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—— Abstract

Packing problems are an important class of optimization problems. The probably most well-known
problem if this type is knapsack and many generalizations of it have been studied in the literature
like Two-dimensional Geometric Knapsack (2DKP) and Unsplittable Flow on a Path (UFP). For
the latter two problems, recently the first polynomial time approximation algorithms with better
approximation ratios than 2 were presented [Géalvez et al., FOCS 2017][Grandoni et al., STOC 2018].
In this paper we break the barrier of 2 for the Storage Allocation Problem (SAP), a problem which
combines properties of 2DKP and UFP. In SAP, we are given a path with capacitated edges and a set
of tasks where each task has a start vertex, an end vertex, a size, and a profit. We seek to select the
most profitable set of tasks that we can draw as non-overlapping rectangles underneath the capacity
profile of the edges where the height of each rectangle equals the size of the corresponding task.

The problem SAP appears naturally in settings of allocating resources like memory, bandwidth,
etc. where each request needs a contiguous portion of the resource. The best known polynomial
time approximation algorithm for SAP has an approximation ratio of 2 + ¢ [Mdmke and Wiese,
ICALP 2015] and no better quasi-polynomial time algorithm is known. We present a polynomial
time (63/32 4 ¢) < 1.969-approximation algorithm for the important case of uniform edge capacities
and a quasi-polynomial time (1.997 +¢)-approximation algorithm for non-uniform quasi-polynomially
bounded edge capacities. Key to our results are building blocks consisting of stair-blocks, jammed
tasks, and boxes that we use to construct profitable solutions and which allow us to compute
solutions of these types efficiently. Finally, using our techniques we show that under slight resource
augmentation we can obtain even approximation ratios of 3/2 4 € in polynomial time and 1+ ¢ in
quasi-polynomial time, both for arbitrary edge capacities.
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1 Introduction

Packing problems play an important role in combinatorial optimization. The most basic
packing problem is knapsack where we are given a knapsack of a certain capacity, a set of
items with different sizes and profits, and we are looking for a subset of items of maximum
profit that fit into the knapsack. Many generalizations of it have been studied. For example,
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in the Two-dimensional Geometric Knapsack problem (2DKP) the items are axis-parallel
rectangles and we seek to find the most profitable subset of them that fit non-overlappingly
into a given rectangular knapsack. Another generalization of the knapsack problem is called
Unsplittable Flow on a Path (UFP). We are given a path with capacities on its edges and
each item can be interpreted as a commodity of flow that needs to send a given amount of
flow from its start vertex to its end vertex in case that we select it. If the path consists of a
single edge then UFP is identical to knapsack.

In this paper, we study the Storage Allocation Problem (SAP) which combines properties
of 2DKP and UFP: We are given a path (V) E) where each edge ¢ € E has a capacity u. € N,
and a set of tasks T" where each task i € T is specified by a size d; € N, a profit w; € N, a
start vertex s; € V, and an end vertex t; € V. Let P(i) denote the path between s; and ¢; for
each i € T. The goal is to select a subset of tasks 7/ C T and define a height level h(i) > 0
for each task ¢ € T’ such that the resulting rectangle [s;, ;) x [h(7), h(i) 4 d;) lies within the
profile of the edge capacities, and we require that the rectangles of the tasks in 7" are pairwise
non-overlapping. Formally, for each task ¢ € T we require that h(7) + d; < u, for each edge
e € P(i) and additionally for any two tasks i, € T" we require that if P(¢) N P(i’) # 0, then
[h(2), h(7) + d;) N [h(i"), h(i") + di) = 0. Note that since we can choose h(i) we can define
the vertical position of the rectangle of each task ¢ but not its horizontal position. Again, if
FE has only one edge then the problem is identical to knapsack.

The problem SAP is motivated by settings in which tasks need a contiguous portion of
an available resource, e.g., a consecutive portion of the computer memory or a frequency
bandwidth. Observe that in contrast to UFP, in many applications of SAP the instances
have uniform edge capacities, e.g., if the available memory or frequency spectrum does not
change over time. From a mathematical perspective, SAP and UFP are closely related. Every
feasible SAP-solution T" satisfies ZieT,:eep(i) d; < u. on each edge e. This is exactly the
condition when a solution to UFP is feasible (UFP and SAP have the same type of input).
In SAP we require additionally that we can represent the tasks in 7" as non-overlapping
rectangles. Also, if all edges have the same capacity then SAP can be seen as a variant of
2DKP in which the horizontal coordinate of each item i is fixed and we can choose only the
vertical coordinate.

For quite some time, the best known polynomial time approximation ratios for 2DKP
and UFP had been 2 + ¢ [24, 2]. Recently, the barrier of 2 was broken for both problems
and algorithms with strictly better approximation ratios have been presented [16, 20]. For
SAP, the best known approximation ratio is still 2 + € [27], even for uniform edge capacities
and if we allow quasi-polynomial running time. In contrast, for 2DKP and UFP, better
quasi-polynomial time algorithms had been known earlier [3, 9, 1].

1.1 OQOur contribution

In this paper, we break the barrier of 2 for SAP and present a polynomial time (63/32+¢) <
1.969-approximation algorithm for uniform edge capacities and a quasi-polynomial time
(1.997 4 ¢)-approximation algorithm for non-uniform edge capacities in a quasi-polynomial
range. Key to our results is to identify suitable building blocks to construct profitable
near-optimal solutions such that we can design algorithms that find profitable solutions
of this type. We call a task small if its demand is small compared to the capacity of the
edges on its path and large otherwise. One can show that each edge can be used by only
relatively few large tasks which allows for a dynamic program that finds the best solution
with large tasks only. However, there can be many small tasks using an edge and hence this
approach fails for small tasks. We therefore consider boxable solutions in which the tasks
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Figure 1 Left: a boxable solution in which the (gray) tasks are assigned into the (orange) boxes.

Right: A stair-block into which small tasks (light gray) and large tasks (dark gray) are assigned. All
small tasks need to cross the vertical dashed line and all large tasks need to be placed on the right
of it underneath the dashed horizontal line. Therefore, the orange area denotes the space that is
effectively usable for the tasks that we assign into the stair-block.

are assigned into rectangular boxes such that each edge is used by only (logn)®®) of these
boxes, see Fig. 1. Using the latter property, we present a quasi-polynomial time algorithm
that essentially finds the optimal boxable solution. Furthermore, for many types of instances
we prove that there exist boxable solutions with high profit.

