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Abstract

We study the Non-preemptive Peak Demand Minimization (NPDM) problem, where
we are given a set of jobs, specified by their processing times and energy requirements.
The goal is to schedule all jobs within a fixed time period such that the peak load
(the maximum total energy requirement at any time) is minimized. This problem has
recently received significant attention due to its relevance in smart-grids. Theoretically,
the problem is related to the classical strip packing problem (SP). In SP, a given set of
axis-aligned rectangles must be packed into a fixed-width strip, such that the height of
the strip is minimized. NPDM can be modeled as strip packing with slicing and stacking
constraint: each rectangle may be cut vertically into multiple slices and the slices may
be packed into the strip as individual pieces. The stacking constraint forbids solutions
where two slices of the same rectangle are intersected by the same vertical line. Non-
preemption enforces the slices to be placed in contiguous horizontal locations (but
may be placed at different vertical locations). We obtain a (5/3 + ¢)-approximation
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algorithm for the problem. We also provide an asymptotic efficient polynomial-time
approximation scheme (AEPTAS) which generates a schedule for almost all jobs with
energy consumption (1 +&)OPT. The remaining jobs fit into a thin container of height
1. This AEPTAS is used as a subroutine to acquire the (5/3 4 &)-approximation
algorithm. The previous best result for NPDM was a 2.7-approximation based on
FFDH (Ranjan et al., in: 2015 IEEE symposium on computers and communication
(ISCC), pp 758-763, IEEE, 2015). One of our key ideas is providing several new lower
bounds on the optimal solution of a geometric packing, which could be useful in other
related problems. These lower bounds help us to obtain approximative solutions based
on Steinberg’s algorithm in many cases. In addition, we show how to split schedules
generated by the AEPTAS into few segments and to rearrange the corresponding jobs
to insert the thin container mentioned above, such that it does not exceed the bound
of (5/3 4+ ¢)OPT.

Keywords Peak demand minimization - Scheduling - Approximation - Algorithms

1 Introduction

Recent years have seen a substantial increase in the demand of electricity, due to rapid
urbanization, economic growth, and new modes of electrical energy consumption (e.g.,
electric cars). Traditionally, electricity generation, transmission, and distribution relied
on building infrastructure to support the peak load, when the demand for electricity
is maximal. However, the peak is rarely achieved, and thus, more demands can be
accommodated using the inherent flexibility of scheduling of certain jobs. For example,
the energy requirements for HVAC units, electric vehicles, washers and dryers, water
heaters, etc. can be met with a flexible scheduling of these appliances. Smart-grids
[1-3] are next-generation cyber-physical systems that couple digital communication
systems on top of the existing grid infrastructure for such efficient utilization of power,
e.g., by shifting users’ demand to off-peak hours in order to reduce peak load.

Future smart-grids are expected to obtain demand requirements for a time period
and schedule the jobs such that the peak demand is minimized. Recently, this problem
has received considerable attention [4—8]. Each job can also be modeled as a rectangle,
with desired power demand as height and required running time as width. This gives a
geometric optimization problem where the goal is to pack the slices of the rectangles
into a strip of width as the time period. The goal is to minimize the maximum height of
the packing. There is another additional stacking constraint requiring that no vertical
line may intersect two slices from the same rectangle.

In this paper, we study this problem known as Non-preemptive Peak Demand
Minimization (NPDM)). Formally, we are given a set of jobs [J. Each job j € J
has a processing time p(j) € N and an energy requirement e(j) € N. Further-
more, we are given a deadline D € N. All the jobs are available from the time 0
and have to be finished before the deadline D. A schedule o of the jobs [J assigns
each job a starting time o (j) € N such that it is finished before the deadline, i.e.,
c(j) :=0(j)+ p(j) < D. The total energy consumption at atime t € {0, ..., D}is
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givenby e(7) := 3" ic 7 5(jy<r<o(j)+p(j) €(J)- The objective is to minimize the peak
of energy consumption at any point in time, i.e., minimize 7, := max.¢(o,..., p—1) €(7).

NPDM can be viewed as a variant of the strip packing problem, where we are
allowed to slice the rectangles vertically, and the slices must be packed in contiguous
horizontal positions (but may be placed at different vertical positions). In the classical
strip packing problem, we are given a set of rectangles as well as a bounded-width strip,
and the objective is to find a non-overlapping, axis-aligned packing of all rectangles
into the strip such that the height of the packing is minimized. A simple reduction
from the PARTITION problem shows a lower bound of 3/2 for the ratio of polynomial-
time approximation algorithms for the problem. In 1980, Baker et al. [9] first gave
a 3-approximation algorithm. Later Coffman et al. [10] introduced two simple shelf-
based algorithms: Next Fit Decreasing Height (NFDH), First Fit Decreasing Height
(FFDH), with approximation ratios as 3 and 2.7, respectively. Sleator [11] gave a
2.5-approximation. Thereafter, Steinberg [12] and Schiermeyer [13] independently
improved the approximation ratio to 2. Afterward, Harren and van Stee [14] obtained
a 1.936-approximation. The state-of-the-art approximation ratio is 5/3 + ¢, due to
Harren et al. [15].

Alamdari et al. [4] studied a variant where the preemption of jobs is allowed,
also known as two-dimensional strip packing with slicing and stacking constraints
(2SP-SSC), or preemptive offline cost optimal scheduling problem (P-OCOSP) [16].
They showed this variant to be NP-hard and obtained an FPTAS. They also studied
several shelf-based algorithms and provide a practical polynomial time algorithm that
allows only one preemption per job. Ranjan et al. [7] have proposed a practical 4/3-
approximation algorithm for this problem.

For NPDM, Tang et al. [1] first proposed a 7-approximation algorithm. Yaw et
al. [17] showed that NPDM is NP-hard to approximate within a factor better than
3/2. They have given a 4-approximation for a special case where all jobs require the
same execution time. Ranjan et al. [6] have proposed a 3-approximation algorithm for
NPDM. They [16] also proposed an FFDH-based 2.7-approximation algorithm for a
mixed variant where some jobs can be preempted, and some can not be preempted.

1.1 Our Contributions

In this paper we obtain improved approximation algorithms for NPDM. Note that opti-
mal solutions of sliced strip packing/NPDM and strip packing can be quite different.
In fact, in [18], an example with a ratio of 5/4 is presented. Thus, the techniques from
strip packing do not always translate directly to our problem. We exploit the property
that, due to slicing, we can separately guess regions (profile) for packing of jobs with
large energy demand (tall jobs) and jobs with large time requirements (wide jobs). We
show that we can remove a small set of jobs with large energy demand so that we can
approximately guess the optimal profile of jobs with large processing time so that their
starting positions come from a set containing a constant number of values. This helps
us to show the existence of a structured solution that we can pack near-optimally using
linear programs. This shows the existence of an asymptotic efficient polynomial-time
approximation scheme (AEPTAS):
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Theorem 1 For any € > 0, there is an algorithm that schedules all jobs such that the
peak load is bounded by (1 + €)OPT + emax, Where emax denotes the maximal energy
demand among the given jobs. The time complexity of this algorithm is bounded by

O(I’L lOg(I’l)) + 1/81/5(’)(1/5).

In fact, we show a slightly stronger result here, providing a schedule for almost all
jobs J \ C with peak energy demand bounded by (1 + O(g))OPT plus a schedule
for the remaining jobs C with peak energy demand epnax and schedule length ¢ D.
Combining this algorithm with a repacking technique, or using Steinberg’s algorithm
[12] in some sub-cases, we obtain our main result:

Theorem 2 Forany ¢ > 0, there is a polynomial-time (5/3 + €)-approximation algo-
rithm for NPDM.

Previously, in strip packing (and related problems), the lower bound on the optimal
packing height is given based on the height of the tallest job or the total area of all
jobs [12, 13]. One of our main technical contributions is to show several additional
lower bounds on the optimal load. These bounds may be helpful in other related
geometric problems. In fact, these can be helpful to simplify some of the analyses of
previous algorithms. Using these lower bounds, we show, intuitively, that if there is
a large amount of energy-consuming jobs (or time-consuming jobs) we can obtain a
good packing using Steinberg’s algorithm. Otherwise, we start with the packing from
AEPTAS and modify it to obtain a packing within (5/3 + ¢)-factor of the optimum.
This repacking utilizes novel insights about the structure of the packing that precedes
it, leading to a less granular approach when repacking.

Recently and independently , Galvez et al. [19] presented similar results using a
different methodology.

1.2 Related Work

Strip packing has also been studied under asymptotic approximation. The seminal work
of Kenyon and Rémila [20] provided an APTAS with an additive term O (hmax/ e2),
where hpax 1S the height of the tallest rectangle. The latter additive term was sub-
sequently improved to /. by Jansen and Solis-Oba [21]. Pseudo-polynomial time
algorithms for strip packing have received recent attention [22-25]. Finally, Jansen
and Rau [26] gave an almost tight pseudo-polynomial time (5/4 + ¢)-approximation
algorithm. Recently, Galvez et al. [27] gave a tight (3/2 4- ¢)-approximation algorithm
for a special case when all rectangles are skewed (each has either width or height < § D,
where § € (0, 1] is a small constant).

