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Chapter 1

Preface

Bin Packing is a classical area of Combinatorial Optimization, and First Fit (F'F' for short) is
among the most famous algorithms. The bulk of the dissertation contains several tightness results
of the author which are connected with different versions of F'F'. These tight results are found
after forty years of the definition of the algorithm.

These results are as follows. First we consider the F'F'D algorithm, which is the ordered
version of the F'F' algorithm. For any O PT' value (i.e. the number of the used bins in an optimal
solution) we determine at most how many bins are used by F'F'D. These tight values were known
only for few O PT values before. By this investigation a long-standing open question is answered.
Then we deal with F'F’, and we again give a complete characterization of the worst-case behavior
of the algorithm: given the value of the optimum, we determine how large the number of the bins
given by F'F’ can be. This result includes the determination of the absolute approximation ratio of
F'F, a question that was open also for forty years. Then we consider the parameterized version of
FF, where the size of each item is bounded above by 1/d, for a given integer d. We make the same
complete characterization of F'F', answering an open question after forty years. Then we deal with
F'F for cardinality-constrained bin packing, where each bin can contain only a bounded number of
items. For this problem we determine the tight value of the asymptotic approximation ratio of the
F'F algorithm, answering again a question that was open for about forty years. In the last chapter
we consider two special models: Batched bin packing and Graph-bin packing. We show that by
application of the F'F'D algorithm improved results can be obtained.

In almost all cases, we use several kinds of weighting functions. We will come across with such
weighting function that was used previously, but we use it in a new, more effective form. Further
ones have some new feature, composed from several parts, such kinds of weighting functions were
never applied before. By the deeper understanding and more sophisticated usage of these weighting
functions we became able to determine the above mentioned tight results.

Since the total of the complete proofs would be long and technical we rather give only the key
ideas of the proofs. The omitted details are put into the Appendix.

In any of the listed results the author’s contribution was significant; however, some of the
results have been achieved in part with coauthors. At the beginning of each chapter it is made
clear what is the contribution of the present author. The author is grateful for the help obtained
from his coauthors and other colleagues. Special thanks are due to the “fathers”, who discovered,
introduced and established this nice Combinatorial Optimization area: Bin Packing!
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Chapter 2

Introduction

Given a set of items with sizes p1, pa, . . . , p,, (positive rational numbers between 0 and 1), the Bin
Packing problem (B P for short) asks for the minimum number of unit-capacity bins, into which
all items can be packed in such a way that the sum of the sizes of items being packed into each bin
(called level of the bin) is at most 1. The problem belongs to the area of combinatorial optimization
and it is well-known to be N P-hard (see e.g. [14] or [43]). BP was "born” in the early seventies,
Johnson’s thesis [53] on bin packing together with Graham’s work on scheduling [46, 47] belong
to the early influential works that started and formed the whole area of approximation algorithms.
These kinds of algorithms run in polynomial time, and they find optimal or near-optimal solutions,
in some sense.

Similarly to other problems, generally two main versions of BP are considered, the offline
and the online case. In the offline case all information about the data are known before running
an algorithm, while in the online case (applying the so-called List Model) the items are revealed
one by one, and each item must be packed without any information on the later items. In this
dissertation we consider only the offline case, although algorithm F'F' (which will be defined soon)
can be seen also as an online algorithm. Thus, we suppose that all items are known before the
algorithm starts to make the packing.

Johnson considered several “Fit-type” algorithms in his thesis, like First Fit, Best Fit, and
others. We define these algorithms below. (Algorithm First Fit probably appears first in the work
of Ullman in 1971 [74].)

The First Fit (F'F for short) algorithm packs the items in a given order. The next item is
always packed into the first bin where it fits, possibly opening a new bin if the item does not fit
into any currently open bin. We call the algorithm First Fit Decreasing (F'F'D for short) if the
order of the items is decreasing by sizes. In the parameterized version of bin packing (and the
parameterized version of F'F'), it holds that p; < 1/d for every i € {1,...,n} with some integer
d > 1. Moreover, in case of the Cardinality Constrained Bin Packing problem (C'C B P for short),
an integer parameter k is also given and the further condition is that each bin can contain at most
k items.

Algorithm Best Fit (BF for short) packs the next item into the most loaded bin (i.e. the bin
with the highest level) where it fits. If no bin can accommodate the new item, it is packed into a
new bin. There are also many other algorithms (see [14] for a review), but we will deal only with
some versions of F'F' and BF in this dissertation.
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The efficiency of a bin packing algorithm usually is measured by approximation ratio. Its two
main versions are the asymptotic and the absolute approximation ratios. We define them below.
Let L denote the set of the items to be packed. (If the set is ordered, it is often called a list.) Let
OPT denote an optimal offline algorithm, and A an arbitrary packing algorithm. Let OPT'(L) and
A(L) denote the number of bins created by them to pack the items of L, respectively. The absolute
and asymptotic approximation ratio of A are defined as

Raps(A) = sup {A(L)/OPT(L)},

and
R,s(A) = lim sup {A(L)/OPT(L) | OPT(L) > n}.

n—oo  j,

Later on, if it does not make any confusion, we simply omit the letter L. It turns out that the
asymptotic ratio of many algorithms can be determined quite easily, but determining the tight value
of the absolute ratio is much harder.

The proof that the asymptotic approximation ratio of F'F" bin packing is at most 1.7 was given
by Ullman [74] and the matching lower bound by Garey et al. and Johnson et al. [45, 55]. These
results were among the first results on approximation algorithms. An estimate about the absolute
ratio appeared only in 1994, when Simchi-Levy [73] proved that it is at most 1.75 for both F'F'
and BF'. A detailed description about how these bounds have been improved in time will be given
in Chapter 4. We note here only the final results about these, as we found it in our present papers
[23, 24]: The tight absolute bound for F'F' is given as F'F' < 1.7 - OPT. In fact, the truth is the
following: For any input L it holds that

FF < |1.7-OPT|,

moreover for any integer m, there is an input L such that OPT (L) = m and BF (L) = FF(L) =
|1.7-OPT(L)]. (Algorithm BF can be seen as a generalization of F'F, as it is explained in [24]
in detail. It follows that any lower bound for F'F' applies immediately to BF', and any upper bound
for BF' applies also for F'F'.) We emphasize that in this way we give a complete characterization
for the worst-case performance of F'F'. Such information was previously known only for few O PT
values. In this way a question is completely answered, which question was open for forty years.

Let us consider F'F'D now. Johnson in his doctoral thesis [53] proved in 1973 that FF'D(L) <
11/9- OPT(L) + 4 holds for every list L of items. He also showed that the asymptotic coefficient
11/9 is tight. There were some attempts to decrease the additive term, we will see the complete
history about this in the next chapter (Chapter 3). The final value is found as FFD(L) < 11/9 -
OPT(L)+6/9 in our papers [20, 21]. Considering the absolute bound, it is trivial that if OPT = 1,
then F'F'D creates also only one bin, while if OPT = 2, in the worst case F'F'D creates 3 bins,
so the absolute bound is at least 3/2, and it is easy to see that it is not bigger. Nevertheless, there
are some questions which seem to be quite trivial, but they aren’t. For example, does there exist an
instance L of bin packing for which OPT(L) = 5 and FFD(L) = 7 hold? Not having the tight
upper bound at hand, even this innocent-looking problem was unsolved until our recent work [79];
actually the answer is negative. So, the complete answer regarding the worst-case performance of
FFD also needs to determine the next: for any given m, if O PT = m, what is the biggest possible
value of F'F'D? The answer is the next. On one hand,

FFD(L) < [11/9- OPT(L) + 6/9]

3
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holds, and on the other hand, for any integer m there is an L for which OPT (L) = m and the
above inequality holds with equality. It means that we could make a complete characterization
regarding F'F'D. This question was open also for forty years. As the complete proof would need
70 pages, some parts of the proof will be put into Appendix A and Appendix B.

In Chapter 5 we deal with the parameterized model where each item has a size bounded from
above p; < 1/d (i = 1,...,n), for a given integer d. Here we give the complete characterization
of the F'F' algorithm in the above sense: how large can F'F' be in the worst case if O P71 is given.
This question is answered after about forty years.

In Chapter 6 we deal with bin packing with cardinality constraints (BPC("), there we give a
short introduction to the BPC'C' model about the existing results. In this model there is an upper
bound k£ > 2 on the number of items that can be packed into each bin, additionally to the standard
constraint on the total size of items packed into a bin. We study the algorithm F'F’, that acts on a
list of items, packing each item into the first bin that contains at most k£ — 1 items and has sufficient
space for the item. We present a complete analysis of its asymptotic approximation ratio for all
values of £ > 3. Prior to this work, only the tight bound for £ = 2 was known. After forty years
that the problem BPCC' and the natural algorithm £'F for it were introduced, its tight asymptotic
approximation ratio for all values of £ is finally found.

Finally in the last chapter (Chapter 7) we consider two related, but more difficult models, where
applying F'F'D (as a servant algorithm) we can make efficient approximation. Actually, with my
co-authors we have defined and investigated several new models in the recent years.

a, Bin packing with rejection [49, 30], here any item can be rejected (i.e. it is not packed) by
some cost incurred. The total cost is the number of used bins plus the total penalty, given for the
unpacked items, which is to be minimized.

b, A general model of scheduling with machine cost [32].

¢, A bin covering model with a general cost function [7].

d, Batch scheduling with nonidentical job sizes [34]. In this model there are jobs with different
sizes (processing times), these jobs can be scheduled in batches on a single machine or on parallel
machines. The makespan is to be minimized. (This model is a common generalization of bin
packing and parallel machine scheduling.) The parallel machine case was never considered before,
and for the single machine case we gave an improved algorithm.

e, Three new versions of the selfish bin packing game [64, 81, 29].

f, Several new reassignment models on two related machines, for example in [80].

g, Black and White bin packing [3, 4, 5]. Here the items have size and color (black or white),
and in any bin, two consecutive items cannot have the same color.

h, Colorful bin packing [28]. This is a generalization of Black and White bin packing for more
colors, with a similar constraint.

1, The Graph-Bin Packing Problem [11], here a graph should be packed into another graph
under several natural constraints. This is a very general model, a generalization of many other
known models.

j, Multiprofessor Scheduling [35]. This is also a general model, a common generalization of
several scheduling models.

In many cases when a new model is defined and investigated for the first time, it is a natural
idea to apply the adaptation of “classical” algorithms, trying whether they can perform well also
for the new problem. And it often turns out that they are really efficient, we made such experiments
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in case of many of the models listed above. There is not enough space here to describe all the above
models and results, thus we consider only one of them (model i), where we deal with Batched bin
packing and Graph-bin packing. These models will be defined and treated in the last chapter in
details. We will see that an appropriate application of F'F'D performs quite well; we determine the
tight asymptotic approximation ratio of the adopted algorithm.

To shed light on the "usefulness” of algorithm /'F' a bit more, we mention three further results.

(1) In our paper [33] we consider the "LIB” constrained online bin packing model (this model
is not listed above). The "LIB” constraint means that in any bin, no item can be packed on the top
of some smaller item. We concentrated only on algorithm F'F’ (since this algorithm was proven
to have the best performance ratio) and we gave a more careful analysis of /'F' under the LIB
constraint. It is shown that the (absolute) approximation ratio of F'F' is not worse than 2 + 1/6 =~
2.1666 for the problem, which improves the previous best upper bound 2.5 of Epstein [37].

