A Parameterized Approximation Scheme for the
Geometric Knapsack Problem with Wide Items
Mathieu Mari

Institute of Informatics, University of Warsaw, Poland
IDEAS-NCBR, Warsaw, Poland

Timothé Picavet
ENS de Lyon, France
Aalto University, Finland

Michat Pilipczuk &

Institute of Informatics, University of Warsaw, Poland

—— Abstract

We study a natural geometric variant of the classic KNAPSACK problem called 2D-KNAPSACK: we

are given a set of axis-parallel rectangles and a rectangular bounding box, and the goal is to pack as
many of these rectangles inside the box without overlap. Naturally, this problem is NP-complete.
Recently, Grandoni et al. [ESA’19] showed that it is also W[1]-hard when parameterized by the
size k of the sought packing, and they presented a parameterized approximation scheme (PAS)
for the variant where we are allowed to rotate the rectangles by 90° before packing them into the
box. Obtaining a PAS for the original 2D-KNAPSACK problem, without rotation, appears to be a
challenging open question.

In this work, we make progress towards this goal by showing a PAS under the following
assumptions:

both the box and all the input rectangles have integral, polynomially bounded sidelengths;

every input rectangle is wide — its width is greater than its height; and

the aspect ratio of the box is bounded by a constant.
Our approximation scheme relies on a mix of various parameterized and approximation techniques,
including color coding, rounding, and searching for a structured near-optimum packing using dynamic
programming.

2012 ACM Subject Classification Theory of computation — Fixed parameter tractability; Theory
of computation — Packing and covering problems

Keywords and phrases Parameterized complexity, Approximation scheme, Geometric knapsack,
Color coding, Dynamic programming, Computational geometry

Digital Object Identifier 10.4230/LIPIcs.IPEC.2023.33

Funding Mathieuw Mari: Partially supported by the ERC CoG grant TUgbOAT no 772346.
Timothé Picavet: This work was supported in part by the Research Council of Finland, Grant
333837.

Michal Pilipczuk: This work is a part of project BOBR that has received funding from the Euro-
pean Research Council (ERC) under the European Union’s Horizon 2020 research and innovation

programme (grant agreement No. 948057).

1 Introduction

We study a natural geometric variant of the classic KNAPSACK problem, called 2D KNAPSACK
and defined as follows. On input, we are given a rectangular box B and a set R of items,
each being a rectangle. The task is to place as many items from R as possible in B so that
the placed items do not overlap. Note that this problem generalizes classic KNAPSACK: given
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an instance of KNAPSACK with items of sizes ai,...,a, and a knapsack of size K, we can
create an instance of 2D KNAPSACK with B being the K X 1 rectangle and R consisting of
a; x 1 rectangles, for all ¢ € {1,...,n}.

As in the case of KNAPSACK, there are two natural variants of the problem depending
on how the input is encoded. In the binary variant, both B and the rectangles of R have
integral sidelengths encoded in binary, hence these sidelengths can be exponential in the
total input size. In the unary variant the difference is that the sidelengths are encoded in
unary, or equivalently, one assumes that all the sidelengths are bounded polynomially in the
total input size. In this work we focus on the unary variant.

Again as in the case KNAPSACK, adopting the unary variant helps tremendously for the
design of algorithms for 2D KNAPSACK, for instance due to allowing to perform dynamic
programming over the dimensions of the box. While the problem remains NP-hard even
in the unary variant [10], Adamaszek and Wiese [1] gave a QPTAS for the problem in this
setting. The best approximation factor known to be achievable in polynomial time in the
unary variant is 4/3 + e due to Galvez et al. [6]; earlier, a (2 + ¢)-approximation was given
in [8] and a (558/325 + ¢)-approximation was given in [5]. It is believed that the problem
should admit a PTAS, but this question remains widely open to this day.

We remark that the abovementioned works also study the weighted variant of the problem.
In this work we only consider the unweighted version, hence an interested reader is invited
to the relevant discussion in the references.

Recently, Grandoni et al. [7] proposed to approach the question about the existence of
a PTAS for 2D KNAPSACK by adding parameterization by the solution size to the picture.
That is, they presented a parameterized approzimation scheme (PAS) with running time of
the form kO*/2) . nO/=") that either finds a packing of size at least (1 — )k or correctly
concludes that there is no packing of size k. However, this result applies only to the variant
of the problem where each input rectangle can be rotated by 90° before packing it into the
box, and the question about the existence of a PAS for 2D KNAPSACK without rotation was
explicitly left open by Grandoni et al. This is in contrast with the other mentioned works on
2D KNAPSACK which all apply both to the variant with rotation and without rotation (for
the variant with rotation, Galvez et al. [6] reported a better approximation ratio of 5/4 + ¢).

We note that the PAS of Grandoni et al. actually works in the binary variant of the
problem. Also, reliance on approximation is probably necessary: as proved in [7], the exact
version of the problem is W[1]-hard when parameterized by k.

Our contribution. In this work we approach — though not completely solve — the open
problem left by Grandoni et al. [7] by giving a parameterized approximation scheme with
running time of the form f(k,e,§)-n?®) for 2D KNAPSACK under the following assumptions:
we consider the unary variant of the problem, thus the dimensions of the box are bounded
polynomially in n;
we assume that every item is wide: its width is not smaller than its height; and
we assume that the aspect ratio (ratio between the dimensions, always greater or equal to
1) of the box is at most .
See Theorem 1 for a formal statement of our result and an explicit formula for the running
time. Note that in the context of the variant with rotation, the second assumption can
be always achieved by rotating every input rectangle so that it is wide, while the third
assumption for § = 1 can be obtained by scaling both the box and all rectangles on input.
Let us elaborate on our approach and how it is different from the approach of Grandoni
et al. [7]. The approach of [7] can be summarized as follows.
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Consider a hypothetical packing S of size k.

Freeing a strip: Remove a small fraction of S and shift the items slightly in order to free

up a horizontal strip of height N/k? at the bottom of the box, where N is the sidelength

of the box and b = O(1/¢) is an integer. This strip can now accommodate all thin items:
those of height at most N/k"T1.

Resource augmentation: After the previous step, we may assume that all items are large —

both dimensions are at least N/kT! — and there is still a considerable strip free at the

bottom of the box. Now, one can round the heights of items up to the nearest multiplicity
of, say, N/k'*? and argue that even the rounded items can be packed, due to the free
strip at the bottom of the box. After rounding the rectangles have at most k©(1) different
heights, so keeping k narrowest rectangles of each possible height gives us a polynomial
in k number of candidate rectangles that can be reasonably used in the packing. This
easily leads to a PAS.
The possibility of rotating rectangles is crucially used in the second step, freeing a strip.
Without this assumption, thin rectangles come in two different flavors: there are wide
rectangles, of very small height and possibly large width, and symmetric tall rectangles.
The strategy of freeing a strip presented in [7] can be applied also in the setting without
rotation, but then it results in either freeing a horizontal strip at the bottom of the box, or a
vertical strip at the left side of the box; there is no control over which strip will be freed.
Consequently, only one type of thin rectangles can be disposed of as a result of freeing the
strip, and there is no control over which one it is.

