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Abstract. Higher-dimensional orthogonal packing problems have a wide
range of practical applications, including packing, cutting, and scheduling. In
the context of a branch-and-bound framework for solving these packing
problems to optimality, it is of crucial importance to have good and easy
bounds for an optimal solution. Previous efforts have produced a number of
special classes of such bounds. Unfortunately, some of these bounds are
somewhat complicated and hard to generalize. We present a new approach
for obtaining classes of lower bounds for higher-dimensional packing prob-
lems; our bounds improve and simplify several well-known bounds from
previous literature. In addition, our approach provides an easy framework for
proving correctness of new bounds.

This is the second in a series of four articles describing new approaches to
higher-dimensional packing.

Key words: Cutting and packing, Higher-dimensional packing, Geometric
optimization, Discrete structures, Lower bounds

1 Introduction

The problem of cutting a rectangle into smaller rectangular pieces of given
sizes is known as the two—dimensional cutting stock problem. It arises in many
industries, where steel, glass, wood, or textile materials are cut, but it also
occurs in less obvious contexts, such as machine scheduling or optimizing the

* A previous extended abstract version of this paper appears in Algorithms—ESA’97 [2].
1 Supported by the German Federal Ministry of Education, Science, Research and Technology
(BMBF, Forderkennzeichen 01 IR 411 C7).
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layout of advertisements in newspapers. The three-dimensional problem is
important for practical applications as container loading or scheduling with
partitionable resources. It can be thought of as packing axis-aligned boxes
into a container, with a fixed orientation of boxes. We refer to the generalized
problem in d > 2 dimensions as the d-dimensional orthogonal knapsack
problem (OKP-d). Being a generalization of the bin packing problem, the
OKP-d is strongly N"P-complete. The vast majority of work done in this field
refers to a restricted problem, where only so—called guillotine patterns are
permitted. This constraint arises from certain industrial cutting applications:
guillotine patterns are those packings that can be generated by applying a
sequence of edge-to-edge cuts. The recursive structure of these patterns makes
this variant much easier to solve than the general or non—guillotine problem.

A common approach for obtaining bounds for geometric packing prob-
lems arises from the total volume of the items — if it exceeds the volume of the
container, the set cannot be packed. Thus, we get a one-dimensional problem
and do not have to consider the structure of possible packings. These bounds
are easy to achieve; however, they tend to be rather crude. Just like in the
one-dimensional case (see [6] for an overview and a discussion), there have
been attempts to improve these bounds. In higher dimensions, this is some-
what more complicated; see [16, 19] for two successful approaches. However,
higher-dimensional bounds are still hand-taylored, somewhat complicated
and hard to generalize.

In this paper, we propose a generalization of this method that leads to
better results. The basic idea is to use a number of volume tests, after mod-
ifying the sizes of the boxes. The transformation tries to reflect the relative
“bulkiness” of the items, and the way they can be combined.

This is the second in a series of four paper describing new approaches to
higher-dimensional orthogonal packing. [3, 7] presents a combinatorial
characterization of feasible packings, which is the basis for an effective branch-
and-bound approach. A preliminary version of the present paper was [4]. The
third paper [5, 8] describes a resulting overall algorithm. The more recent [1]
considers higher-dimensional packing in the presence of order constraints.

The rest of this paper is organizied as follows. After some basic definitions
and notation in Section 2, Section 3 introduces the fundamental concept of
dual feasible functions. Section 4 describes how to use these functions for the
construction of conservative scales, which yield a formal basis for lower
bounds. Section 5 presents a number of lower bounds for various higher-
dimensional packing problems; Section 6 shows how to apply them to
packing classes, a concept that was introduced in [3, 7].

2 Preliminaries
2.1 Basic setup

In the following, we consider a set of d-dimensional boxes that need to be
packed into a container.

The input data is a finite set of boxes ¥/, and a (vector-valued) size function
wiV — Qf 4 that describes the size of each box in any dimension xi, .. ., x,.
For the orthogonal knapsack problem (OKP), we also have a value function
v:V — OV that describes the objective function value for each box.
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The size of the container is given by a vector W € Q"". Whenever con-
venient, we may assume that the container is a d-dimensional unit cube.
Without loss of generality, we assume that each individual box fits into the
container, i. e., w(b) < W holds for each box.