(i) Another interesting case is model d, listed above. Here we revisit the bounded batch
scheduling problem with nonidentical job sizes on single or parallel identical machines, with the
objective of minimizing the makespan. For the single machine case, we present an algorithm which
calls an online algorithm P (chosen arbitrarily) for the one-dimensional bin packing problem as
a sub-procedure, and prove that its worst-case ratio is the same as the absolute worst-case perfor-
mance of P. Our (natural) choice is to apply F'F' as the servant algorithm. Hence, we gain an
algorithm with worst-case ratio 1.7, which is better than any known upper bound on this problem.
Since this is a combined model and we would not like to expand the length of this dissertation too
much (with defining the basic definitions and results also for scheduling), the whole introduction
of this combined model and the improved result for the single machine case is put into Appendix
E, about Batch Scheduling.

(iii)) We mention also our paper [6] in which we determine the tight absolute approximation
ratio for online bin packing. We already know that the tight absolute ratio of FF is 1.7, but one can
detect that FF perform much better in average. So, it is a good idea to change FF, but only very
slightly: When FF would create a new 2-bin with certain properties (not detailed here), sometimes
we instead open a new bin for the next item (that would be packed into a 2-bin by FF, i.e. it would
be packed into a bin as a second item), and keep this bin only for a later large item to be packed
here. This algorithm is the first algorithm which has absolute approximation ratio exactly 5/3,
which is the value of the tight lower bound.

Above, we mentioned only directly relevant previous work for bin packing. Of course, there is
much more work on this topic; in particular, for the offline case there exist asymptotic approxima-
tion schemes for this problem [76, 56] as well as many other (classical or new) algorithms.

In the online case the known best lower bound is 1.5403 by [2], and the actual best upper
bound is 1.58889 due to Seiden [69], see also [86, 68, 77]. We refer to the classical survey [14],
another survey concentrating on online algorithms [16], the recent surveys on several variants of
bin packing [17, 18, 19], or to the recent book [78]. The interested reader can find more details
about I'F' in [36].

Finally some words about the proofs: We apply case analysis; within this, in many cases we
need the help of weighting functions. Such weighting functions were already used in the proof of
the asymptotic approximation ratio of F'[’, see [14]. This approach is frequently used for many
different problems and algorithms. We note that even in this dissertation, we need to find and apply
many different kinds of weighting functions; later we will see them in details.
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Chapter 3
The tight bound of algorithm FFD

First Fit Decreasing is a classical bin packing algorithm: the items are ordered by non-increasing
size, and then in this order the next item is always packed into the first bin where it fits. For an
instance L, F'F'D(L) and OPT(L) denote the number of bins used by algorithm 'F'D and by an
optimal algorithm, respectively. We are going to show that

FFD(L) < 11/9- OPT(L) + 6/9.

This result is best possible, as we described it in the Introduction. The asymptotic coefficient 11/9
was proved already in 1973 by Johnson, but the tight bound of the additive constant was an open
question for four decades.

We apply in this section the results of [20] and [21]. The former paper of Dosa gives the tight
bound as a conjecture, and divides the proof into two main cases. The proof of the first main case
is completely given in [20], and the first steps are also made in the other main case (by making
a possible classification of the items, and a corresponding weighting function). (Paper [20] is an
extended version of a conference talk, and could not contain a long proof.) The complete proof
is then appeared in [21]. This proof is 70 pages long (it is only about 50 pages in the journal, by
decreasing the letter size). Regarding paper [21], the contribution of the author of this dissertation
is approximately 75%. For the first main case [21] gives a new classification (5 classes instead of 6
classes as in [20]), and so the proof of the first main case is shorter. And [21] provides also a new
classification for the second main case, and gives a complete proof also for this second main case.

History. Now, let us see the history of the upper bound of F'F'D. Johnson in his doctoral thesis
[53] proved in 1973 that

FFD(L) <11/9-OPT(L)+C

holds with C' = 4 for every list L of items. He also showed that the asymptotic coefficient 11/9 is
tight; but the value of the additive constant C' has quite a different story, the problem of determining
the best possible C' remained open for many decades. (Note that Johnson’s thesis did not focus on
the tight value of the additive constant at all, but contained many great results, making the basis of
later investigations.)

It took more than ten years until Baker [9] published a slightly simpler proof of the upper bound
11/9-OPT (L) + C and showed that it is valid with C' < 3. Then in 1991, Yue [87] proved it with
C = 1; and in 2000 Li and Yue proved in [62] how the bound could be tightened further down to
C' = 7/9. In that paper the authors also conjectured that the tight additive constant is 5/9. In [20],

6
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however, Dosa showed that 6/9 is a lower bound for C' in general (and the paper also gives a sketch
of a possible proof that the bound is tight). After all those efforts the long-standing open problem
concerning the least value of the additive constant is answered in [21], giving the first complete
proof of the statement

FFD(L) <11/9-OPT(L)+6/9, (3.1)

i.e. this is the tight bound. In fact, the paper proves much more.

It is trivial that if OPT = 1, then F'F'D creates also only one bin. If OPT = 2, in the worst
case ['F'D creates 3 bins, but never opens more. But what happens if O PT" is bigger? For instance,
does there exist an instance L for which OPT'(L) = 5 and FFD(L) = 7 hold? Not having the
tight upper bound at hand, even this innocent-looking problem was unsolved until the recent work
[79]; actually the answer is negative.

We note that from our statement (3.1), for each integer m one can determine the largest £ such
that OPT(L) = m and FFD(L) = k hold for some problem instance L. The complete table of
these tight upper bounds is in [20]. In order to obtain a handy formula, let us write O PT'(L) in the
form OPT (L) = 9n + i where n is an integer and, in a somewhat unusual way, i is taken from the
range 2 < ¢ < 10. Then

lIn4+i+1, 2<i<5;
FFD(L) < { lin+i+2, 6<i<10; (3.2)
or, in equivalent form,

(11/9-OPT(L)+5/9, i=2;
11/9-OPT(L)+3/9, i=3;
11/9-OPT(L)+1/9, i=4;
11/9-OPT(L) —1/9, i=75;

FFD(L) < 11/9-OPT(L)+6/9, i = 6; (3.3)
11/9-OPT(L)+4/9, i=T,
11/9-OPT(L) +2/9, i=28,;
11/9-OPT(L)+0/9, i=09;

| 11/9-OPT(L) —2/9, i= 10;

and the bounds are tight for all values of n and 7. Since F'F'D(L) always is an integer, (3.1) can be
written in the form FFD(L) < [11/9- OPT(L) + 6/9], and hence one can easily see that (3.1)
implies (3.2) and (3.3). We emphasize that infinitely many elements of this table were not known
previously. (If one took the usual residue classes from 0 to 8, then the previous table would be a
little more complex, since there is a “jump” regarding the additive constant where ¢ steps from 5
to 6, and also from 1 to 2, but no jump occurs when ¢ changes from 8 to 0.) Only the trivial case of
n = 0 and i = 1 is not covered by the table; then OPT (L) = FFD(L) = 1.

Tightness. For completeness, here we describe instances which prove that |11/9- OPT (L) +
6/9] is really a lower bound for all values of OPT'. The basic case is OPT = 6 (mod 9), i.e. the
residue class for which the upper bound in (3.1) is an integer. (Our example below is a modification
of the one in [14], Chapter 2, page 16.) Afterwards, we shall describe tight instances for the other
residue classes, too. The case of O PT = 2 (mod 9), i.e. the other place where the additive constant
jumps, requires special care; the remaining seven cases turn out to be trivial consequences.

7
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Let € be chosen to be a sufficiently small positive real number, i.e. let 0 < ¢ < 1/8.
For the case of OPT = 6 (mod 9), let L be the instance composed from the following 9n + 6
fully packed bins (and the items therein):

e 6n + 4 bins packed with {1/2 +¢,1/4 +¢,1/4 — 2¢};
e 3n + 2 bins packed with {1/4 + 2¢,1/4 + 2¢,1/4 — 2¢,1/4 — 2¢}.

The table below displays how FFD distributes these items into bins.

# of bins 6n + 4 2n+1 1 3n+1 1
items A, B C,CC |C,D,D,D|D,D,D,D D
binlevel || 3/4+3¢ | 3/4+3c| 1—b5¢ 1-8 |1/4—2¢
ITEM CODE: A:1/2+4¢; B:1/4+2¢; C:1/4+¢€; D:1/4 — 2¢

Consequently, FF'D(L) = 11n + 8, whereas OPT(L) = 9n + 6.

Let us see now the class with ¢ = 2. Here the example given for © = 6 can be modified as
follows. Let L be the instance composed from the items being packed into the following optimal
bins:

e 6n + 1 bins packed with {1/2 +¢,1/4 +¢,1/4 — 2¢};

e 3n + 1 bins packed with {1/4 4 2¢,1/4 +2¢,1/4 — 2¢,1/4 — 2¢}.

On the other hand, the following table displays how FFD distributes these items into bins.

#ofbins | 6n+1 1 2n —1 1 3n 1
items A, B B,C.C C,CC | CCD,D | D,D,D,D D
binlevel | 3/4+3¢ | 3/4+4¢ |3/4+3¢| 1—2¢ 1-8 |1/4—2¢
ITEM CODE: A:1/2+¢; B:1/4+2¢; C:1/4+¢€; D:1/4 — 2¢

Consequently, FFD(L) = 11ln+3 =11/9- OPT(L) + 5/9, whereas OPT (L) = 9n + 2.

The tight examples for 3 < 7 < 5 are obtained by adding ¢+ — 2 items of size 1 to the example
for ¢+ = 2, and the examples for 7 < ¢ < 10 are obtained by adding 7 — 6 items of size 1 to the
example for 7 = 6.

The rest of this chapter is devoted to the proof of the upper bound. This proof is neither easy
nor short. We do believe that a really short proof does not exist (although it is possible that the
current proof could be shortened a little bit). The problem seems like looking for a needle in a
haystack when the needle is not even there. As an even closer analogue, the presented proof is
similar to the situation where something important but little thing (the suspected counterexample)
is searched for in a big house. Since we do not know where it should be, we must look into every
room, in every room we must look into every cupboard, and in every cupboard into every case (in
fact, there will be many cases). We shall find bigger rooms with many places to consider, and also
smaller rooms, i.e. simpler cases. We can be sure that the searched thing is not in the house only if
we look into every place and find it nowhere.
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3.1 Preliminaries
The goal of this chapter is to prove the following theorem.
Theorem 3.1.1 9 FFD(L) < 110PT(L) + 6.

The proof is split into four sections. In the current one we present some general observations,
whereas the arguments in the other sections will consider classifications of items according to their
sizes.

It is trivial that the assertion of the theorem is equivalent to (3.1). Since F'F'D(L) and OPT(L)
are integers, it will suffice to show that there does not exist any instance for which

9FFD(L) >110PT(L)+7 (3.4)

holds.
For every set of sizes a; > a2 > --- > q;, any problem instance can be represented with a
“configuration vector” (ny, no, ..., n;) of length [, where n; > 0 is the number of items of size a;

in the instance. Suppose on the contrary that the theorem is false, and let L be a minimal coun-
terexample. L is called minimal, if taking all item-sizes a; > ay > --- > a; in L, the configuration
vector of L is lexicographically minimal among all counterexamples that only contain items of
sizes in {aq, as, ..., a}.