There are, however, instances for which it is not clear how to construct boxable solutions
that yield a better approximation ratio than 2. This is where our second building block
comes into play which are stair-blocks. Intuitively, a stair-block is an area into which we
assign small and large tasks such that the small tasks are jammed between the large tasks
and the capacity profile of the edges, see Fig. 1. We prove the crucial insight that if we fail to
construct a good boxable solution then this is because a lot of profit of the optimum is due to
small tasks in stair-blocks. We therefore devise a second algorithm that computes solutions
for such instances, yielding an approximation ratio better than 2. The algorithm is based on
a configuration-LP with a variable for each possible set of large tasks in each stair-block and
additionally variables for placing the small tasks in the remaining space. We separate it via
the dual LP in which the separation problem turns out to be a variation of SAP with large
tasks only. Then we sample the set of large tasks according to the probabilities implied by
the LP solution. As a result, there are some small tasks that we cannot pick anymore since
they would overlap the sampled large tasks. For some small tasks this will happen with very
large probability so most likely we will lose their profit. This is problematic if they represent
a large fraction of the profit of the LP. We therefore introduce additional constraints that
imply that if the latter happens then we can use another rounding routine for small tasks
only that yields enough profit.

» Theorem 1. There is a quasi-polynomial time (1.997 4 €)-approzimation algorithm for
SAP if the edge capacities are quasi-polynomially bounded integers.

Recall that in many applications of SAP the instances have uniform edge capacities. For
our polynomial time algorithm for this setting the above building blocks are not sufficient
since for example in our boxable solutions above an edge can be used by more than constantly

many boxes and hence we cannot enumerate all possibilities for those in polynomial time.

We therefore identify types of boxable solutions that are more structured and that allow us
to find profitable solutions of these types in polynomial time. The first such type are boxable
solutions in which each edge is used by only constantly many boxes. A major difficulty is
here that for a small task there are possibly several boxes that we can assign it to and if
we assign it to the wrong box then it occupies space that we should have used for other
tasks instead (in our quasi-polynomial time algorithm above we use a method to address
this which inherently needs quasi-polynomial time). We solve this issue by guessing the
boxes in a suitable hierarchical order which is not the canonical linear order given by their
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Figure 2 Left: a laminar boxable solution that consists of boxes of geometrically increasing sizes
whose paths form a laminar family. Right: a jammed solution in which a set of small tasks (light
gray) that are placed underneath some large tasks (dark gray). The small tasks are relatively large
compared to the (orange) space underneath the large tasks.

respective leftmost edges and we assign the tasks into the boxes in the guessed order. With
a double-counting argument we show that with our strategy we obtain a solution which has
essentially at least the profit of the large tasks in the optimal boxable solution of the first
type plus half of the profit of the small tasks. Our second special type of boxable solutions is
the case in which the paths of the boxes form a laminar family and the sizes of the boxes are
geometrically increasing, see Fig. 2. Even though there can be Q(logn) such boxes using an
edge, we devise an algorithm with polynomial running time for this kind of solutions. It is a
dynamic program inspired by [20] that guesses the boxes in the order given by the laminar
family and assigns the tasks into them. Finally, there can be small tasks such that in the
optimal solution the large tasks take away so much space that with respect to the remaining
space those small tasks actually become relatively large. We say that a solution consisting of
such small and large tasks forms a jammed solution which is our third type of building block,
see Fig. 2. We extend an algorithm in [27] for instances with large tasks only to compute
essentially the most profitable jammed solution. Our key technical lemma shows that for
any instance there exists a profitable solution that uses only the building blocks above and
we provide a polynomial time algorithm that finds such a solution.

» Theorem 2. There is a polynomial time (63/32 + &) < 1.969-approximation algorithm for
SAP for uniform edge capacities.

We would like to note that we did not attempt to optimize our approximation ratios up
to the third decimal place but instead we focus on a clean exposition of our results (which are
already quite complicated). Finally, we study the setting of (1 4 n)-resource augmentation
where we can increase the capacity of each edge by a factor of 1+ 7 for an arbitrarily small
constant 1 > 0 while the compared optimal solution cannot do this. In this case we obtain
even better approximation ratios and improve the factor of 2 for arbitrary edge capacities
even with a polynomial time algorithm. Key for these results is to show that using the
resource augmentation we can reduce the general case to the case of a constant range of edge
capacities and then establish that there are essentially optimal boxable solutions in which
each edge is used by a constant number of boxes. Using our algorithmic tools from above
this implies the following theorem.

» Theorem 3. In the setting of (1 + n)-resource augmentation there exists a polynomial
time (3/2 + &)-approximation algorithm and a quasi-polynomial time (1 + £)-approximation
algorithm for SAP with arbitrary edge capacities.

Due to space constraints, this extended abstract intends to give only an overview of our
methodology. For a complete presentation of our results we refer to [28].
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1.2 Other related work

Previous to the mentioned (2 + ¢)-approximation algorithm for SAP [27], Bar-Noy et al. [6]
found a 7-approximation algorithm if all edges have the same capacities which was improved
by Bar-Yehuda et al. to a (2 + ¢)-approximation [7]. Bar-Yehuda et al. [8] presented the
first constant factor approximation algorithm for SAP for arbitrary capacities, having an
approximation ratio of 9 4+ e. A related problem is the dynamic storage allocation problem
(DSA) where in the input we are given a set of tasks like in SAP and we all need to pack all

of them as non-overlapping rectangles, minimizing the maximum height of a packed item.

The best known approximation ratio for DSA is a (2 + €)-approximation which in particular
uses a (1 + ¢)-approximation if all tasks are sufficiently small [11]. This improves earlier
results [25, 26, 17, 18].

For 2DKP for squares there is an EPTAS [21] which improves earlier PTASs [22, 23].

For rectangles, there was a (2 + ¢)-approximation known [24, 23] which was improved to a
(17/9 + e)-approximation [16]. There is a PTAS if the profit of each item is proportional
to its area [5]. Also, there is a QPTAS for quasi-polynomially bounded input data [1]. For
UFP there is a long line of work on the case of uniform edge capacities [29, 6, 12], the
no-bottleneck-assumption [13, 15], and the general case [3, 4, 14, 10, 2] which culminated in
a QPTAS [3, 9], PTASs for several special cases [19, 9], a (2 + €)- approximation [2], which
was improved to a (5/3 4 €)-approximation [20].

2 Overview

In this section we present an overview of our methodology for our algorithms. Let ¢ > 0 and
assume that 1/e € N. First, we classify tasks into large and small tasks. For each task i € T
let b(7) := min.c p(;) ue denote the bottleneck capacity of i. For constants p,d > 0 we define
that a task ¢ is large if d; > § - b(i) and small if d; < g - b(7). The constants ¢, u are chosen
to be the values d;+ and p;+ due to the following lemma, which in particular ensures that the
tasks 4 with p-b(i) < d; < d-b(i) contribute only a marginal amount to the optimal solution
OPT whose weight we denote by opt.

» Lemma 4. We can compute a set (p1,01),. .., (p1/e,01/:) such that for each tuple (puy, ox)

we have 60((1/6)1/5) < < 5105,1/5, d; < € and for one tuple (uy~,0k) it holds that
w(OPT N {i € T | pp- - b(i) < d; < 6= - b(i)}) < & - opt.

