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Abstract. In this paper we study the single machine scheduling problem
with release dates, deadlines and precedence relations where the objective
is to minimize the makespan. This is a well-known strongly N P-hard
scheduling problem [20]. We analyze the problem from the parameterized
complexity point of view. We propose parameter ¢ which is the maximum
number of time windows [r;,d;) that can strictly include a time window
[ri,d;) on both ends. We show that problems 1|prec,r;,d;|Cmaz and
1|prec,rj|Limas are fixed-parameter tractable parameterized by ¢. We
use a dynamic programming approach and define a new dominance rule,
which we call the weak earliest deadline rule. This rule narrows down the
number of relevant scheduling prefixes enough to complete the search via
a fixed-parameter tractable number of dynamic programming states.

Keywords: parameterized complexity - scheduling - single machine

1 Introduction

Many scheduling problems, even seemingly basic ones such as 1|r;|Ly,qz, have
been proved strongly N P-hard [20] over the years. Upon reaching NP-hardness
this quickly, it becomes difficult to establish anything deeper about these schedul-
ing problems within the scope of classical complexity theory. To answer this,
parameterized complexity theory gives additional tools for a refined analysis of
such hard scheduling problems. Given a parameter k£ and denoting n the input
size, a problem is called fized —parameter tractable (F PT) parameterized by k
if it can be solved in time O(f(k)-poly(n)) with f an arbitrary computable func-
tion [7]. The idea is to identify k as the limiting property and give a polynomial
time algorithm for all instances with a bounded value of k. When the studied
problem is believed to not be FPT, many complexity classes are available as
parameterized analogues to NP like para-N P or the W-hierarchy [8,12].

While parameterized complexity theory has been successfully applied to a lot
of computer science areas, it has started to be studied extensively on schedul-
ing only quite recently. One of the few older results was from [3] and showed
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that Plprec,p; = 1|Cpas is W[2]-hard parameterized by the number m of ma-
chines. When time windows are involved, two parameters have been considered
with great success. First slack o - which is defined as the maximum number
of starting times allowed for any job - was successfully used in the context of
single machine scheduling with setup times, and rejection [1]. Second pathwidth
1 is the maximum number of overlapping job time windows at any given time.
Several problems with arbitrary processing times and/or precedence constraints
were proved F'PT parameterized by p [1,16,18,21], for some of them even in the
context of parallel machines.

Despite their success, such parameters can overestimate the instance difficulty
at times. Indeed a single job with large time window length is enough to get an
unbounded slack. In the case of pathwidth p we give an example in Figure 1 with
two instances of decision problem 1|r;, d;|*. In the left instance all jobs have the
same release date and deadline, so this is an easy particular case which can be
solved in linear time by adding up the processing times. Yet this instance has
the same pathwidth as the right one, which simulates a PARTITION problem
by using a fill job right in the middle. Note that both instances yield the same
time window overlap graph - the complete graph K. So in order to distinguish
them one would have to track time window interactions beyond their overlaps.
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Fig. 1. Two instances of 1|r;,d;|x with the same pathwidth p but different g-proper
levels q.

Instead of time window overlaps like with pathwidth u, we propose to track
whenever a time window [r;, d;) strictly includes another time window [r;,d;)
on both ends. When this is the case we say that job j surrounds job . Such time
window interactions were considered in the past [10,11,13], albeit never in the
context of parameterized complexity. We define parameter ¢ as the maximum
number of jobs j which can surround a job 4. This definition of ¢ is inspired by
Proskurowski and Telle in [23] where the g-proper level of an interval graph was
defined. This is applied to the interval graph given by the job time windows.

Going back to Figure 1 the g-proper level effectively distinguishes between
both instances: a low value for the easy instance on the left and a high value for
the hard instance on the right. As the right instance suggests parameter g can
be interpreted as the maximum size of any PARTITION subproblem which is
encoded in the scheduling instance.
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Now it is worth noting that scheduling rules have already been successfully
used in some subproblems of 1|prec, 75, dj|Craq [19]. One of the most well-known
examples is the earliest deadline rule [25] - which will be denoted (ED). Given
an instance of problem 1|d;|Cr,q, the (ED) rule says the following: schedule
jobs actively in nondecreasing order of their deadline. This gives the minimum
makespan in time O(n-log(n)). The same can be achieved on problem 1|7;|Cyaz
with the earliest release date rule [2] - which will be denoted (ERD).