For the volumes of boxes and container we use the following notation. If
beV, and wis a size function defined on V, then vol,(b) := [, wi(b)
denotes the volume of box b with respect to w. Similarly, the volume of the
container is denoted by voly = [[Z, W.

If S is a finite set and f a real-valued function on S, then we use the
abbreviation f(S) := > ¢ f(x).

2.2 Orthogonal packings

We consider arrangements of boxes that satisfy the following constraints:

1. Orthogonal Packing: Each face of a box is parallel to a face of the con-
tainer.

2. Closedness: No box may exceed the boundaries of the container.

3. Disjointness: No two boxes must overlap.

4. Fixed Orientations: The boxes must not be rotated.

In the following, we imply these conditions when ‘“‘packing boxes into a
container”, “considering a set of boxes that fits into a container”, and speak
of packings.

In the following, we assume that the position of any box is given by the
coordinate of the corner that is closest to the origin.

2.3 Objective functions

Depending on the objective function, we distinguish three types of orthogonal
packing problems:

e The Strip Packing Problem (SPP) asks for the minimal height W, of a
container that can hold all boxes, where the size in the other d — 1
dimensions W,..., W;_, are fixed.

e For the Orthogonal Bin Packing Problem (OBPP), we have to determine the
minimal number of identical containers that are required to pack all the
boxes.

e In the Orthogonal Knapsack Problem (OKP), cach box has an objective
value. A container has to be packed, such that the total value of the packed
boxes is maximized.

To clarify the dimension of a problem, we may speak of OKP-2, OKP-3,
OKP-d, etc.

Problems SPP and OBPP are closely related. For d € IN, an OBPP-d
instance can be transformed into a special type of SPP-(d + 1) instance, by
assigning the same x;,-size to all boxes. This is of some importance for
deriving relaxations and lower bounds.

For all orthogonal packing problems we have to satisfy the constraint that
a given set of boxes fits into the container. This underlying decision problem
is of crucial importance for our approach.
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e Orthogonal Packing Problem (OPP): Decide whether a set of boxes V' can
be packed into the container.

3 Dual feasible functions

The main objective of this paper is to describe good criteria for dismissing a
candidate set of boxes. We will use the volume criterion on transformed
volumes, by transforming volumes in a way that any transformed instance can
still be packed, if the original instance could be packed. For this purpose, we
describe higher-dimensional transformations called conservative scales. A
particular way of getting conservative scales is to construct them from (one-
dimensional) dual feasible functions.

For the rest of this paper, we assume without loss of generality that the
items have size x; € [0, 1], and the container size W is normalized to 1. Then
we introduce the following:

Definition 1. (Dual Feasible Functions) A function u : [0,1] — [0, 1] is called
dual feasible, if for any finite set S of nonnegative real numbers, we have the
relation

ZxﬁlzZu(x)Sl. (1)

xes xeS

Dual feasible functions have been used in the performance analysis of heu-
ristics for the BPP, first by Johnson [12], then by Lueker [15]; see Coffman
and Lueker [13] for a more detailed description. The term (which was first
introduced by Lueker [15]) refers to the fact that for any dual feasible func-
tion u and for any bin packing instance with item sizes xi,...,x,, the vector
(u(x1),...,u(x,)) is a feasible solution for the dual of the corresponding
fractional bin packing problem (see [14]). By definition, convex combination
and compositions of dual feasible functions are dual feasible.

Dual feasible functions can be used for improving lower bounds for the
one-dimensional bin packing problem. This is based on the following easy
lemma.

Lemma 2. Let I := (x1,...,x,) be a BPP instance and let u be a dual feasible
function. Then any lower bound for the transformed BPP instance
u(l) := (u(xy), ... ,u(x,)) is also a lower bound for I.

By using a set of dual feasible functions ¢/ and considering the maximum
value over the transformed instances u(/),u € U, we can try to obtain even
better lower bounds.

In our paper [6], we describe how dual feasible functions can be used to
obtain good classes of lower bounds for bin packing problems. Several of
these functions will be used in a higher-dimensional context later on, so we
summarize the most important results for the benefit of the reader. For the
BPP, we mostly try to increase the sizes by a dual feasible function, since this
allows us to obtain a tighter bound by using the volume criterion. The hope is
to find a u® for which as many items as possible are in the “win zones” —
the subintervals of [0,1] for which the difference is positive. Given this
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motivation, each dual feasible function is illustrated by a figure showing its
win and loss zones.