Let T7, and Ts denote the sets of large and small input tasks, respectively. For each edge
e let T, C T denote the set of tasks ¢ € T for which e € P(i). We will show later that for
many instances there are profitable solutions that are bozable which intuitively means that
the tasks can be assigned into rectangular boxes such that each edge is used by only few
boxes. A box B is defined by a start vertex sg, an end vertex tg, and a size dg. We define
P(B) to be the path of B which is the path between sp and tg. A set of tasks TV C T fits
into B if

for each ¢ € T” we have that P(i) C P(B), and

there is a value h(i) € [0,dg) for each i € T” such that (T’,h) is feasible if each edge

e € P(B) has capacity dg, and

|T’| =1 or we have d; < &% -dp for each i € T".
We say that a set of boxes B and a height level assignment h : B — N forms a feasible
solution (B, h) if the boxes in B interpreted as tasks form a feasible solution with h (see
Fig. 1), i.e., if the set (T(B), k') is feasible where T'(B) contains a task i(B) for each B € B
such that P(i(B)) = P(B), d; = dy gy and h'(i(B)) = h(B).
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Figure 3 A stair-block SB = (er, em,er, f,T1,h’). The black tasks are the tasks in T7. The
orange area denotes the area that is effectively usable for the tasks that we assign to SB. The light
and dark gray tasks are small and large tasks, respectively, that together fit into SB.

» Definition 5. A solution (T',h') is a B-boxable solution if there exists a set of boxes
B={Bu,...,Bjg} and a partition T' = T{U... UT{B\ such that

for each j € [|B], T} fits into the box B; and if T; N Ty, # 0 then |T}| =1,

each edge e € F is used by the paths of at most B boxes in B,

there is a height level h'(B) for each box B € B such that (B,h') is feasible.

In the following lemma we present an algorithm that essentially computes the optimal
B-boxable solution. We will use it later with § = (logn)°("). Assume in the sequel that we
are given a SAP-instance where u. < n(°8™° for some ¢ € N for each e € E.

» Lemma 6. Let 8 € N and let (Thox, hbox) be a B-bozable solution. There is an algorithm
with running time n(8108n/aw)®Y 4hat computes a B-bozable solution (T, h) with w(T") >

W(Thox)/(1 +€).

Our second type of solutions are composed by stair-blocks (see Fig. 1 and Fig. 3).
Intuitively, a stair-block is an area underneath the capacity profile defined by a function
f: E — Np and three edges ey, e, er, where ey lies between ey, and eg. The corresponding
area contains all points above each edge between ey, and ej; whose y-coordinate is at least
ue, and all points above each edge e between ey and er whose y-coordinate is in [fe, te,, )
Additionally, there are some tasks 77 C Ty, N (Te,, UT.,) and a function i’ : T} — Ny that
assigns height levels to them where the intuition is that those tasks are given in advance and
fixed. We require that each of them intersects the mentioned area below wu., , i.e., for each
i € T} we have that h'(:) +d; < u., and there is an edge e € P(i) N Pe,, ¢ \ {€am} such that
R (i) +d; > fe where P.,, ., is the path that starts with ep; and ends with eg. Also, we
require that f(e) = u., for e = ep; and each edge e on the left of eyy.

Given a stair-block, we will assign tasks 7" into the mentioned area such that we require
that all small tasks in 7" use eps and for each large tasks i € T" we require that P(i) C P, ¢,
Due to the former condition, not all points with z-coordinate between e, and ej; are actually
usable for tasks assigned to SB and the usable ones form a staircase shape (see Fig. 1).
Formally, we say that a solution (T, k") fits into a stair-block SB = (er,em,er, f, T, ') if
P(i) C Peyyer and fo < B (i) < ue,, —d; for each i € T"NTy, and each e € P(3), b (i) > ue,
and i’ € T.,, for each ¢/ € T" N Tg, and additionally (T} UT”,h’ U L") forms a feasible
solution. Also, we require that h'(#) < d; for each ¢ € T"” NTy, which is a technical condition
that we need later in order to be able to compute a profitable stair solution efficiently. A
set of tasks T" fits into a stair-block SB, if there is a function h” such that the solution
(T, h") fits into SB. We will need later that the function f is simple and to this end we say
that a stair-block SB = (er, em, er, f, 17, h') is a y-stair-block if f is a a step-function with
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at most v steps. Note that it can happen that eg lies on the left of ey, and then we define
P.,, c, to be the path that starts with ep and ends with ejs (one may imagine that Fig. 1 is
mirrored).

We seek solutions that consist of stair-blocks and large tasks that are compatible with
each other. To this end, for a stair-block SB = (e, e, er, f,T},h’) we define P(SB) to
be the path starting with the edge on the right of e, and ending with eg. A large task ¢
with height h(i) is compatible with SB if i ¢ T} and intuitively ¢ does not intersect the area
of the stair-block, i.e., if A(i) > u.,, or h(i) + d; < f, for each e € P(i) N P(SB). We say
that a task ¢ € Ty, with height h(7) is part of SB if i € T} and h(i) = h'(i). We say that
stair-blocks SB = (er, e, er, f, Ty, ') and SB = (eL,én, R, f, ny h') are compatible if for
each task i € T} NT} we have h'(i) = h'(i), each task i € T’y \ T} is compatible with SB,
each task i € T} \ T} is compatible with SB, and there is no task i € T' that fits into both
SB and SB (for suitable heights k(i) and h”()). Intuitively, a stair-solution consists of a
set of stair-blocks and a set of large tasks T that are all compatible with each other.

» Definition 7. A solution (T",h") is a y-stair-solution if there exists a set of ~-stair-blocks
{8Bi,...,SBy} and partitions T" NTy, = TYUT}U...UTF and T" NTs = TEU...UTE such
that for each j € [k|, the tasks Ti UTg fit into SB;, for any j,j' € [|SB|] the stair-blocks SB;
and SBj: are compatible, for each stair-block SB; and each task i € TY with height h" (i),
the task i is compatible with SB; or part of SB;, and each edge is contained in the path P(i)
of at most v tasks i € TP and in the path P(SB;) of at most ~y stair-blocks SB,;.

Our main structural lemma is that there exists a boxable solution or a stair solution
whose profit is large enough so that we can get an approximation ratio better than 2.

» Lemma 8 (Structural lemma). There exists a (logn/6%)°tY) bozable solution They such
that w(Thox) > opt/(1.997 + &) or there exists a (logn/O(0))°H V) stair-solution Tyiasr

with w(Ts N Tytair) > éw(TL N Tytair) for some value o > 1 such that w(Tsair N TrL) +

7g(a1+1)w(Tstair NTg) > opt/(1.997 + ¢).