However given an instance of 1|prec, rj, d;|Cpqz such strategies become more
difficult to pull off. Indeed both (ED) and (ERD) rules can still work but only
when release dates and deadlines follow the same order. If there is at least one
job couple (7,7) such that r; < r; and d; < d; - i.e. job j surrounds job i - then
both rules become wrong. Fittingly when this happens we have ¢ > 1.

In response we propose a variant of the (ED) rule. We call it the weak earliest
deadline rule and denote it (WED). It says the following: schedule jobs in non-
decreasing order of their deadline, except when some job surrounds other jobs.
Given each job i € [n] the only allowed exceptions are the jobs j which either
surround ¢ or surround a job k with a deadline di < d; and scheduled between
j and 4. For each job i we show that under the (wED) rule the number of such
jobs j is bounded by our parameter g. This will be enough to get a number of
dynamic programming states of the form f(q) - poly(n).

The paper is organized as follows: in Section 2 we give the necessary pre-
liminaries to our approach. In Section 3 we define the (wED) rule on problem
1llprec, 7, d;|Cmar and characterize the properties of the schedules which follow
this dominance rule. This leads to the summit-based scheduling dominance orig-
inally proposed in [11] on problem 1|r;, d;|Ciqz, which we prove to work with
problem 1|prec,r;,d;|Cras too. Then in Section 4 we present a dynamic pro-
gramming algorithm which computes the minimum makespan by only exploring
the dominating scheduling prefixes. We show that this can be achieved in F'PT
time when parameterized by ¢. Finally we discuss how this approach can be
adapted to criterion Lj,qq.-

2 Preliminaries

We consider a set of n jobs J = {1,...,n} to be scheduled on a single machine.
The machine can only process one job at a time. Each job j has a processing
time p; € N* and a time window [r;,d;) with 7;,d; € N and r; < d;. Job j
cannot start earlier than its release date r; and must be completed no later than
its deadline d;. Moreover we consider precedence constraints given by a partial
order relation — on J: ”i — j” implies that j cannot start earlier than the
completion of i. A feasible schedule o : J — N assigns a starting time o(i) to
each job i, following the previous constraints. Our optimization criterion is the
makespan of the schedule, i.e. Ciax(0) = max;es[o(¢) + p;]. This problem is
usually denoted 1|prec,r;, d;|Caz-
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We denote [n] the integer interval [1,n] and the set of jobs J. Since we have
both time windows constraints and precedence relations in our problem, we must
ensure that the time constraints are compatible with the partial order —.

Definition 1. An instance I = (J,prec,p;,7;,d;) of liprec,rj, d;|Craz s
called prec-consistent when:
V(i,j) € [, (i = j) = [(ri+pi <7j) A(di < dj —pj)].

Given an instance of 1|prec,r;,d;|Crqe which is not prec-consistent, its re-
lease times and deadlines can be adjusted in time O(n?) to fulfill this property
by using path algorithms. Note that by doing so we only remove time window
sections which are inaccessible according to precedence relations. So feasibility
and the optimal makespan value are unchanged. While prec-consistency might
look inconspicuous it is crucial to the dominance rule given in the next section.
Without it one can build artificial counterexamples like the one in Figure 2.

Fig. 2. A non prec-consistent counterexample to the (wED) rule.

Consider a prec-consistent instance. For the remainder of the paper we sup-
pose that the jobs have been renamed in [n] in lexicographic nondecreasing
order of (deadline, release date). So when we write ”¢ < j” it means that:
(d; < dj)V[(d; =dj)N(r; <rj)]. We define proper sets and parameter g the
following way:

Definition 2. (Proper set II;) Let i € [n]. We say that a job j € [n] surrounds
job i when r; <r; and d; < dj. In other words j surrounds © when time window
[ri,d;) is strictly included by time window [rj,d;) on both ends. We define II; =
{j € [n],j surrounds i}.