Proposition 3. Let k € IN. Then

u® 10,1 = [0,1]

X, forx(k+1)eZ
A L(k+1)x], else

is a dual feasible function. (See Figure 1.)

The following class of dual feasible functions is the implicit basis for the
bin packing bound L, by Martello and Toth [17, 18]. This bound is obtained
by neglecting all items smaller than a given value e. We account for these
savings by increasing all items of size larger than 1 — €. Figure 2 shows the
corresponding win and loss zones.

Proposition 4. Let ¢ € [0,1]. Then
U9 0,1 —[0,1]
1, forx>1—¢
x—<x, fore<x<l-—c¢
0, forx<e
is a dual feasible function. (See Figure 2.)

y y
1 1
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1 1
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k)
y=u"(x)

Fig. 1. Win and loss zones for u(*)
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0 € 1-¢ 1X
()
y=U "(x) Fig. 2. Win and loss zones for U

In our paper [6], we show how these two classes of dual feasible functions can
be combined by virtue of Lemma 2 in order to get good bounds for the one-
dimensional BPP. Our family of lower bounds can be computed in time O(n)
after sorting the items by size, and it dominates the class L, that was suggested
by Martello an Toth [17,18] as a generalization of the volume bound L;. Our
framework of dual feasible functions allows an easy generalization and proof of
these bounds. In [6], we show that this generalized bound improves the
asymptotic worst-case performance from % to 3, and provide empirical evidence
that also the practical performance is improved significantly.

Our third class of dual feasible functions has some similarities to some
bounds that were hand-tailored for the two-dimensional and three-dimen-
sional BPP by Martello and Vigo [19], and Martello, Pisinger, and Vigo [16].
However, our bounds are simpler and dominate theirs. (We will discuss this in
detail in Section 5.)

This third class also ignores items of size below a threshold value e. For
the interval (e, 3], these functions are constant, on (1, 1] they have the form of
step functions. Figure 3 shows that for small values of ¢, the area of loss zones
for ¢! exceeds the area of win zones by a clear margin. This contrasts to the
behavior of the functions u® and U'©), where the win and loss areas have the
same size.

Theorem 5. Let € € [0,4). Then
¢! :[0,1] = [0,1]
-0 x> !

X—q L fore<x<

0, Jorx <e

1
2

is a dual feasible function. (See Figure 3.)

Proof. Let S be a finite set of nonnegative real numbers, with > x < 1. Let
S := {x € Sle < x < 1}. We distinguish two cases: xes
If all elements of S have size at most %, then by definition of §’,
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Fig. 3. Win and loss zones for (,15(‘)

123 x> x> |8 (2)

xes xes’
holds. Since |S'| is integral, it follows that |S'| < [¢~!], hence
€ € 1
Z:<i5('>(96)=z:¢><'>(96)=IS'IL,IJ <l 3)
xes xes’ €
Otherwise S contains exactly one element y > % and we have
IZZxZ)H—Zny—HS'\e. (4)
xeS xes8
Therefore |S'| < [(1 —y)e '] and hence
-1
7y — 10 @y _ ¢ L=y oo 1

xeS xes’

4 Conservative scales

In this section we return to our original goal: deducing necessary conditions
for feasible packings.

There can only be a packing if the total volume of the boxes does
not exceed the volume of the container. This trivial necessary criterion is
called the volume criterion. As we will see, it remains valid even if we apply
appropriate transformations on the box sizes.

For any coordinate i, let
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f(V7W,') = {S - V|W,(S) < 1},1 S {1,,d}

be the family of i-feasible box sets, i.e., the subsets of boxes whose total
i-width does not exceed the width of the container. If we replace w by a size
function w' without reducing these families, then all packing classes remain
intact:

Theorem 6. Let (V,w) and (V,w') be OPP instances. If for all i € {1,...,d}
we have

then any packing class for (V,w) is also a packing class for (V,w').