If the first case of Lemma 8 applies then the algorithm due to Lemma 6 yields a (1.997+¢)-
approximation. In the second case the following algorithm yields a (1.997 + ¢)-approximation
which completes the proof of Theorem 1.

» Lemma 9. Let (Titair, hstair) be a y-stair solution with w(Ts N Tytair) > éw(TL N Tstair) for
some value « > 1. There is an algorithm with running time (n-max, ue)OS(V2 log(maxe ue)) ¢hqt
computes a stair solution (T, h') with w(T") > (170(6))(w(T5tairﬁTL)+mw(T5tairﬂTs)).

2.1 Uniform edge capacities

Assume now that all edge capacities are identical, i.e., that there exists a value U such that
ue = U for each edge e € E but that not necessarily U < n(1°2™)° For this case we want to
design a polynomial time (63/32 + ¢)-approximation algorithm. The above building blocks
are not sufficient since the corresponding algorithms need quasi-polynomial time. Therefore,
first we consider special cases of boxable solutions for which we design polynomial time
algorithms. We begin with such an algorithm for S-boxable solutions for constant 3 that
intuitively collects all the profit from the large tasks in the optimal 8-boxable solution and
half of the profit of its small tasks.

» Lemma 10. Let 8 € N and let (Thox, hbox) be a B-bozable solution. There is an algorithm
with running time n°®°/) that computes a solution (T',1') with w(T") > w(Tyex N TL) +
(1/2 = e)w(Thox N Ts).
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Figure 4 A jammed solution with two subpaths E1, E2> corresponding horizontal line segments
E1 x By and E; X Ba, and small tasks (light gray) that are jammed in the respective orange areas
between the large tasks (dark gray).

Next, we define laminar boxable solutions which are boxable solutions in which the paths
of the boxes form a laminar family and the sizes of the boxes are geometrically increasing
through the levels (see Fig. 2). A set of boxes B = {Bi,..., Bjg|} with a height assignment
h: B — Nis a laminar set of boxes if

the paths of the boxes form a laminar family, i.e., for any two boxes By, By, we have that

P(By) C P(By), P(By) C P(By), or P(By) O P(By) =0,

there is a box B* € B with P(B) C P(B*) for each B € B,

for each box B € B we have that dg = (1 + ¢)* for some k € N,

for each box B € B with dg = (1 4 £)* for some integer k& > 1 there is a box B’ € B with

P(B)C P(B'), dgr = (1 +¢)k~t, and h(By) = h(Bk—1) + dg,_, -

We define P(B) := P(B*). A B-laminar bozxable solution is now a boxable solution whose
boxes can be partitioned into sets B = {Bo, B1, ..., Bjgj—1} such that the boxes in the sets
Bi,...,Bjp—1 are laminar sets of boxes whose respective paths P(B;) are pairwise disjoint
and each edge is used by at most 8 boxes from By. Also, each box in By contains exactly one
large task and each box in By, ..., Bjz—1 contains only small tasks. We design a polynomial
time algorithm for finding profitable laminar boxable solutions.

» Lemma 11. Let (Tiam, Mam) be a B-laminar bozable solution. There is an algorithm
with a running time of nOB+1/e%) that computes a -laminar bozable solution (T',h') with
w(T") > w(TNam NTL) + w(Tam N Ts)/(2 + €).

The next class of solutions are pile boxable solutions. A set of boxes B = {By, ..., Bg|}
with a height assignment h : B — N is called a §-pile of bozes if |B| < 8, P(Bg) 2 P(Bg+1),
h(By) = (k—1)U/|B| and dp, = U/|B| for each k. We define P(B) := P(B;). A B-pile
boxable solution is, similarly as above, a boxable solution whose boxes can be partitioned
into sets of boxes B = {By, B, ..., B|g|—1} such that the boxes in the sets By, ..., B -1 are
B-piles of boxes whose respective paths P(B3;) are pairwise disjoint and each edge is used by
at most 3 boxes in By. For S-pile boxable solutions we design a polynomial time algorithm
that finds essentially the optimal solution of this type.

» Lemma 12. Let (Tpite, hpite) be a B-pile bozable solution. There is an algorithm with a
running time of n®P+1/9) that computes a [-pile bozable solution (T',h') with w(T') >
w(Tpite) /(1 +€).

Finally, we define jammed solutions (which are not defined via boxes). Intuitively, they
consist of large and small tasks such that the small tasks are placed in areas between some
horizontal line segments and the large tasks such that the small tasks are relatively large
compared to the free space on each edge in these areas (see Fig. 2 and Fig. 4). Formally,
given a solution (17, k') where we define 77 :=T' NTy, let E' C E be a subpath, and let
B > 0 such that intuitively no task ¢ € T} crosses the line segment E’ x B, i.e., for each
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task i € T} we have that E' N P(i) = 0 or h'(¢) > B or h'(i) + d; < B. The reader may
imagine that we draw the line segment E’ x B in the solution given by the large tasks 77
and that we are interested in small tasks that are drawn above E’ x B. For each edge e € E’
let u; = min;ers .cep(iyan(iy>p (i) — B and define ug := U — B if there is no task i € T},
with e € P(i) and h(i) > B. A task i € T'NTg is a §'-jammed tasks for (T}, E’', B, 1) if
P(i) CE', B<h(i) <h(i)+d; <ul for each edge e € P(i), and there exists an edge
e’ € P(i) such that d; > §'ul,, i.e., intuitively ¢ is relatively large for the edge capacities u'.

e’

» Definition 13. A solution solution (T',h') is a §’-jammed-solution if there are pairwise
disjoint subpaths E,...,E, C E, values By,..., By, and a partition Tg == T' N Ty =
Tg,U...UTg,, such that T, is a set of &'-jammed tasks for (T7, E¢, Be, h') for each £ € [K]
with T, .= T' N Ty

» Lemma 14. Let (Tjam, hjam) be a &'-jammed solution. There is an algorithm with a
running time of n® (/%) that computes a O(8')-jammed solution (T',h') with w(T') >
w(Tam) /(1 + €).

Our key structural lemma for the case of uniform edge capacities shows that for each
instance there exists a solution of one of the above types for which the respective algorithm
finds a solution of profit at least opt/(63/32 + ¢). Then Theorem 2 follows from combining
Lemmas 10, 11, 12, 14, and 15.

» Lemma 15 (Structural lemma, uniform capacities). Given a SAP-instance (T, E) where
ue = U for each edge e € E and some value U. There exists at least one of the following
solutions

a O (1)-bozable solution (Thox, hbox) Such that

W(Thox NT1) + w(Thox N Ts)/2 > OPT/(63/32 + ¢)

a laminar bozable solution (Tam, ham) with

W(Nam NTL) + w(Tam N Ts)/2 > OPT/(63/32 4 ¢)

a O:(1)-pile bozable solution (Tpite, hpile) with w(Tpne) > OPT/(63/32+ ¢)

a jammed-solution (Tiam, Rjam) with w(Tiam) > OPT/(63/32 + ¢).