(g-proper level) We define parameter ¢ = max;cpn)|Il;|. In other words q is
the mazimum number of jobs j which can surround a job i.

Finally like in [10] we highlight the following subset of jobs:

Definition 3. We say that a job j € [n] is a summit when j surrounds no job.
In other words: for all jobs i in [n] j is not in II;. The summits are denoted
$1 < ...< sy with N the number of summits.

An example of a prec-consistent instance is given in Figure 3. Jobs 1,2 and
3 surround no other job, so they are the summits of this instance. We conclude
this section with the following properties:

Lemma 1. (i) Fvery job either is a summit or surrounds a summit.
(#) If s; < s < j and j € I, then j € I, .
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Fig. 3. An example with five jobs and g-proper level two.

Proof. (i) Let j be a job which is not a summit. Then j must surround at least
one job j;. Then either j; is a summit or it surrounds some job jo. After k non-
summit steps we would have r; < r;, <...<r; andd;, <---<dj <d;. Thus
all these jobs are distinct from each other and it eventually ends with some job
Jjx which is a summit. Then we also have r; < r;, and d;, < dj, so j surrounds
summit jg.

(i1) Let s; < sp < j such that j € IT;,. s is a summit so s;, ¢ I15,. And since
s; < s we necessarily have r,, <7, . Sor; <r,, <75 . Now s, < jimplies that
ds, <dj. If ds, = d; then we would have j < s; which leads to a contradiction.
So ds, < dj; and thus j € I, . O

3 The (WED) Rule

In this section we define the weak earliest deadline (wED) rule and establish
the dominance of schedules following this rule. Then we show that such opti-
mal schedules can be further modified to get optimal schedules with a stronger
structure based on the summits of the instance.

3.1 Definition and Dominance

First we define the (wED) rule formally:

Definition 4. A feasible schedule o on an instance I follows the (wED) rule
when: (i, ) € [n]?, if i < j then either i is scheduled before j (i.e. o(i) < o(j))
or j surrounds i (i.e. j € II;) or there exists h < i such that o(j) < o(h) < o(i).

On problem 1|prec,r;,d;|Cpmqes we show that the schedules following the
(wED) rule are dominant.

Lemma 2. Given a feasible schedule o on a prec-consistent instance I of prob-
lem 1|prec,rj, dj|Cpmaz, one can build a feasible schedule with a makespan lower
than or equal to o and which follows the (WED) rule.
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Proof. Let o be a feasible schedule. If o follows the (wED) rule then we are
done. If not then let (i,5) be a job couple such that ¢ < j, 7 ¢ II; and all
jobs between j and i in o are higher than 7. Then in ¢ we have ”jSi” where
j and all jobs in sequence S are higher than i¢. Within the same time interval
we propose job reordering 7i5S” the following way: push sequence ”j5S” to the
right by p; time units then insert ¢ right before. Indeed i < j and j ¢ II; so
necessarily we have r; < r;. Plus j and all jobs in S are greater than 4. Since our
instance is prec-consistent it means that there is no precedence relation from
any of these jobs to i. Thus 7 can be inserted as desired. Now again j and all
jobs in sequence S are greater than 7. So their deadlines are non lower than d;
and they can be pushed as desired. Note that job couple (¢,j) and all couples
(i,s) with s in sequence S are (wWED)-valid, now that i is scheduled before them.
Thus the resulting schedule is feasible, has the same makespan as o, and has at
least one less (wED)-invalidating job couple with (¢, j) becoming (wED)-valid
and no job couple becoming (wED)-invalidating. This procedure can be repeated
a maximum of % times until we get a feasible schedule which follows the
(wED) rule. O

3.2 A Summit-based Decomposition

Upon closer inspection the (wED)-following schedules have these properties,
which will serve as the basis of our dynamic programming approach in the next
section:

Lemma 3. Any schedule on a prec-consistent instance I of 1|prec,r;j,d;|Craz
which is feasible and follows the (wED) rule is of the form Tisy ... TnsnTnN+1
where:

(1) 1 =151 <...< sy are the summits of the instance,
(#3) for all k in [1,N] and i < sy we have o(i) < o(sg),
(138) for all k in [1,N] if j > s and o(j) < o(sk) then j € I, ,
(iv) a. every job in sequence Ty is in set I, ,

b. for all k in [2, N] every job in sequence Ty, is in set I

sp_q U1l , and
c. every job in sequence Tn41 is in set I, .