In the setting of Grandoni et al., our assumptions on the problem essentially mean
that we allow the existence of wide rectangles, but not of the tall ones. The application of
the approach of Grandoni et al. could result in freeing a vertical strip, in which the wide
rectangles cannot fit. Consequently, we do not see how to fix the approach presented in [7]
to solve our case where only wide rectangles are present and no rotation is allowed. We
therefore abandon this approach and propose a completely new one.

Instead, we prove a different result about the existence of a well-structured near-optimum
solution. Our structural lemma (Lemma 9) says that at the cost of sacrificing a small fraction
of rectangles, the considered packing can be divided into regions B, Bs, ..., By, so that:

Every region B; is delimited by the left side of the box, the right side of the box, and two

z-monotone axis-parallel polylines connecting the left and the right side. Moreover, each

of the polylines defining the division By, Ba, ..., By, consists of O(1/¢) segments.

Every region B; is either light — contains only O(1/&?) rectangles from the packing — or

roundable — rectangles within B; could be packed inside B; even after rounding them to

the nearest multiple of (roughly) N7 /k?, where N; is the width of the box.
Having such a structural lemma, a near-optimum solution can be constructed using a bottom-
up dynamic programming that guesses the regions B; one by one. For each region B; we
consider two cases: either B; is light and a solution within it can be guessed (essentially) by
brute-force, or B; is roundable and using the same trick as in [7], one can restrict attention
to k21 many different candidates for rectangles that will be packed into B;.

There is a technical caveat in the plan presented above. Namely, in dynamic programming
we need to make sure that we do not reuse the same rectangle from R in two or more different
regions B;. We resolve this issue using color-coding. Namely, by applying color-coding
upfront we may assume that all the rectangles in R are colored with k colors, and we
look for a packing consisting of rectangles of pairwise different colors. Then our dynamic
programming keeps track of the subset of colors that have already been used, which adds
only another dimension of size 2¥ to the dynamic programming table.
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2 Preliminaries

Basic terminology. For a positive integer N, we write [N] = {1,2,..., N}. For a pair of
reals (z,y), we call z the vertical coordinate and y the horizontal coordinate.

A rectangle is a pair of positive integers R = (w, h) € Zi, and a placed rectangle is a set
of the form Q = [z, x + w] X [y,y + h] C R?, where R = (w, h) is a rectangle and (z,y) € Z>
is the bottom-left corner of @); we will also say that such @ is a placement of R. In the
notation, we will sometimes treat placed rectangles as their non-placed counterparts; the
meaning of this will be always clear from the context.

Both for placed and non-placed rectangles, w and h are called the width (length on the
horizontal dimension) and the height (length on the vertical dimension), respectively, and
may be denoted by w(P) and h(P), where P is the (placed) rectangle in question. The
interior of a placed rectangle Q = [z, x4+ w] X [y, y+ h] is the set I(Q) = (x,z+w) X (y,y+h).
Two placed rectangles overlap if their interiors intersect.

A zone is simply a subset of R2. For a zone Z and a set of placed rectangles R, by
R[Z] = {R € R | R C Z} we denote the set of all rectangles from R that are entirely
contained in Z. For a zone Z and a set of non-placed rectangles R, a packing of R in Z is a
set R' = {R’: R € R} consisting of pairwise non-overlapping placed rectangles contained in
Z, where R’ is a placement of R for each R € R.

The problem and the main result. In the (parameterized variant of) 2D KNAPSACK
problem, we are given a rectangular zone B = [0, N1] x [0, N2] C R? called the boz, where
N1, Ny are positive integers, a set R of rectangles called items, and an integer k. The question
is whether there exists a packing of some k items from R in the box B.

In the context of an instance (B,R,k) of 2D KNAPSACK, the size of the box B is

|IB|| = N1 + N2, and the aspect ratio of B is §(B) = max (%, %) > 1. Further, an item
R € R is wide if w(R) > h(R). Note that in the variant of the problem where rotations by
90° are allowed, one may always rotate the items so that they are wide. When the instance
(B, R, k) is clear from the context, by a packing we mean a packing of a subset of R in B.

With these definitions in place, we can state our main result.

» Theorem 1. There exists an algorithm that given an accuracy parameter € > 0 and an
instance (B, R, k) of 2D KNAPSACK, where R consists only of wide items, either returns a
packing of size at least (1 — €)k or correctly concludes that there is no packing of size k. The
running time of the algorithm is 5(B)°® . (k 4 1/e)°*+1/=) . (|R|||B||)© /).

Polylines and containers. In our algorithm for 2D KNAPSACK we will decompose the box
into zones delimited by borders of low complexity, allowing those borders to be efficiently
guessed. Formally, each border will be a polyline defined as follows.

» Definition 2 (Axis-parallel polyline). An axis-parallel polyline P is a union of horizontal
or vertical segments S1,S9,...,Sm such that for 1 <i < m — 1, the end of segment S; is the
beginning of segment S;y+1. Then m is called the complexity of P.

For brevity, axis-parallel polylines will be just called polylines. We will only work with
monotone polylines, meaning that all horizontal coordinates of points on S; will not be
smaller than the horizontal coordinates of the points on S;, whenever ¢ < j. A polyline P
crosses a placed rectangle R if P intersects the interior of R.

Next we introduce containers. We will use them to capture the idea of decomposing the
box into zones.
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» Definition 3 (Container). A container C is a union of horizontal or vertical segments
S1,S59,...,S, such that:

for 1 <i<m—1, the end of segment S; is the beginning of segment S;11, and

the end of segment S, is the beginning of segment S7.
Furthermore, we require that C is weakly-simple (as introduced in [9, 8, 2]) in the following
sense: if S1 is the unit circle and v: S' — R? is a parameterization of C, then for every
e > 0 there exists an injective continuous ve: S* — R? such that max,cs: |[y(v) —7:(v)|| < e
for some norm || - ||.

The inside of the container, denoted I(C), is the bounded open region delimited by the
segments. Moreover, the complexity of the container is defined as m.

Note that the inside of a container is not necessarily connected. For clarification, see Figure 1.