2.2 Resource augmentation

We consider now again the case of arbitrary edge capacities but under (1 + n)-resource
augmentation. First, we show that due to the latter we can reduce the general case to the
case of a constant range of edge capacities.

» Lemma 16. If there is an a-approzimation algorithm with a running time of n@ (1:M))
for the case of (1 + n)-resource augmentation where n < 1 and u, < Mue for any two edges
e, €’ then there is an a(1 + €)-approzimation algorithm with a running time of nO(f(m:1/(en)))
for the case of (14 O(n))-resource augmentation.

Next, we show that if we are given an instance with a constant range of edge capacities,
under (1 + n)-resource augmentation we can guarantee that there is an (1 + €)-approximative
O¢ (1)-boxable solution. Then Theorem 3 follows by combining Lemmas 6, 10, 16, and 17
with the (1 + ¢)-approximation algorithm for sufficiently small tasks in [27].

» Lemma 17. Given an instance where ue < Mu for any two edges e, e’ with optimal
solution (T, h*). If we increase the edge capacities by a factor of 141, there is a O ,(1)-
bozable solution (T',h") such that w(T') > w(T*)/(1 +¢).
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3  Structural lemma for uniform capacities

In the remaining part of this subsection, we sketch the proof of Lemma 15. Consider an
optimal solution (OPT, k). We define OPTy := OPTNTL and OPTg := OPTNTs.

Recall that our goal is to improve the approximation ratio of 2. Observe that OPT alone
is a 1/0-boxable solution and hence if w(OPTp) > mopt then we obtain a 1/d-boxable
solution with the desired properties. Similarly, the set OPTg yields a pile boxable solution
with exactly 1 box B with P(B) = E and dp = U. Therefore, if w(OPTg) > mopt
then we are done. The reader may imagine that w(OPTg) = w(OPTp) = %opt. We split
the small tasks in OPTg into three sets OPTs top, OPTs mid, OPTs bottom. Intuitively, we
draw a strip of height §U at the bottom of the capacity profile and a strip of height dU at
the top of the capacity profile and assign to OPTg.p all tasks in OPTg whose top edge
lies in the top strip, we assign to OPTg pottom all tasks in OPTg whose bottom edge lies
in the bottom strip, and we assign to OPTg niq all other small tasks. Formally, we define
OPTg op := {i € OPTs | h(i) +d; > (1 —6)U}, OPTs bottom := {i € OPTg | h(i) < 06U},
and OPT&mid = OPTg \ (OPTsytop @] OPTS,bottom)~

Small tasks at bottom and large tasks. We define solutions that consists of OPT, and sub-
sets of OPTs bottom. For each edge e let ul, := miner; .cep(i) h(i) and define u!, := U if there
is no task ¢ € T} with e € P(). One may think of ' as a pseudo-capacity profile for which
OPTg bottom is a feasible solution. We the following lemma and obtain sets OPT g bottom, s
OPTs bottom,s With w(OPTg bottom,z. U OPT s bottom,s) = (1 — €)w(OPTgs bottom)-

» Lemma 18. Given a solution (T',h') for a SAP instance where max,u, < n°8™" for

some constant c. Then there are sets T; C T and T{ C T with w(TpUTE) > (1-0(e))w(T”)

and there is an n = O, 5(1) such that

1. for each edge e it holds that |T}, N T.| < (logn)®=+(°) and

2. for each task i € T} there is an edge e € P(i) with d; > nu,,

3. there is a bozable solution for Tg in which each edge e is used by at most (log n)of(c)
boxes,

4. these bozes form groups of laminar sets of bozes.

We have that for each task ¢ € OPTgpottom,r. there is an edge e € P(i) with d; >
dul,, therefore OPTg pottom,r, is a set of d-jammed tasks for (OPT,E,0,h) and hence
OPTr UOPTg bottom,r. forms a d-jammed-solution. Also, OPT U OPTg pottom,s forms a
laminar boxable solution. Hence, if w(OPTg bottom,s) or w(OPT s bottom,r) is sufficiently
large then we are done. Therefore, the reader may imagine that w(OPTg pottom,s) =
w(OPTg bottom,z.) = 0.

Small tasks at top and large tasks. We mirror OPT along the y-axis and do a symmetric
construction with OPTg ¢op: we apply Lemma 18 which yields sets OPT's top,1., OPT s top,s
and a J-jammed solution OPTy U OPTg40p,r and a laminar boxable solution OPTp U
OPTg top,s- Like before, the reader may imagine that w(OPTg top.5) = W(OPT g top,z.) =0
and hence w(OPTg mia) = w(OPTg) = Sopt.

Small and large tasks in the middle. Next, we split the large tasks OPT, into three sets
OPT tops OPTL mid, and OPT L pottom- Intuitively, OPTp ¢, consists of all tasks in OPT/,
whose top edge lies in the strip of height 6U at the top of the capacity profile, OPT[ pottom
consists of all tasks in OPT, whose bottom edge lies in the strip of height dU at the bottom
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of the capacity profile, and OPT, ;g contains all remaining tasks in OPT. Formally,
OPTL’tOp = {’L S OPTL|h(Z) +d; > (1 —6)U}, OPTL,bottom = {’L S OPTL|h(Z) < (SU}7 and
OPTL,mid = OPTL \ (OPTL,top @] OPTL,bottom)~

Observe that no task in OPT \ (OPTL bottom Y OPTs bottom) touches the rectangle E x
[0,0U). Using this, we define a boxable solution Th,0x that will consist essentially of all tasks in
the set OPT\ (OPTL bottom U OPTs bottom)- Intuitively, we will use the free space E x [0, 0U)
in order to untangle the interaction between the large and small tasks. More precisely, T}ox
will be a O5(1)-boxable solution in which all small tasks are assigned into boxes of height ©4(U)
each. More formally, we apply the following lemma to OPT \ (OPT, bottom U OPTs bottom)
and denote by (T} _,, h}

Vo Phox) the resulting solution.

» Lemma 19. Given a solution (T',h') such that no task touches the rectangle E x [0,0U).
Then there exists a Os(1)-bozxable solution (T’ hpox)-

We apply Lemma 19 to the solution obtained by taking OPT \ (OPTy top U OPTg top)
and shifting each task up by 6U units. Let (T{/ _, ki ) denote the resulting solution. Assume

box’ "“box

w.l.o.g. that w(OPTL top) < w(OPTL bottom). Observe that if w(OPTf mia) > yopt then
w(T' NTL) > w(OPTL bottom) + w(OPTL mid)

Z w(OPTL,top U OPTL,bottom) + w(OPTL,mid>

1
2
1

%mopn)

Y

and w(T' NTs) > w(OPTs \ OPTg bottom). Therefore, the reader may imagine now that
’U}(OPTL’mid) =0.