Proof. Let o be a feasible schedule which follows the (WED) rule. We start by
proving point (i7). Let k € [1, N] and ¢ < s5. We show that o(i) < o(sx). By
the (wED) rule either o(i) < o(sg), or sx € II;, or there is some h < i such
that o(sx) < o(h) < o(i). s is a summit so by its definition the second case
is not possible. Now by contradiction suppose that the third case is true. Take
h as the lowest job such that o(s;) < o(h) < o(i). Then couple (h,si) must
follow the (wED) rule while o(s;) < o(h) and there is no h’ < h such that
o(si) < a(h') < o(h) by minimality of h. Then it means that sy, is in IIj, which
contradicts that s is a summit. Thus by the (wED) rule this only leaves us with
o(i) < o(sk).

Next we prove point (ii1). Let k € [1, N] and j > sy, such that o(j) < o(sg).
Then by the (WED) rule either j € II,, or there is h < sj such that o(j) <
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o(h) < o(sk). In the first case we are done, so suppose we are in the second
phase. Take h minimum. Then by the (wED) rule j € IIj,. But according to
Lemma 1 (i) either h is a summit or it surrounds a summit. In the first case
Lemma 1 (i7) would show that j € IT;, and we are done. In the second case we
have a summit s; < h such that r; <1, <rs, and ds; < dj, < d;. Then j € II,,
and again Lemma 1 (4i) can be used to show that j € I, .

Now comnsider two consecutive summits s; and sgy1. si is lower than sp41.
So by point (ii) we know that sj is scheduled before sxy1 in o. This means
that o is of the form Tys;...TysyTny1 where all the jobs in sequences T}, are
non-summits. Finally note job 1 has the lowest deadline and the lowest release
date among the jobs with the same deadline. So job 1 is always a summit and
s1 = 1. This proves point ().

Finally we prove point (iv). Let k € [1, N 4+ 1] and j be a job in sequence Tj.

a. If k =1then s; = 1,50 j > s1 and 0(j) < o(s1). Thus by point (iii) j € II,,.

c. If k= N+ 1: job j is not a summit so by Lemma 1 (i) it surrounds one
summit sy. But necessarily s, < sy. If £ = N then we are done. Else we
know that o(sy) < o(j) so by point (i7) j > sy. Then sy < sy < j with j
surrounding s,. By Lemma 1 (i) j also surrounds sy.

b. If k € [2, N]: again job j is not a summit so by Lemma 1 (¢) it surrounds one
summit sg. If £ < k—1 then the same reasoning as in point c¢. can be applied
to show that j € II;, ,. Now suppose ¢ > k. Then we have s < s¢ < j and
0(j) < o(sk). Thus by point (i) j € I,. O

Then in any (WED)-following schedule every job lower than a summit s; must
be scheduled before s;. And among the jobs higher than sj only those in I7,,
can be scheduled before si. With the next section methodology it would already
lead to an FPT dynamic programming algorithm with O((2¢)! - 47 - N) states.
However this number can be decreased to O(27- N) by restricting further the set
of dominant schedules. We do so by fixing the job order in each Tj. As a result
we get the dominance proposed in [11] for problem 1|r;,d;|Cpqez, €xcept we
must deal with precedence constraints and restrict ourselves to prec-consistent
instances. Such schedules will be called summit-ordered.