3 Exact algorithm

In this section, we give an exact algorithm for the problem, which will be later used as
a subroutine in the proof of Theorem 1. The point here is that we allow the box to be
delimited by an arbitrary container, and we measure the running time in the complexity of
the container. Formally, we will prove the following statement.

» Lemma 4. Given a set of rectangles R and a container C of complexity m, one can
determine whether there is a packing of the rectangles of R inside C in time (m + |’R|)O(|RD.

The main idea of our algorithm is to push the packing bottom-left, as explained in the
next definition.

» Definition 5. A packing R inside a container C is said to be pushed bottom-left if for every
rectangle R € R, its left (resp. bottom) side intersects either a vertical (resp. horizontal)
segment of the container, or a right (resp. top) side of another rectangle R' € R.

It is not hard to see that if a packing is pushed bottom-left, then there must be a rectangle
in the packing whose left and bottom sides rest on the perimeter of the container. This is
formally proved in the following statement. (Proofs of statements marked with (#) can be
found in Appendix B.)

» Proposition 6 (#). Suppose R is a non-empty packing of rectangles inside a container
C that is pushed bottom-left. Then there exists a rectangle R € R such that its left side
intersects a vertical segment of the container and its bottom side intersects an horizontal
segment of the container.

With Proposition 6 established, we can conclude our goal using a simple branching strategy.

Proof of Lemma 4. We prove a stronger statement where we allow C to be the union of
several disjoint containers, and we let m be the sum of their complexities.

Suppose there is a packing S of the rectangles of R into C. We can assume without loss
of generality that S is pushed bottom-left within every container of C. Now by Proposition 6,

there exists a rectangle R such that its left (resp. bottom) side intersects a vertical (resp.

horizontal) segment of a container in C.

So here is a recursive procedure to solve the problem. First, guess (by trying all
possibilities) the rectangle R satisfying the condition above; there are n different possibilities
for R, where n = |R]|. Second, guess which pair of segments of the containers intersect the
left and the bottom side of R; there are at most m? possibilities. Place rectangle R according
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to the latter guess and verify that it is indeed fully contained in C. Then, “carve out” the
rectangle, i.e., define a new union of containers C’ so that the I(C’') = I(C) \ R. It is easy to
see that the total complexity of the new union of containers C’ is at most m + 6 and it can
be computed in time polynomial in m. Then, recurse on R’ and ¢’ where R’ = R\ {R}.
It is clear that the algorithm is correct. To analyze its running time, note that the
recursion tree has depth bounded by n and branching bounded by n(m + 6n)?, hence it
consists of (m + n)o(") nodes. The internal computation at each node take time polynomial
in n and m, so the total running time of (m + n)®™ follows. <

4  Giving structure to the packing

In this section we prove structural results that can be summarized as follows: at the cost of
sacrificing a small fraction of the packing, one can apply resource augmentation — round the
packing — so that it gains a certain structure. Once this structure is achieved, we will argue
later that structured packings can be efficiently computed using dynamic programming.

Throughout this section we fix an instance (B, R, k) of 2D KNAPSACK, where B =
[0, V1] X [0, N3] and R consists only of wide rectangles: w(R) > h(R) for all R € R.

To perform resource augmentation, we need the following notion of rounding a rectangle.
Informally, a rounded rectangle is the original rectangle with its width rounded up to the
nearest multiple of ¢’ = ¢2/Ny; here is a formal definition.

» Definition 7 (Rounded rectangles). Let R = (w, h) be a rectangle and £ > 0 be a positive
real. Then the {-rounded rectangle roundy(R) is the rectangle (¢' [w/¢'] , h) where ¢’ = ¢ /Nj.
For a set R of rectangles, we define similarly round,(R) = {round;(R): R € R}.

As mentioned, the key idea behind our algorithm is to look for a specifically structured
packing. This structure is quantified formally in the following definition. Broadly speaking,
we look for a packing that is partitioned into regions of low complexity and such that the
rectangles in each region behave well.

» Definition 8 (Structured packing). Fiz any ¢, > 0. Consider a set of pairwise non-
intersecting monotone polylines Py, Ps, ..., Py, contained in the box B, where each P; starts
at the left side of B and finishes at the right side of B, and the polylines Py, ..., P, are
naturally numbered from bottom to top. We define the partition of the box B into regions
By, B, ..., By, so that each region B; is delimited by the polylines P; and P11 and the left
and the right side of B (here we define for convenience Py to be the bottom side of B and
Pp+1 to be the top of B).

We say that a packing of rectangles Q in B is an (e, f)-structured packing if every
rectangle in Q@ has width at least 2¢ and there exist polylines Py, Ps, ..., Py, as above, each of
complezity at most 4/ + 1, such that no rectangle of Q is crossed by any polyline P;, i € [m],
and for each i,0 < i < m at least one of the following conditions holds:

|Q[B;]| < 2/e%, or

roundy(Q[B;]) can be packed into B;.

The rest of the section is dedicated to proving the following structural lemma (recall that
the instance (B, R, k) is fixed in the context):

» Lemma 9 (structural lemma). Suppose £ > 0 is a positive real such that there is a packing
of size k consisting of rectangles of width at least 2¢ each. Then for every € > 0, there exists
also an (g, 0)-structured packing of size at least (1 — 3¢)k.
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This section is divided into 3 parts. In the first subsection we study the assumed packing
of size k and define an associated conflict graph, which turns out to be planar. In the second
subsection, we show that if there exists a packing of rectangles in a specific zone on the
box, then at the cost of removing a few rectangles, there exists a packing of the rounded
rectangles into a slightly bigger rounded version of the zone. In the last section, we define
the specific polylines that will divide the zones and finish the proof of the Lemma 9.

By assumption, there exists a packing S in B consisting of k rectangles from R, each of
width at least 2¢. Fix S for the remainder of this section.

4.1 Conflict graph
For the definition of the conflict graph, we need the following notion of horizontal visibility.

» Definition 10. Two different placed rectangles R, R’ € S see each other if there is an
horizontal segment s intersecting the interior of the right side of R and the interior of the left
side of R (or vice versa) such that s does not intersect any other rectangle of S. Notice that
s may consist of a single point, if R and R’ are intersecting. For convenience, we extend this
definition to the case where R is the left side of B or R’ is the right side of B. For instance
with the left side of B we associate the placed rectangle Riepy = [—1,0] x [0, Na] and say that
R and the left side of B see each other if Ri.p and R see each other; similarly for the right
side of B. The left side of B and the right side of B do not see each other.

Note two rectangles intersecting only at their common corner do not see each other.

» Definition 11 (Conflict graph). For a packing S, we define the conflict graph of S to be the
graph G defined as follows: the vertex set contains all the rectangles of S, and in addition
there are two special vertices s and t identified with the left side and the right side of B,
respectively. Two vertices of G are adjacent if and only if they see each other.