Definition 3.1.1 Let us say that an item is larger than another item if the former appears before
the latter in the sorted order. Similarly, an item is called smaller than another item if the former
appears after the latter in the sorted order. (Hence these relations are defined also between items
of the same size.)

Observation 3.1.1 OPT(L) > 2and FFD(L) > 4.

Proof. 1Tt is trivial that OPT(L) > 2 must hold. Then (3.4) means 9 FFD(L) > 11OPT(L) +
7 > 29, thus FFD(L) > 4 also holds. O

Let us choose an arbitrary (but fixed) optimal solution, and then denote the optimal bins as 5
fori =1,...,0PT(L), and the FFD bins as B, for j = 1,..., FFD(L). The sum of the sizes
of items being packed into a bin will be referred to as the level of the bin in question, and will be
denoted as [ (B}) and [ (B;), respectively. For an item U, we shall often denote by bin(U) the bin
into which U is packed by algorithm F'F'D.

From the minimality of the counterexample it follows that the last '/’ D bin contains only one
item, and no item arrives after this item, thus the only one item in the last F'F'D bin is the last (and
smallest) item. This specific item, and also its size, will be denoted as X. Let the items (and their
sizes) be pi, for k = 1, ..., n, where n stands for the number of items. We suppose without loss of
generality that the sizes of the items are non-increasing, i.e. p; > ps > --- > p, = X.

We also introduce the following notation. Let the k-th item of the ¢-th optimal bin be denoted
as Aj, forevery i = 1,...,OPT(L), and analogously let the k-th item of the j-th F'F'D bin be
denoted as A, forevery j = 1,..., FFD(L). (Depending on context, we will sometimes use
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more than one notation for the same item, and in all cases the notation is both for the item and
its size.) We assume without loss of generality that for every ¢ and every k; < ko the inequality
Aty = Ay, holds, and A7, arrives before A7, in the order of the items. Similarly, A;, > A;y,
follows from the F'F'D rule for every j and every k; < ko, moreover A;;, arrives before A;, in
the order of the items. A bin is called a k-bin if it contains exactly k items.

Clearly, > ;_, pr < OPT(L) holds because all the items fit in the optimal packing into
OPT (L) optimal bins. Note that item X does not fit into any previous F'F'D bin, thus we get

I(B)>1-X, i=1,..., FFD(L) — 1. (3.5)

Lemma 3.1.1 X > ZERn Bl > 0/11,

Proof. We apply (3.5) to get
OPT(L) =Y pe=(X+1(B)+ >  1(B)
k=1 =2

>1+4(1—X)(FFD(L) - 2),

from which the first inequality follows, while the second inequality is equivalent to (3.4). O

Corollary 3.1.1 FFD(L) > OPT(L) + 1.
Proof. This fact follows from (3.4) and Observation 3.1.1, as
11 2
FFD(L) > gOPT(L) +7/9= §OPT(L) +OPT(L)+7/9
> OPT(L)+4/9+7/9>OPT(L) + 1.

|

From Lemma 3.1.1 we also see that no bin can contain more than five items, since the smallest
itemis X > 2/11 > 1/6.

11/9-OPT(L)+7/9]-OPT(L)~1
Corollary 3.1.2 X > [ /(11/9-(011T(£)]+7/9]—é =1

Proof.  We apply (3.4), Lemma 3.1.1, and the facts that F'/F'D(L) is an integer and the ratio

FFDI(;LF)B?LI;EL)A is an increasing function with respect to F'F'D(L). O

Definition 3.1.1 We say that an FFD bin B; dominates an optimal bin B} if there exists an injec-
tive (but not necessarily surjective) mapping f : Bf — Bj; such that p;, < f(py) holds for every
element py, € B;.

Lemma 3.1.2 (Domination Lemma) There are no bins B; and B} such that B; dominates B;.

10
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Proof. First we note that the FFD packing always has the following special property: Omitting the
items being packed into a specific FFD bin, and running again FFD for the remaining items, we
get the same packing for them. Suppose that the FFD bin IB; dominates the optimal bin B;. Let
every item x € B} satisfying © # f(x) be swapped in the optimal packing with its image f(x).
Having done this swapping procedure, B; still dominates the optimal bin B}, and all items of 57
are packed into B; in the FFD packing. If there are further items in Bj, let these items be also
(re)packed into the optimal bin B;. Then the other optimal bins (the original place of these items)
will have fewer items. Thus, finally the FFD bin B; and the optimal bin B will have the same
contents. Then omitting just their items, we get a smaller counterexample, what is a contradiction
to our minimality assumption. O

Lemma 3.1.3 Each optimal bin contains at least three items.

Proof. By Lemma 3.1.2 an optimal bin with a single item cannot occur, since it will be dominated
by the FFD bin which has this item.

Suppose now that the optimal bin B} contains only two items, Y and Z, where Y > Z. If Y
and Z are packed into the same bin by FFD, we get a contradiction to the Domination Lemma.
Assume that Y and Z are not packed together by FFD, and Y is packed before Z. If Y is not a first
item of an FFD bin, then its bin contains an item which is not smaller than Z, and we are done.
Otherwise, if Z is packed into a bin of a larger index than the bin of Y, then since Z does not fit
into the bin of Y, it is known that an earlier item joined Y in that bin. Finally, if Z is packed into a
bin of a smaller index than the bin of Y, then the first item of this bin is not smaller than Y. In any
case we got a contradiction to the Domination Lemma. Hence each optimal bin contains at least
three items. a

Lemma 3.1.4 Each FFD bin but the last one contains at least two items.

Proof. Suppose that an FFD bin B, contains just one element for some 1 < j < FFD(L) — 1.
Let this item be Y, and suppose that Y is packed into the optimal bin B;. There exists another
item, say Z, in this optimal bin. Then Y 4+ Z < 1, implying that Y + X <Y + Z < 1 (since X is
the smallest item), thus the last item X fits into this FFD bin, a contradiction. O

Lemma 3.1.5 X < 1/4.

Proof. Suppose that X > 1/4. Then each (optimal or FFD) bin contains either at most three items,
or four items if each of these four items has size exactly 1/4. Let K be the number of optimal bins
containing four items; let us call these bins as special (optimal) bins, and the other optimal bins as
ordinary optimal bins. The items being in some special or ordinary bin will be called as special
and ordinary items, respectively. It holds that the size of any special item is exactly 1/4 (but there
can be ordinary items with size 1/4, as well). Note that in case X > 1/4 there is no special item.
We assume without loss of generality that all special items arrive after all ordinary items (including
ordinary items of size 1/4). This can be assumed by possibly swapping the location of items of
size 1/4 in the optimal solution.

11
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From Lemma 3.1.3 we get that every ordinary optimal bin contains exactly three items, thus
the number of items is 3(OPT (L) — K)+4K = 30PT (L) + K. Moreover, the size of each item
is at most 1/2, and the items of the special optimal bins are (among) the smallest items.

Suppose that there are two consecutive FFD bins B, and Bs (8 = o + 1) where B, and Bg
contain three and two items, respectively. If A, + Ay2 > Apg + Ago, then because A, 3 fits
into the a-th bin and A, 3 > X, it follows that X fits into the $-th bin, a contradiction. Thus
Ap1 + Ap2 < Agq + Apo must hold. Since A, 1 > Ag;, it follows that A, o < Ag,. Thus Ag,
is packed before A, », and it did not fit into the a-th bin, therefore A, ; + Ag2 > 1 and the bigger
of them exceeds 1/2, a contradiction.

Hence, the FFD bins at the beginning contain two items, the FFD bins after them contain three
items, and then there can be some FFD bins with four items (each item in these latter bins has size
exactly 1/4); and finally the last FFD bin contains only one item. Let n; > 0 be the number of the
FFD i-bins, for i = 2,3,4. Then ny + n3 + ny + 1 = FFD(L), and the number of the items is
3FFD(L) —ng+mng—2.

Suppose that ny > 0. Then, since the sum of the sizes of any two items is at most 1, the first 2n,
items (in the non-increasing order) are packed pairwise into the first no FFD bins, and therefore

Pons—1 +p2n2 + X>1 (36)

holds (recall that p; denotes the size of the k-th item). Also recall that an item is said to be larger
than another item if the former appears before the latter in the sorted order.

Now let us consider the largest item, say item Y, which is a second item in some optimal bin,
i.e. consider the largest A7, item for the optimal bins.

It follows that item Y cannot occur later than the (OPT (L) — K + 1)-th item (since an item
can precede it only if it is a first item in some optimal 3-bin), thus A7, = p;, for some ky <
OPT(L) — K + 1. Let A7 = py, and A} 3 = py,. Then k; < ky < k3 must hold for these indices,
since we assume that the items in an optimal bin are sorted. The inequality

POPT(L)-K T POPT(L)—K+1 T X < Dry—1+ Py + X < Dy + Piy +Prs <1 (3.7)

holds because of the non-increasing order of the items, and since X is the smallest item. Com-
paring (3.6) and (3.7) we see that in case of ny > 0 we gain the next upper bound on n,:
OPT(L) > OPT(L) — K > 2ns. Also, the inequalities trivially hold if ny = 0, thus

OPT(L) > OPT(L) — K > 2n,

hold in both cases. We state that min { K, n,} = 0, i.e. K and n4 cannot be positive at the same
time. Indeed, otherwise there exist both FFD and optimal bins with four items in each, and then
all these items have size exactly 1/4, contradicting the Domination Lemma.

First suppose that ' = 0. Then the number of items is

30PT(L) = 3FFD(L) — ng +ny — 2 > 3FFD(L) — OPT(L)/2 — 2
>3(11/9 - OPT(L) +7/9) — OPT(L)/2 — 2
—19/6 - OPT(L) + 1/3 > 30PT(L),

a contradiction.

12
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Now suppose that K > 0; then ny = 0 follows. Recall that there are 4/ > 0 special items.
We will need an upper bound on K. For this purpose consider the moment in the FFD packing
when all ordinary items are just packed. Let j be the number of the opened bins at this moment,
and let Z be the first item in the last (i.e. j-th) opened bin. If Z = X then there is no special item,
a contradiction. Thus Z precedes X. If Z = 1/4, then no special item can be packed into the first
j — 1 bins (since Z did not fit there either) and there are at least four special items, thus n, > 0, a
contradiction. Thus Z > 1/4 follows. Since 14 = 0, only one bin, namely the last FFD bin will be
opened in the future, thus j = F'F'D(L) — 1. There cannot be now two FFD bins each having level
at most a half. It follows that at most one special item fits into any opened bin at this time, with
at most one exception (and at most two special items fit into any opened bin). Thus at most 7 + 1
special items will be packed in the future into the already opened bins, moreover one special item

(i.e. X) will be packed into a new (i.e. the last FFD) bin, therefore F'/F'D(L) + 1 > 4K follows.
Then we get

30PT(L) + K =3FFD(L) — ng — 2

FFD(L)+1 23 17
_ AP T  SRED(L) — ey — —
8 *3 (L) =m2 =3
93 17
> K/2+ 2 (11/9 - OPT(L) +7/9) = (OPT(L) = K)/2 - =
23 11 1 23 7 17
(2.2 _Horrn+ 2 Lotk
(3 g oI+ 5-%+
9217

1
= S OPT(L) + 5 + K > 30PT(L) + K,

a contradiction completing the proof of the lemma. O

Remark 3.1.2 This proof would be a little bit easier if we prove only X < 1/4. Moreover it seems
hard to decrease the upper estimate on X further to 1/4 — c for some constant ¢ > 0.