Definition 5. A schedule on a prec-consistent instance I of 1|prec,r;, d;|Craz
is called summit-ordered when it is feasible and of the form Tysy ... TnsNTN+1
where properties (i), (i), (iit) of Lemma 3 are satisfied and moreover the follow-
ing property holds:

(iv) a. all jobs in sequence Ty are in Ils, and scheduled in nondecreasing order
of their release date.
b. for all k in [1,N — 1] Ty41 = CrAgy1Bry1 where:

* all jobs in sequence Cy are in Il , not in Il ,
nondecreasing order of their deadline,

* all jobs in sequence Apy1 are in I, N I, .,
order (say in their lexicographic order),

* all jobs in sequence Byy1 are in Il , not in II,, and scheduled in
nondecreasing order of their release date.

and scheduled in

and scheduled in any
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c. all jobs in sequence Tyi1 are in I, and scheduled in nondecreasing
order of their deadline.

For example consider the instance given in Figure 3. A feasible schedule with
job order 712453” (if it exists) would be summit-ordered with Cy = 0, A3 = {4}
and Bz = {5}, while one with job order 712543” would not be. We conclude this
section with one final dominance result:

Proposition 1. On problem 1|prec,r;,d;|Crae the summit-ordered schedules
are dominant.

Proof. Let o be a feasible schedule. From Lemmas 2 and 3 one can build ¢ of
the form T1s1 ... TnsnTn41 with a makespan lower or equal to o which follows
the (wED) rule and verify points (), (#¢) and (7). In order to prove point (iv)
we propose a reordering of each sequence T} with k € [1, N + 1].

Let k € [1, N —1]. Counsider sequence ” s Tj+18k+1” - First we want to reorder
each sequence T into a form Cyx A1 Bg+1. Given the jobs in Ty, C groups
those in II, and not in IT, ,, Apy1 groups those common to both proper sets,
and Bjy1 groups those in I, ., and not in Il . If Tj 1 is not of this form then
we first check the jobs from Cj. If there is a job from Cy scheduled after a job of
Ak41 U Bgy1, let ¢ be the leftmost of them. Then we have ”s,CS¢” in schedule
& where the jobs in C' are from C} and the jobs in S are from A4, U Bg41. We
propose to reorder into ” s, C'cS” the following way: push sequence S to the right
by p. units then insert ¢ right before S. Indeed all jobs from S are in II,, so
their deadlines are higher than o(sp4+1) and they could be pushed to the right
as desired. Plus c is in IT,, so its release date is lower than o(s;) and it could be
inserted as desired. So the only obstacle would be a precedence relation between
some job a in S to job ¢. On the one hand « is in II,, so it is greater than
Sk+1. On the other hand c is not in I1,,, and is scheduled before s; 1 in 6. By
Lemma 3 (i77) this means that ¢ is lower than s;1; and thus ¢ < a. Recall that
our instance is prec-consistent, so it means that there cannot be a precedence
relation from « to ¢. Thus the proposed reordering ”s;CcS” is allowed and does
not increase the makespan of our schedule. Repeating this at most |Cj| times
allows us to get all jobs from C}, on the left side of interval [o(sk) +ps,., 0(Sk+1))-
Then one can show that all jobs from By, can be grouped on the right side of
interval [o(s) + Ps,, 0(Sk+1)) with symmetric arguments.

Now let k € [1, N]. We show that the jobs in C} can be reordered in non-
decreasing order of their deadline. Notice that jobs in C} C II,;, have release
time lower than r,,. So they can be scheduled without idle time after sj. If two
consecutive jobs 4, j of Cy satisfy d; > d;, we cannot have ¢ — j as our instance
is prec-consistent. So i,j can be swapped without modifying the feasibility nor
the makespan of the schedule. Iterating such swaps leads to the desired order.
Similarly one can show that all jobs from Bj can be reordered in nondecreasing
order of their release dates with symmetric arguments. O
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4 The Algorithm

In this section we propose a dynamic programming algorithm which explores
active summit-ordered schedules - ”active” meaning that there is no unnecessary
waiting time.