It is easy to see that the conflict graph is planar; see Figure 2. We formalize this intuition
in the following lemma.

» Lemma 12 (&). For any packing Q, the conflict graph of Q is planar.

4.2 Packing rounded rectangles

Next, we analyze a packing within some zone Z C R?, with the goal of understanding when
and how the rectangles of this packing can be rounded to obtain a rounded packing of
substantial size. We fix some positive real £ > 0 for the rest of this subsection.

First, we need some definitions about expanding zones.

» Definition 13. Let Z C R%. We define:
the negatively shifted zone ?(@ = (U(z’y)ez[x — L, x] X {y}) N[0, Ny — 4] x [0, Na],

the positively shifted zone 7(@ = (U(I’y)ez[m,x + 0] x {y}) N[0, N1] x [0, Na],
and the rounded zone 7(5} = (U(Ly)ez[x — b,z 4+ 4] x {y}) N[0, N1] x [0, Na].

. -
Note that if Z' = Z(¢) then ?(@ = Z'({), and that the first two definitions are not symmetric.

Our main goal in this subsection is to prove the following lemma. It intuitively says that
at the cost of removing an st-separator in the conflict graph, one can find a packing of the
rounded rectangles into a slightly extended zone. Here, an st-separator is a set of vertices
(rectangles) that hits every s-t path.
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» Lemma 14. Let Q be a packing in a zone Z C B such that every rectangle of Q has width
at least 2¢. Further, let C be an st-separator in the conflict graph of Q. Then round,(Q \ C)
can be packed inside the zone Z({).

The first step towards the proof of Lemma 14 is to repack Q into the negatively shifted
zone Z at the cost of deleting a few rectangles.

» Proposition 15 (#). Let Q be a packing in a zone Z C B such that every rectangle of
Q has width at least 2¢. Further, letg be an st-separator in the conflict graph of Q. Then
O\ C can be packed inside the zone Z({).

For an illustration of the proof, see Figure 3.

Now that we have emptied a strip to the right of the zone, we can do some resource
augmentation in order to replace the original rectangles by their rounded versions, while still
being able to pack them inside the rounded zone.

» Proposition 16 (#). Let Q be a packing in a zone Z C [0, Ny — €] x [0, Na| such that every
rectangle of Q has width at least 20. Then roundy(Q) can be packed inside the zone ?(E)

For clarification, see Figure 4. We may now combine Proposition 15 and Proposition 16 to
achieve our goal.

Proof of Lemma 1)4. Apply Proposition 15 agd Proposition 16 to get that round,(Q \ C)
can be packed in Z/{¢), where Z' = Z(£). As Z{8) = Z(¢), the proof is finished. <

4.3 Proof of the Structural Lemma

Finally, in this subsection we define the polylines that we are interested in and prove some
results about zones and polylines to finish the proof of Lemma 9. The main idea is to
construct some well-chosen polylines by looking at the rectangles on short s-t paths. These
polylines are then used to delimit zones in which we can find a separator of bounded size,
and apply the ideas of the previous subsections.

Recall that we are working with a packing S of size k consisting of rectangles of width
at least 2¢ each. Let G be the conflict graph of S. For every R € S, by vg we denote the
vertex of G corresponding to R. First, we need to understand how s-t paths in G can be
mapped to polylines.

» Definition 17 (Bottom polyline of a path). Consider an s-t path P = (s,vg,, VR, ---,VR,,,t)
in G, and suppose that for eachi € {0,1,...,m}, that R; and R;1 see each other is witnessed
by the segment s; = [x(R;) + w(R;),x(Riy1)] X {yi} (where Ry = s and Ry11 =t). Then
define the bottom polyline of P as the polyline P formed by the union of the following
segments:

[w(Ry), (Ry) + w(R:)] x {y(Ri)} for each i € [m],

{z(R;)} x [min{y(R;), yi—1}, max{y(R;),yi—1}] for each i € [m],

{z(R;) + w(R;)} x min{y(R;),y; }, max{y(R;),y:}] for each i € [m], and

s; for each i € {0,1,...,m}.

Less formally, P is the union of the segments s; joining the rectangles of the path, the bottom
sides of the rectangles, and parts of the left/right sides of the rectangles to join the segments
to the bottom sides.

Similarly, we define the notion of the top polyline of an s-t path in G. When defining at
the same time the top and the bottom polyline of the same path, we always use the same
segments s; to define how rectangles R; and R;41 should be linked. Finally, we will also
need the middle polyline.
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» Definition 18 (Middle polyline of a path). Consider an s-t path P = ($,VR,,VRys---,UR,,,t)
in G, and suppose that for eachi € {0,1,...,m}, that R; and R;1 see each other is witnessed
by the segment s; = [¢(R;) + w(R;), x(Riy1)] X {y;} (where Ry = s and Ry y1 =1t). Then
define the middle polyline of P as the polyline P formed by the union of the following
segments:
{z(R;)+w(R;)/2} x [min{y(R;)+h(R;)/2,y: }, max{y(R;)+h(R;)/2,y;}] for each i € [m],
{2(Rs) + w(Ry)/2} % [min{y(Rs) + h(Ri) /2, yisr b max{y(Ry) + h(Ry) /2, yi11}] Jor each
i € [m], and
[max(z(R;)+w(R;)/2,0), min(x(R;1+1)+w(Riy1)/2, Na)| x{y;} for eachi € {0,1,...,m}.

Less formally, P is the union of:
a vertical segment from the center of each R; to the vertical position of s;,
a vertical segment from the center of each R; to the vertical position of s;1,
all segments s; extended so that they reach the horizontal coordinates of the centers of
the corresponding rectangles.
For a visual representation, see Figure 5. The following is clear.

» Proposition 19. The top, bottom and middle polylines of a path P have complexity at
most 4|P| 4+ 1, where |P| denotes the number of vertices on P.

Moreover, the middle polyline is defined so that we have space to the left and the right
when performing resource augmentation. This will be made clear in the following definitions
and lemmas; see Figure 6.

» Proposition 20 (&). Suppose P is an s-t path in the conflict graph G of the packing S.
Let P be the middle polyline of P and let Q be the packi@ obtained from S by removing all
the rectangles participating in P. Then P does not cross Q(f). The same goes for Q(f), and
therefore also for 8(6)

Next, we need the following graph-theoretic observation.

» Proposition 21. Let G be a graph containing vertices s and t. Suppose every s-t path in
G contains at least 1/e internal vertices. Then G contains an st-separator of size at most
e(IV(G)| = 2).