Proof. Asweshowed in our paper [3], the existence of a packing is equivalent to
the existence of a packing class, i.e., a set of d graphs G; = (V,E;),i=1,...,d
that have the following properties:

(P1): Each G;:= (V,E;) is an interval graph.
(P2) : Each stable set S of G; is x; — feasible.

d
(P3): [E=0.
i=1

(Intuitively, these graphs describe the overlap of the i-projections of the boxes.)

This means we can focus on packing classes. The only condition on a
packing class that involves the size of the objects deals with condition (P2):
Any stable set of one of the component graphs G; should be i-feasible, i.e., the
total sum of i-widths should not exceed the i-width of the container. This
means that an OPP instance is characterized by the families of i-feasible box
sets. By assumption, these are not changed when replacing w by w'. O

Definition 7 (Conservative Scales). 4 function W satisfying the conditions of
Theorem 6 is called a conservative scale for (V,w).

The desired generalization of the volume criterion follows directly from
Theorem 6:

Corollary 8. If'w s a conservative scale for the OPP-instance (V,w), then
> ol (b) <1 (7)
beV

is a necessary condition for the existence of a packing class for (V,w).

In order to apply the new criterion, we need a method for constructing
functions w/. A particular way of getting conservative scales is given by the
dual feasible functions described in the previous section.

Lemma 9. Let (V,w) be an OPP instance and let uy, ... ,u; be dual feasible
Sfunctions. Then w := (uy(w1), ..., uas(wg)) is a conservative scale for (V,w).
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Proof. Forie€{l,...,d} the functions u; are dual feasible, hence
SeFWV,w) e Y wib) 1= uiwi(b)) <1 8eF(V,w).
besS besS

O

In the previous section, we described the dual feasible functions u®), k € IN, that
can be computed in constant time for any item. They can be used to construct a
conservative scale for an OPP instance in d - |V/|-linear time. By checking the
volume criterion for a small set of conservative scales, we get a fast heuristic
method for identifying OPP instances without a feasible packing.

Example 10. Consider the three-dimensional OPP
“Do nine cubes of size %ﬁt into a unit cube container?”’.

The total volume is 9 x %5 = 0.576 < 1, hence the volume criterion does not
produce an answer. By applying the dual feasible function u'® to all components,
we get a conservative scale. The transformed boxes are cubes of size % Now the
total volume is 9 x % = 1.125 > 1, so with the help of Corollary 8, we get the
answer “no’’ to the original question.

5 Bounds for orthogonal packing problems

Corollary 8 yields a generic method for deriving linear relaxations of
orthogonal packing problems: Let W be an arbitrary set of conservative
scales for (¥, w). Then the difficult constraint

“ There is a packing class for (S,w)”
can be replaced by the linear restriction

vw' e W :vol,(S) < 1.

The corollary implies that the latter is a relaxation. In the following we will
use this method to obtain bounds for all orthogonal packing problems.

5.1 Strip packing problem
For the SPP-d, we get a lower bound:

Lemma 11. Let V be a set of boxes, let w be a size function on V, and let W be

a finite set of conservative scales for (V,w). Then the function Lgpp(V,w),
defined by

Lspp(V,w) := maxvol,,(V),
wew

is a lower bound for the SPP instance (V,w).

The proof is immediate.

If a conservative scale w' is composed from dual feasible functions as
described in Section 3, which can be evaluated in constant time for each box,
then Lgpp(V,w') can be computed in time that is linear in d - |V].
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Fig. 4. Trying to fit nine cubes of size 0.4 into a unit container. (Example 10)

5.2 Orthogonal knapsack problem

By using the above relaxation, the OKP turns into a higher-dimensional
knapsack problem (MKP) (see [9]). While the OKP is strongly NP-hard, the
MKP can be solved in pseudopolynomial time by using the dynamic program
for the one-dimensional problem.

In case of W = {w'} we get a one-dimensional knapsack problem as an
OKP relaxation, with item weights given by box volumes with respect to the
conservative scale w/, and capacity given by the volume of the container.
These bounds are used in the implementation of our OKP algorithm, which is
described in detail in our paper [5]

5.3 Orthogonal bin packing problem

The OBPP is relaxed to a Vector Packing Problem (see [10], [11]). This
problem is still strongly NP-hard.

In order to derive a bound for the OBPP that is easier to compute, we
consider the continuous lower bound Ly for the one-dimensional BPP. For
unit capacity, this bound arises as the sum of item sizes, rounded up to the
next integer. Ly yields a good approximation of the optimum, as long as there
are sufficiently many ““small” items (see [17, 18]).