4.1 Core concept

Assume that we have built a partial summit-ordered schedule until s;. To extend
this schedule to other jobs, we need to keep track of the information which
ensures that each job is scheduled exactly once. By the definition of summit-
ordered schedules we only need to recall the jobs greater than each summit sg
and scheduled before them. To this purpose we define the following set:

Definition 6. (Lingering set Ay) We define Ay = (Uy <<y, Is,) N[5k + 1, 7).

Then a summit-ordered schedule T} s; ... TnsnyTn+1 can be represented as a
state path (s1,L1) — (...) = (sn, Ln) where every Ly is a subset of Aj. Such
a path decomposition is motivated by the following lemma:

Lemma 4. Let 0 = Tis1...TnsyTny1 be an active summit-ordered sched-
ule on an instance I of l|prec,rj,d;|Craz. Then for every k in [1, N] sched-
ule Tysy...Tksg is a feasible active schedule on job subset [1,si] U Ly where
L = (Ui<n<i Tn) N [sk + 1, 7).

Proof. Feasibility and activeness are stable properties by prefix operation. What
is left to show is that the set of jobs featured in partial schedule T}s1 ... sy is
indeed [1, sx] U L.

(C) Since we have a summit-ordered schedule, by Definition 5 (%) $1,..., Sk
are all lower or equal to sy, so they are all included in [1, s;]. Now given ¢ € [1, k]
and a job j € Typ: if j < si then j € [1,sk], else we have j € [sx + 1,n] and
Jje Ulghgk T}, s0 j € L.

(2) By definition Ly, is included in | J; <, <, Th. Now let j € [1, s]. Since we
have a summit-ordered schedule, by Definition 5 (i7) all jobs lower than s are
scheduled before s, in o. Thus either j = s, or j € T for some /£ in [1, k]. O

Then the corresponding schedule can be retrieved solely from the sets Lg:

Lemma 5. Let 0 = T151... TnsnyTn+1 be an active summit-ordered schedule
on an instance I of 1|prec,r;,d;|Cmaz. Let (i1,L1) — (...) = (in, Ln) be the
corresponding state path. Then for every k in [1, N]:

a. Bl :Ll,
b. for every k in [2, N — 1]:
° Ck: = {] S Hsk7j ¢ Ly, UHsk+1}7
o Ay ={jell,, NI, ., N Lypt1,j ¢ Li},
° Bk+1 = {j S Hsk+1 mLk-{-lvj ¢ Hsk ULk}’
c. Cn = {j EHSij ¢ LN}'
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Fig. 4. State graph associated to the example given in Figure 3. The value of each arc
is the makespan of the scheduling candidate computed by extend(k, Lx, Lg+1). The red
path corresponds to active schedule ”714235”, which gives the optimal makespan.

Proof. This directly comes from Definition 5 (iv) and Lemma 4. O

Finally in order to find the optimal makespan of our instance, we show that
we only need to consider summit-ordered schedules which are optimal on every
prefix Tysy ... TgSg:

Lemma 6. Let 0 = Tys1... ITnsyTn+1 be an active summit-ordered schedule
with optimal makespan on an instance I of 1|prec,r;,d;|Cpmaz. Then one can
build an active summit-ordered schedule o' = T{s1 ... TysNTn ., also with opti-
mal makespan and such that for all k € [1, N| schedule T{s1 ... T} s has optimal
makespan among the schedules of state (sg,|J;<p<x Ty, N [sk + 1,7]).

Proof. This is proved by downward induction on k. Suppose that for all j > k
schedule T7s;...Tjs; is optimal among the schedules associated to the same
state - which is true in base case k = N. Let 7 be a schedule associated to the
same state as schedule T7 sy ... Ty s and with optimal makespan. Then by Propo-
sition 1 one can build 7/ = T7s; ... T} s with the corresponding properties and
the same makespan as 7. We propose schedule ¢’ = 7" - Tgy18k41 - - INSNTN+1,
for which the result holds for all j > k. This concludes the induction. O

This motivates the procedure given in Algorithm 1. Set dummy summits s,
sy+1 with processing time 0, an initial state (so,?) and a final state (sy41,0).
For k = 0 to N use the optimal makespan from states (s, L) and extend them
to the states (sx+1,Lg+1) accordingly to Lemma 5. For each state pair either
the resulting schedule is invalid or it is an optimal makespan candidate for the
successor. At the end of the procedure the optimal makespan is given by the
value of state (sy41,0).

