods (see Section 7).

6 Hybrid branch and bound

In this section, we define a hybrid branch and bound algorithm to solve CECSP. First, we
use a branch and bound algorithm to reduce the size of possible start and end intervals (until
their size is less than a given € > 0) and, then, we use our event-based MILP in order to
find exact task start and end times and to determine the quantity of resource allocated to i
between two consecutive events, i.e. b;., Vi € A; Ve € £.

We start by describing our branching procedure. This procedure is inspired by the work
of Carlier et al. [8]. At the beginning, a task can start (resp. end) at any time st; € [r;, s/"%"]
(resp ft; € [e;""", d;]). The idea is, at each node, to reduce the size of one of these intervals.
Suppose that we choose to reduce the start time interval of i, then we create two nodes: one
with constraint s¢; € [r;, (r; +5;"*") /2] and one with constraint st; € [(r; +5/""*)/2, 57" ].
We choose the interval to reduce randomly.

At each node, we apply first, the data consistency check and, if the data are consistent,
our satisfiability test. If the test does not fail, we perform the associated time-window adjust-
ments. We continue this procedure until all intervals are smaller than an €, i.e. until arriving
on a leaf of the search tree. When the algorithm is on a leaf of the tree, the remaining
solution space is searched via the event-based MILP.

We follow a depth-first strategy in the search tree. We backtrack when the satisfiability
test fails, i.e. the node is infeasible, or when the algorithm is on a leaf and the MILP fails to
provide a solution. In the case where the MILP finds a solution, then, since the goal is only
to find a feasible solution, the algorithm stops.

7 Computational results

The experiments are conducted on an Intel Core i7-4770 processor with 4 cores and 8 giga-
bytes of RAM under the 64-bits Ubuntu 12.04 operating system. We use CPLEX 12.6 with
8 threads and a time limit of 7200 seconds for solving the MILP model. The hybrid branch-
and-bound algorithm is coded in C++ and uses CPLEX at each leaf. The total time limit of
the algorithm is set to 7200 seconds.

@ Springer



Constraints (2015) 20:304-324

320

001 I 0T 100 09LS 09LS X 0 002L 09
70'€9 gse 01 900 8T E61S TEE61S Soviy o1 £0°6059 0¢
8L'LL 8T'LT 9 900 TEeTse 8€°€TSE 9%°6196 €€ 1%°80SS ST
8¢€°19 ¥9'1T €L S0°0 T$6L0T LS'6L0T 8€90701 LL 9L°LETT 0T

19¢ 91 001 100 LY'0 870 v'LI 001 ¥6°0 o1
€ A
X X 0 X 00ZL 00TL X 0 00cL 0¢
SL S1 0T 100 £1°980S #1'980 X 0 00cL ST
519 €€°6T o LOO 65°LE9E €9°L€9€ S'68LS o 88LY 0T
T Amureg
0 8L 0 €60 16'L969 10°8969 X 0 00CL 09
80°L LL'8S 09 70 ¥1'¥89¢ PE¥89¢ rI9% oy T8I¥S 0¢
1 §9'ey 001 v1°0 (VR34 P8 rEY] 6L6L61 LL #9°090C ST
'S §e'9C 001 800 6v 111 8C°IT1 L6YST 001 7¥'S6C 0T
0SS el 001 100 IS0 50 0 001 290 o1
[ Apueg
“[pe/suooy, sopou (€)105% (S)owm a1, (s)owm Xq1dO (s)ouwm el sopouy 059 (s)ouwm
m =3
punoq-pue-youeiq pqiy [epow TN yse #

punoq-pue-youeIq pLIqAY 2y pue [ppowr JIIIA AU} Ueamieq uostredwo) g Iqe,

pringer

NS



Constraints (2015) 20:304-324 321

First, the instances have been randomly generated with identity power processing rate
functions, i.e. fi(b) = b, Vi € A. We generated 5 instances of 10 and 60 tasks and 10
instances of 20, 25 and 30 tasks according to the following framework. The resource avail-
ability B is set to 10 and all other data are randomly generated in their corresponding
interval: W; € [1, 1.25% B], b™" € [0, 0.25 % W;1, " € [b/"", 2% b "), r; € [0,0.5%n]
and d; € [e;’“i”, e;”m + n]. Then, we transform them in order to obtain two families of
instances with power processing rate functions in the following way: we randomly gener-
ated the parameters of the function g; and ¢;, Vi € A, within interval [1, 10] and, for the
first family (Family 1), we set W; to a random number within [0, f; (W;)] and, for the sec-
ond family (Family 2), we set W; to f;(W;). To illustrate the algorithm performance on
different configurations, experiments are conducted on all instances of Family 1, a subset of
instances of Family 2 (5 instances with 20, 25 and 30 tasks respectively) and on the family
with identity functions (Family 3).

On these sets of instances, at least 76 % of them are feasible and 6 % are infeasible. For
the other 18 %, we were not able to know whether there feasible or not.

Table 1 presents the results of the comparison of the three ways for computing relevant
intervals for the energetic satisfiability test (see Section 5). The first column corresponds
to the naive algorithm, the second one to the sweep-line algorithm, and the last one to the
adaptation of the algorithm presented in [9]. The sweep line algorithm is the one from the
CGAL C++ library.? The time is set in milliseconds and corresponds to the arithmetic mean
time needed to perform the satisfiability test and the time-window adjustments on one node.

As expected, the best way of computing relevant intervals is the third method. Moreover,
we can see that the sweep-line algorithm does not provide better results than the naive algo-
rithm, except for the 25-task instances. The main reason of this result is the great number of
intersection points.