At this point we already know that X must lie in the interval (2/11, 1/4). The following lemma
will be very useful.

Lemma 3.1.6 (i) It holds that OPT(L) > 8.
(id) If X < 1/5, then OPT(L) = 10, OPT(L) = 14, or OPT(L) > 18.

Proof. Applying Corollary 3.1.2, for 2 < OPT(L) < 17 we get the following tables:

OPT(L) = 2 [3 [4 [5]6 |7 |8 ]9 |10
11OPT(L) + 7 29 [ 40 | 51 | 62| 73 | 84| 95 | 106 | 117
[(AITOPT(LY+7)/9] |4 |5 |6 |7 |9 |10[11]12 |13
X T T [T (I 222 [Z [Z

2 3 4 5 7 8 9 10 11
OPT(L) = 11 [12 [13 [14 [15 [16 |17
11OPT(L) + 7 128 [ 139 | 150 | 161 | 172 | 183 | 194
[ITOPT(L)+7)/9] |15 |16 |17 |18 |20 |21 |22
X 3T 3 2 2 [& [Z [Z

13 14 15 16 18 19 20

13
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In case of OPT(L) € {2,3,4,6,7}, X > 1/4 would follow, contradicting the previous lemma.
Reference [79] contains the proof that in case of OPT'(L) = 5 the value of F/F'D(L) is at most
6, which contradicts (3.4), but we give a simplified proof for completeness in Appendix A. Thus
OPT(L) > 8 follows. Now assume that X < 1/5 holds. Then, if OPT(L) < 18, according
to the previous table, only the following cases are possible: OPT (L) = 10, OPT(L) = 14, or
OPT(L) > 18. O

Remark 3.1.3 Let us consider cases OPT(L) = 10 + 4k where k € {0,1,2}. From (3.4) it
follows that in these cases FF D(L) > 13+ 5k holds. If even FF D(L) > 14+ 5k held, then from
Lemma 3.1.1 we would get X > (14+?ﬂ;égf§k)_l = 5’,::[:132 > 1/5. Thus supposing X < 1/5 and
OPT(L) = 10 + 4k for some k € {0,1,2}, only FFD(L) = 13 + 5k remains to be considered.

We will show later that this case is impossible.

During the packing process, we say that a bin is an open bin if there is at least one item already
packed into it. (All through the packing process, algorithm FFD keeps open each bin which is
already opened, and all bins will be closed only after packing the last item.) An item which is
packed into the currently last open bin is called a regular item, otherwise the item is called a
fallback item. A bin is denoted as (A, B, C) bin if A, B, and C' are items, and exactly these items
are packed into that bin. Analogous notation will be used for bins containing fewer or more than
three items, too.

Lemma 3.1.7 Let B and C be two consecutive items in the (ordered) list L of the items, B preced-
ing C. If C'is packed into a (G,C) FFD-bin, where G > 1/2, then the following two properties
hold.

(i) If B and C have the same size, then B is packed into a (H, B) FFD-bin where H and G are
two consecutive items in this order, and H and G have equal size.

(17) If B is bigger than C, then B > 1 — G.

Proof.  Suppose that B < 1 — G. Since B arrives before C, this means that B fits into bin(G).
It follows that B is packed into an earlier bin than bin(G). Since G > 1/2, it means that there
are k > 1 consecutive items H; > Hy > --- > Hy > G > 1/2, packed one by one into
different, consecutive bins, such that B is packed into bin(H;) (and there may be further bins
before bin(H,)). Let us denote B as B in the following. Since H; + B+ X > G+ C+ X > 1,
hence bin(B;) contains exactly two items, i.e. it is a (H;, By) bin. Consider the moment when
By is packed. Since the next item C' is packed into bin(G), and H; + C < Hy + B; < 1 for
any 2 < i < k, there must be a second item, say B;, in any bin(H;) for 2 < i < k at this time,
otherwise C' would be packed there. Then B; > (' trivially follows. Later no further item can be
packed into any bin(H;) (as H; + B; + X > G + C + X > 1), thus any bin(H;) has exactly two
items, i.e. any bin(H;) is a (H;, B;) bin, for 1 <7 < k.

We shall use the following terms: the items of the set { By, Bs, ..., By, C'} are the considered
items, and their bins are the considered bins; the items being packed into non-considered bins are
ordinary items, the bins with smaller index than (H;, B;) are earlier bins, and the bins with bigger
index than (G, C') are later bins.

Suppose that H; > (. We claim that decreasing the sizes of items H;, H», ..., Hj, to the size
of GG (referred to as change), exactly the considered items will be packed as second items into the

14
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considered bins (possibly in another order), no more items will be packed there, and each ordinary
item coming before C' will be packed into the same bin as before. Suppose that this claim is not
true, and let A be the first item for which the claim fails.

Case 1, Item A is an ordinary item, coming before C' If before the change A was packed into
an earlier bin, then A is packed into the same bin, as the change of the sizes of Hy, H,, ..., H; and
the packing of the considered items (before A) cannot violate the packing of A. Otherwise before
the change A is packed into a later bin. Since before the change at the time of packing A there is
only one item, namely G in bin(G), and A was not packed there, G + A > 1 holds. Thus after the
change A is packed again into the same later bin.

Case 2, Item A is a considered item. It cannot be packed into an earlier bin, since the ordinary
items that are before A in the list are already packed there in the same bins as before the change.
On the other hand, since 1 > H; + B; > G + B, and at this time no ordinary item is packed into
a considered bin, A fits into a considered bin (as exactly k£ + 1 considered items are to be packed
into the same number of considered bins). As B; > C'and G + C + X > 1, it is clear that any
considered bin remains a 2-bin.

We got a contradiction, thus the claim follows. It means that there exists a smaller counterex-
ample, which is a contradiction. It follows that H; = Hy = --- = Hy = G. Then k > 1is
impossible, since then the largest 3; item (which is the first in the sorted order) must be packed
into the bin of H instead of bin(H;).

Summarizing the results so far, we proved that in case B < 1 — G it follows that B is packed
into an (H, B) FFD bin where H and G are two consecutive items in this order, H and G have
equal size, and (H, B) and (G, C') are two consecutive bins.

Then C' < B < 1 — G is impossible, because then decreasing the size of B to the size of C,
B would be packed into the same bin (as C' does not fit into any earlier bin), and we would get a
smaller counterexample. It follows thatin case C' < B < 1— G either B= Cor B > 1 — G, thus
we proved both (1) and (i1). O

Corollary 3.1.4 Given a (G,C) FFD bin, where G > 1/2, there are no items of size in (C,2X].

Proof. From Lemma 3.1.7 (ii) it follows that there is no item in (C, 1 — GJ. Since in any optimal
bin there are at least three items, it follows that G < 1 — 2.X, thus 2X < 1 — G, and we get
(C,2X] C (C,1-@]. O

Corollary 3.1.5 Let (G, C) denote an FFD bin, and (G, A, B) denote an optimal bin, where G >
1/2, G denotes the same item in the two bins, but A, B and C' are different items. Then any item
bigger than C'is also bigger than A + B.

Proof. The claim follows directly from Lemma 3.1.7 (ii). ]

The last corollary will often be used in the later sections, since with its help many cases can
be omitted from consideration. We also state here a trivial observation, which will be used several
times.

Observation 3.1.2 Let (B, Ay, Ay, A3) and (G, Ay, As) denote two optimal bins, where B > A,+
As. Then the five items A, Ao, Az, Ay, As fit into a common bin.

15
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This part of the work could be done generally to prepare the proof of the main result. Now we
need to introduce classifications on the items.

32 Casel/5< X < 1/4.

We put the items into some classes according to their sizes. Let Z be the smallest regular item in
interval (%, é] if there exists at least one such item; otherwise let Z = 1/3. (The definition of
Z 1s a core matter here, by use of Z we can reduce the number of necessary classes from 6 to 5).
The classes are defined only on the basis of the values of X and Z. The classes are called giant,
big, medium, small, and tiny, and their item sets are denoted as G, B, M, S, T, respectively. We

also assign weights to the items being in the classes, as follows.

Name Class Weight
Giant ;<G 23
Big = <B<; 18
Medium | 52 < M <2 [ 15
Small | Z<S<12 12
Tiny X<T<Z 9

The classification of the items
incase 1/5 < X < 1/4.

Observation 3.2.1 The classes are well defined. Furthermore, if set S is not empty, then there
exists at least one item in class S with size exactly Z. Moreover, the size of each regular T item is
at most 12X,

Proof. Class T is well defined, since X < % < Z. Class S is well defined, since Z < % The

further classes are also well defined, by 0 < X < Z. Now suppose that there exists at least one

item in class S. If Z = 1/3, then Z = %, thus any S item has size Z = 1/3. Otherwise there

exists at least one regular item in the interval (%, %], the smallest one has size Z, and it belongs

to class S. Now let A denote a regular 7" item. Since A is a T item, it follows that A < Z, but Z
1-X 1

is the smallest regular item in (<5, 3], thus A cannot be in this interval and therefore A < %

follows. O

Observation 3.2.2 For the ranges of X, Z, % and % (the boundaries of the classes above)
the following inequalities are valid:

1-Z
1/5<X<1/4<Z§1/3§T<3/8< <2/5<2X.
Especially, % < 2X holds.

Proof. Each inequality can be checked easily. O

Let § = (1 — X)/36. In the next lemma we find a relation between the sizes and the weights
of the items.

16
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Observation 3.2.3 The size of any item is strictly larger than § times the weight of the item, except
possibly the giant items.

Proof.  The size of a tiny item is at least X, while  times its weight is 96 = % < X by
Observation 3.2.2. The size of a small item is at least Z > %, while ¢ times its weight is 120 =
=X The size of a medium item is bigger than 252 > 1/3, while 150 = 2(1 — X) < £ .1 =1,
The size of a big item exceeds % while ¢ times its weight is just 18) = % O

For nonnegative integers ¢y, ..., c5 and real cg we write c1G + coB 4 csM + ¢4S + ¢c5T > ¢
to express that the inequality holds substituting (the size of) any c; large, ¢y big, c3 medium, c,4
small, and c5 tiny items. We only require that the items must be distinct, some (or all) of them may
have the same size. Other kinds of inequalities involving any specific types of items are meant
analogously. For example, 3S > 1 — X holds since no S item is smaller than Z > % thus
substituting any three .S items, the sum of their sizes is bigger than 1 — X.

Observation 3.2.4 The inequalities G < 1 — 2X and G + M < 1 hold for any G and M items.
Moreover no item has size in (1 — 2X, 1].

Proof.  Since each optimal bin contains at least three items, G < 1 — 2.X is valid. The second
statement follows from the facts that there is at least 2.X room in a bin which contains only a GG item
at that time, and M < % < 2X holds for any M item, by Observation 3.2.2. Since G < 1 —2X
holds for any giant item, and G is the biggest class, the size of any item is at most 1 — 2.X. O

Let us introduce some further notation. A (C7, C5) bin denotes an FFD bin-type, where C
and Cs are two different specified classes. For example (G, S) means an FFD bin which contains
exactly two items, a G item and an S item. 3-bins and 4-bins (i.e. bins containing 3 or 4 items)
will be denoted similarly.