Proof. As every s-t path in G contains at least 1/e internal vertices, one cannot find more
than ¢(|[V(G)| — 2) internally disjoint s-t paths in G. By Menger’s theorem, there is an
st-separator of size at most £(|V(G)| — 2). <

We can now wrap up the section by proving the Structural Lemma.

Proof of Lemma 9. Based on the assumed packing S, we construct another packing S’ and
then we prove that it is structured and has size at least (1 — 3e)k. Let G be the conflict
graph of §. Let F be an inclusion-wise maximal family F of internally disjoint s-¢ paths in
G, each with at most 1/¢ internal vertices. As the paths from F are internally disjoint, we
can naturally enumerate them from bottom to top: F = {Py, Pa,..., P, }. For convenience,
let P() = Pm+1 = @

Because the conflict graph is planar by Lemma 12, by the Jordan Curve theorem, for

each i € {0,1,...,m} there is a set V; of vertices of G that lies inside the cycle P, U P;y;.

By construction of the conflict graph, V; is exactly the set of rectangles lying in the area Z;
delimited by the box, the top polyline of P; and the bottom polyline of P;;;. For each V; we
construct a separating polyline P; as follows:
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If [V;_1| < 1/€? and |V;| < 1/€2, select the bottom polyline of P; as the separating polyline.

Otherwise, select the middle polyline of P; as the separating polyline.

All the polylines created are of complexity at most 4/¢ + 1 by Proposition 19. They partition
the box into regions By, B1, ..., Bmn+1 C B, from the bottom to the top. Note that B; O Z;
for each relevant i.

Notice that in G[V; U {s,t}] there is no s-t path of length at most 1/e, because F is
maximal. Let C; be the separator given by Proposition 21 for the graph G[V; U {s,t}]. Then
we have |C;| < e|V;].

We can now specify which rectangles we want to include in §’. We define 8’ to be the
union of sets V/ for ¢ € {0,1,...,m}, where

V,UV(P)\ {s,t} if|V;_1] <1/e? and |Vi| < 1/&2,
vi=!V if [Vi_y| > 1/€? and |V;| < 1/€2,
Vi\C; otherwise.

We now argue that for each i € {0,1,...,m}, either |V/| < 2/¢? and V/ C S[B;], or
round, (V) can be packed in B;.

First, observe that if |V;| < 1/&2, then |V/| < |V; UV(P)\ {s,t}]| < 1/e? + 1/e < 2/£2.
Further, if |V;_1| > 1/&% then V/ = V; and trivially S[B;] 2 S[Zi] = V;, and if |V;_1] < 1/&?
then P; is the bottom polyline of P; and we have S[B;] 2 V; UV (P;) \ {s,t} = V/ as well.

Second, consider the case when |V;| > 1/e2. Notice that then P; is the middle polyline of
P; and P;41 is the middle polyline of P, 11, and V; = V;\ C;. Because V; can be packed inside
Z;, we can use Lemma 14 on V; and Z; to pack round,(V;) into EZ;(E) By Proposition 20,
we know that ZZS(E) C By, hence we can pack round,(V}) into B;.

We conclude that indeed, S’ is an (g, £)-structured packing, as witnessed by the polylines
P; for i € [m]. What is left to show is that |S'| = (1 — 3e)k. Call an index i € [m] heavy
if |V;] > 1/e%. Observe that S’ O S\ U,. heavy (Ci U V(i) U V(P;11)), hence it suffices

to prove that ’Uz heavy (Ci UV (F) UV (Piy1)) \ {s, t}‘ 3ck. Fix a heavy index ¢. First,

observe that |(V(P;) UV (Pis1)) \ {s,t}| < 2/e < 2¢|V;|, as each path P; has at most 1/e
internal vertices. Second, by construction we have |C;| < ¢|V;|. Summing those inequalities
throughout all heavy ¢ yields that

U @uvP)uvPa)\ (st < Y 3¢|Vil < 3ek,

i: heavy i: heavy

as required. |

5 The algorithm

In this section we finalize the proof of Theorem 1. The section is divided into two parts. The
first subsection describes an algorithm working under the assumption that the input set R
only contains rectangles of width at least 2¢, for some ¢ > 0. In the second subsection, we
show how to obtain the assumption that R only contains rectangles of width at least 2¢ for
¢ = N1 /(5(B)k?), at the expense of deleting an ¢ fraction of the rectangles in the packing.
Therefore, we get a full algorithm as a corollary.

Throughout this section, fix an instance (B, R, k) of 2D KNAPSACK, where B = [0, N7] x
[0, N3] and R consists of wide items.



M. Mari, T. Picavet, and M. Pilipczuk

5.1 The algorithm for rectangles of substantial width

The dynamic programming algorithm will gradually guess a good partition of the box into
regions (that we know exists by Lemma 9), and then solve the problem in each region
independently. In order to avoid repeating the use of the same rectangles in different regions,
we use color-coding.

» Definition 22 (Good coloring). Given a set of rectangles R and a subset S C R of size k,
a function col: R — [k] is a good coloring for S if rectangles of S have pairwise different
colors under col.

We cannot directly guess a good coloring of the rectangles, as a priori there are too many
candidates. We instead use the following classic result of Naor et al. [11], which says that
there is only an fpt-sized family of candidates for a good coloring.

» Proposition 23 (Naor et al. [11]). For every set R and positive integer k, there exists a
family F of colorings of R with color set (k] such that | F| < e*kCU18F) log |R| and for every
S C R of size k, in F there is a good coloring for S. Moreover, F can be computed in time
e kOUos k)| R | log |R|.

Next, we observe that once the number of different widths in the instance has been
bounded, one can restrict attention to a small set of candidate rectangles. For this, notice
the following: if we have a colored packing (a packing of colored rectangles) of size k that
contains a rectangle R, and in the packing we did not use another rectangle R’ of the same
color and width as R, but satisfying h(R') < h(R), then we can replace R with R’ and we
will still have a colored packing. This observation leads to defining the following operation.

» Definition 24 (reducey (R, col)). Suppose col: R — [k] is a coloring of a set of rectangles
R with color set [k]. Then for a positive integer w and color i € [k], let Ry, be the set of k
smallest-height rectangles among the rectangles of {R € R | w(R) = w, col(R) = i}. In case
HR € R | w(R) =w,col(R) =i} <k, we set Ry; ={R € R | w(R) =w, col(R) =1i}. We
define reducer(R) = Uyew(r),icp) Ruw.i-

Notice that reducey(R) contains at most k?|w(R)| elements: for every possible width and
every possible color, the at most k rectangles of this specific width and of smallest height.
Also, we have the following very simple observation.