For many instances, a majority of boxes has at least one dimension that is
significantly smaller than the size of the container. This means that the box
volume is significantly smaller than the volume of the container. In general,
this is still true after a transformation by a conservative scale. This makes it
plausible to use Ly on transformed volumes. Summarizing:

Lemma 12. Let V be a set of boxes, let w be a size function on V, and let VW be

a finite set of conservative scales for (V,w). Then the function Logpp(V,w),
defined by
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Loppp(V,w) := max| vol,/(V)],
wew

is a lower bound for the normalized OBPP instance (V,w).

For conservative scales w' that are composed from dual feasible functions
as described in Section 3, Logpr(V,w') can be computed in time linear in
d - |V| — just like the bounds for strip packing from Lemma 11.

We demonstrate the advantages of our method by showing that general-
izations of the lower bounds for the OBPP-2 and the OBPP-3 from the papers
by Martello and Vigo [19] and Martello, Pisinger, and Vigo [16] fit into this
framework. Those bounds are stated as maxima of several partial bounds that
can all be stated as in Lemma 12. The necessary conservative scales can all be
constructed from dual feasible functions ("), U© and (l)(f). In [19] and [16],
these partial bounds are all derived by separate considerations, some of which
are quite involved. We will discuss two of these cases to demonstrate how our
framework leads to a better understanding of bounds and helps to find
improvements. Particularly useful for this purpose is the decomposition of
bounds into independent one-dimensional components, which was estab-
lished in Lemma 9.

We state the original formulation of the most complicated partial bound
in [19]. The only modification (apart from the naming of variables) arises
from applying their bound to the normalized OBPP-2. (The integrality of
input data that is required in [19] is of no consequence in this context.) For
two parameters p,q € (0,%], Martello and Vigo set

Lp,q)={beV | wmid)>1—p AN w(d)>1-gq},
B ={b e V\RG.a) | m®)>5 A walb) >3},
A

1
B ={ber | 32wz p

soror= =5 =3 gz

1 ) - ch(pq m b7 ’
LPOW,w) = [Li(p,q) UL (p,q)| + P 3(p9)l LPZII] Lq(flJ) (b,p Q)w

Martello and Vigo derive the bound L®4 (which is denoted by Ls(p,q) in
[19]) by a geometric argument that uses a certain type of normal form of two-
dimensional packings. This implies that only boxes from the sets /;(p,q),
L(p,q), (p, q) are taken into account.

We now give a formulation according to Lemma 12 that uses a conser-
vative scale.

Theorem 13. Let p,q € (0,1]. With

WD = (o) 0wy, p o wy)

we have

LYYV, w) = [ volywa (11 (p,q) UL (p.q) U I3(p,q))].
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Proof. In the following we only use elementary transformations and the
definition of the dual feasible functions ¢(6> from Theorem 5.
By definition of 7;(p,q) and I3(p,q) it follows immediately that

Vb Gll(p,q) : UOZW/(p.q)(b) =1-1=1

and

1 1
Vb ez (p, q) : VOZW/(,;,q) (b) =

ot g ]
Furthermore, we get for b € L(p, q)
00l (b) = GV (wi(5)) - 9V (w1 (b))
(1 0= mO ) (0=

lp~'] lg7']
_ L =wi@)p™]  [(1—wa(b))g]
lp'] lg7']
L LA = wi®)p (L = wa(b))g "]
ol
1 (EJVF?w»J+{HLUﬂ?MW"VF?MMJUF?MW)
e
_q_ mb.p.q)
gt

All in all, this yields:
’—UOIW’(I)M) ([1 (_p7 CI> U [2 (p7 q) U [3 (P7 q))—l

= Z v0l, g (b) + Z vol g (b) + Z 00! 00 (D)
beli (pq) beh(p.q) ben(p.q)