A related problem is non-contiguous multiple organization packing [28], where the
width of each rectangle represents a demand for a number of concurrent processors.
This is similar to sliced strip packing. However, the slices need to be horizontally
aligned to satisfy concurrency. Several important scheduling problems are related, such
as multiple strip packing [26], malleable task scheduling [29], parallel task scheduling
[30], moldable task scheduling [31, 32], etc.

Several geometric packing problems are well-studied in combinatorial optimiza-
tion. In two-dimensional bin packing, we are given a set of rectangles, and the goal is
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to pack all rectangles into the minimum number of unit square bins. This well-studied
problem [33, 34] is known not to admit an APTAS [35] unless P=NP. The present best
approximation ratio is 1.406 [36]. Another related problem is the two-dimensional
geometric knapsack [37, 38], where each rectangle has an associated profit, and we
wish to pack a maximum profit subset of rectangles in a given square knapsack. The
present best approximation ratio for the problem is 1.89 [39]. These problems are
also studied under guillotine cuts [40—42], where all jobs can be cut out by a recur-
sive sequence of end-to-end cuts. There are several other important related problems,
such as maximum independent set of rectangles [43], unsplittable flow on a path [44],
storage allocation problem [45], etc. We refer the readers to [46] for a survey.

1.3 Notation

While this problem is, at its core, a scheduling problem, a visual representation greatly
improves the intuitive understanding of the underlying concepts utilized in the follow-
ing. As such, from here on out, we will use language reflective of the visualizations.
Particularly, as energy demand is represented by a job’s height, we will refer to it as
such. Similarly, the processing time is represented by the width of a job, and the total
work of a job can be seen as the area of the representative rectangle.

For an instance I = (J, D), we denote by OPT(Z) (or just OPT) the opti-
mal maximum height. For some set of jobs J we define the area as area(f) =
Y icqg w(i)h(i), the total width as w(J) = ) ;.7 w(i), as well as the total height
as h(J) = Ziej h(i). We use the additional notation of Jpiy = {i € J|P (i)}
as a restriction of 7 using the predicate P. E.g., we may express the height of jobs
of J which have a width of at least D/2 by h(Jy(i)>p,2). Furthermore, given a set
of jobs J, we denote wmax(J) = max;e 7 w(i) and hymax(J) = max;e 7 h(i) and
write hmax and wpay if the set of jobs is clear from the context. We say a job i that is
placed at o (i) overlaps any point in time t if and only if 0 (i) < T < o (i) + w(i).
The set 7 (7) denotes the set of jobs that overlap the point in time 7. Additionally, we
introduce segments S of the schedule, which refers to time intervals, and containers
C which can be seen as sub schedules. The starting point of a time interval S will
be denoted by o (S) and its endpoint as ¢(S). On the other hand, a container C has
a length (time), which is denoted as w(C), and a bound on the height 4 (C). If these
containers are scheduled, they get a starting point o (C), which is added to the starting
point of any job scheduled in C.

1.4 Steinberg’s Algorithm

The following result from [12] will be a crucial subroutine in our algorithms.

Theorem 3 (Steinberg [12]) Steinberg’s algorithm packs a set of rectangular objects
R into a rectangular container of height a and width b in polynomial time, if and only
if the following inequalities hold:

Nmax < @, Wmax < b, 2 Z h(rw(r) <ab — Qhmax — @)+ Qwmax — b) +, Steinberg/sCond.
reR
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Calculate
lower bound Tinin
(see Section 2)

Generate Packing of
almost all jobs with
algorithm in Theorem 19

1(Tw(j)>(3/0)D)
> (2/3)Tmin

W(Tn(5)>(2/3) Tuwsn)
> (1-3¢/4)D

Use repacking algorithm
to place residual jobs
(see Section 4)

First Steinberg case Second Steinberg case
(see Theorem 14) (see Theorem 15)

Fig.1 An overview of the steps of the (5/3 + ¢)-approximation algorithm

where x4 = max{x, 0}, wmax is the maximal width of a rectangle, and hmayx is the
maximal height of a rectangle, h(r) represents the height of a rectangle and w(r)
represents the width of a rectangle.

1.5 Overview of the (5/3 + &£)-approximation

In the following, we present an overview of the steps of the (5/3 + ¢)-approximation
algorithm, see Fig. 1. In the first step, we calculate a lower bound Tryi, on OPT using
novel ideas, which can be found in Sect.2. This lower bound guarantees that T, <
OPT < 2Tnin.

If the jobs that are large in at least one of the two dimensions have a sufficiently
large total area (with regard to the lower bound Tiy), a (5/3 + €)-approximation
can be achieved by placing these jobs in a structured manner and using Steinberg’s
algorithms to place the remaining jobs. We describe two of these cases in Sect. 3.

Otherwise, we know that the total area of these jobs is not too large. In this case,
we find a schedule o7 using the algorithm from Theorem 19 that schedules almost
all the jobs resulting in a height of at most (1 + O(y))OPT. The remaining jobs are
contained in an extra schedule o, of length ¥ D and maximum height bounded by
Tmin. How to find these two schedules is described in Sect.5. Note that we have to
choose y € O, (1) small enough, in order to meet the requirements for the next step.

Given these schedules, we present a rescheduling argument where we rearrange
the schedule o such that we can add the schedule o> while increasing the maximum
height by at most (2/3)OPT. This rescheduling argument is described in Sect. 4 in the
proof of Theorem 16.

2 Finding a Lower Bound on OPT

In this section, we first find a lower bound T, on the optimal schedule height and
then use Steinberg’s algorithm to handle some types of instances.
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There are three well-known lower bounds. First, the height of the tallest job
hmax =: T1. Second, the bound given by the total area of the jobs, i.e., OPT >
max{hmax, area(J)/D} =: T>. Another simple lower bound is the total height of jobs
wider than D /2 since they cannot be placed next to each other. We denote this lower
bound as T3 := h(Jw)>ps2). We name the combination of these straightforward
lower bounds Timple := max {77, T2, T3}. In the following, we will present three more
complex lower bounds.

2.1 Fourth Bound

The bound described in this section depends on the combination of jobs with large
heights.

Lemma4 It holds that w(Jni)>/30pT) + wW(Thi)>2/30pT) =< 2D and
w(Jn(i)=1/20prt) < D.

Proof Note that jobs with a height greater than (1/3)OPT cannot intersect the same
vertical line as jobs with a height greater than (2/3)OPT in an optimal schedule.
Furthermore, each vertical line through an optimal schedule can intersect at most two
jobs with a height greater than (1/3)OPT. Moreover, no vertical line can intersect two
jobs from the set Jy ()~ (1/2)opT- The claim is a consequence. O

Corollary 5 (Lower bound Ty) The value Ty := max{Tsmple, T,} is a lower bound on
OPT where T is the smallest value such that w(jh(i)>u/3) + w(Jh(i)>(2/3)T£) <2D
and w(Jpi)>142) < D.

Proof By Lemma 4, we know that w(Jx)>(1/3)0pT) + wW(Jna)>2/3)0PT) < 2D, and
obviously we have w(Jn)>opr/2) < D. Therefore, the smallest value TA{ satisfying
both inequalities, i.e. w(Jh(i)>(1/3)T4/) + w(Jh(i)>(2/3)T4/) < 2D and w(Jpi)>1/2) <
D, has to be a lower bound on OPT. Since Tgimple and TA{ both are lower bounds on
OPT, we know that Ty is a lower bound as well. O

Note that we can find 74 in O(n log n) with the following algorithm:

o Start with 7y = Timple.

o Aslong as w(Jni)>1/3)1) + W(Thi)=2/3)14) > 2D
or w(Jn(i)>14/2) > D update Ty as follows:

e For £ € [0, 1], denote by h, the height of the smallest job in Jj)>¢.7, and
set Ty := min{3hy,3, (3/2)h23, 2h1,2}. This iteratively excludes one job from
one of the three sets.

As a consequence of this lower bound, we can link the total width of the jobs with
a height greater than (2/3)74 to the total width of the jobs with a height between
(1/3)T4 and (2/3)T4. We express this connection in the following lemma:
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i sl ==)

0 W(Jseq)/2 D — w(Tseq)/2 D 0 W(Jseq)/2 D —w(Tseq)/2 D

(a) An item from Jseq is scheduled in  (b) No item from Jseq is scheduled in
the central strip. the central strip.

Fig.2 An illustration of Lemma 7

Lemma6 Let w € [0, 1/2). Then
w(Th(iy>/3)1y) > (1 —w)D = w(Thiye1/3)13,2/311) = 2wD.

Proof We know that w(x7h(i)>(l/3)T4) + w(«7h(i)>(2/3)T4) < 2D. Since we have
Ihiy>e3r S Jnis>a3n and w(Tyin>e3n) > (I — w)D it holds that
W(Th(i)ye((1/3)Tu,2/3) 1) < 2wD. ]

2.2 Fifth Bound

Next, we obtain a bound based on a set of jobs that do not overlap vertically in a given
optimal schedule (Fig. 2).

Lemma7 Consideranoptimal schedule and let Jseq be a set of jobs such that no pair of

Jobs i, i € Jseq overlaps vertically, i.e., o (i) +w(i) < o(i")oro (i) +w(i’) < o(i).
Furthermore, define Jy,, := Jw(i)>(D_w($eq)/2)\$eq. Then there exists a vertical line
through the schedule that intersects a job in Jseq and all the jobs in Jy.