The state graph corresponding to the Figure 3 example is given in Figure 4.
We have A; = ), Ay = {4} and A3 = {4,5}. The optimal makespan is obtained
with summit-ordered active schedule ”14235”, which corresponds to state path

(s0,0) = (1,0) = (2,{4}) = (3,{4}) = (54,0).
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Algorithm 1 main()

1: preprocessing() > Check prec-consistency. Compute proper sets and lingering sets.
2 Tsg, Psor Bsgr Psnyy < 05 Tsyyy ¢ MaTigpn] (i) 5 dsyyy 00

3: HSO7A07HSN+17AN+1 < @

4: Create table T with N + 2 columns and 2/“#! slots in each column k.

5: Initialize T' with co everywhere.

6: T[0][0] < O

7: for k=0 to N do

8: for each (Ly, Lx+1) C A X Agy1 do

9: Tk + 1, Lis1] < min(T'[k 4+ 1, Le+1], extend(k, L, Li+1))

10: return T[N + 1, 0]

Algorithm 2 extend(k, Lk, Li11)

> Input: k € [0, N], Ly C Ak, Lik+1 C Ag41.
> Goal: start from an optimal schedule on job subset [1,sx] U L and attempt to
extend it to job subset [1,sk4+1] U Liy1.

1: Cmax < Tk, L]
2: if [1,sx] U Lk € [1, 8k4+1] U L1 or Cmaxz = oo then return oo

> Add jobs between summits si and si+1 accordingly to Lemma 5.
3: C«list({jeIls,,j ¢ Le UIls,  }) > C
4: sort(C, nondecreasing d;)
5: A(—llst({] Eﬂsk ﬂH5k+1 N Li41,] ¢Lk}) I>Ak+1
6: B <+ l’LSt({j c H3k+1 N Lgt1,] g H‘gk U Lk}) > Br+1
7: sort(B, nondecreasing ;)
8: add+ C-A-B-[sgt+1]

9: if prec_invalid(Ly, add) then return co

10: for j in add (in order) do
11: Cmazx < max(Cmazx,r;) + p;
12: if Cmax > d; then return co

13: return Cmazx

4.2 State Bounding

In this subsection we bound the size of lingering sets Aj. It turns out that only
the proper set of summit s is needed to obtain Ay:

Lemma 7. Vk € [1,N], A, = II,, .

Proof. Let k € [n]. By definition every job j in II, is greater than si. So j is
in Ag. Now let ¢ € Ax. We show that ¢ € I, . By the definition of A there is
J € [1, k] such that £ € II,. If j = k then we are done. Else we have s; < s < £
with £ € II,,. Then by Lemma 1 (ii) £ € II, . O

This bounds the size of Ay and the number of successors (sxi1,Lgy1) for
each state by parameter ¢:

Corollary 1. Vk € [n], |Ax| < q. Plus every state has at most 29 successors.
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4.3 Complexity

Now that the number of states and successors have been bounded we compute
the time and space complexity of the proposed dynamic programming algorithm.
In the preprocessing phase prec-consistency is checked then proper sets and
lingering sets are computed. This takes time O(n?) and space O(q - N). Now
by Corollary 1 each column has at most 27 slots and for each one at most 29
candidate successors are explored. For each couple ((sk, L), (Sk+1,Li+1)) at
most 2q + 1 jobs are added to the schedule. By Lemma 5 they can be retrieved
from sets Ly and L1 and appended accordingly to Definition 5 in time O(q -
log(q))-