_ _ m(b,p,q) 1
) +b€%@<l 1] qu> t 2 ] quj

_ _ m(b,p,q) L(p,q)
= | (P, @) + [2(p: 9) be%;q) g + =l quj

= LPD(V, w).
O

This alternative formulation of L% from Theorem 13 reveals a significant
disadvantage of the bound: Boxes that are not contained in one of the sets
L(p,q),2(p,q), I:(p, q) are disregarded for the balance, even if their volume is
positive with respect to w/?9) . In particular, boxes are disregarded that are
narrow in one coordinate direction (w;(b) <) and wide in the other
(wi(b) > 3). For example, the OBPP-2 instance with

V= {b1,b2,b3}, w(by):= G,%),w(bz) = w(bs) = G’%)
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yields LW (¥, w) = 0 for all p,q € (0,%]. None of the other partial bounds
from [19] exceed the value of 1. However, the above discussion yields the
following improvement of L%4):

L'y, w) = [vol, e (V)]

This yields LG9 (¥, w) = 2, which is the optimal value.

We now give a descrlptlon of the OBPP bound from [19] with the above
improvement in the framework of conservative scales. Like the proof of
Theorem 13, it can be derived by using only the definition of conservative
scales and elementary transformations.

Theorem 14. For p,q € (0,}] let

w®) = D ow, UP owy),
W) = (UP) 0w, uV)ow,),
WO = D ow,  pP ow,),
WO = (pP) oy w0 w,y),
W) = ( wi, U ow),
wlO@ .= (UP 6w, wa),
wED) .= (6P oy D owy).

By Lemma 12, the maximum over the partial bounds is

Ly = max{ max max{[ vol,ww(V)]}, max {] volwm(p.q)(V)]}}.

ke{l,...,6} ()<p<1 0<p§%, 0<q§%
Loy dominates the bound Ly from [19].

Like for the bound L, (see Martello and Toth [17]), finding the maxima
over the parameters p,q can be reduced to considering ﬁnitely many values.
This makes it possible to compute the one- pardmetrlc bounds in time O(|V]),
and the two-parametric bound in time O(|V']?), provided that the boxes are
sorted by size for each coordinate direction.

Most partial bounds for the OKP-3 that are given in [16] disregard boxes
that do not span at least half the container volume in two coordinate direc-
tions. Since these boxes have to be stacked in the third direction, it is possible
to use the corresponding bounds for the one-dimensional BPP.

Not counting symmetry, there is only one partial bound in [16] that is
really based on higher-dimensional properties. For this bound, we derive a
dominating new bound in terms of conservative scales.

For this purpose, let p,q € (0, ] and consider the sets

Jip,q) ={beV | wib)>1—p A w(b)>1-gq},
Lpg) ={beV\p.q) | wib)>p A wb)>gq}.
A simplified formulation of the lower bound for the normalized OBPP-3 is

LPOV w)y= | > wi(b)+ Y volu(b)].

beJi(p.q) be)r(pq)
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In the first two coordinate directions, the size of the box is rounded to the full
size of the container, if and only if both sizes exceed their respective threshold
values (1 — p) and (1 — q). Noting that the same effect can be reached in each
dimension by using the dual feasible function U'®), we see that the intercon-
nection between both directions is unnecessary. Using the conservative scale

WP = (UP) 0w, U9 0wy, ws),

we can round up both sizes in the same way, but independent from each
other. This yields the following bound that dominates L#4):

LDV, w) = {W'W(Vﬂ .

For an example that there is some improvement, consider the OBPP-3
instance (V,w) with five boxes of sizes (5,3,1). For all p,q € (0,1 the set
Ji(p,q) is empty, so that L»9(V,w) < [vol, (V)] = [3] =1 holds, On the
other hand, L'P9) (¥, w) = [3] = 2 yields the optimal value.

All other partial bounds from [16] can be formulated as in Lemma 12. The

proof is left to the reader.

Theorem 15. Using the following conservative scales, we get a description of the
bound from [16], including the improvement mentioned above.

w® = W ow uVow,, UPows),

W@ = D ow, UP ow,, uVows),
W) = (UP oy, uh 0w, u(l) ow3),
WO = D ow, uDow, ¢»ows),
WSO = D o, P 0w, OW3),
wOE = (p®) 0wy u) 0wy, o w3)

wPd) .= (UP) 0w, UW ow,, w3

(

),
w®@a) . — (P oy, wa, Vo w3),

wOPa) = ( wi, U% ow,, U<q> ows).