Proof First note that (D — w(Jseq)/2) = D/2. Consider the vertical strip between
w(Jseq)/2 and (D — w(TJseq)/2). Each job in J,, completely overlaps this strip.
Furthermore, either the strip itself contains a job in Jseq, in which case the claim is
trivially true, or on each position on both sides of the strip, there is a job from Jseq.
Assume the latter case. Since the jobs in 7, are strictly wider than (D — w(Jseq)/2).
there exists an o > 0 such that the vertical line at (D — w(Jseq)/2) + o as well is
overlapped by all the jobs in this set. Since this line also intersects a job from the set
Tseq» the claim follows. O

Corollary 8 Let Jseq be a set of jobs such that w(Jseq) < D and consider [Jy, :=
Jw(,-)>D_w(jseq)/2\._7seq. Furthermore, let j1 € Jseq be the job with the smallest
height. Then it holds that min{h(j 1) + h(Jy), 2h(j1)} < OPT.
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Proof Consider an optimal solution. We have to consider two cases. In the first case,
two jobs from the set Jseq intersect the same vertical line. In this case, 2A(j1) is
obviously a lower bound on OPT.

On the other hand, if in any optimal schedule, there does not exist a pair of jobs
from Jseq that overlap the same vertical line, we know by Lemma 7 that there exists a
job in Jyeq that overlaps with all the jobs in 7, and therefore OPT > h(j1) + h(Jw)
in this case. O

2.3 Lower Bound Ts

From Corollary 8, we derive a lower bound on OPT. For a given k € [n], we define
Jx to be the set of the k jobs with the greatest height in 7 and 7] to be the set of the
k jobs with the greatest height in 7 \ Jw()>p,2. Let iy and i,’{ be the jobs with the
smallest height in 7; and 7/, respectively. We define

T5,4 = I]iljt;i{min{h(ik) + h(Tw(iy> D—w( T2 \ Ti)s 2h (i) Hw(Tk) < D},

T5p = ?gy’l‘{min{h(ié) + h(jw(i)>D—w(ﬂ)/2): 2h(ipYlw(Ty) < D},
and finally 75 = max{Ts,, T5;}. Note that 7 and jw(i)>D—w(j,{’)/2 are disjoint,
since J; contains only jobs with width at most D/2 and J,, ()~ p—u( AT contains
only jobs with width larger than D /2, and hence, by Corollary 8, 75 is a lower bound

on OPT.
For this lower bound, we prove the following property.

Lemma9 (Bounded height of wide jobs) Let T = max{Tsimple, T4, 5}, w € (0, 1/2)
and h € (1/2,1] as well as T, := Tniy=nt and Jwide ‘= Jw(i)>1/2+w/2)p\Tn- It
holds that

w(Jp) = (1 =w)D = h(Jwide) < (1 —hM)T.

Proof Let j be a job in J),. As such, it has a height of at least AT. Since T > Ty, it
holds that w(7;) < D. By construction of 75 for j, it holds that

h(j) + h(Fwiy>D—w(Tni=nin/2 \ Tniy=hij)) = Ts.

Furthermore, note that J, = Jp(i)>n(;) for the job j with the smallest height in 7.
Therefore, if w(J7;) > (1 — w) D, it holds that

Jwiy>D—(1—w)D/2 S Tw(i)y>D—w(T)/2

and hence,

hT + h(Jwide) = hT + h(Jw@i)>p—1-wyp/2 \ Tn)
<h(j) + W Twiy>p-wTpp2 \Jn) <Ts =T
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which proves the claim. O

Lemma 10 Let T = max{Tsmple, T4, T5}, w € (1/2,1] and h € (1/2, 1] as well as
Jw = Jwiyzwp and T := Tni)>nt \Jw(i)>p,2- It holds that

h(Jw) > (1 =M)T = w(Jp) <2(1 —w)D.

Proof Let h(J,) > (1 — h)T. Since for each job in 7} it holds that k(i) > T/2 >
T3,5/2, by definition of T3 p, for each j € Jj, it holds that

h(.]) + h(jw(i)>D—w(.,7h(,')Z/,(j))/2) E T

Therefore for the smallest job j € J}, it holds that

h(j) + h(Twiy>p—wTnp2) <T.

For contradiction assume that w(7;) > 2(1 — w)D. Note that in this case D —
w(Jn)/2 < wD and hence,

" TwiysD—w(T/2) = h(Ip) > (1 —m)T.
AS a COHSCqueHCC,
h(j) +h(Twiy>p-w(g)2) > hT +A =T =T,

a contradiction. O

2.4 Sixth Bound

In this section, we present our final lower bound on OPT.

Lemma 11 Consider an optimal schedule and let Jseq S J be a set of jobs such
that no pair of jobs j, j' € Jseq overlaps vertically, i.e., o (j) + w(j) < o(j') or
o(jN)+w(") £ 0(j). Let Ip S Tw(j)>max{D—w(Jeeq).D/2}) \Tseq- Then, there exists
avertical line through the schedule that intersects a job in Jseq and a subset J;, € Jp
with h(Jp,) = h(Jp)/2.

Proof First, we consider the trivial cases. If a job from Jeq overlaps the vertical line
at D /2 the claim is trivially true, since all the jobs from Jp overlap D /2. On the other
hand, if all the jobs in Jseq are left or right of D/2, it holds that w(Jseq) < D/2 and
one of the jobs has a distance of at most D /2 — w(Jseq) from D /2. This job has to be
overlapped by all the jobs from Jp since they have a width larger than D — w(Jseq)-

Otherwise, consider the vertical line L, through the right border of the rightmost
job from Jeq that is left of D/2 and the vertical line L, through the left border of the
leftmost job from Jseq that is right of D/2. Note that L; and L, have a distance of at
most (D — w(Jseq))- Consider the set Jp,¢ € Jp that is intersected by the vertical
line L. Note that the remaining jobs in Jp  := Jp\Jp,¢ all overlap the vertical line
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0 DJ2 b 0 DJ2

(a) An item from Jseq intersects D /2 (b) Not all items on the same side of
or all items from Jseq are scheduled D/2 or intersecting it.
left of D/2.

Fig.3 An illustration of Lemma 11

at Ly + (D — w(Jseq)) > Ly and hence L, as well. Since Jp » U Jp,¢ = Jp, one
of the two sets has a height of at least 2(Jp)/2. Finally, note that there exists a small
enough o > 0 such that L, — o and L, 4 o overlap the same set of wide jobs as Ly
and L, as well as the corresponding job in Jseq (Fig. 3). O

Corollary 12 Let Jseq be a set of jobs such that w(Jseq) < D and consider Jp =
jw([)>(maX{D_w($eq)’D/z}) \Tseq- Furthermore, let j1 € Jseq be the job with the small-
est height. Then it holds that min{h(j.) + h(Jp)/2,2h(j1)} < OPT.

Proof Consider an optimal solution. We have to consider two cases. In the first case,
two jobs from the set Jseq intersect the same vertical line. In this case, 2A(j1) is
obviously a lower bound on OPT.

On the other hand, if there does not exist a pair of jobs from Jieq that overlap the
same vertical line in any optimal schedule, we know by Lemma 11 that there exists
a job in Jieq that overlaps with a set J;, € Jp such that h(J},) > h(Jp)/2 and
therefore we have OPT > h(j,) + h(Jp)/2 in this case. O

2.5 Lower Bound Tg
Define Ji as the set of the k jobs with largest height, Jpix =

Tw(iy>max{D—w(T), D/2) \Jk- Let ji be the job with the smallest height in Ji, then
define

Te := max{min{2(ji), h(jx) + h(Tp.x)/2}k € {1, ..., n}, w(Jk) < D}.

By Corollary 12, T¢ is a lower bound for OPT.
Note that in the following, we will denote the largest lower bound on the optimum,
i.e., the minimum possible height of the schedule, as Ty = max{Tsimple, 14, T5, Te}-
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(a) An L-shaped schedule (b) First Steinberg case (c) Second Steinberg case

Fig.4 a One possible L-shaped schedule, where Jseq contains all the jobs with height larger than Ty /2
and Jp contains all the jobs with width larger than D /2. b A schedule in the case that w (Jp (i) > (2/3) Ty, ) =
(1 —w)D, the first Steinberg case. ¢ A schedule in the case that 1 (7T (i)~ (3/4)D) = (2/3) Tiin, the second
Steinberg case. Note that in this figure, we represent all jobs as rectangles since shifting them to the bottom
will not decrease the peak energy demand

3 Instances Solved with Steinberg’s Algorithm

In this section, we present two cases that can be solved by scheduling jobs that are
large in at least one of the two dimensions in a sorted manner while the other jobs are
scheduled using Steinberg’s algorithm.

The sorted part uses the following shape. Given two disjoint sets of jobs Jyeq
and Jp, we say they are placed L-shaped, if the jobs i € Jp are placed such that
o (i) + w(i) = D, while the jobs in s, are sorted by height and placed left-aligned
tallest to the left, see Fig.4a.

Lemma 13 (L-shaped schedule) Let Timin = max{Tsimple, 14, T5, Ts}. If we place
Tseq := Tn(i)>Tuin/2 @1d Tp := Tw(i)>D/2\Tseq L-shaped, the schedule has a height
of at most Tyin + h(JIp)/2 < (3/2)OPT.