» Lemma 25 (#). Suppose R is a set of rectangles and col: R — [k] is a coloring function
such that k' < k rectangles from R with pairwise different colors can be packed in a zone
Z CR2. Then one can also pack in Z a set of k' rectangles from reducey,(R, col) with pairwise
different colors.

Next, we use the following definitions to guess the polylines in a bottom to top order.
For two monotone polylines P, P’ that start at the left side of B and finish at the right side
of B, we say that P’ is below P (denoted by P’ < P), if for every x,y,v’, (z,y) € P and
(z,y') € P’ implies 3y’ < y. We write P/ < P if P’ < P and P’ # P. Given two polylines
P’ < P, we want to be able to solve the problem in the following sub-region:

» Definition 26 (container(P’,P)). For polylines P' < P, container(P’, P) is the container
(c.f. Definition 3) delimited by the box B, P’ at the bottom and P at the top.

Notice that if P has complexity m and P’ has complexity m’ then container(P’,P) has
complexity m +m’ + 2.

Now we give the algorithm in the case when all rectangles in R have substantial width.

This algorithm is encapsulated in the following lemma.
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» Lemma 27. There is an algorithm that given ¢ > 0 and an instance (B, R,k) of 2D
KNAPSACK in which all items are wide and have width at least N1/« either returns a packing

of size at least (1 —e)k or correctly concludes that there is no packing of size k. The running
time is (k + 1/e)0*+1/2) . qO®) . (|R]||B|)O1/=).

Proof. Let £ = N;/(2a); thus every rectangle on input has width at least 2¢. For clarity of
presentation we allow the algorithm to output a packing of size at least (1 — 3¢)k; then the
result as stated in the lemma can be obtained by rescaling € by factor 3.

We first explain the algorithm. Compute F as given by Proposition 23. Then, guess
(by trying all choices) a coloring col € F. The idea is now to use dynamic programming to
compute a maximum-size structured packing for the colored instance. More precisely, for
every monotone polyline P of complexity at most 4/ + 1 connecting the left and the right
side of B, and for every C C [k], we shall compute the value dp[P, C] defined as follows:
dp[P, C] is a maximum-size packing that contains only rectangles with colors in C, is colored
injectively by col, and is placed entirely below P with the added constraint that it is a subset
of some (g, £)-structured packing.

To compute the value dp[P, C] for given P and C, we iterate over all polylines P’ of
complexity at most 4/¢ + 1 that are below P. Let B’ = container(P’, P) be the container
between P and P’. Iterate over all C’ C (' this is the set of colors guessed to be used in B’.
Let R’ = reducey,(round,(R), col) be the reduced set of rounded rectangles, where colors are
naturally inherited from R during rounding. Compute the following packings:

S is the largest packing in B’ consisting of at most 2/&2 rectangles with pairwise different

colors from C’. This packing can be computed in time [R|©(1/=*) . (1/£)°(1/=*) by first

guessing the set of rectangles participating in it, and then checking whether the packing

can be realized using the algorithm of Lemma 4.

S5 is the largest packing in B’ consisting of at most k rectangles from R’ with pairwise

different colors from C”. Again, this packing can be computed in time |R’|©®*).(k+1/g)O*)

by first guessing the set of rectangles participating in it, and then checking whether the

packing can be realized using the algorithm of Lemma 4.

Iterate over S € {S1,82}, and keep as dp[P, C] the set dp[P’,C'\ C'| U S of maximum size
over all the sets iterated on. Finally, as the solution to the overall problem, return dp[P, [k]]
where P is the top side of B, provided this packing has size at least (1 — 3¢)k. Otherwise,
return that there is no packing of size k.

This concludes the description of the algorithm. We are left with (i) analyzing its running
time and (ii) arguing that in case there is a packing of size at least k, the algorithm will
output a packing of size at least (1 — 3¢e)k.

Let us start with assertion (ii). For this, suppose there exists a packing S of size k.
Since all rectangles of S have width at least 2¢, by Lemma 9 there exists an (g, £)-structured
packing S’ of size at least (1 — 3e)k. Further, by the properties of F, there exists col € F
such that col is injective on §’. Now, let P, P, ..., P, be the polylines witnessing the
structuredness of &', and let ) = Cy C C; C Cy C ... C Cp, C Cpyp1 = [k] be such that C;
is the sets of colors used by the rectangles of S’ lying below P;, where Py and Py, 41 are the
bottom and the top side of B, respectively. A straightforward inductive argument using the
structuredness of &’ and Lemma 25 shows now that for i = 0,1,...,m+ 1, the cell dp[P;, C;]
will contain a packing of size at least as large as the number of rectangles of S’ lying below P;.
Hence, the algorithm will return a packing of size at least |S’| > (1 — 3¢)k, as promised.

We are left with analyzing the running time. The number of different colorings col € F is
| F| < 29 .log |R|. Further, observe that the number of different polylines considered by the
algorithm is bounded by || B||°('/¢) and there are 2F different subsets of colors. Hence, the
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total number of cells dp[P, C] considered by the algorithm is bounded by 2¥ - || B||©(1/). As
argued, the time spent on computing a single value of dp[P, C] is bounded by 2% - || B||©(1/)
(the number of choices for P’ and C’) times

IR|C/E) . (1/6)C1/) 1RO . (] 4 1/£)O®),

Observe now that the rectangles of round,(R) have at most O(Ny/¢") different widths, where
¢ = (%/N;. Since £ = N;/2a, we conclude that the total number of different widths of the
rectangles of round,(R) is bounded by

O(N1/€') = O(N2/2) < O(a).
Therefore,
|R'| = |reducey (round,(R, col))| < O(a?k?).
Putting everything together, we infer that the running time of the algorithm is bounded by
20(0) og |R| - 200) . || B O/ . (|R|O<1/s"’> L(1/)°072) L (0220 . (1 4 1/5)0(’”)
<k +1/e)EFV - a%® (R |1B])O,

as promised. <

5.2 Full algorithm

We now present the complete algorithm, which essentially boils down to making a reduction

to the case when all rectangles on input have width at least 2¢, where £ = N;/(5(B)k?).

In the next lemma, we explain how to perform this reduction at the cost of removing ek
rectangles from the packing.

» Lemma 28. Let ¢ > 0. Suppose there is an algorithm A that, given a 2D KNAPSACK
instance (B = [0, N1] x [0, N2],R,p) in which all items are wide and have width at least
N1/(6q?) and the aspect ratio of B is §, returns a packing of size at least (1 — €)p or attests
that there is no packing of size p in time f(p,q,€,9,||B|,|R|). Then there is an algorithm
B that, given a 2D KNAPSACK instance (B = [0, N1] x [0, N2], R, k) in which all items are
wide and the aspect ratio of B is §, returns a packing of size (1 — 2e)k or attests that there is
no packing of size k in time f(k,k,e,0,|B|,|R|) + (1/e + |R|)©1/2).