Types of points in the middle

We distinguish points in the rectangle E x [0, U] into different types and identify each task
i € OPT with a rectangle R; := P(i) x [h(%), h(i) + d;]. For each point p let ¢, denote the
maximally long horizontal line segment in E x [0, U] that contains p and that does not touch
the relative interior of a task in OPTp 1o, U OPTL bottom. We say that p is a top-point if no
endpoint of £, touches a task in OPT [ pottom, P is & sandwich-point if one of the end-points
of £, touches a task in OPTp top, and the other end-point touches task in OPTy, hottom, and
p is a bottom-point if no endpoint of £, touches a task in OPTy (o, and at least one endpoint
of £, touches a task in OPTf pottom. Note that here we do not define stair-points since the
edges have uniform capacities. Let Ciop, Csw, Chottom denote the set of connected components
of top- sandwich-, and bottom-points, respectively.
Each edge is used by at most three connected components in Ciop U Csw U Chottom-

» Lemma 20. Each edge e can be used by at most one connected component of top-points,
by at most one connected component of sandwich-points, and by at most one connected
component of bottom-points.

Let OPTg cross © OPT g miq denote the tasks in OPTg miq that intersect at least two

different connected components, e.g., a connected component of top-points and a connected
component of sandwich-points.

» Lemma 21. FEach edge is used by at most 2 different tasks in OPTg cross-

In particular, OPT1, U OPTg coss forms a O(1/6)-boxable solution. If w(OPTg cross) 1S
sufficiently large we are therefore done. The reader may imagine that w(OPTg ¢ross) = 0.
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Top points. Consider a connected component C' of top-points. Let OPTg mid top(C) C
OPTg miq denote the tasks in OPTg miq contained in C. We apply Lemma 18 and obtain
the sets OPTg mid,top,s(C) and OPTs nid top,.(C). Let

OPTS,mid,top,S’ = U OPTS,mid,top,S(C)
C€eCyop

and

OPTS,mid,top,L = U OPTS,mid,top,L(C)-
CeCrop

We obtain that OPTr 1op U OPTL bottom U OPTs mid top, . is @ d-jammed solution and
OPTy top U OPTL bottom U OPT g mid,top,s is a laminar boxable solution. Intuitively, if
W(OPT g mid top,z.) OF W(OPTg mid top,s) is sufficiently large then we are done. The reader
may therefore imagine that both quantities are zero.

Bottom points. We do a symmetric operation for all connected components C' of bottom-
points, obtaining respective sets OPT's mid,bottom,s; OPT's mid,bottom,L, & 0-jammed solution

OPTL,top ) OPTL,bottom ) OPTS,mid,bottom,L;
and a laminar boxable solution
OPTL,top ) OPTL,bottom ) OPTS,mid,bottom,S~

Like before, the reader may imagine that w(OPTg mid bottom,s) = W(OPTs mid,bottom,r) = 0.

Sandwich points. Finally, let OPTg 1iq sw denote all points in OPTg ;4 that are contained
in a connected component in Cs,. We assume first that w(OPT 1op) > w(OPTL bottom)-
We define a solution consisting of some tasks in OPTg miq,sw and additionally all tasks in
OPTr top. Let C € Csw and denote by OPT g mia(C) the set of tasks in OPTg miq that
are contained in C. Let E’ denote the maximally long subpath between two vertices v, v’
such that for each = € [v,?'] the vertical line through z, i.e., {z} x R, has non-empty
intersection with C'. Note that the rectangle E’ x [0, U] has empty intersection with each
tasks in OPT [ top U OPT g miq. Intuitively, we use this free space in order to push all tasks
in OPTg 1ia(C) down by 6U units. Then they all fit into O(1) boxes that have non-empty
intersection with the tasks in OPT, ¢op.

» Lemma 22. Given C € Cy. There is a pile of boves B = {Bi,...,By/s5} (with a
height assignment h: B — Ng) such that P(B) C E’ and there are pairwise disjoint sets
T1,...,Tig) € OPT g mia(C) such that for each j, the tasks in T; fit into B;. The weight of
tasks in the boxes is at least 3, w(T;) > (1 — €)w(OPTgmia(C)).

Let OPT s mid,sw = UCECSW OPT s mia,s(C). We apply Lemma 22 to each component
C € Csy and hence we obtain a pile boxable solution whose profit is at least

(1 - 6)10 (OPTL,top U OPTS,mid,sw) .
In a similar way we can construct a pile boxable solution of profit at least

(1 - €)w (OPTL,bottom U OPTS,mid,sw) .



T. Momke and A. Wiese

» Lemma 23. There is a pile bozable solution (TL,, h.,) with profit at least

(1 - E)w (OPTL,top U OPTS,mid,sw U OPTS,cross)

and a pile bozable solution (T.,, hY, ) with profit at least

(1 - 5>w (OPTL,bottom U OPTS,mid,sw ) OPTS,cross) .

Intuitively, since w(OPTr,mia) = 0 we have w(OPT top) = opt/4 or w(OPTL pottom) =
opt/4. Also, since w(OPTsmidtop) = wW(OPTsmidbottom) = W(OPTseross) = 0 and
w(OPTg,mia) = opt/2 we have that w(OPTg miasw) = opt/2. Hence, (T4, k") or (T4, h")
satisfies the claim of the lemma. Formally, our candidate solutions are

OPTW := OPTg,

OPT® := OPTL UOPTS bottom.s »

OPT® := OPTL UOPTs bottom.z ;

OPTW := OPT, UOPTg t0p.5

OPT®) := OPT, UOPTs t0p.L ,

oOPT® = o »

oPT" =T,

OPT® := OPTL U OPT5 cross

OPT™ := OPTy, 10p U OPTL bostom U OPTs mid top.s »
OPT® := OPTy, 10p UOPTL bottom U OPTs mid top.. »
OPT® .— OPTL top UOPTL bottom U OPTs mid bottom,S »
opT(10) .— OPTL top UOPTL bottom U OPTg mid bottom, L »

OPTMY .= 77 and

opTU? .= 1" .

The sets OPT(U, OPT(Q)7 and OPT!? are pile boxable solutions, OPT(Z), OPT(4)7 OPT(7),
and OPT® are laminar boxable solutions, OPT(S),OPT(5),OPT(8), and OPT!? are 4-
jammed solutions, and finally OPT(” and OPT® are O;5(1)-boxable solutions.

Our insights above determine constraints of a linear program which provides an upper
bound on the approximation ratio. Using LP duality, we are able to prove that the obtained
value is at most 63/32, which completes the proof of Lemma 15.