Proof Consider a vertical line L through the generated schedule. If L does not inter-
sect a job from Jseq, the intersected jobs have a height of at most 2(Jp) < Tmin.
Otherwise, let i € Jeq and Jw 1 < Jp be the jobs intersected by L and
define Jseq,. := Jn(i)=n()- Note that by definition of the schedule, it holds that
Iw,L S Twii)>max{D—w(Treq,1). D/2) \Tseq,L- Since h(iy) > T/2, it holds that
Ts > h(ir) +h(Jw.L)/2, by definition of Ts. As a consequence, h(ir) +h(Jw.L) <
Toin +1(Jw,1)/2 < T + h(JIp)/2 < (3/2)OPT. o

Theorem 14 (First Steinberg Case)

Let Tyin be the lower bound on OPT as defined above and w < (3/4)e¢.

If w(Th(jy>2/3)Tmin) = (1 — w)D holds, there is a polynomial time algorithm to
schedule all jobs with a peak demand (maximum height) at most (5/3 + &) Trin-

Proof We place jobs that are very wide or very tall in an ordered fashion, while the
remaining jobs will be placed using Steinberg’s Algorithm, see Fig.4b. We define
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ID = Tw(j)>(1/24w)D\Th(j)> Tmin/2 t0 be the set of jobs with large widths excluding
jobs with large heights. We place each job j € Jp such thato(j) = D — w(j). All
the jobs in Jp(j)>T,,/2 are sorted by height and placed left aligned, tallest first inside
the schedule. Let p := h(Jp)/Tmin and let h_24)p denote the height of the job in
Th(j)> Tminy2 at position (1 —2w)D. Then h(1—2u)p > (2/3) Tinin. By Lemma 9 and the
choice of Tinin, we know that /1(1—2y)p +1(Jp) < Tmin < OPT and hence p < (1/3).
Let L be a vertical line through the schedule that is at or strictly left of (1/2 — w)D
and intersects a job from [Jj(j)>7,,,/2 and all the jobs from Jp. By Lemma 13, at
L and left of L, the maximum height of the schedule is bounded by (1 + p/2) Tmin-
On the other hand, right of L, the height of the schedule does not increase compared
to L. As a consequence, the maximum height in the current schedule is bounded by
(1 4+ p/2)Tmin < (7/6) Tiin. Furthermore, we know that right of (1 — 2w)D, the
schedule has a maximum height of at most Tiyip.

Consider the set of jobs Ju(j)e[(1/3)T.(1/2)Tmin]- BY Lemma 6 we know that

W(Th()el(1/3) Tnin 1/ Twin) = 2W - D, since Jp(j)=2/3)Tin = (1 — w)D. Now we
consider two cases.
Case Alfe < p/2, we place all the jObS in Jy = jh(j)e[(1/3)Tmm,(1/2)Tmin] right-
aligned next to each other inside the strip. Since they have a height of at most (1/2) Tyin,
and right of (I — 2w) D, the schedule has a maximum height of at most T, the
maximum height of (5/3) Ty is not exceeded after adding these jobs. Define A :=
w(Jy)/D. Now at each point on the horizontal axis between 0 and a := (1 — A)D,
the schedule has a height of at most (1 + p/2) Thin, and therefore, we can use a height
of b := (2/3 — p/2 + &) Tnin to place the remaining jobs. Let J,.; denote the set of
residual jobs that still have to be placed. Note that each job in J;.s has a height of at
most (1/3)Tmin and a width of at most (1/2 + w) D, and the total area of these jobs
can be bounded by

area(Jres) < DTmin — (2/3)Tmin - (1 = w)D — pTin - (1/2+w)D — (1/3)T - AD
= (1/3+ 2/3)w — p(1/2 4+ w) — 1/3) D Tin,

and hence 2area(Jres) < (2/3 4+ (4/3)w — p(1 +2w) — (2/3)A) D Tiin. On the other
hand, it holds that

ab — Qwmax — @)+ 2hmax — b)+
=2/3—p/24&)Tyin(1 —A)D
- 21724+ w)D =1 =2)D)4+2(1/3)Tmin — (2/3 — p/2 + &) Tmin)+
=Q@2/3=p/2+e—-2/3r+ (p/2 —e)h — Qw+ 1) (/2 — €)4)DTnin
= 2/3+e(1+2w) — (1/2 4+ w)p — (2/3)%) DTimin,

since p/2 — e > 0. Hence Steinberg’s condition is fulfilled if (4/3)w — p(w+1/2) <
e(1 + 2w), which is true since w < (3/4)e.

Case B On the other hand, if p/2 < ¢, it holds that (2/3 + & — p/2)/2 > 1/3,
and we consider the set Ty := Jn(j)e[(2/3+e—p/2)/2) Tmin,(1/2) Tmin] i0Stead of the set
Th(Yel(1/3) Tmin, (1/2) Tmin]» @nd place it right-aligned. Again, we define A := w(Jpy).
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Now, each job in J.s has a height of at most (1/3 + &/2 — p/4) Tynin and a width of
at most (1/2 + w)D. The total area of these jobs can be bounded by

area(Jres) < DTmin — (2/3)Tiin - (1 — w)D — pTin - (1/2 +w)D
—(1/3+¢/2— p/)Tmin - LD
={/3+ 23w —-pA/2+w)—Ar(1/3+¢/2— p/4)DTnin,

and hence 2area(Jres) < (2/3+4/3w — p(14+2w) — (2/34+¢& — p/2)A) DTiin. On
the other hand, it holds that

ab — Qwmax — @)+ (2hmax — b)+
=2/3-p/24 &) Tnin(1 —2)D
- 2124+ w)D -1 =1)D)+2(/3 +¢/2 = p/H)Tmin — (2/3 = p/2 + &) Tmin)+
—@/34¢—p/2— /3= p/2+ &)3)DTomin.

Hence, Steinberg’s condition is fulfilled if (4/3 — 2p)w — p/2 < &, which is true
since w < (3/4)e.

Therefore, in both cases, we use Steinberg’s algorithm to place the jobs Jres inside
arectangular container C of height (2/3 4+ ¢ — p) Tryin and width (1 — A) D, which in
turn is positioned at o (C) = 0. O

Theorem 15 (Second Steinberg Case) Let Twin be the lower bound on OPT defined
as above. If h(Jw(iy>@3/4)p) > (2/3)Tiin, then there is a polynomial time algorithm
that schedules all the jobs inside the area [0, D] x [0, (5/3) Tin]-

Proof 1In the first step, we place all the jobs in Jp :=Tw(j)>p,2 and Tyeq :=Tn(j)>T 2
\Jp L-shaped. By Lemma 13 the resulting schedule has a maximum height of at most
(3/2)OPT. Let h(Jp) := (2/3 + p)Tmin and w(Tseq) := AD. By Lemma 10, we
know that AD < 2(D — (3/4)D) = D/2, since h(jw(j)z(3/4)p) > (2/3) Thin-

The total area area(J.s) of the residual jobs is bounded by

area(Jres) < DTinin — B/H D - (2/3)Tinin — (1/2)D - pTin — AD - Thin)
= (1/2 = p/2 — 1/2) DTin.

On the other hand, there is a rectangular area with width a := (1 — A)D and
height b := ((5/3) — (2/3 + Tmin) = (1 — p)Tmin > (1/2)T where we can place
the residual jobs. We will place the residual jobs into this area using Steinberg’s algo-
rithm. This is possible if Steinberg’s condition 2area(Jyes) < ab — (2 - wmax (Jres) —
a)+ (2 - hmax(Jres) — b) + is fulfilled, and each job fits inside the schedule area. Since

Wmax (Jres) < D/2 < a and himax(Jres) < Tmin/2 < b, it holds that

ab — (2 - wmax(Jres) — a)4(2- hmax (Jres) — b)+
=0-=M)D-0=p)Tnin — (D — (1 = 2) D)+ (Tmin — (1 = p) Tmin)+
:(1 _)L_p)D'Tmin
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=2(1/2 = p/2 = 1/2) DTnin = 2area(Jres).
The condition is fulfilled, and we can use the free rectangular area to place the residual
jobs. O

4 Rearranging a Schedule that Fits Almost all Jobs

In this section, we assume that we are given a schedule that fits almost all jobs into
a schedule of maximum height 7" < (1 4+ ¢)OPT. Left out of the schedule is a set of
jobs that has a very small total width, where each job can have a height up to OPT.
As such, this set of jobs can be fit into a strip of height OPT and width y D for some
small y € (0, €]. Later, we will see that such a schedule can be generated using the
algorithm from Theorem 19 in Sect. 5.

Since we aim to generate a schedule of maximum height (5/3 4 &)OPT, it does
not suffice to simply place the non-scheduled jobs atop the generated schedule, as this
would result in a maximum height of 20PT. Instead, we must find some area in the
generated schedule, inside of which we can remove jobs such that a height of OPT/3
for a width of A D is empty, where A € [0, 1] is a small constant depending on ¢ (and
y). Once we have achieved this and placed the jobs removed by this procedure in a
way that does not intersect this strip, we can then place the strip of height OPT at
exactly that place, resulting in a schedule of maximum height (5/3 + ¢)OPT.

If none of the previously mentioned cases (as in Theorems 14 and 15, that can be
solved using Steinberg’s algorithm) apply, then the following Theorem combined with
Theorem 19 proves Theorem 2.