Then the maximum of the corresponding partial bounds according to Lemma 12
is

L3;(V,w) :=max max max{[ vol max max
w(V,w) {ke{l ..... e}o<,g<l{f wow (V1) ke 7.9} 0<p<l 0<g<]

{T volywwa (V)] }}

This dominates the bound Ly from [16].

Like L»y4, L34 can be computed in quadratic time.

From the new formulation of L,; and L3, it is immediate how the bounds
can be improved by ap%olym further dual feasible functions, without
changing the complexity. u ), and (;S ) are all dual feasible functions with
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win zones in the interval (%, 1]. (See Figures 1, 2, 3). This suggests it may be a
good idea to use ), k >2 as well, where sizes <1 may be rounded up.

6 Bounds for packing classes

As mentioned in the proof of Theorem 6, and described in detail in our
paper [3], it suffices to construct packing classes instead of explicit feasible
geometric arrangements of boxes. This allows us to enumerate over feasible
packings by performing a branch-and-bound scheme over the edge sets of the
component graphs G; = (V, E;). At each stage of this scheme, we have fixed a
subset of edges £, ; C E;,i =1,...,d to be in the ith component graph G;.

In the following, we describe how conservative scales can be used for
constructing bounds on partial edge sets. In our exact algorithm that is
described in [5], they help to limit the growth of the search tree.

First of all, conservative scales can be used to weaken the assumptions of
Theorem 9 from our paper [3]:

Theorem 16. Let E be a packing class for (V,w), w' be a conservative scale for
(Vyw),i€{l,...,d} and S C V. Let G; be the ith component graph of E. Then
G;[S] contains a clique of cardinality [wi(S)].

Proof. By Theorem 6, any packing class E for (¥, w) is also a packing class
for (V,w'). Then the claim follows from Theorem 9 in [3]. O

Now we generalize conservative scales. We assume that only packing
classes E are relevant that satisfy the condition

g+’ngi7i:1,...7d, (8)

where £, ...,&4 4 are given edge sets on V.

Consider a set of boxes S C V' that contains two boxes b, c, such that
e=bcc & ;. With e, at least one of the edges of the clique Eg must be
contained in the ith component graph of any relevant packing class. This
implies that S can never occur as an independent set of the ith component
graph in condition (P2). Therefore, i-feasibility of S is not an issue, so
removal of S from F(V,w;) cannot delete any relevant packing classes. This
means that for the purpose of size modification, we only have to consider sets
of boxes S with cliques Eg that are disjoint from &£, ;. The family of these sets
is denoted by

f(V,Wj,gJ_,‘) = {S S f(V,Wi)|ES N g+3,’ = @}
Therefore, the assumptions of Theorem 6 can be weakened:
Theorem 17. Let (V,w) and (V,w) be OPP-d instances, let
Er=(E41...,E4q) be d-tuples of edge sets on V, and let E be a packing class

of (V,w) that satisfies (8). Suppose that for all i € {1,...,d} the following
holds:

FV,wi, i) CF(V,nh). )
Then E is a packing class for (V,w').
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Proof. Like in the proof for Theorem 6 we only have to check condition (P2).
By (8) any independent set S of the i component graph satisfies Eg N &; = 0.
Then the assumption (9) guarantees that (P2) remains valid when changing w
to w'.

Definition 18. (Generalization of Definition 7) Given the assumptions of
Theorem 17. Then we say that W' is a conservative scale for (V,w,E.).

Definitions 7 and 18 are compatible. A conservative scale for
(V,w,(0,...,0)) is a conservative scale for (¥, w). Conversely, a conservative
scale for (¥, w) is a a conservative scale for (¥, w, ) for any d-tuple of edge
sets £, of V.

Corollary 8 can now be generalized:

Corollary 19. Let W be a conservative scale for (V,w,E.). Then condition (7)
from Corollary 8 is a sufficient condition for the existence of a packing class for
(V,w) that satisfies condition (8).

So far we have used a selection of easily constructible conservative scales
in order to apply the volume criterion. Now we describe a method for
improving conservative scales by increasing the total box volume. Our
approach uses the information provided by (8). The idea is to stretch an
individual box along a given coordinate as much as possible while preserving
a conservative scale.