4  Structural lemma for arbitrary capacities

In this section we prove Lemma 8. We first limit the number of large tasks per edge that
can appear in a feasible solution.

» Lemma 24. For each edge e and each feasible solution (Tsor, hsor) it holds that |Tsor N
T, NT.| < (logu.)/d2.

Consider an optimal solution (OPT,h). Define OPT; := OPT N T, and OPTg :=
OPTNTs. Since we assumed the maximum edge capacity to be quasi-polynomially bounded,
Lemma 24 shows that each edge can be used by at most 1/62(logn)?™) large tasks in OPT.

86:13

ICALP 2020



86:14  Breaking the Barrier of 2 for the Storage Allocation Problem

top-points

A+ __ _ D [T ha stair-points
stair-points / I I

A+ o [ ) S I () N [ Y

sandwich-points

bottom-points

Figure 5 The different types of points within a corridor C%. Note that the small tasks are not
shown in the figure.

Therefore, the tasks in OPT, alone form a boxable solution. Since our goal is to improve the
approximation ratio of 2 in [27], we are done if w(OPTy) > (3 +~)OPT for some v > 0. The
reader may therefore imagine that w(OPT) < OPT/2 and hence that w(OPTg) > OPT/2.

We partition the large tasks OPTy into two groups. We define OPTy, | := {i € OPTy, |
h(i) < d;} and OPTy 4 := {t € OPTy | h(i) > d;}. In the next lemma we show that there is
a boxable solution that contains essentially all tasks in OPTg U OPTy 4.

» Lemma 25. For an arbitrary 0 < € < 1/3 there exists a bozable solution with profit at
least (1 — e)w(OPTs UOPTyL ).

Intuitively, if now w(OPTy ) > yOPT for some v > 0 then w(OPTg U OPTy ) >
(% + v)OPT and we are done, due to Lemma 6 and Lemma 25. The reader therefore may
imagine that w(OPTy 1) = 0 and w(OPTg) = OPT/2 and hence also w(OPTy ) = OPT/2.

Next, we define solutions that either consist of OPT | or of a subset of OPTr | and
additionally some small tasks. We will prove that one of the constructed sets or OPTg U
OPTy, + has large profit. In the sequel, we will identify the vertices {vy,..., vy} of (V, E)
with the coordinates 1,...,|V| and a path P between vertices v;, v;; with the closed interval
[i,4']. For each task ¢ € OPT define its rectangle R; := P(i) x [h(2),h(i) + d;]. We will
identify a task ¢ with its rectangle R;.

We define (log n)oé(l) corridors. We draw a horizontal line /(%) with y-coordinate y =
(1+6)F for each k € N. For each k € N we define the area R x [¢(F), ¢(k+1)) to be the corridor
Cj. Consider a task i € OPTy. Observe that for each task ¢ € OPT, the rectangle R; has
to be intersected by at least one line £(*) since d; > & - b(i). Also, observe that for each edge
e and each corridor Cy, there can be at most two tasks i,7" € OPT whose respective paths
P(i), P(i') use e and whose respective rectangles R;, R;» intersect Cy. If there are two such
task 7,4’ then for one of them its rectangle must intersect £(*) and for the other its rectangle
must intersect ¢(F+1),

Let C) be a corridor. For a task i € OPTy, with R; N Cy # () we say that i is a top-
large-task for Cy if h(i) € [(1 + 6)%, (1 + §)**1), a bottom-large-task for Cy if h(i) + d; €
[(14+68)%, (1+0)k*1), and a cross-large-task for Cy, if h(i) < (1+0)* and h(i)+d; > (1+8)F+1.
We partition the area of C that is not used by large tasks into connected components of
points. For each point p, let £, denote the maximally long horizontal line segment that
contains p and that neither crosses a large task nor the capacity profile. We say that p is
a top-point if each endpoint of £, touches a top-large-task or the capacity profile; p is a
sandwich-point if one of the end-points of £,, touches a top-large-task and the other end-point
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touches a bottom-large-task; p is a stair-point if one end-point of ¢, touches a bottom-
large-task and the other end-point touches the capacity profile; and p is a bottom-point, if
both end-points of £,, touch a bottom-large-task, see Fig. 5. In each corridor Cj, this yields
connected components of top-, bottom-, sandwich-, and stair-points. In the remaining proof
(see [28]) we show that for each of these types there exists a (logn/d)(¢)-boxable solution
or a (logn/§)9=(¢)_stair solution that contains all tasks in OPT | and a constant fraction
of the small tasks in all connected components of the respective type, or of the small tasks
that overlap more than one type of points. Hence, we obtain an approximation ratio strictly
better than 2, unless essentially all small tasks lie in connected components of sandwich
points. For this case, intuitively we prove that there is a (logn/ §)9=(¢)_boxable solution
that contains all profit from the small tasks and a 1/4-fraction of the profit of the tasks in
OPTy, . We show that the best of our solutions yields an approximation ratio of 1.997 + ¢
which proves Lemma 8.

5 Compute stair solution

In this section we prove Lemma 9. To this end, we first show how to compute a solution
for a single stair-block SB. Then we devise a dynamic program that intuitively sweeps the
path from left to right, guesses the stair-blocks and the other large tasks, and then uses the
subroutine for a single stair-block to assign tasks into each stair-block. Suppose that we are
given a y-stair-block SB = (e, e, er, f,Th,h'). Let T denote the set of tasks i € T such
that {i} fits into SB. In the sequel, we prove the following lemma.

» Lemma 26. Let T* C T be an unknown set of tasks that fits into SB such that w(TsNT*) >
Lw(TL NT*) for some value o > 1. There is a (n - max, u )3 leemaxe ue)) time algorithm
that computes a set T' that fits into SB such that

1

w(T) > (1-0(e))) (w(TL Ot sy

~w(Ts mT*)) .

First, we guess w(T;, NT*) up to a factor 1 + ¢, i.e., we guess a value W such that
w(Ty, NT*) € [W,(1+¢)W). One can show that (n/e)°(!) many guesses for W suffice. Our
algorithm is based on a linear program that uses configurations for the sets of large tasks
that fit into SB. Formally, we define a pair C' = (T',h’) to be a configuration if T' C T,
w(T") € [W,(14¢)W), b’ is a function A’ : T' — N such that h/(i) < d; for each task i € T”,
and (T’,1') fits into SB. Let C denote the set of all configurations. We introduce a variable
yco for each configuration C € C. Intuitively, yc = 1 indicates that the computed solution
contains exactly the set of large tasks in C', each of them drawn at the height level determined
by C. For each small task j € Ts := T N Ts and each ¢ € {0,...,b(j) — d;} we introduce a
variable z;; indicating whether j is contained in the solution and drawn at height ¢. Note
that we do not need variables x;, for ¢ > b(j) — d; since the upper edge of j has to have a
height of at most b(5).