Theorem 16 Lete € (0,1/3], ¢’ < (3/5)eandy < (3/40)¢. Furthermore, let I be an
instance with h(Jw(j)>@/4p) < (2/3) Tin and w(Tn(jy>2/3)Tmin) < (1 — (3/4)e)D
and a schedule o with these properties:

e almost all jobs are scheduled with peak demand bounded by T < (1 + ¢')OPT;
o the remaining jobs are scheduled inside a box C, of height T and width y D.

There is an Algorithm that finds a restructured schedule that places all the jobs up to
a schedule with a maximum height of at most (5/3 4 ¢)OPT.

Proof From the schedule o, we will generate a new schedule ¢’. Some jobs will be
shifted to new starting positions ¢’. Other jobs j (that are not explicitly shifted in this
proof) keep their original starting positions, i.e., o' (j) = o (j). O

4.1 Existence of a Suitable Job

If the schedule contains a job j with width w(j) € [y, (1 —2y)D] and height £(j) €
[(1/3)T, (2/3)T], we proceed as follows to make room for C,, by shifting job j: Since
w(j) < (1-2y)Ditholds thatmax{o (j), D— (o (j)+w(j))} = y D.Letus,w.l.0.g.,
assume that o(j) < D — (o (j) + w(j)), otherwise we mirror the schedule at D /2.
We shift the job j completely to the right (by at least y D) such that it is positioned at
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Fig.5 Splitting the given schedule into segments at time points 71 = %, = (157622)’)[) ,T3 = (9+]312y)D,

142Wandr5:%

o'(j) :=D — w(j). This increases the maximum height to at most (5/3)T. Now the
schedule between o (j) and o (j) + y D has a height of at most (2/3)T. We place the
box Cy, at o (j). Since the box has a height of at most 7', the resulting schedule still
has a maximum height of at most (5/3)T < (5/3 4 ¢)OPT.

4.2 No Suitable Job

If such a job does not exist, we search for segments that are not overlapped by jobs
with a height greater than (2/3)T . We split the schedule into segments at the time steps

(x-positions) 7| = %, = (15—6221)/)D’ 3 = (9+1312y)D, T4 = W and 7s = 2 as
well at 119—; = D — 1; fori € {1, 2, 3,4} and set 79 = 0. We number the resulting

segments in increasing order from O to D. Note that segments S; and Sj;—; have
exactly the same with and would be at the same position when mirroring the schedule
at D/2, see Fig.5. Fork € {1, ..., 10}, we denote by o (Sx) = tx—1) the start-time of
a segment, by c(Sx) = 1) the end-time of the segment and by w(Sx) = % — T—1)
the width of the segment Si. Since w(TJn(j)>@/31) < (1 — (3/4)¢)D, we know,
by the pigeonhole principle, that in one of these segments a total time of at least
(3/4)eD/10 = (3/40)e D > y D is not overlapped by these jobs.

Let S; «, be the earliest such strip, and S, , the latest such that ki, k2 € {1, ..., 10}
represent the index of the strips Sy, ..., S1o. Note that it might happen that §; x, =
Sy k,. From now on, we assume that o (S, ;) < D — ¢(Sy x,) and otherwise mirror the
schedule at D /2. As a consequence we now that k; € {1,...,5}.

4.3 Modifying the Selected Strip

In the next step, we modify the start- and end-times of S; , such that it starts after the
completion of a job with height at least (2/3)T or at 0. We denote the shifted start
times as o’(-) and the shifted completion time as ¢/(-). If the start-time of S; ,, i.e.
Tx—1 intersects a job j with h(j) > (2/3)T, we define o’ (S;x,) := o (j) + w(j) <
¢(81,k,) — v D. Otherwise if k1 # 1, we find the last job j ending before o (S x,) with
h(j) > (2/3)T and define 0/(S; 1) := o (j) + w(j) and shift the end-time of S; ¢,
by the same amount.

Note that 0'(S;.x,) > 0(Six,) — yD: Since S, is the first strip with at least
y D time not occupied by jobs with a height greater than (2/3)7T, the starting time
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Fig.6 An illustration of the border shifting procedure. The original borders are indicated by t;_1 and ;.
As 7;_1 is not intersected by a job with a height greater than (2/3)T, we shift U(S]/c) to an earlier point in
time such that the job with a height greater than (2/3)7, 1, ends at the exact same time. We then shift
C(S]/() by the same amount. The shifted c(S]/() may intersect a job with a height greater than (2/3)7, 7,

indicated by the dotted line, and in this case, we shift the border further such that ¢(S ,’{) = o (;p) holds

of Sk, is reduced by at most y D, while the width of the segment is not increased.
The segment remains suitable because we only add width not utilized by jobs with a
height greater than (2/3)7T, and therefore removing the same amount of width at the
end of the segment can not reduce the total width occupied by jobs with height less
than (2/3)T in the segment.

Finally, if the end-time of S; x, intersects a job j that has a height greater than
(2/3)T, we reduce it to ¢/ (S k,) := o (j) and call the modified segment Sl”kl. These
modifications never decrease the total width that is not overlapped by jobs with a
height greater than (2/3)T in S ,. We do the same but mirrored for S x, resulting
in a modified segment S;’ k,- For an illustration of this procedure, see Fig.6. If D —
c(S;,kz) < o(Sl”kl), we mirror the schedule such that /(j) = D — ¢(j). We denote
by S the segment in {S;, , S, } that appears first in this new schedule, where k =
min{ky, ko } represents the original number of the chosen segment. As a consequence
of this mirroring if £ > 2, we ensured there exists a job j with 2(j) > (2/3)T and
c(S;) <o (j) < D —o(S;). Additionally, we know about the start and endpoints of
this segment that 7z _; — y D < 0(S}) and w(S;) < 7 — 1.

4.4 Rearranging Jobs in the Selected Strip

We aim to remove jobs from S, such that the maximum height reached inside S} is
bounded by (2/3)T. We categorize the jobs to be removed into three classes; first, the
set of jobs Jcont that are wholly contained in § ,/C due to the earlier shifting and have a
height less than (2/3) T, second the set of jobs that have a height greater than (2/3)T,
which must also be wholly contained in S} due to our border shifting, and finally the
set of jobs intersecting one of the time points o (S;) or c(S}).

First, we remove Jcon¢ from the segment and schedule them inside a container that
has a height of at most (2/3)T and length at most 3w(S,’().
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Lemma 17 The jobs Jcont can be scheduled inside a container Ceon of height (2/3)T
and width 3w(S;) < D/2.

Proof Firstnote thatarea(Jeont) < w(S ,/c) T, since the maximum heightin o is bounded
by T'. We place these jobs using Steinberg’s algorithm. Recall that this procedure allows
us to place a set of rectangles R into a container of size a - b as long as the following
conditions are met: Wy,qx (J) < a, hmax(J) < b, 2 -area(J) < (ab — Qhmax(J) —
T) 4 Qwmax (J) — D)4). Setting our values for b = 3w(S;) and a = (2/3)T yields
the desired property. Clearly, no job wholly contained in a segment of width w(S})
can have a width greater than w(S)). Furthermore, the maximum height of any job in
Jeont 18 (2/3)T . Finally, we have

2 area(Jeont) < 2w(Sp) - T
<3w(Sy) - (2/3)T — Qw(Sy) — 3w(S)+ - 2Q2/HT — /3T
= (ab — 2hmax(J) — b))+ Qwmax (J) — a)4)

which proves the claim. O

In the next step, we consider the jobs with heights greater than (2/3)T. By con-
struction of the strip, we know that the total width of jobs with heights greater than
(2/3)T is bounded by w(S;) — y D. We remove all these jobs from the strip and
combine them with the extra container C,, of height at most 7" and width y D to a new
container called Cyy. It has a height of at most 7 and a width of at most w(S,’c).

After this step, the only jobs remaining inside the area of S; are the jobs that overlap
the borders of S;. If the maximum height in S, is lower than (2/3)T, we place the
container Cyy inside the strip S; as well as the container Ceon right of D/2 and are
done. Otherwise, we have to remove jobs that overlap the borders of the strip S; until
the maximum height in S; is bounded by (2/3)T. The jobs we choose to remove are
dependent on the position of the strip. The following lemma helps to see how these
jobs can be shifted without increasing the maximum height of the schedule too much.

Lemma 18 Consider a schedule o with maximum height bounded by T and a time T,
as well as a subset of jobs Tvove C J(T) with h(Imove) < a - T for some a € [0, 1].
Let T be the smallest value o (j) for j € JImove. Consider the schedule o', where all
the jobs in Jmove are delayed such that they end at D, i.e., 0'(j) = D — w(j) for all
IMove and o' (j) = o (j) for all other jobs.

In the schedule o' before D /2 + 1 /2, the maximum height is bounded by T, while
after D/2 + t/2, the maximum height is bounded by (1 + a)T.