Table 2 presents the results of the MILP model and of the hybrid branch-and-bound
algorithm. Both algorithms have been tested on the three families of instances. Since the
average size of interval [r;, s;"**] and [e?’i”, d;] being 32, we tested our branch-and-bound
procedure for parameter € € {2.5, 5, 10, 15}. However, we only present our results fore = 5
since it is the parameter value which gives the best results.

The first three columns correspond to the results of the MILP model. The first column
represents the average time (arithmetic mean) needed to solve the instances. If the MILP
reaches the time limit, we set the execution time at 7200s. The second column corresponds
to the percentage of solved instances and the last one shows the number of nodes consumed
by CPLEX.

The other six columns correspond to the results of the hybrid branch-and-bound. The
first column represents the average time (arithmetic mean) needed to solve the instances.
The time, set in seconds, is the average of four runs of the algorithm. Furthermore,
when one run of the branch-and-bound reaches the time limit, we set the execution time
of this run to 7200 seconds (this execution time is playing the role of a penalty espe-
cially if only one run of the branch-and-bound solves the instance). The second and
third columns show the comparison of the time spent to solve the MILPs in leaves and
the time spent in the tree. The fourth column corresponds to the percentage of solved
instances. We consider that an instance is solved by the algorithm if it is solved on at

2CGAL, Computational Geometry Algorithms Library. http://www.cgal.org.
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least three runs. The fifth column corresponds to the average number of nodes of the
branching tree. Finally, the last column shows the percentage of nodes on which either
the checker fails (the instance is proved infeasible) or the algorithm performs some time
adjustments.

The hybrid branch-and-bound solves generally more instances than the event-based
MILP alone and takes less time to solve these instances. We can also see that, for the first
family of instances, the “left-shift/right-shift” test is not really efficient. This comes from
the fact that instances from this set are not very constrained, due to the required energy ran-
dom generation, i.e. there exist many feasible solutions for them. However, the test is crucial
for the relative good performance of the hybrid method on Families 2 and 3. We also see
that on constrained instances (Families 2 and 3), some small-sized instances are still out of
reach of all the tested methods.

We also compute the average deviation of all runs, i.e. if we denote by x;, i =
1,...,4 the CPU time of each run of the branch-and-bound and by X the average time
(in column 4), then the average deviation is %Z?:l |xj — X|. We obtain an average
deviation of 0.13 for 10-task instances, 959.15 for 20-task instances, 1491.32 for 25-
task instances, 1161.79 for 30-task instances and 115.99 for 60-task instances. Thus, we
can see that, most of the time, the difference between the random runs may be large.
Therefore, the development of better branching heuristics is an important continuation
of this work.

8 Conclusions and perspectives

We have adapted the famous “left-shift/right-shift” satisfiability test for CuSP to our prob-
lem and we present three ways for computing relevant intervals for this test. These methods
have been compared experimentally and we show that the adaptation of the methods of
Derrien et al. [9] is the most efficient.

We also presented a new hybrid branch-and-bound algorithm for CECSP as well
as an event-based MILP. We have compared these two methods and we have
thereby shown the interest of integrating MILP and energetic reasoning to solve
the problem.

Further research on this subject is necessary, especially to obtain an efficient method for
large instances. For example, knowing whether an adaptation of the incremental algorithm
for energetic reasoning [3] exists will be an interesting problem. Another open question
is whether the intervals on which we perform the time-window adjustments are sufficient
to perform all the possible adjustments and whether we can adapt the algorithm of [7] to
our problem. The adaptation of the MILP (event-based and time-indexed), heuristics and
priority rules of Resource-Constrained Project Scheduling Problem with flexible resource
profiles [15] or of scheduling problems with work-content resources [10] might bring inter-
esting results. Furthermore, these linear programs might include valid inequalities deduced
from energetic reasoning.

Finally, in order to provide better applications to actual scheduling problems under
energy constraints, it will be interesting to study the case where function f;(b) is no longer
linear.

Acknowledgments The authors thank the referees for making relevant comments that improve the
presentation of the paper.
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Appendix

Table 3 Main notations

Name Description Domain/Expression

Problem parameters

A

B

ri

d;
b;’ni n
b
Wi
fi(b)
lmi n

max
i

e

N

set of tasks

resource capacity

release date of task i

deadline of task i

minimum resource requirement of i
maximum resource requirement of i
required energy of i

power processing rate function of i
earliest end time of i

latest start time of i

Recurrent notations

St

St

bi (1)
Diax

w(i, t, )
b(i, n, 1)
SL(t1, 12)

starting time of i
finishing time of i
resource allocation function of i

deadline of the project

minimum energy requirement of i inside

minimum resource consumption of i inside

slack function of

Main notations of Section 4

wf (11, 1)
w; (11, 12)
wj(t1, 12)

B (1. 1)
Bi (11, 12)
Bi(t1, )

minimum energy requirement of task 7 inside [t1, ] if i is:

left-shifted
right-shifted
both-shifted

minimum resource consumption of task 7 inside [t1, tp] if i is:

left-shifted
right-shifted
both-shifted

Main notations of Section 5

I1,1I', H

I

1,

U(n), D)
U'(t), D'(12)

intersection point of Fig. 4
x-coordinate of point /
y-coordinate of point /

variation point of 1, — b(i, t1, 1)

variation point of 1 — b(i, 11, 12)

{1,...,n}

R*

Rt

Rt

10, B]

(6", B]

10, fi ") (d; — ri)]
aib+ ¢

ri + Wi/ fi (b"*)

di — Wi/ fi (6]""")

[ri, dil

Iri, dil

[0, b"*]

max;ea di

min [ f; (bi (1))d1
min [ b; (1)d1

cf. page 8

cf. page 9

cf. page 10

cf. page 13

cf. page 15
cf. page 16
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