Proof. We present the algorithm B. Without loss of generality, we can assume k > 1/e, as
otherwise the number of rectangles in the sought packing is at most 1/¢ and we can solve the

problem in time (1/¢ + |R|)©(//¢) by applying Lemma 4 to every k-tuple of rectangles in R.
Let W be the set of rectangles of R that have width at most Ny /(dk?), and let w = |[W|.

Note that since all rectangles are wide, the rectangles of W also have height bounded by
N1/ (6k?). If w > k, then we can immediately construct a packing of size k by stacking any

k rectangles of W vertically: they fit in the vertical dimension, because k - N1 /(6k?) < Na.

Otherwise, let ¥ = k — w. Run A on a modified instance where all rectangles of W are
removed, with parameter k’. If there is no packing of size k' for this instance, then clearly
there is no packing of size k for the original instance, and this conclusion may be reported
by the algorithm. Otherwise, B returns a packing S’ of size at least (1 — )k’ consisting of
rectangles from R\ W. If &’ consists only of rectangles of height at most Ny /(dk), then
we can again immediately obtain a packing of size k by stacking the rectangles of S’ UW
vertically; again they fit in the vertical dimension, because k - Ny /(0k) < Na. Otherwise,
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we modify &’ by removing any single rectangle R present in &’ whose height (and therefore
also width) is at least N1/(0k), and putting all the rectangles of W into the space freed
by the removal of R, by simply stacking them horizontally. They fit horizontally because
w - N1 /(6k?) < k- N1/(0k?) = N1/(6k) < w(R), and their heights are not greater than the
height of R. The obtained modified packing S’ is returned by the algorithm.

It is clear that the algorithm outputs a packing and that when it concludes that there is
no packing of size k, this conclusion is correct. What remains to show is that the packing
eventually output by the algorithm has always size at least (1 — 2¢)k. And indeed, the
algorithm always is able to pack all rectangles packed in S’, except for possibly one rectangle
removed to accommodate W, and all rectangles of WW. Hence, the packing output by the
algorithm has always size at least

1-ek —1+w=>01-e)k—1-)w—14w=(1-e)k—1>(1-2e)k,
because ek > 1 due to k > 1/e. <

Now, Theorem 1 follows immediately by combining the algorithm of Lemma 27 with the
reduction of Lemma 28. Observe that the running time is §(B)°®*) . (k 4 1/€)O(lc+1/52) )
(|RH|B||)O(1/E2), as promised.

6 Conclusion

The correctness of our entire algorithm heavily relies on the assumption that every input
rectangle is wide. Indeed, this assumption is used in the greedy arguments in the proof of
Lemma 28, which allows us to reduce to the case when every rectangle has a substantial
width: at least N1 /poly(d(B), k). This assumption is again heavily used later on: in the proof
of Lemma 9 it ensures that upon removing the rectangles corresponding to an st-separator in
the conflict graph, there is enough space available for vertical shifting. This eventually leads
to rounding the rectangles so that there are only poly(d(B), k) different possible widths, and
thus effectively bounding the number of candidate rectangles to poly(d(B), k). So while the
original problem — the existence of a parameterized approximation scheme for 2D KNAPSACK
— remains open, we hope that the new structural techniques proposed in this work might give
insight leading to its resolution.
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Figure 1 Left panel: an example of a container where the order of the segments is given by the
numbers, and some injective candidate 7y, in light blue. Right panel: an example of a non-container
(the paths cross in the middle), and some candidate v. in light red, that is not injective.
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Figure 3 Illustration of the proof of Proposition 15. From top to bottom: First, a blue conflict
graph of the gray packing. The packing is entirely in Z, delimited by the blue border. Secondly, we
remove the orange separator C' and want to pack the leftover rectangles inside the red region Z(¢).
The set of rectangles referred to as Y in the proof is in light blue, and X is left gray. Finally, we

<_
pack in Z(¢) by shifting the rectangles at the right of the separator by ¢ to the left.
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Figure 4 TIllustration of the proof of Proposition 16. From top to bottom: First, Q is packed
into Z (blue zone). Then, the rectangles in Q are scaled horizontally by a factor A =1+ ¢/N;. We
argue in the proof that these scaled-up rectangles are packed in
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round,(R)

each scaled-up rectangle by its rounded version, which has smaller width.

top

middle

Figure 5 In orange, the top polyline of the st-path formed by Ri, Rz, R3, R4 and Rs. In blue, its
bottom polyline, and in green, its middle polyline. The dashed lines split their respective rectangles

into 4 equal parts.

(€) (red zone). Finally, we replace
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P | @
\ /0\ .

Figure 6 In green, the middle polyline P of the blue st-path P constituted of the gray rectangles.
In light orange, Q, and in orange, Q(¢). Notice that the green polyline does not cross any orange
rectangles.

B  Omitted proofs

Proof of Proposition 6. Create a directed graph D with vertex set R, where there is an
edge (R, R’) if the bottom side of R intersects the top side of R’ on more than a single point,
or if the left side of R intersects the right side of R’ on more than a single point. Let us show
that D has no directed cycle, so for contradiction suppose Ry, ..., Ry is a directed cycle in
D. In what follows, all indices behave cyclically modulo /.

For each i € [{], select an arbitrary point p; in the intersection of R;_; and R; that is
neither a corner of R;_1 nor a corner of R;. Further, observe that one can construct a curve
vi: [0,d;] — R;, where d; is the length of ~;, such that:

= 7; is smooth (formally, C') and monotone in both directions,
[vi(#)|l2 = 1 for all ¢ € [0,d;],
= 7i(0) = p; and v;(d;) = pi41, and

= the tangent of y; at p; and p;_; is perpendicular to the respective side and faces the inside
(resp. outside) of R;. For instance if p; is on the top side of R;, we require ~,(0) = (0, —1),
and if p; 41 is on the left side of R;, we require v/(d;) = (-1, 0).

An example of such a construction is shown below.

AT

Concatenating all the curves «; in order yields a smooth closed curve v: S — Ule R;
without self-crossings such that ||7/(¢)||2 = 1 for all ¢t € S, where S is the circle of length
Zle d;. Here is the crucial observation: by the way we oriented the arcs in D, the vector
~'(t) is never in the positive orthant (i.e. 7/(¢) has not both coordinates positive), for any
tes.
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However by Theorem 2 of [4, section 5-7, page 402], a smooth closed curve in the plane
without self-crossings has rotation index £1, where the rotation index of a curve is the number
of times its tangent vector turns around the origin. This means that by the intermediate
value theorem, for every a €]0,2x[, there exists a point of the curve where the tangent
vector is at angle a with the z-axis, and hence belongs to the positive orthant. This is a
contradiction.