Lemma 20. Let (V,w) be an OPP-d instance and let £, be a d-tuple of edge

setson V. Let b € V be a box and let i € {1,...,d} be a coordinate direction.
Choose
4 > max{w;(S)|S € F(V,w;,E,,;) and b € S}. (10)

Then the size function W' given by

o) = {w,-(c)+(1 —7)  for (o) = (i,b) ()

Wik w;(c) else

is a conservative scale for (V,w,E).

Proof. Condition (9) needs to be checked only for coordinate i and for sets
containing b. Therefore consider a set S € F(V,w;, ;) with b € S. Then the
choice of A assures that

Wwi(S) = wi(S) + (1 — A) <wi(S) + (1 —wi(S)) = 1.

i

O

It suffices to consider an upper bound for the maximum in (10) for these
computations. For example, the family F(V,w;, £ ;) is contained in the the
power set of {b} U {c € V|bc € £, ;}. Replacing the family by the power set
yields an upper bound that can be computed as the solution of a one-
dimensional knapsack problem.
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The following example illustrates the technical lemma and the underlying
terms.

Example 21. Consider the OPP-2 instance (V,w, W) with
Vi={l)....6}, W:=(20,13),

w(l)=w2) = 8,7, w3) = (1
w@)=w(5) = (6,6),

Using Theorem 20, we construct a conservative scale that disproves the exis-
tence of a packing class with the side constraints

E1 2 54“1 = {1/3/,4/5/}

We start by giving an intuitive idea of the situation. Let direction 1 be “hori-
zontal” and let direction 2 be “‘vertical’’. For a packing class, consider the space

right and left of box 1':

o Box 3 must be outside of this space, as it is adjacent to 1" in in . ), this
implies a horizontal overlap with 1'.

o If 2 or 6 are packed alongside 1, horizontal free space of size
W —wi (1) = w1 (2) =W —wi (") —=wy(6') =20 — 8 — 8 =4 is left at the
respective level, which does not fit any further boxes.

o 4 and 5' would both fit next to 1. Because of 45’ € €41, one of these boxes
must lie above the other. This means that at most one of the boxes 4 and 5 is

packed  alongside 1, leaving horizontal free space of  size
W=wi (1) =wi (&) =m —wi (l") =w(5) =20-8—6=6.

2,4),
w(6') = (8,3).

At any level right and left of box 1', at least a total of 4 units must remain free.
This implies an unpacked space of size at least 4 - 7.
These facts can be covered by the terminology of conservative scales:
The maximal sets from F(V,w;, &, 1) that contain 1" are

{U, 2", {1, 43, {15}, {1,6'}.

This implies
max{w;(S)|S€F(V,wi,E4,),1"€S}=max{8+8,848,8+6,8+6}=16.

By Theorem 20 we get from w a conservative scale for (V,w,E,)by replacing
wi (1) =8 by 8 + (20 — 16) = 12. With respect to this conservative scale, the
total box volume is

12-748-74+12:446-64+6-6+8-3=284>20-13=Ww-W.
By Theorem 19, no packing class with E; D £, | can exist. O

7 Conclusions

We have described a new framework for obtaining lower bounds for
higher-dimensional packing problems. We have shown that all known
classes of lower bounds for these problems can easily be formulated in and
improved by this framework. In this paper we have given three particular
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classes of dual feasible functions. Furthermore, any additional set of dual
feasible functions for one-dimensional packing (described in detail in our
paper [6]) can be used immediately for constructing new lower bounds for
higher-dimensional packing problems, by using convex combinations and
compositions.

When considering the performance of bounds resulting from dual feasible
functions, one should also realize the limitations: As any such bound con-
siders only one item at a time (which is why the bounds have linear com-
plexity after sorting), complications resulting from the more involved
combination of items cannot explicitly be recognized. Again, see [6] for a
discussion in the context of one-dimensional bin packing. Thus, a possible
way to stronger bounds may be to consider logical implications of several
packed items at a time.

We omit a separate computational study on the performance of our new
bounds. Instead, we demonstrate their usefulness by applying them to actu-
ally solve higher-dimensional packing problems to optimality. Combining our
new classes of bounds with our characterization of feasible packings
(described in [3,7]), we get a powerful method that can solve instances of
previously unmanageable size. All technical details are described in our paper

[5].

Acknowledgment. We thank an anonymous referee for comments that helped in preparing the
final version of this paper.
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