Now only the precedence checks related to the added jobs in Tgy1 U {sg+1}
are left. Since we build a summit-ordered schedule, following Definition 5 (iv),
there is no invalidating precedence constraint from one job in Tyy1 U {sg+1} to
another. So an invalidating one would necessarily go from a job ¢ in T4 U{sk+1}
to a job jin ;<< Th U {sn}. Since our instance is prec-consistent j must be
greater than i, which is itself greater than or equal to sx11 and thus greater than
Sk. So j € L. By Corollary 1 this leaves at most 2qg + 1 possible jobs at the
start of the potentially invalidating precedence constraint and at most g possible
jobs at the end of it. So the precedence checks take time O(q?) for any couple
((8k, L), (k415 Lie1))-

Then either some deadline/precedence constraint is invalidated or the jobs
are successfully added and a new candidate makespan value is proposed to the
successor. So the main loop of the algorithm takes time O(q? - 47 - N). Now we
consider space complexity. For each state (i, L) we must remember index 4, some
encoding of set L and the minimum makespan currently found. By Corollary
1 this requires space O(q + log(D)) where D = max;c[,)(d;). Finally once the
whole state graph has been computed, a feasible schedule with optimal makespan
can be retrieved by starting from the final state and going backwards in the state
graph.

Theorem 1. 1|prec,r;,d;|Caz can be solved in time O(maz(1,q?-4%)- N +n?)
and space O((q + log(D)) - 27 - N).

Note that precedence relations only intervene during the precedence checks
between each couple ((sg, L), (Sk+1, Lr+1))- So if our instance has no precedence
relations then each of these couples take time O(q - log(q)) to process instead of
time O(q?).

Corollary 2. 1|rj,d;|Cyaz can be solved in time O(max(1,q-log(q)-49)-N+n?)
and space O((q + log(D))-27-N).

Finally note that if only the optimal value is wanted and not a schedule, it is
possible to reduce the space complexity to O((q + log(D)) - 29). Indeed only the
optimal makespan of the states associated to summit s; must be remembered
at any time in order to find the optimal makespan of all states associated to
summit sp41. And when all the states associated to s, have interacted with their
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successors, the space they take can be freed and used for the states associated
to sp+2. Finally instead of a preprocessing phase proper sets and lingering sets
are only computed whenever needed and forgotten once all the states associated
to the corresponding job have interacted with all their successors.

4.4 Minimizing L. ,q%

In this subsection we consider instances of problem 1|prec, r;|Lyq:. Deadlines
are replaced with due dates and we aim to minimize the maximum lateness of the
instance. We run the dynamic programming algorithm for the makespan in order
to get an initial value for L,,,,. This could be as far as D' = [mawie[[n]] (ri) +
> el p;] from the optimal value. Then we perform a binary search by solving
a series of decision problems. We use deadlines instead of due dates and update
them accordingly to the current step of the binary search. Each of these steps is
solved by one run of our makespan algorithm.

Note that the value of parameter ¢ is the same in every step of the search.
Indeed when changing the L., threshold all deadlines are shifted by the same
amount of the time, so no relation of the form ”d; < d;” is ever changed. This also
means that prec-consistency, proper sets and lingering sets remain unchanged
and thus do not need to be computed again at every step.

Corollary 3. Any instance I of problem 1|prec,r;|Lymqes can be solved in time
O(maz(1,¢%-49) - N - log(D') 4+ n?) and space O((q + log(D")) - 249 - N).

5 Conclusion

In this paper we showed that problems 1|prec,;,d;|Crrar and 1|prec,rj|Limqaxs
are F'PT parameterized by the g-proper level of the interval graph given by the
job time windows. We used a new dominance rule, which we called the weak
earliest deadline rule (wED), to reduce the space of candidate schedules. This
led to the same summit-based dominance as in [11], which we proved to still
work in the presence of precedence constraints. Pairing this with a dynamic
programming algorithm on a restricted selection of scheduling prefixes allowed
us to solve both problems in FPT time.

Further research would use a similar approach beyond the single machine
case, like a generalization to parallel machines. Allowing arbitrary processing
times on two machines already leads to para-N P-hardness with pathwidth u
[16], which is a stronger parameter than ¢. So the parallel machine problem with
unit-time processing times, precedence constraints and time windows could be
the next step with parameter q.
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