Proof 1f the height of the schedule ¢’ is larger than T at a position 7, it has to be
because one of the jobs in Jmove Overlaps it. Hence, that maximum height is bounded
by (1+a)T, since we shifted jobs with total height bounded by aT . Let j be one of the
shifted jobs. If 6’ (j) > D/2+7/2, the height of the schedule before D /2+1/2 cannot
be influenced by this job. Therefore, assume that D — w(j) = o’ (j) < D/2 + /2.
As a consequence, w(j) > D/2 — t/2. Since o (j) < 7 it holds that o (j) + w(j) >
D/2 + t/2. Thus before time D/2 + t/2, the job j overlaps its previous positions
and cannot increase the maximum height above T'. O
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(a) Repacking for k =1 (b) Repacking for k € {2,3} (c) Repacking for k € {4,5}

Fig.7 Illustration of the steps in the proof of Theorem 16. Note that the set Jpjove is delayed such that the
jobs end at D. The containers Cgq)) and Ccont are placed such that they do not intersect. For b and ¢, the
jobs jy are placed in the same manner, and the job j; is denoted

We choose which of the overlapping jobs to shift depending onif k = 1 or k # 1.
Remember that none of the borders of S; overlap a job that has a height greater than
(2/3)T, and assume, for the following, that there is a point inside S; where the total
height of overlapping jobs is larger than (2/3)T .

Case I: k=1

Consider the time 7 = ¢(S]) < D/8 and the set of jobs 7 (7) that are intersected
by this line. We know that the total height of jobs with a width greater than (3/4)D is
bounded by (2/3)T. Let Jmove be the set of jobs generated as follows: Greedily take
the jobs with the greatest height from J(7) \ Juw(j)>(3/4)p, until either all the jobs
from J (t)\Jw(j)>@3/4)p are contained in Jmove or £(Imove) € [(1/3)T, (2/3)T]. In
this process, we never exceed (2/3)T since, if there is a job with a height greater than
(1/3)T in T (t)\Tw(j)>3/4)D> We choose it first and immediately stop. We delay the
jobs in JMove to new starting positions o’ such that for each job j € Jmove We have
that ¢’(j) := o/(j) + w(j) = D. Note that ¢'(j) > (1/4)D for each j € Jmove and
therefore no longer overlaps c(S}). Furthermore, we know by Lemma 18 that before
D/2, the maximum height is bounded by T', while after D /2, the maximum height
is bounded by (5/3)T. Furthermore, the maximum height inside S| is bounded by
2/3)T.

Since Si has a widthof at most D /8, we know by Lemma 17 that J.on¢ can be
placed inside a container Ccop With height at most (2/3)7T and width bounded by
3D/8. Therefore, we can schedule this container at D /8 and know that it ends before
D/2. Finally, we schedule the container Cyay at 6’ (Cra1) = 0. The peak height of the
resulting schedule is bounded by (5/3)T. See Fig. 7a for the repacking procedure.

Case 2: k # 1 In this case, the borders of the considered strip can be overlapped
from both sides. Furthermore, we know that the left border of S is to the right of
D/8—yD >yD.

Consider the largest total height of jobs that are intersected by any vertical line
through S and denote this height as TS;Q' Since there is a job j; with height greater
than (2/3)T with o (j;) + w(j;) = o(S}), we know that the total height of jobs
intersecting o (S}) can be at most (1/3)T. Next, consider the closest job j, that starts
after ¢(S;) and has a height greater than (2/3)T. By the choice of S}, we know that
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such a job must exist and that o (j,) < D — o (S}), by the choice of S; out of S,’<l ,and
S,’Cz’r. Furthermore, we know that the total height of jobs intersecting the vertical line
at o (j,) is bounded by (1/3)T.

Hence, the jobs that overlap the vertical line at o () and the jobs that overlap the
vertical line at o' (S;) add a total height of at most (2/3)7 to TS/Q' Let us now consider
the jobs [J)s that overlap the time c(S,’() but neither the time o (S ;() nor the time o (j-).
Each of them has a width of at most D — o (S;) — o (j) < D —20(S}). Hence when
delaying their starting points such that 6’(j) = D — w(}), they no longer overlap the
time c(S;) since w(S;) < o (S;) foreachk € {2,3,4,5).

We greedily take jobs from [J), that have the earliest starting point until we have
all jobs from [Jjs or we have a total height of at least (1/3) 7. If the total height of the
chosen jobs is larger than (2/3) 7T, the last job j, has a height of at least (1/3)7. Since
it has a width less than (1 — 2y) D, it has to have a width of less than y D. Otherwise,
the job would have a width that allows us to shift only this job and make room for the
strip C,,. We remove this job and place it later, while we shift all the others to new
positions o’ such that o’ (j) = D — w(j) for each of the taken jobs j. We call the set
of shifted jobs Jmove-

Furthermore, since Jpmove has a total height of at most (2/3)T and a starting point
right of o (S;), we know by Lemma 18 that the peak height right of D/2 + o (S;)/2
is bounded by (5/3)T while left of D/2 4 o (S;)/2 it is bounded by T

Let o (j;) be the starting time of the last taken job. Before o (j;) (in S,’{) there is
no longer a job from [Jj, and, hence inside in the strip Slf that is left of o (j;), the
maximum height is bounded by (2/3)T. On the other hand, after o (j;) (in S;), we
either have removed jobs with total height at least (1/3) T, or all the jobs from s and
hence the schedule there can have a total height of at most (2/3)T as well. Therefore,
we can place the container Cyyy inside S;{ without increasing the total height above
(5/3)T.

The container Ccopn¢ and the job j, remain to be placed. For k € {2, 3}, we set Ccont
ato’(Ceont) = c(S;) and the job o’ (j,) = 0, while fork € {4, 5}, weset o’ (Ceon) = 0
and o’/ (j,) = ¢(S;). We will now see, for each segment, that the maximum height of
(5/3)T is not exceeded by this new schedule.

First note that w(j,) < yD < D/8 — y D and hence does not intersect S}, when
scheduled at o’ (j,) = 0. Similarly, it is more narrow than S5 and o (55)/2, and hence
fits right of S and S5 without increasing the schedule more than (5/3)7 .

Let us now check the conditions for Cop: For k € {2, 3}, we have to ensure that

C(S]L) + w(Ceont)/2 < D/2 + CT(S;(),
while for k € {4, 5} we have to prove that
w(Ceont) < O’(S]/().

We start with k£ = 2: It holds that

(15-24y)D D _ (1—24y)D

SH <
w(S) = 64 8 64
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and hence w(Ceont) < 3((7_26#). Therefore,

15-247)D 7-247)D D/8—yD
C(Sé) 4+ w(Ceont) < (s 64}/) +3 <( 64}/) ) < % + /STV

+ 25

=

SlIS]

Furthermore for k = 3 we have

9+14y)D (15-24y)D 3 52
( y)D  ( Y) 22 p

SHy <
w(Sy) = —— 64 64 3

and hence w(Ccopt) < 3(& + 532—2}’)D. Therefore,

O+ 14y)D 3 52y 27+ 184y)D
S’ C <—4+3(—+—)D= ———"—,
c( 3)+w( cont) < 30 + (64+ 30 ) 64

while D/2 +0(84)/2 = D/2 + (‘P2 —)D/2 = (Fx — Ly)D. As a conse-
quence, c(Sg) + w(Ceont) < D/2 + 0(S§)/2, since y < 1/40 < 25/392.

) < B+2y)D _ 9+14y)D _ (B3-6y)D
- 8 32 - 32

Concerning k = 4, we have w(S‘" . Hence,

W(Coont) < 3 <(3 - 6)/)D) _ O+ 14y)D

—vD <o(S).
32 32 yD =05y

Finally for k = 5, it holds that w(s}) < 2 — GHP — (H20D Therefore,

(1+2y)D _ 34+6y)D _ (1+2y)D

w(Ceont) <3 - ] 3 3

—yD < o (55).

For a visual representation of this repacking procedure, see Fig. 7. In all the cases,
the generated schedule has a height of at most (5/3)T < (5/3)(1+¢")OPT < (5/3 +
¢)OPT. O

5 AEPTAS for NPDM

In this section, we will prove the following theorem.

Theorem 19 Let ¢ > 0. There is an algorithm that places almost all jobs such that
the maximum height is bounded by T' := (1 + O(¢))OPT. For the remaining jobs, we
can choose one of the following containers for them to be placed in: C with width € D
and height T' or a container Cy with width D and height hy,x. The time complexity

of this algorithm is bounded by O(nlog(n)/e) + 1/81/60“/8).

The statement, in fact, gives two variants of the algorithm. The first variant, where
all remaining jobs are placed in Cy is used in our 5/3 + ¢ approximation algorithm,
where the second variant with all remaining jobs in C can be used to obtain the AEP-
TAS by setting o (C2) = 0. The described algorithm follows the dual-approximation
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Fig.8 Partition of the jobs.
Each job is represented by a dot
in this plane. The horizontal
coordinate represents its width,
while the vertical coordinate
represents its height T ver x7lar ge
oT’
,U,T/ Vi med
s'm.a.lll | jhOT’
uD 6D

framework. We describe an algorithm that, given a bound on the schedule maxi-
mum height 7', computes a schedule with maximum height (1 + O(&))T’ + hmax,
or decides correctly that there is no schedule with a maximum height at most 7’.
This algorithm can then be called in binary search fashion with values 7" between
T' = max{Ty, T», T3, T4} and max{2area(J)/D, 2hmax}, using only multiples of
eT’.

Note that if A, < 0(83T/), we can use the algorithm in [47] to find an (1 +
£)OPT + O(log(1/¢)/e - £3T") = (1 4+ O(¢))OPT approximation. Hence, we can
assume that hpax > O(3T7).