We also use the term A-bin, where A is some class, to mean that some of the items in the bin
belongs to A. For example, G-bin (B-bin, M-bin, ...) denotes a bin which contains a G item (at
least one B item, M item, ..., respectively), among other items.

We will often use properties of the FFD packing, similar to the one highlighted in the previous
observation, in order to reduce the number of possible bin-types.

We denote the weight of an item A as w(A), the sum of the weights of all items as w(L), and
the weight of an optimal or FFD bin as w(B*) or w(B), respectively. We define the reserve of an
optimal bin as r(B*) = 44 — w(B*). When we define the weights of the classes, we do it in such
a way that no optimal bin will have weight more than 44, i.e. the reserves of all optimal bins are
nonnegative, and almost all of the optimal bins have positive reserve. Define the surplus of an FFD
bin as sur(B) = w(B) — 36, if this value is nonnegative. Otherwise, let short(B) = 36 —w(B) be
called its shortage. In case if the weight of every FFD bin is at least 36 (i.e. there is no shortage)
and the reserve of all optimal bins is nonnegative, we easily get that

FFD(L) OPT(L) 14
36 FFD(L)< > w(By)=w(l)= Y w(Bj) < -360PT(L),
k=1 k=1 30
and the proof is done for such instances. Unfortunately, FFD bins with less weight (i.e. with
some shortage) may exist. But we prove that the total shortage can be covered by the reserves of
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the optimal bins plus the surplus of the other FFD bins, plus a required additive constant 27 (see
below). In this section the weight of the smallest class is w(7) = w(X) = 9. Thus, the shortage
of the last FFD bin, which contains only the last item X, is 36 — w(X') = 27, therefore the additive
constant just covers the shortage of the last FFD bin.

Let sur(L) and res(L) be the total value of the surplus and reserve of all FFD and optimal bins,
respectively, let the required additive constant 27 be denoted as rex(L), and finally let short(L)
be the total value of the shortage given by all FFD bins. Then we have

FFD(L)
w(L)= Y w(By) =36-FFD(L)+ sur(L) — short(L), (3.8)
k=1
OPT(L)
w(l)= Y w(B;)=44-OPT(L) - res(L). (3.9)
k=1
Suppose that
res(L) + sur(L) + rex(L) > short(L) (3.10)

holds. Then applying (3.8) and (3.9), we have

36- FFD(L) =w(L) — sur(L) + short(L)
<w(L)+res(L) + rex(L)
=44 - OPT(L) + 27.

Dividing by 36 and considering that 27/36 < 7/9 we get our main result. Thus in the remaining
part of this section our goal is to prove (3.10).

Let us see what kind of bins are possible, in terms of the distribution of the classes. First we list
all possible optimal bins, and then all possible FFD bins. In the last rows 7 means the reserve of the
optimal bins, while s denotes the value of the surplus or shortage of the FFD bins. If s is positive,
then it means surplus, and if it is negative, then it means shortage. The value of reserve, surplus
or shortage of the bins can easily be computed from the weights of the classes. The weights are as
given above, but we also include the weights here in the left column for the sake of easier checking
of reserve, surplus or shortage of a bin. The very last column for FFD corresponds to the last bin,
and there can be only one such bin. We use the required additive constant to cover the shortage of
the last FFD bin, thus we write 0 there for the remaining shortage.

Lemma 3.2.1 Only the following bin-types are possible.

OPT
23

G|1]1

18 || B 11171

15 | M 1 2111111

12 S |1 2|1 1 31212 1)1

O (|T|1]2]|1 1211 113] 2 2] 1 2 1413
r (0|3 (2258|558 |2|11(8|2|11|5|14|8]17

18



dc_1295 16

FFD
B G1[1] 1] 1 11
18| B |1 2 I T 11
5 M| |1 2111 1
2]s i 1 2 I
o || T i 21 2|1 [1]3] 2
s[5(2|-1|-4]0|-3|-68[5/6|6/3]|0]3(3/0]6]-3
12][S[3]2] 2 [1] I
o | T| |2 1 (3|2 4|1
s[0[6|=3[3]-6/0]0

Proof. First let us check what kind of optimal bins are possible. Each optimal bin contains three
or four items. If the bin contains a giant or big item, then three further items do not fit into it, since
G+3X > B+3X > % +3X = % + gX > 1. Thus, any optimal GG-bin or B-bin contains
exactly two further items.

In a G-bin there cannot occur a B or M item, since G+B+X > G+M+X > %—l— % +X > 1.
Two S items cannot be in a G-bin, since S > Z > 1/4. Then only (G, S, T) and (G, 2T") optimal
GG-bins are possible. Two B items cannot be in an optimal bin, because 2B + X > 1. Since
B+M+S >2M+S > 1, if an optimal B-bin contains also an M item, then its third item cannot
be an S item, only a 7" item.

Let us consider the optimal bins whose largest item is some M item. Using 2M + 2X >
2M + S > 1, if the bin contains two M items, then only one 7" item can fit into it. Suppose the bin
contains one M item. Using M + S + 27T > % + Z+2X > % + gX > 1, if the bin contains
one M item and also at least one S item, then two further items cannot fit into the bin, thus only
an (M, 3T) bin is possible if the M -bin is a 4-bin.

If the bin contains items only from the classes S and 7, then 35 + X > 1 implies that there
cannot be a 4-bin that contains three S' items.

Now let us consider the possible FFD bins. Each FFD bin contains at least two, and at most
four items. Considering the 2-bins, any G-bin is possible, except (2G) bins. If there is a (B, T')
bin, the 7" item must be regular, and therefore its size is at most % by Observation 3.2.1. Then X
would fit into such a bin, since B + % + X < 1holds. Thus a (B, T") FFD bin is impossible, but
any other B-bin (without a GG item) is possible among the 2-bins. There cannot be further 2-bins,
since 2M + X < 1. Considering the 3-bins and 4-bins, almost all bin-types are possible which we
have got among the optimal bin-types. We can exclude the (37") bin-type from the FFD bins, by
the following reason: If there is such a bin, then each 7" item in this bin must be regular. Thus all

of them are no larger than 1=* by Observation 3.2.1, and then X would fit into this bin. O

Observation 3.2.5 If there exists at least one (G, T') bin, then there are no S U M items. If there

exists at least one (G, S) bin, then there are no M items. In any case, if there exists at least one
(G,T) bin or (G, S) bin, then all (G, T) bins or all (G, S) bins are identical in terms of the item
sizes in them.

Proof. Suppose that there exists a (G, T) bin in the FFD packing. It follows from Corollary 3.1.4
that there is no item with size in [Z,2X]. Since Z < S < M < 12X < 2X, there are no S U M
items. If there exists a (G, S) bin, similarly it follows that there are no M items. The third claim
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follows from Lemma 3.1.7. Suppose for example that there exists a (G, T") bin; let T; denote the
smallest 7" item for which there exists a (G,7") bin. Then as we have seen, there is no item with
size in (1p, 2X], thus if (G, 1)) is another (G, T') bin, then T and T} have the same size, and then
Lemma 3.1.7 (i) can be applied. o

Some situations can be eliminated by considering just the class of the largest items in the bins.
For this, we simplify the notation to (A, .) bin, where A is any class, meaning that the bin contains
at least one item from class A, but contains no item from any higher classes. For example, (1, .)
denotes a bin which contains at least one M item, but contains neither a G item nor a B item.

Observation 3.2.6 If there exists at least one (S, .) FFD bin, then the last (S, .) FFD bin contains
an S item with size exactly Z.

Proof. 1f Z = 1/3, then any S item has size exactly Z, thus the claim follows. Suppose that
Z < 1/3. Observation 3.2.1 implies that there is an .S item with size exactly Z. Suppose that all S
items in the last (.5, .) bin are greater than Z. Then each item with size Z must be in earlier bins,
thus all of them are fallback items. But this is a contradiction, since Z is defined as the size of a
regular item (if Z < 1/3). O

Using also the previous observation, we can exclude several combinations of bin-types.

Observation 3.2.7 The following bin-types cannot occur at the same time: Two (B, .) bins, both
having only one B item; or two (M, .) bins, both having only one M item; or two (S, .) bins, both
having only at most two S items. Consequently two (B,.) bins or two (M, .) bins or two (S5, .)
bins, both having shortage, cannot occur simultaneously.

Proof. Two B-bins with shortage cannot occur, since these bins can be only of type (B, M) or
(B, S), but two B items fit into a common bin. By the same reason, two (), .) bins both with only
one M item cannot occur. Suppose that there are two (S, .) bins, both having at most two S items.
Then by Observation 3.2.6, there is an .S item with size exactly Z in the last S-bin, and this item
would fit into the first (.S, .) bin under consideration, since two .S items and a third S item with size
Z fit into a common bin. ]

Now we introduce another notion: We say that {(G, A), (G, B, C)} is a cobin (couple of bins)
if (G, A) is an FFD bin, (G, B, C) is an optimal bin, and G denotes the same item in these two
bins (i.e. (G, A) is the FFD bin of item G, and (G, B, C') is the optimal bin of item G).

Lemma 3.2.2 Suppose that there is no (G,T) FFD bin, and there is no {(G, S), (G, S,T)} cobin.
Then the inequality (3.10) holds.

Proof. We have seen in Lemma 3.2.1 that only (G, S, T) or (G, 2T") optimal G-bins are possible.
Let the GG items of the (G, .S, T') and (G, 2T") optimal bins be denoted as G; and G, respectively.
Now we decrease the weights of the G items by 2, and increase the weights of the G5 items by 1.
As aresult, any optimal bin has at least 2 reserve. Since there are at least eight optimal bins by
Lemma 3.1.6, we have at least 16 reserve in total.
Let us consider now the FFD bins. There is no (G,7T') FFD bin. Moreover since there is no
{(G,S),(G,S,T)} cobin, the G item of any (G, S) FFD bin is of type G5, thus the bin has no
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shortage. Any other G-bin had at least 2 surplus before the change of the weights, thus it follows
that no FFD G-bin has shortage after the change of the weights.

Now let us count the total shortage caused by the other FFD bins.

We get at most 6 shortage by a (B,.) FFD bin, at most 3 shortage by an (M, .) bin, and at
most 6 shortage caused by an (S, .) FFD bin, applying Observation 3.2.7. Thus we have at most
15 shortage altogether, which is covered by the 16 reserve. a

Lemma 3.2.3 [f there exists a (G, T) FFD bin, then the inequality (3.10) holds.

Proof. Suppose that there exists a (G, T") FFD bin. Then by Observation 3.2.5 there are neither .S
nor M items. Moreover by Observation 3.2.4, no item has size in (1 — 2X, 1]. Thus only the bins
shown in the table below are possible in the optimal and FFD packing, respectively. (We increased
the weight of the G items.)

G|1

OPT
26 ][ G

1 1 1
18 || B 1 B |1 2 1
9 || T|2]2/4]| 3 T 1 2121411
r (08817 s |8 -1{0(8|0]0|0

Then only the (G, T") FFD bins cause shortage. From Observation 3.2.5 it follows that the T’
items of the (G, T") FFD bins have equal size, and also the G items of the (G, T") FFD bins have
equal size. Let us denote the G and T items of the (G, T') FFD bins as G’ and 7", respectively.