We conclude that D is acyclic, hence it has a sink R — a rectangle with out-degree 0.

Therefore, R is the rectangle we want: its left side intersects a vertical segment of container
and its bottom side intersects a horizontal segment of the container. |

Proof of Lemma 12. Let G be the conflict graph of Q. For a rectangle R € Q, we denote
its associated vertex in G by vg. We define a planar embedding of G as follows. We define
the position of a vertex vgr to be the center ¢(R) = (z(R) + w(R)/2,y(R) + h(R)/2) of the
corresponding rectangle. If there is an edge e = vrvpr/, choose y € R such that the horizontal
segment s = [z(R) + w(R), z(R)] x {y} witnesses that R and R’ that see each other, where
we assume w.l.o.g. that x(R) +w(R) < 2(R’). We define the embedding 7. of e as the union
of 3 internally disjoint segments:

st = (). (o) + w(R).)]
& = [(2(R).y). ().

It is straightforward to check that all the curves 7. e € E(G) are pairwise internally disjoint,
hence they constitute a planar embedding of G. <

Proof of Proposition 15. Let G be the conflict graph of Q. Since C' is an st-separator in
G, we may partition Q into three disjoint sets X, C, and Y so that vertices of X are not
connected to t, vertices of Y are not connected to s, and no vertex of X is adjacent to any
vertex of Y. Now, construct a new set of placed rectangles Q' by removing all rectangles of
C' and shifting every rectangle of Y by £ to the left. It remains to prove that Q' is a packing
and that all rectangles of Q' are entirely contained in Z(f).

For the second assertion, we need to prove that (i) no R’ € Q' crosses the left side of the
box, i.e., no R’ € Q' is such that z(R') < 0, and (ii) no rectangle R’ € Q' contains a point
with horizontal coordinate larger than Ny — ¢, i.e. z(R') + w(R') > Ny — £. To prove (i),
suppose for the sake of a contradiction that there exists R’ € Y such that x(R') < 0. We

must have R’ € Y because R’ was shifted, and hence R’ cannot see the left side of the box.

Let R € Q be R’ before shifting. We know that z(R) < ¢, therefore as every rectangle has
width at least ¢, there is no rectangle in Q that would be placed between R and the left
side of the box. Therefore, the R must see the left side of the box, which is a contradiction
because R € Y. A symmetric argument involving the right side of the box proves (ii).
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For the first assertion, we need to prove that no two rectangles in Q' overlap. The only
case when this could a priori happen is if Ry € X and Ry € Y are overlapping after the
shift. This would mean that x(R1) + w(R1) < x(Rz) — ¢. However, again in Q there cannot
be any rectangle lying in between R; and Rs, because every rectangle has width at least £.
Therefore, the R, and Ry must see each other, which is a contradiction because R; € X
and Ry, €Y. |

Proof of Proposition 16. First, scale horizontally every rectangle in Q by a factor A =
14 ¢/Ny, i.e., for a rectangle R = [z,2 + w] X [y,y + h] we define the rectangle R* =
Az, A(z + w)] X [y,y + h]. These rectangles fit inside roundy(Z). Indeed, the maximum
possible displacement of a point is Ny - £/Ny = £, i.e. the image of a point under scaling
is at horizontal distance at most ¢ to the right of the original point. Next, observe that
every rectangle round,(R) can be entirely placed inside the corresponding rectangle R,
because Aw = w + wl/Ny > w+ 2/N; =0 +w = (1 +w/l') = ¢ [w/l']. (Recall here
that we assumed all rectangles to have width at least £.) Now, Q' can be obtained from
Q by replacing each R € Q" with R*, fitting round,(R) inside R*, and finally shifting all
rectangles to the left so that they have integer coordinates. The last step is always possible
as every rectangle has integer length. <

Proof of Proposition 20. Suppose P crosses %(f) for some R € Q. Then there exists
Ry, Ry € V(P) (which are possibly the left or the right side of the box) such that Ry and Ry
see each other through a segment s = [x(Ry) + w(R1), z(R2)] X {y} and R crosses one of the
following segments:

1. {o(R1) + w(R1)/2} % [min{y(Ry) + h(Ry)/2,y}, max{y(Rs) + h(R1)/2,y}),

2. [a(Ry) +w(Ry)/2,(Ra) +w(Ra)/2) x {y},

3. {o(Rs) + w(Ra) 2} x [min{y, y(Ra) + h(Ra) 2}, maxc{y, y(Ra) + h(Ra)/2}).

We show that every case leads to a contradiction.

1. Assume case 1. P crosses %(E) but not R so z(R) > x(R1) + w(R1)/2 and x(R) — £ <
2(Ry) + w(Ry)/2. Therefore z(R1) < z(R) < z(R1) + w(R1)/2+ ¢ < x(Ry) + w(Ry)
because w(Ry) > 2¢. Moreover, [min{y(R1) + h(R1)/2,y}, max{y(R1) + h(R1)/2,y}] C
[y(R1),y(R1) + h(R1)] by the definition of y. This means that R and R; intersect
at (z(R),y’) where ' € [y(R),y(R) + h(R)] N [min{y(R1) + h(R1)/2,y}, max{y(R1) +
h(R1)/2,y}], which is not possible.

2. Assume case 2. This would mean that y € [y(R),y(R) + h(R)], x(R) > z(R2) + w(R2)/2
and (R)—¢ < z(Rg)+w(R2)/2 because |[z(R1)+w(Ry)/2, x(R2)+w(R2)/2]| > 2¢ and P
crosses %(E) but not R. Therefore z(R2) < z(R) < z(Rz2)+w(R2)/2+ ¢ < z(R2) +w(Rz2)
because w(Rz) > 2¢. This means that R and Rs intersect at (x(R),y), which is not
possible.

3. Assume case 3. This is a similar argument as case 1, replacing Ry by Rs. |

Proof of Lemma 25. Let Q be the assumed packing of k¥’ < k rectangles from R of pair-
wise different colors in the zone Z. Note that if Q contains some rectangle of R € R\
reducey (R, col), then there exists another rectangle R’ € reduce (R, col) with w(R') = w(R),
col(R’) = col(R) and h(R') < h(R) such that R’ was not used in the packing Q. Hence, we
can substitute R with R’ in the packing Q, fitting R’ within the area freed by removing R
from the packing. By applying such substitutions exhaustively, we obtain a packing in Z
consisting of &’ rectangles from reducey (R, col). |
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