5.1 Classification of Jobs

Given two values § and p with u < §, we partition the jobs into five sets: large,
horizontal, vertical, small, and medium-sized jobs.

o Jiarge :=1{i € JIh(i) = 8T', w(i) > 8D}

o Jhor :={i € Jh(i) < nT’, w(i) > 6D}

o Jver :={i € JIh(i) = 8T', w(i) < uD}

o Tsmau :={i € J|h@@) < uT', w(i) < nD}

o Tmedium ‘= j\ (x7large U Thor U Tver Y Tsmati)

Lemma 20 In O(n + 1/&2) operations it is possible to find values > O/ for 8
and | such that area(Jpedium) < (82/4)DT and u < ce58f0r any given constant c.

Proof Consider the sequence py = & /4, pit1 = cpie3. Due to the pigeonhole
principle, there exists an i € {0, ..., 8/} such that when defining 8 := p; and
W = pi+1, the total area of the medium-sized jobs is bounded by (¢2/4) DT, because

each job appears only in two possible sets of medium jobs. We have § > > £OU/e?)
(Fig. 8). O

Lemma 21 [48] We can round the heights h(i) of the vertical and large jobs to multiples
kieST withk; € {1/e, ..., 1/e8} suchthat the number of different demands is bounded
by O(1/€log(1/8)). This rounding increases the optimal height by at most 2¢T .
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eTT

0 D

—
vD
Fig. 9 In blue, we see the profile of horizontal and large items. This profile is rounded to multiples of

&T (red). In segments where the profile jumps more than ¢ 7', we remove all vertical items (dark gray) and
round the profile up to 7 (Color figure online)

This can be done via a standard combination of arithmetic and geometric rounding
[48]. In the following, we will dismiss the medium jobs from the schedule.

5.2 Profile for Vertical Jobs

In the following, we will slice some vertical jobs into separated vertical pieces while
repacking and structuring the schedule. Note that we allow this slicing since we only
need a structural argument that all vertical jobs can be placed (as vertical slices) in
the packing. Later, we will use an LP formulation to place vertical jobs. This will fix
some of the sliced jobs, but still, leave us with a few jobs which are placed as vertical
fractions. These fractionally placed jobs will contribute to the extra box mentioned in
Theorem 19.

Given an optimal schedule, we partition the schedule into 1/y segments of width
y D, for a constant y € O.(1). Given a schedule of jobs J, we define profile of J
to be {(x, y)|y = Zjej|a(j)§x§a(j)+w(j) h(j),0 < x < D}. Height profile of jobs
Joattime 1 is E5(t) := Y ic jjo(jy<t<o(j)+w(j) (/). You can imagine such a profile
as the total height produced by placing the jobs from the set at their starting times
in the schedule. Now consider the profile of large and horizontal jobs; see Fig.9. Let
J = Tiarge Y Thor- Next, we search for the segments where the maximal height of
the profile of large and horizontal jobs and the minimal height of this profile differs
more than 7', i.e., if in segment S := (4, #), | max;es E5(t) — minges E5(1)| > €T,
then we remove all vertical and small jobs from these segments fractionally, i.e., we
vertically slice jobs, which are cut by the borders of the segment.

Claim 1 Let J,., be the set of removed vertical and small jobs. Then area(Jep) is
bounded by O(y/ed) - D - T.

Proof Note that the height of the profile of horizontal or large jobs only changes, when
horizontal or large jobs end or start. The large and horizontal jobs have a total height
of at most T'/§ since they have a width of at least § D, and the total area of the schedule
is bounded by T - D. Hence there can be at most 2(7/8)/eT = O(1/&5) segments,
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where the height of the profile changes more than ¢7'. As a result, the total area of the
removed vertical jobs can be bounded by O(1/8) - (yD - T). O

Claim 2 (Size of ) In the case of container C, we can choose y € O(gé)) such that
we can schedule the removed vertical jobs fractionally inside a container Cy 1,4 of
width w(C1)/4 and height 2(C1). Otherwise, we can choose y € O(&*$) such that we
can schedule the removed vertical jobs fractionally inside a container Cs 1,4 of width
w(C»)/4 and height 7 (C3).

Proof Let k € {1, 2} depending on the chosen container. First we place all the jobs
Trem,talls 1.€., jobs in Jye,m with height greater than 7 (Cy,1/4)/2 next to each other.
The total width of these jobs is bounded by 2 - area(Jyem,rai1) /R (Ck,1/4). Next, we
place the residual jobs Jrem.res := Trem \Trem.tall, Which have a height of at most
h(Ck,1/4)/2. We take slices of width 1 of the jobs and place them on top of each
other until the height /(Cy,1/4)/2 is reached. Since each job has a height of at most
h(Cx,1/4)/2, the height 2(Cy, 1/4) is not exceeded. The total width of this schedule is
bounded by

2area(Jrem,res)/M(Cr,1/4) +1 < O(y/(€8) - D - T)/h(Ci,1/4)-

Hence, for Cy,1/4 the total width is bounded by O(y /(¢8) - D -T)/T = O(y /(£8))D.
Therefore , when choosing y € O(ied) for a suitable constant, the total width of
this schedule is bounded by w(C)/4. Otherwise, the total width for container C3 1,4
is bounded by O((y/(e8) - D - T)/e3T) = O(y/e*8)D. Thus, when choosing y €
O(&*8) for a suitable constant, the total width of this schedule is bounded by w(C>) /4.

O

5.3 Algorithm to Place the Vertical, Small, and Medium Jobs

In the algorithm, we first round the heights of the vertical jobs to at most O(1/g2 -
log(1/6)) = (1/8)0(1) sizes using Lemma 21 (geometric rounding).

Afterward, we guess the height reserved for the vertical and small jobs rounding up
to the next multiple of ¢ T for each of the 1/y segments, adding at most 2¢ T to the height
of the schedule. There are at most O((1/¢)!/?) possible guesses. Furthermore, we
introduce one segment T of height [h(Cy)/(e¢T)]-eT and width w(Cy) /4 (k € {1,2})
for the set of removed vertical jobs. Let S, be the set of all introduced segments, and
for each s € Syer let hig 4o be the height reserved for vertical and small jobs. Note
that for each s € Sy, there exists an i € {0, ..., 1/e + 3} such that iy yor = ieT.
Furthermore, let Sy.r be the set of segments that have exactly height # and let
w(Syer,en) be their total width.

To place the vertical jobs into the segments S,.,, we use a configuration LP. Let
C = {ay : nin € {h(j)lj € Jver}} be a configuration for vertical jobs, where
ay denotes the multiplicity with which the height » is contained in C. We denote by
h(.C) = 2o neth(j)ljeTver) @n 1 the total height of C, and by .Ch the set of configurations
with height at most 4. Furthermore, for a given configuration C we denote by a, (C)
the number of jobs contained in C that have a height of 1. Since each vertical job has a
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height of at least 5T, there are at most (1/ )90/ different configurations. Consider
the following linear program:

> xci = w(Sver.ier) Vief{l,...,1/e+3} (1)
CGCiST

Yo > aOxcs= > w()) Vi € th(DIj € Toer}  (2)
s€S Cechs,ver JE€Tver h(j)=n
xci =0 vCeC,ie{l,...,1/e} (3

The variable xc ; represents the width of configuration C inside segments s € Sy,
with reserved height A ;. = ieT. The first equation handles configurations inside
segments with a certain height capacity. It ensures that the total width of these config-
urations does not exceed the total width of the segments. The second equation ensures
that the total width of jobs with a certain height is covered by the configurations. Doing
so for all heights ensures every job is fully scheduled. A basic solution has at most
/e +1{h()lj € Tver}l +1) = (1/29)3 nonzero components.

We can solve the above linear program by guessing the set of nonzero components
and then solving the resulting LP in ((1/»3)0(1/5))(1/8)3 time.

To place the vertical jobs, we first fill them greedily inside the configurations (slicing
when the corresponding configuration slot is full) and afterward place the configura-
tions inside the schedule, slicing the jobs at the segment borders. For each nonzero
component, we have one configuration that contains at most 2/§ fractionally placed
vertical jobs on top of each other, which have a total height of at most 27’. Addi-
tionally, for each segment, we have the same amount of fractional jobs. Hence the
total area of fractionally placed jobs can be bounded by uD - 2T - ((1/e)3 +1/y). If
we choose C this can be bounded by O(u/(Ae8))DT < ADT /8, since u = cedA?
and otherwise by € O(uD - T /(e78)) < DT /8, since u = ce>$ for a suitable small
constant c. We remove the fractionally placed jobs Jrqc.

Next, we place the small jobs inside the empty area that can appear above each
configuration for vertical jobs. Note that there are at most ((1/ 8)0(1) + 1/y) config-
urations, and the free area inside these configurations has at least the size of the total
area of the small jobs. As a consequence, we have at most 2/y rectangular areas to
place the small jobs, which have a total area, which is at least the size of the small
jobs. We use the NFDH algorithm to place these jobs inside the boxes until no other
job fits inside.