Now let us increase the weight of the 7" items by 1, and decrease the weight of the G \ G’
items by 8. As a result, any FFD bin has exactly zero shortage. In order to prove the claim, it is
important that if a (G, 27") bin in the optimal packing has a 7" item (even if just one), then the G
item must belong to G \ G’ (as G’ +T" + X > 1). Thus no optimal bin has shortage. O

In the following we suppose that a (G, T") FFD bin does not exist.
Lemma 3.2.4 [fthere exists a {(G,S), (G, S,T)} cobin, then inequality (3.10) holds.

Proof.  Suppose that there is a {(G, S), (G, S,T)} cobin. From Observation 3.2.5 it follows that
there is no M item, and from Lemma 3.1.7(i) it follows, that the G items of the (G, .S) FFD bins
have the same size and also the S items of these bins have the same size. Let us denote these
items as G’ and S’, respectively. Since there exists a {(G’,S"), (G’,S,T)} cobin, it follows from
Corollary 3.1.5 that each item bigger than S’ has size bigger than the sum of sizes of the S and T
items in the cobin. Note that this property holds for any cobin. It follows that each item which is
bigger than S’, must be also bigger than Z + X. This means that G > B > Z + X > T+ X holds
for any G, B and T items. Moreover, there is no (B, 2S) bin, since B + 25 > (Z + X) + 27 =
3Z+X >3- % + X = 1. Thus only the following bins are possible. We increased the weight
of class B by 4.

OPT
23

G| 1]1

22 || B 1|1

12 S |1 1 31212 (|1]1

9 T|1]2]1]2 211 |3 43
r (03148211 |5|14 8|17
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FFD

23 G[1] 1 11

22| B 2 1

12S i U1 (1] |32 2 [1]1

o || T 2T 2| [2]1 3] 2 4[]
s|9[—1]|8|-2|8[5]7]4|0[6]|-3|3]|-6/0][0

Let us decrease now the weight of the G'\ G’ items by 1 and increase the weight of the S’ items
by 1. We find the cases for which the resulting weights prove the required inequality.

Since the weight of the G’ items is not decreased, the (G’,S”) FFD bins have no shortage, and
any other FFD (G-bin has positive surplus. Let us see what happened regarding the optimal bins.

If S’ is packed into some optimal bin which is not a G-bin, the reserve of the bin did not
become negative. If S is packed into some (G, S’, T') optimal bin, then the G item of this optimal
bin cannot be a G’ item, since G’ + S’ + X > 1. Thus the zero reserve of the bin is decreased by
1 and at the same time also increased by 1, thus it remains 0.

Then there can remain at most 8 shortage: a (B,S) FFD bin can cause 2 shortage, and by a
(25,T) or (S,2T) FFD bin we can have at most 6 further shortage (since these bin-types cannot
occur at the same time by Observation 3.2.7). Therefore, we need not consider bins whose reserve
or surplus is at least 8. Moreover the following FFD bins are also impossible:

(G,2T) or (B,2T) bin. — Suppose there exists a (G, 27") FFD bin. Then there cannot be a
(B, S) FFD bin, since the S item of this bin would be packed into the G-bin before the two 7" items
because S < 27'. By the same reason neither (25,7") nor (S, 27") FFD bins can occur, thus there
is no shortage. The same explanation is valid to show that there cannot be a (B, 27") bin.

(G, S, T) bin. — Suppose there exists a (G, S, T) bin. Then we claim that there is no (B, )
FFD bin. If there was a (B, S) bin, the S item of this bin would arrive only after the S item of the
(G, S, T) FFD bin, since any S item fits into a bin containing only a G item. Then the last item X
would fit into the (B, S) bin. Therefore (as there is no (B, .S) bin) at most 6 shortage can occur,
and it is covered by the 7 reserve of the (G, S, T') bin.

(B, S,T) bin. — If there exists a (B, .S, T") bin, then there is no (B, .S) FFD bin by Observation
3.2.7, and the (B, S, T) bin has 7 surplus, which covers the possible 6 shortage.

(25,2T) or (S,3T) bin. — If there exists a (25, 27") bin, it has 6 surplus, and then there are
neither (25, 7)) nor (S,27) FFD bins by Observation 3.2.7, thus the possible 2 shortage of the
(B, S) bin is covered. An (S, 37") bin is impossible by the same reason.

Thus only the following bin-types remain. We further increase the weight of B items by 1.

OPT FED
23][G 23

11 G| 1
23 || B 1|1 23 || B 1
12 S |1 1 3121 [[12] S| 1 I (|3 2 1
9 T|1/2]1]2 213119 T 1 2 1441
r 0131038 |2|5 s|—=1]-10|-3|-6]010

Considering these possible FFD bins, we see that all G items are packed into (G’,S") FFD
bins, i.e. set G \ G’ is empty. (Recall that the weight of the G’ items remained 23.) At this point
we revert to the old weight of the S’ items to be 12 (as it is written in the table above).

We realize that there is at most one B item, packed into a (B,.S) FFD bin. If this situation
occurs, let the size of this S item be denoted by S”. Then the S” item comes after the S’ items of
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the (G’, S") FFD bins, by Observation 3.2.4 (G+ M < 1). Then all S” and S” items have the same
size, otherwise the sizes of the S’ items can be decreased to be S”, and we get a contradiction to
our minimality assumption regarding the input.

The total shortage is 3 or 6 (if there exists a (25,7") or an (S, 27") FFD bin), plus the number
of (G’,5") and (B, S’) FFD bins. As we cover the shortage of the FFD bins by the reserves of
the optimal bins, we define the free reserve of an optimal bin as the reserve of the bin minus the
number of the S’ items in the bin.

We state that there are at least three {(G’, S"), (G', S, T') } cobins. Indeed, suppose that there are
1 < k; < 2 cobins of type {(G',5"), (G',S,T)} and ky > 0 cobins of type {(G', S"), (G',2T)}.
Then the total shortage is at most 6 (caused by a (25,7) or an (S, 27") FFD bin) plus k; + k3 by
the cobins plus 1 if there exists a (B, S) FFD bin. Thus the total shortage is at most 7 + k; + k.

On the other hand, there are at least 8 optimal bins. Among them, there are k; GG-bins with zero
reserve, and ko GG-bins with 3 reserve each. There can be at most one B-bin with possibly zero
reserve, and every other optimal bin has at least 2 reserve. If ky + ky < 7, then we have at least
ko 4+ 2(7 — ki — ko) = k1 + ko — 3k + 14 > ky + ko + 8 reserve, otherwise if ki + ko > 8, then
ks > 6, and hence we have at least 3ky = k1 + ko — ki + 2ko > ki + ko — 2 + 12 reserve. Thus
all shortage is covered, a contradiction. It follows that there are at least three {(G’, S"), (G', S,T)}
cobins.

Recall that any item bigger than S’ has size bigger than the sum of sizes of the S and T items
in any {(G',S"),(G’,S,T)} cobin (see the beginning of the proof of this lemma). Thus denoting
by S; and S, the two smallest .S items, it follows that G > B > S; + X holds fori = 1, 2.

If there were neither (25, 7") nor (.S, 27") FFD bins, then the shortage of the (G’, S”) and (B, 5”)
FFD bins would be covered by the optimal bins of the S’ items, thus one of these FFD bins must
exist (the two cannot exist at the same time).

Case 1 There exists an (S, 27") FFD bin. Then let the 7" items being in this bin be denoted as T3,
1 = 1,2. The S item in this bin is the last regular S item, thus it is the smallest .S item, and it has
size Z (this claim follows from Observation 3.2.6). Then T} + 15 + Z + X > 1 holds. We claim
that no 7; item can be packed into a (B, S,T') optimal bin. Indeed, suppose that for example 7
is packed into a (B, S,T) optimal bin. Recall that B > S; + X > T, + X holds. Thus we get
1>B+7Z+T, > (Ty+ X)+ Z+ T, > 1, acontradiction. By the same reason, a 7; item cannot
be packed into a (G, S, T') optimal bin. Suppose that a T; item, say 7} is packed into a (25, 27")
optimal bin. Since the other 7" item in the bin is not smaller than the size of X, moreover the total
size of the two S items in the bin is bigger than Z 4715, we got contradiction to 71+ 71>+ 27+ X > 1.
Thus no 7; item is packed into a (2.5, 27") optimal bin.

Since G > B > S; + X > Z + X holds (i = 1, 2), the two T} items cannot be packed into the
same (G, 2T) or (B, 2T") bin (otherwise we would get a contradictionto 7} +To + Z + X > 1.)
Finally if both T; items are packed into an (S, 3T") optimal bin, then the sum of sizes of the third T
item and the S item is at least Z 4+ X and we got a contradiction again.

After excluding the listed cases (since any 7; item is really packed into some optimal bin),
only the next cases are possible: Each 7; item is packed into some (G, 27), (B,2T") or (S,3T)
optimal bin, these two bins are different, and each of these two bins has at least 3 free reserve, thus
they cover the total shortage caused by the (S, 27") FFD bin. (The further shortage caused by the
(G',S") and (B, S") FFD bins is covered by the optimal bins of the S’ items.)
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Case 2 There exists a (25, 7") FFD bin. Then the non-covered shortage is only 3. Thus no optimal
bin can have at least 3 free reserve, and only the following possible bins remain:

OPT FFD
23 23

G|1 G| 1

23 || B 1 23 || B 1

12 || S 12 12 S| 1 1 || 3

9 T 12 9 T I |41
r ([0]0] 2 s| =1 =10 -=3]0/0

Since S’ < 2X,and G < 1 — 2X (by Observations 3.2.2 and 3.2.4), the first .S item is packed
into the first (G’,S") FFD bin; in other words, the S’ items are the largest S items, and the S’
items are packed one by one into a (G', S”) or (B, S") FFD bin, and only then come the remaining
(smaller) S items. Consider the (25,7") FFD bin, and suppose that the S items in the bin are S
and S,, the two smallest S items (and recall that G > B > S; + X, ¢ = 1,2 holds). Then similarly
as in Case 1, T can be packed into no optimal bin, a contradiction.

Thus it follows that one of S; and S is a fallback S item. Then it is packed surely into some
(3S) FFD bin, hence there exists a (3.5) FFD bin with a fallback S item. We obtain that the first S
item being in the first (35) bin is bigger than 1/3, therefore S’ > 1/3. Then two S’ items cannot
be packed into the same (25, 27") bin, but each S’ is packed into some (2.5, 27") optimal bin. Since
there are at least three (G items, thus there are at least three S’ items, and so we have the sufficient
3 free reserve in three (25, 27") optimal bins. O

Thus we have proved that in the case 1/5 < X < 1/4 the theorem is valid.

33 Case2/11 < X <1/5,and OPT < 18.

If X < 1/5, the general investigations (apart from one very hard branch) will be significantly
easier under the assumption OPT > 19, by making use of the fact that in most cases a large
number of optimal bins provides us with large total reserve. In this sense, less flexibility makes the
cases with small O PT values harder, despite that they look like “just something finite”. Therefore,
in this section our goal is to prove that if X < 1/5, then OPT < 18 is impossible. We briefly
mention that in this case we again use some classifications and weighting functions. All remained
details are put into Appendix B, to simplify the treatment in this basic part of the dissertation.
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34 Case2/11 < X <1/5,and OPT > 19

In this case we redefine the classes of the items and their weights as follows: Let Z be the smallest
regular item in (%, i] if there exists such an item, otherwise let Z be 1/4. Then we introduce a
refinement of the classification, with two kinds of big items (denoted by B and C) and two kinds of
medium items (denoted by M and NV, hence using the letters next to B and M to the second types
of ‘big’ and ‘medium’, respectively). We give weights to the items as below, somewhat differently

from those in the previous sections.