We add constraints that ensure that the rectangles corresponding to the selected tasks do
not overlap. To this end, for each small tasks j € T and each possible height ¢ € {0,...,0(j)—
d;} we define a “rectangle” p(j,t) = {(e,t') | e € P(j) and t <t <t +d;}. For a pair (e, t)
the reader may imagine that it represents the point whose x-coordinate is the mid-point of the
edge e and whose y-coordinate is t. Similarly, for a configuration C' = (T”,h') € C we define
the “points” covered by C to be p(C) := {(e,t') | Ji € T : e € P(i)and b/ (i) < t' < h'(i)+d;}
and we = w(T").
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Denote by LPsp the linear program below where for convenience we assume that all
non-existing variables are set to zero.

max » cee Yowe + Zje’f‘s’t Tj,tW; (1)
st Yo (e;tyep(C) YC (2)
+ Z zjp <1 forallee P, ¢n,t >0 (3)

JETs,t": (e,t)Ep(j,t")
Yoo (etyep(c) YO T Dot Tiw <1 foralle € Pey ep,t>0,5 € TsNT, (4)
ZCEC Yyc = 1 (5)
Yiso@ie <1 forall jeTs (6)

zjt,yc >0 forall j € Ts,t €Nt <b(j)—d;,CeC

The first set of constraints (3) expresses intuitively that no two rectangles overlap. Then
(4) strengthens this condition by stating that if a configuration C' covers a point (e, t) then
no small task j using e can be selected such that it covers a point (e,t’) with ¢’ <t (note
that if C covers (e, t) then it also covers each point (e,t') with ¢’ < t). Constraint (5) ensures
that we select exactly one configuration. A task j still cannot be drawn at two positions
simultaneously, which we ensure with (6). In the LP above, we introduce constraints (3) and
(4) for each t > 0, however, it is sufficient to state those for each ¢ such that ¢ € N since
d; € N for each task 7 € T and we introduce the variables x;; only for values ¢ with ¢t € N.
This yields an equivalent formulation with only (n max, u.)°") constraints (apart from the
non-negativity constraints). The number of variables in LPsg is exponential. However, we
can solve it in polynomial time via a suitable separation oracle for the dual.

» Lemma 27. There is an algorithm with running time (nmax, u,)0s(108(maxeue)) that
computes an optimal solution to LPsg.

5.1 The rounding algorithm

Let (z*, y*) denote the optimal solution to LPsp. We round (x*, y*) via randomized rounding.
First, we sample a configuration C using the distribution determined by y*, i.e., for each
configuration C' € C, we obtain C' = C with probability yc. Define Yo =1 and yc := 0 for
each C € C\ {C}. Then we construct a new solution z for the small tasks where intuitively
we remove all pairs (j,t) that overlap with C, i.e., such that p(4,t) ﬁp(é’) # (). For each
pair of the latter type we define z;; := 0 and we define z;; := 27,

Observe that x is a solution to the LP that is obtained by taking LPsp and removing all
variables yc and constraint (5). Denote by LPs; the resulting LP. We can round it via
randomized rounding with alteration, using that for two pairs (j,t), (§/,t") with 5,5’ € Ts
the corresponding rectangles p(j,t), p(j’,t') overlap if and only if they overlap on a “vertical
line segment above e;”, i.e., on Utue[t)de)m[t/,turdj,)(eM,t”).

for all other pairs (j,t).

» Lemma 28. Given a solution x to LPgy. In polynomial time we can compute an integral
solution T to LPsg with expected value 3 , Tjw; > %Zjei“s,t xjw; such that the
support of T is contained in the support of x.

Let (z,y) denote the resulting solution. Secondly, we compute the optimal solution to
LP%sg (hence ignoring the configurations of large tasks) and round it via Lemma 28, let
(z',y’) denote the resulting solution. In the sequel we prove that the most profitable solution
among (Z,7) and (Z', ) satisfies the claim of Lemma 9. Since we sampled C' according to
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the distribution given by y*, we have that E[lws] = > co ybwe. Recall that we discarded
all pairs (j,t) such that p(j,t) overlaps with p(C'). Hence, there are some pairs (j,t) that are
discarded with very high probability. We call such a pair problematic where formally we
say that a pair (j,t) with j € Ts and t € N is problematic if ZCGC:p(C)ﬁp(j,t);é@ ye>1—n
for some value 17 > 0 to be defined later. Let T denote the set of all problematic pairs. In
the following lemma we prove that their contribution to the profit of (z*,y*) is only small
and hence we can afford to ignore them, unless (%', y’) already has enough profit. Here we

crucially need constraint (4). We define opty, p 1= > cce yowe + 3 eqg ¢ T5Wj-

» Lemma 29. We have that Z(j’t)eTS! x}ywj < dnoptyp or the profit of (z',y") is at least
optpp > w(TL NT*) + w(Ts NT*).

Assume now that the first case of Lemma 29 applies. We argue that then the problematic
pairs contribute at most half of the profit of all pairs (for all small tasks) and hence we can
ignore the problematic pairs.

» Lemma 30. Assume that n < %%. Then Z(j,t)gZTs! T Wi > %Zjefs,t T7w;
Proof sketch. Let us pretend that } -.cytwe = w(Tp NT*). Then 3, 7 27 w;

>
w(Ts N'T*) since (z*,y*) is the optimal fractional solution. Therefore, >, 7 , 27, ,w; >

1 * 1 * 1 * * _ 1
5 2cecYowe and (L4 2) Y cq, 25 w5 = 5 (Zcec YoWe + D ieto mj,th) = LOoptrp-

This implies that > 7,27 w; = optyp/(a+ 1). Since 3 er,, @5 w; < dnoptyp <

optpp 1 B * ) .
NatD) =2 > jets .t T w; the claim follows. <

Each non-problematic pair is discarded only with probability at most 1 — n. Therefore,
the expected profit of the auxiliary solution x is at least an n-fraction of the profit of the

non-problematic pairs. Due to Lemma 30 we can neglect the profit due to problematic pairs.

1-0(¢)
8(at1)

For n := the claim of Lemma 26 follows from some simple calculation.

Arbitrary stair-solutions

In order to compute a profitable y-stair-solution we device a DP that intuitively sweeps
the path from left to right and guesses the stair-blocks in the optimal stair-solution. For
each stair-block we invoke the algorithm above. Since each edge can be used by at most

0(e/8) .
) . Since we require the

stair-blocks and large tasks we obtain a running time of n(¥&?
stair-blocks to be compatible, there can be no task that can be assigned to more than one
stair-block, even if the subproblems for each stair-block is solved independently. Recall that
for a large task ¢ € Ty, we required that h(i) < d; for its computed height h(i) and hence
we cannot assign it into two stair-blocks, even if it would fit into the respective areas of the

stair-blocks. We defer the details to the full version of the paper [28].
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