Assume we could not place all the small jobs inside these boxes. When considering
the free area in each box, there are three parts that contribute to it. First, each box can
have a strip of free area later on in the schedule, which has a width of at most ;« D. The
total free area contributed by this strip is bounded by (2/y)uD - 2T. Second, each
box can have a strip of free area of height at most u7 on the top, because otherwise,
another line of jobs would have fit inside this box. Since there are no boxes on top of
each other, we can bound the total free amount of work, which is a result of this strip,
by uT - D. Finally, there can be free area between the shelves of the jobs generated
by the NFDH algorithm. This total free area is bounded by the height of the tallest job

@ Springer



3674 Algorithmica (2023) 85:3649-3679

times the width of the widest box, i.e. uT - y D. Hence the total free area inside the
boxes is bounded by SuD - T -y + D - uT. Since y € O(1/&8) and we have chosen
n < ¢8¢% for a suitable small constant ¢ € @Q, the total area of the residual small jobs
Tsmall.res>» Which could not be placed is bounded by €7 D.

We place the residual small jobs Jsmair res on top of the schedule using NFDH.
This adds a height of at most 27 to the schedule. Next, we place the medium jobs. We
schedule all the medium jobs that have a width larger than w(Cy)/4 with Steinberg’s
algorithm inside a box of height at most O(e)T and width D. This is possible since
they have a width in (¢ D, D] and therefore, each has a height of at most O(e)T
because their total area is bounded by (¢2/4) DT . The residual jobs (that might have a
width larger than £7') are placed inside the first half of the container using Steinberg’s
algorithm. The latter half of the container is filled with the extra box for vertical jobs
defined for the LP and the fractionally scheduled jobs. The extra box has a width of
at most w(Cy)/4. Since the fractionally placed vertical jobs J ¢ have an area of at
most h(Cy) - w(Cx)/8 and each has a width of at most uD < w(Cy)/8, we can use
Steinberg’s algorithm to place them inside the last quarter of the container Cy.

5.4 Placement of Horizontal Jobs

In this section, we first reduce the number of possible starting points for horizontal
jobs and then use a linear program to place the jobs in the schedule.

First step: use geometric grouping to reduce the number of widths of horizontal
jobs. At a loss of at most 2¢7 in the approximation ratio, we can reduce the number
of widths of horizontal jobs to O(log(1/8)/e) using geometric grouping (see [49,
Theorem 2] by Karmarkar and Karp).

These rounded jobs can be placed fractionally instead of the original jobs and an
extra box of height at most O(¢g)T'. In this fractional packing, the horizontal jobs are
sliced vertically, i.e., different fractions of a job might have different starting points,
but a fraction that is started, will not be interrupted and have the same height during
its procession. We denote the rounded width of a job j as w’(j).

In the next step, we will reduce the number of different starting points of the large
and fractionally placed horizontal jobs without exceeding the given profile. Remember,
we know the profile of large and horizontal jobs with precision €7 for the segments
of width y D.

Claim 3 Without loss in the approximation ratio, we can reduce the number of different
starting points of rounded horizontal and large jobs to (1/¢)/ &),
Proof Consider the large and horizontal jobs starting in the first segment. Since this
segment has a width of y D < § D, there can be no job ending in this segment. Hence
this segment is maximally filled at the point y D. We can shift the starting point of each
job in this segment to 0, and we will not change the maximal height of this segment.
Now consider a jobi € Jhor U Jiarge starting in the second segment. If there is no
horizontal or large job ending before the start of i, we can shift the starting point of i
to y D without changing the maximal filling height in this segment. However, if there
isajob j € Jhor U Jiarge ending before i in this segment, we can not shift this job
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Fig. 10 An illustration of the reduction of used starting points for horizontal jobs. The right side shows
the shifted version. The vertical lines represent the starting points after the shift. They are selected from the
latest starting point within each segment of height e/, 3. The white area represents the cleared space from
this procedure, while the removed jobs are shown as hatched below the schedule

to ¥ D since then i and j overlap, which they did not before. This could change the
maximal height of the profile in this segment. Nevertheless, if j is the last job ending
before i, we can shift i to the left, such that i starts at the endpoint of j.

We iterate this shifting with all segments and all jobs in Jjor U Jjarge. As aresult,
all jobs start either at a multiple of y D, or they start at an endpoint of another job in
Thor U Jlarge. Therefore, we can describe the set of possible starting points for jobs
in Jpor U u7large as

Shor.large
1/8
= l)/D + ZW(i_j)|l e{0,1,..., 1/)/}» ij € Jhor U ~7largevj e{l,..., 1/5w}
j=1

It holds that |Sh0r,large| < (1/y) - (log(1/8)/e)'/? = (1/8)(1/5)@1/8). .

Claim4 At a loss of at most O(¢T) in the approximation ratio, we can reduce the
number of used starting points for rounded horizontal jobs to O(1/¢6).

We partition the set of horizontal jobs by their width into O(log(1/§)) sets J,for =
{i € Thor |D/2l <w(i) < D/21_l }. For each of these sets, we will reduce the number
of starting positions to 2/ /2. We partition the schedule into 2! segments of width D /2.
Each job from the set Jéor has a width greater than D /2/, and hence it starts in another
segment as it ends. We consider for each segment all the horizontal jobs of the set 7, }fm
ending in this segment and sort them by increasing starting position. Let /; ; be the
height of the stack of jobs in J,fw ending in the i -th segment. We partition the stack into
1/¢ layers of height ¢h; ; and slice the horizontal jobs overlapping the layer borders.
We remove all the jobs in the bottommost layer and shift the jobs from the layers
above to the left, such that they start at the latest original starting position from the
layer below. We repeat this procedure for each segment; see Fig. 10 for an illustration.
By this shift, we reduce the total number of starting positions from jobs from the set
jé or 10 2! /. The total height of the jobs we removed is bounded by sh(jff o). Since
these jobs have a width of at most D/2'~!, we can schedule 2/~! of these jobs after one
another (horizontally), without violating the deadline. Hence, when scheduling these
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jobs fractionally, we add at most 8h(,_7}f )/ 2!=1 {0 the schedule. Note that since all the
jobs in set jhor have a width of at least D /2!, it holds that h [log(1/3)1 h(j}fw)/2l <T

and, hence, we add at most Z“Og(]/m h(J,for)/Zl I < 28T to the height of the
schedule, when scheduling the removed horizontal jobs.

The total number of starting positions is bounded by erfjg(l/ Dol /€
QMoe/HHL _ 1y /e € O(1/8,€). o

5.4.1 Algorithm to Place Horizontal and Large Jobs

To place the jobs in Jhor U Jjarge, We first guess the starting positions of the large

jobs Jiarge in O(|Sh0,,large||‘7"”ge|) = (1/8)(1/8)0(1/5). Note that this guess affects
the height that is left for horizontal jobs. Next, we guess which O(1/&8) starting

points in Spor 1arge Will be used after the shifting due to Claim 4. There are at most

|S;m,,la,ge |O(1/85) = (l/s)(l/s)o(l/g) possible guesses total. We call the set of guessed

starting points S'ho,,la,ge. For each starting point in S‘h,,,, larges W€ calculate_the residual
total height that is left after the guess for the large jobs. For a given s € Spor 1arge let
hs.nor be this residual total height.

Consider the following linear program for horizontal jobs:

Zp::w/(j) Zs Gshur ]Wge Xp,s' = hs hor VS € Shur,large
je\7har Ky <s<s J,-p

ZSesharlarge p.s 216;7/1(» h(-]) Vp € {w/(.])|] € jhor}
w'(j)=p

Xp,s = 0 Vs € Shar,largm J2BS {w/(])|] € Jhor}

The variable x, ; denotes the total height of jobs with rounded width p starting at s.
The first equation ensures that the height capacity at a starting time s is not exceeded
by the jobs starting at or overlapping s. The second equation ensures that the total
height requirement of jobs with rounded width p, }_ jc7,,, (j), is covered by the

w'())=p
total height of jobs with this width started in the schedule

A basic solution to this linear program has at most |Syor 1arge| + | Tnor| = O(1/€8)
nonzero components. We can guess the nonzero components in at most (| Sh,,,‘large’ .

|jh0r})|.§hor,large}+‘\7/mr _ (1/8)(]/8)(’)(1/6)

value with precision T in at most (1/M)|Sh""l“’g9}+“7h” = (1/e)1/9%") oyesses.
Scheduling all the horizontal jobs integral and the error due to the precision add at most
21T (| Shor targe | +| Thor ) to the peak height. Note that 24T - (| Shor targe |+ | Thor |) <
O(e)T’ since p < O(&28).

After this step, we have either scheduled all given jobs or have decided that it is not
possible for the given guess of T and the profile. If it is not possible for any profile,
we have to increase T'. If we have found a schedule, we reduce the value of 7. Each
of the steps has increased the maximum by at most O(e)T above T'. Besides the job

. X .
5€Shor,large P,

guesses. Furthermore, we can guess their
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classification and rounding, each time of each step of the algorithm is bounded by

(1/e)/ £ Therefore, the described algorithm fulfills the claims of Theorem 19.

6 Conclusion

In this paper, we presented an AEPTAS with additive term s as well asa (5/3+¢)-
approximation for Non-preemptive Peak Demand Minimization (NPDM). Since the
lower bound for approximation algorithms for this problem is known to be 3/2, this
leaves a small gap between the lower bound and the approximation guarantee. Closing
this gap is an interesting open question for further research, especially since, for the
related strip packing problem, the same gap is yet to be resolved.
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