Name Weight
;< |G 23
S5 < |B <[; |18
SZ<|C <|5X]16
;< | M <[5Z]14
= <N <[z [12
2 <8 <[5X]10
Z< |U <[ 5219
X< |V <]z |8

The classification of the items in case
2/11 < X <1/5

Observation 3.4.1 The classes are well-defined. Moreover, if there exists a U item, then the small-

est U has size exactly Z. Furthermore the size of each regular V' item is at most 1_4X .

Proof. The classes are well-defined, by the following inequalities: X < 1% < Z < 122 < 1 <

15Z. Now suppose that there exists at least one item in class U. If Z = 1/4, then Z = 12, thus
any U item has size Z = 1/4. Otherwise there exists a regular item in the interval (%, %] the
smallest one has size Z, and it belongs to class U. Now let A denote a regular V' item. Since A
is a V item, it follows that A < Z, but Z is the smallest regular item in interval ( %, Z—ﬂ, thus A
cannot be in this interval and hence A < % follows. O

Observation 3.4.2 For the ranges of X, Z, %, %, %, and % (i.e., for the boundaries of
the classes) the following inequalities hold:

1-X 1 3 1-Z 2 1-X 9
<—<§§—<5§— —-

3 T3 2 2 T2
Proof. Each inequality can be checked easily. O

1-Z
2/11<X§1/5<Z§1/4§T<4/15§

Observation 3.4.3 The inequalities G < 1 —2X and G+ N < 1 hold for any G and N items.

Proof.  Since each optimal bin contains at least three items, G < 1 — 2.X is valid also in this
section. The second inequality follows from the facts that there is at least 2.X room in a bin which
contains only a G item at that time, and NV < 1/3 < 2X holds for any N item. ]

We define the reserve, surplus or shortage of a bin as before. According to the definition of the
classes, we obtain:

Lemma 3.4.1 Only the next bins are possible.
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Proof. The statement can be proven according to the definition of the classes. We will investigate
each bin-type, and during this investigation we will apply Observation 3.4.2 several times. First
let us consider the possible optimal bins. Any optimal bin contains at least three and at most five
items. First we find all possible 3-bins, then the possible 4-bins and finally the possible 5-bins. The
bins are listed in the table in lexicographic order. Let us consider now the possible 3-bins.

Since G + M + X > 1, a GG-bin cannot contain a B, C or M item. Since G + N + 5 >
G+ 25 > % + 2 - % = 1 holds by Observation 3.4.2, if there is an N or an S item in the G-bin,
then the third item is surely an U or a V' item.

Let us see the (B, .)-bins. Such a bin can contain only one B item. If the second item is a C'
item, then the third item is a V item, as 2C' + U > 1. If there is an M item in the bin, then the third
item is smaller than an /N item, since B + M + N > % + % + % = % — gX > 1.

Let us consider the possible (C,.) bins. If two C' items are in the bin then the third item is a V'
item. Suppose that the bin contains one C' item. If there is also an M item in the bin, then applying
C' +2M > 3M > 1, the third item is smaller than an M item.

If the 3-bin does not contain a C' or bigger item, a (3)/) bin is impossible.

Now let us find all possible 4-bins. A G-bin cannot be a 4- bin If the biggest item is a B item,
then applying S > =2 > 1/4weget B+ S +2X > X 4+ 142X =3X+3 > 3 4357,
and it follows that the second biggest item cannot be an S or blgger item. A (B,2U, V) bin is not
possible either.

Suppose that the bin is a (C,.)-bin. Then applying C' + N + 2X > 52 + 125 42X >
3 +3 L+ 5X > = —i— + 1g = Sg the second biggest item is smaller than an N 1tem Moreover,
C+S+U+V > ——l— 2474+ X=X+1 Z+ > 1, thu51fthereisan51tern1ntheb1n
then the other two items are V items. Also, C' + 3U > 12 437 = 5Z + > 1 is valid, thus a
(C,3U) bin is not possible either.

Let us consider the (M, .)-bins among the 4-bins. We have 2M + 2X > 1, thus the bin can
contain only one M item. Suppose that the second biggest item is an N item. Then the third biggest
item cannot be an S item, since M +N-+S+V > M+25+V > —|—2 +X > +X > 1, moreover
two U items cannot be in the bin, since M + N +2U > M+S+2U > + +2Z 5Z—|—§ > 1.

If the second biggest item in the bin is not bigger than an S 1tem then we already have seen
that (M, 2S5, V) or (M, S, 2U) bins are impossible.

Let us consider the remaining 4-bins. Since 3N + X > 1 holds, three /V items cannot be in the
bin. Since 35 + U > 1 holds, if there are three IV or S items in the bin, then the fourth itemisa V'
item.

Now let us consider the possible 5-bins. Applying N + 4X > =X +4X = 4X + 1 > 1,
it follows that in a 5-bin there is no N or bigger item. Since S + U + 3X > % +Z+3X =
3X + %Z + % > %X + % > 1, if there is an S item in the bin, then the other four items are V'
items. Finally a (4U, V) bin is not possible.

Now let us find the possible FFD bins. The differences between the possible optimal and FFD
bins are as follows: On one hand, 2-bins may also occur, but in this case the level of the bin must
be bigger than 1 — X. On the other hand, any optimal bin-type is possible, except the bins that
have level surely at most 1 — X, since such a bin would have enough room to accommodate the

last X item.
Among the FFD 2-bins, any bin is possible which contains one G item. If the 2- bin contains
one B item, the second item cannot be an S or smaller item, as B+ S + X < 3 + X1 X=
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%X + % < % + % < 1. Moreover, both items cannot be smaller than a B item, as 2C + X < 1.
Any 5-bin is possible. From the set of 4-bins we can exclude all (4V) bins. The reason is that
here the V' items would be regular as V' < Z < 1/4, thus all have sizes at most =% according to
Observation 3.4.1, and then X would fit into the bin.
We can also exclude the next 3-bins:

(C’ 2V') FFD bin. In such a bin, the V' items would be regular, thus both would have sizes at
most =% according to Observation 3.4.1. Since C' < =% X also holds, there would remain at least
X empty room in the bin, and this is a contradiction. By the same reason no (M, 2V'), (N,2V),
(S,2V), (U,2V) bin is possible.

- (N, S, V) or (N,U, V) FFD bin. In such a bin, the V' item would be regular thus would have
51zeatmost1 .Then N+U+V+X < N+S+V+X <1 +Q+ XX =L+2X<1
would hold, a contradlctlon.

— Moreover, if all three items are at most S items, then item X naturally fits into the bin, thus
such bins are not possible either. O

Observation 3.4.4 No optimal bin has shortage, and all optimal non-G bins have at least one
reserve.

Note that now the weight of the smallest item is only 8, thus the additive constant 27 does not
cover the 28 shortage of the last FFD bin, i.e. there remains 1 shortage in the last FFD bin. Thus
in this section we must prove the next inequality:

res(I) + sur(I) + rex(I) > short(I) + 1. (3.11)

Observation 3.4.5 [f there exists at least one (G, V') FFD bin, then there are no U US U N items.
If there exists at least one (G,U) FFD bin, then there are no S U N items. If there exists at least
one (G, S) FFD bin, then there are no N items. In any case, if there exists at least one FFD bin
with two items, one of which is a G item and the other one a VU U U S U N item, then all these
bins are identical in terms of the item sizes in them.

Proof.  Suppose that there exists a (G, V') bin in the FFD packing. It follows from Corollary
3.1.4 that there is no item with size in (7,2X]. Since U < S < N < 1/3 < 2X, there are no
U U S U N items. The next two statements follow similarly. The last claim follows from Lemma
3.1.7. Suppose for example that there exists a (G, V') bin; let V{, denote the smallest V' item for
which there exists a (G, V') bin. Then there is no item with size in (Vp, 2X], thus if (G, V}) is
another (G, V') bin, then Vj, and V; have the same size, and then Lemma 3.1.7 (i) can be applied.
O

Observation 3.4.6 If at least one U item occurs, then there is a U item with size exactly Z in the
last (U, .) FFD bin (if there exists at least one (U, .) FFD bin).

Proof. The proof is almost the same as the proof of Observation 3.2.6. If Z = 1/4, then any U

item has size exactly Z, thus the claim follows. Suppose that Z < 1/4. Observation 3.4.1 implies
that there is a U item with size exactly Z. Suppose that all U items in the last (U, .) bin are greater
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than Z. Then each item with size Z must be in earlier bins, thus all of them are fallback items. But
this is a contradiction, since Z is defined as the size of a regular item (if Z < 1/4). O

In the next observation we exclude the possibility of many non-G FFD bins with shortage at
the same time.

Observation 3.4.7 The following pairs of bins cannot occur: Two (B, .) bins, both having only
one B item; or two (C,.) bins, both having only one C' item; or two (M,.) bins, both having
only one M item; or two (N, .) bins, both having only at most two N items; or two (S, .) bins,
both having only at most two S items; or two (U, .) bins, both having only at most three U items.
Consequently two (B, .) bins or two (C,.) bins or two (M, .) bins or two (N, .) bins or two (S, .)
bins or two (U, .) bins, both having shortage, cannot occur at the same time.

Proof. The proof is the same as for the corresponding Observation 3.2.7. O

Observation 3.4.8 If there exists an (N,3V') FFD bin, then neither an (S, .) nor a (U,.) FFD bin

can occur.

Proof.  Suppose that there exists an (/N,3V") FFD bin. Then no S or U item is packed into any
later bin than the (NN, 3V) FFD bin, since the S or U item would be packed into the (N, 3V) bin
before the V' items. O

Theorem 3.4.1 Suppose that there is no (G,V') FFD bin, and there are no {(G,U), (G,2U)},
{(G,0),(G,U,V)}, {(G,9),(G, 5, U)}, {(G,59), (G, 5, V)1, {(G, 5), (G, 2U) },
{(G,N),(G,N,V)} cobins, and there is at most one {(G,N),(G,N,U)} cobin. Then (3.11)
holds.

Proof. Let us consider an arbitrary FFD G-bin. If the bin has shortage s, we increase the weight
of the G item of the bin by s; and if the bin has surplus s, we decrease the weight of the GG item of
the bin by s.

If there is no {(G, N), (G, N, U)} cobin, then the assumption of the lemma means (before the
modification) that if an FFD G-bin had shortage k, then the optimal bin of the GG item had reserve
at least k£ + 1, and any G item of some (G, N, U) optimal bin is packed into such FFD bin that has
positive surplus. Thus after the modification no FFD G-bin has shortage and each optimal bin has
positive reserve.

If there is one { (G, N), (G, N, U)} cobin, the only exception is that there is exactly one optimal
bin with shortage 1, and any other optimal bin has positive reserve.

Since we have at least 19 optimal bins, we have at least 18 — 1 = 17 reserve, and the shortage
caused by all FFD G-bins is already covered. Now let us see how much shortage can be caused by
the FFD non-G-bins.

a, a (B, .) 2-bin can cause at most 6,

b, a (B,.) 3-bin can cause at most 2,

¢, a (C,.) bin can cause at most 3,

d, an (M, .) bin can cause at most 5,

e, an ([V,.) bin can cause at most 6,
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f, an (.9, .) bin can cause at most 2,
g, a (U, .) bin can cause at most 3,
h, and finally there is 1 shortage in the last FFD bin.

Case 1. Suppose that there is a (B, U, V') or (B, 2V') FFD bin. Then there cannot be a (B, .) 2-bin
by Observation 3.4.7. FFD bins of type (C, .) cannot occur either, since a C' item would fit into the
(B,U, V) or (B,2V) bin before the smaller items. By the same reason an (), .) bin is impossible.

Thus the total uncovered shortage (as they were listed in bin-types a,~h,) is at most 0 42 + 0 +
0+642+3+1 = 14, thus it is covered by the 17 reserve of the optimal bins. Thus we conclude
that a (B, .) 3-bin with shortage cannot exist.

Case 2. Suppose that there is a (C,.) bin with shortage, i.e. there is a (C, S,U) or (C,S,V) or
(C,2U) or (C,U, V) FFD bin. Then there cannot be FFD bins of type (M, .) or (N, .), since an M
or N item would fit into any of the previous (C, .) bins in consideration, before the smaller items.
Thus the total uncovered shortage is at most 6 + 0+ 3+ 0+ 0+ 24 3+ 1 = 15, and it is covered
by the 17 reserve of the optimal bins. Hence we can suppose in the following that a (C, .) bin with
shortage does not exist.

Case 3. Suppose that there is an (M, .) bin with shortage. Then there cannot be a (B, N)) FFD bin,
since an M item would fit there before the N item. Thus the shortage caused by a (B, .) 2-bin is at
most 4.

If the (M, .) bin causing the shortage is of type (M, N, U) or (M, N, V'), then the total shortage
isatmost4+0+0+2+6+2+ 3+ 1 =18, and it can be 18 only if there exists an (V, 2U) bin
with shortage 6. But in this case an (S, .)-bin (with shortage) cannot exist, as the .S item of such a
bin would fit into the (N, 2U) bin before the U items. Thus the total shortage is in fact smaller, it
1s at most 17, thus it is covered.

Otherwise the (M, .) bin that causes the shortage is of type (M, 25), (M,S,U), (M,S,V),
(M,2U) or (M,U, V). In this case there is no (V, .)-bin (with shortage), since the N item would
fit into the (), .) bin before the smaller items. Thus the total shortage is at most 4 +0 + 0+ 5 +
0+ 2+ 3+ 1 = 15, hence it is covered. Thus we suppose in the following that an (M, .) bin with
shortage does not exist.

Case 4. After excluding bins of Cases 1-3, the total uncovered shortage is at most 6 +0+ 0+ 0 +
6+ 2+ 3+ 1 = 18, and it can be really 18 only if there exist both an (V, 2U) bin with shortage
6 and an (S, 3V) bin with shortage 2. These bins cannot exist at the same time, however, thus the
total shortage is at most 17, and it is again covered by the 17 reserve of the optimal bins.

Our proof is done. O

Lemma 3.4.2 [f (G, V) FFD bins exist, then (3.11) holds.
Proof. Suppose that there is at least one (G, V') FFD bin. Then from Observation 3.4.5 it follows

that there is no NV, .S, U item. The possible optimal and FFD bins that remain are listed in the
following tables; we redefine also the weights of the items:
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OPT (The possible optimal bins are as follows:)

28| G |1
18| B 1111
16 | C 1 211111
16 | M 1 1 1] 1
|V 2|11 ]|3]2]|1]1]|3]2]|1 51413
r [0]|2]22]10((4 4|4 12441241220
FFD (The possible FFD bins are as follows:)
281G |1 [1|1]1 1
18| B | 1 211 1 111 1
16 | C 1 21141
16 | M 1 1 1 1 21
8 |V 1 201001 2 (|31 ]1][3]1][3|5]1
s [10(8|8|0|0|—-2|—-2|8||6|6|—-2|6|4|4(4(4]4]4]-1

Since there can be at most one FFD B-bin which contains only one B item, we have only at
most 3 shortage caused by a (B, .) bin and the last FFD bin. Thus there cannot be such a bin with
at least 3 reserve or surplus. Deleting them only the following possible bins remain:

OPT FFD
28] G 28] G

1 1
18 | B I1|1]1 18 | B 2] 1 1 1
16 | C 1 16 | C 1
16 | M 1 16 | M 1
8|V 2{1/1]|3 8 | V|1 2 1
r 10222 s 10]0|—=2]-=2] =2| -1

There can be at most one optimal bin with positive reserve, otherwise the total shortage is
covered. Thus there is at most one optimal 5B-bin, i.e. there is at most one B item. Let the number
of GG items be k; since there are at least 19 optimal bins, it follows that £ > 18. Then there are at
least 2k V' items in the optimal bins, while there are at most k£ + 3 V' items in the FFD bins, this is
naturally a contradiction as k + 3 < 2k. a

From this point in the proof we suppose that there is no (G, V') FFD bin.
Lemma 3.4.3 Ifa {(G,U),(G,2U)} or {(G,U),(G,U,V)} cobin exists, then (3.11) holds.

Proof. From Observation 3.4.5 it follows that all G and U items in the (G, U) FFD bins have the
same sizes; let us denote them as G’ and U’, respectively. From Observation 3.4.5 it follows that
there are neither NV nor S items. From the existence of the cobin and Corollary 3.1.5 it follows that
each M item is bigger than Z + X > =X 4+ X = 3X + 1. Then there cannot be (B, M, U) or
(M, 3U) bins, since B+ M +U > =2 43X + 142X = Tand M +3U > %X-I—i—k@ = 1.
Then we increase the weight of some types and we get the following possible bins:
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OPT
26[G[1]1]1
18| B L[t 1 1]t
17| C 1 211 [t |[r]1]t
17 | M 1 1
9o U 21 21 1 1 211 21
8 |V 11211 112 |[2]3]1 1 12 1]2]3
r | r ol 2118910t ]2]2]t][2]9]t0[11|[1]2]3
7[M[2[21 11 ][1][1]1
9 [U |1 211 211 3 1 413121 302
R 1 12123 123 1] 2 4 2713 5
r | r 1|29 10[11|[1]2[3|[17[18][19(20| 8|9 10|11 ]12]1]2 4
FFD
26 |[ G 1T1] 1 111
18| B 211 |1 T[] 1111
17| C 1 1 1
17 | M 1 1 1
9 |[U 1 211 211 1
s [V 1211 1] 2 ([2]3

s 18|77 —1]0[—1|—-1|[8[7]6][7[7[0][-1]—-2]|[7]6
7 Ccl2l1 (1 1] 1 [[t]1]1
17 || M 11 2121 1 [ 1 [1][1]1
9 |[U 1 2 |1 1 1 1|21
s |[V]1 1 1 [[1]2]3 1 1 [1]2]3

s 716 —1]-—27[6[5]|[7 127165
offUT4 3] 21 ][3][2]1
8|V 1213 |[2]3[4]5]1

s |0 —1|—2[=3|[7]6]54]| -1

Now we distinguish between two cases.

Casel. A {(G,U), (G,2U)} cobin does not exist, but there exists a { (G, U), (G, U, V')} cobin.

Let us increase the weight of the G’ items by 1. Then there is no shortage by the (G’, U’) FFD
bins. Since there is no {(G, U), (G, 2U)} cobin, no optimal bin has shortage.

We claim that the total shortage (caused by the FFD bins) is at most 6. We can see it as follows.

There cannot be two FFD bins with only one B item in each by Observation 3.4.7.

If there exists a (B, 2V') FFD bin, then there cannot be another B-bin with shortage, and there
cannot be a regular C' or M or U item after this bin, thus the shortage is at most 2 + 1 (the +1
comes from the last FFD bin). Thus we can have at most 1 shortage caused by some B-bin.

If there is a (C, U, V') FFD bin, then there cannot be a U item in some later bin, since C'+2U <
% + 2(1;)() = % — %X < 1. Then the total uncovered shortage is at most 1 4+ 2 4 1, caused
by a B-bin, the (C,U, V') bin and the last FFD bin. The situation is the same if there exists an
(M, U, V') FFD bin. Otherwise we can have at most 1 shortage because of a (C,.) or (M, .) FFD
bin, since a (C,2U) bin and an (M, 2U) bin cannot exist at the same time. Then there can be at
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most 1 +1+ 3+ 1 = 6 shortage by a (B, .) bin, by a (C,.) or (M, .) bin, by a (U, .) bin and by the
last FFD bin.
Deleting each bin that has at least 6 reserve or surplus, only the following bins remain.

OPT

26] G
8
17
17

9
8

T
FF
26
3
17
17

9
8

[\
[
(S
[S==Y
(SN
— N
bt |t | DN [
NN =] —
W
(OS]
N
()]

[S—
[\
[\
[\
[

—1]{0|—-1|-10|—-1|—-2|—-1|—=25|-1|-2/||5
41 3 | 2 1 |1
1 2 13 |45 1
0] —-1|-2|-3|5]4] —1

Then all G items are G’ items, and it follows that there is no (G, 2U) optimal bin. Now we
estimate the number of V' items from above in the FFD bins. Hence, let us consider the FFD V-
bins. Among them there cannot be two (B, .) or (C,.) or (M, .) FFD bins at the same time, and it
follows that there can be at most three V' items in the mentioned bins. There can be at most four V'
items in some (U, .) FFD bin, since there can be at most one (U, .) bin with at most three U items
by Observation 3.4.7. There can be at most one (51") FFD bin, since otherwise the total shortage
i1s covered. Thus the number of V' items is at most 3 + 4 + 5 + 1 = 13, where the last “+41” stands
for the last item. It follows that there are at least 19 — 13 = 6 optimal bins containing no V' item.
Considering them in the table above we can realize that any such bin has at least one reserve, and
the total shortage is covered.

m<cm<czowocﬁ<dzow

Case 2. There exists a {(G,U), (G, 2U)} cobin. Then we can apply Corollary 3.1.5 in a stronger
way, i.e. since M < C' < % < 2U holds, neither M nor C' items exist, thus any bin containing
an M or C' item can be excluded from the possible bins. The following bins remain:

OPT

261 G|1|1]1

18 | B 11111

9 (U 2|1 211 1 3 1 413121 3121
8 |V 1]2 12123 11213 1|2 4 1213
r |r(O0O(1 (289101 |2{17[18]|19]20|8 |9 10|11 |12} 1|23
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FFD

26| G 1 1711

18| B 2 11111
90 1 21 2] 1 1
8 ||V 112 112 |[2]3
s|8|—1]o0|[8[7]6][0[-1[=27]6
offUT4] 32 1][3][2]1

8 ||V 1|2 21345 1
s|0|—1]=2]=3|[7]6[5 4] -1

From the existence of the {(G,U), (G,2U)} cobin, U' > 27 — X follows.

Now we increase the weight of any U’ item by 1, and decrease the weight of the G \ G’ items
by 2. After this the (G’, U’) FFD bins have no shortage. Let us consider the optimal bins. Since
G'+U’'+ X > 1, anitem U’ is not packed into an optimal G’-bin. Thus if U’ is packed into some
optimal (G-bin, then the bin has no shortage. Suppose that U’ is packed into an optimal non-G-bin.
Since U’ + 2U + 2V > (2Z — X) +2Z + 2X > 1 holds, U’ cannot be packed into a (3U, 2V)
optimal bin. Any other optimal non-G-bin has at least as large reserve as the number of U items
packed into it. Thus no optimal bin has shortage.

We claim that the total shortage caused by the FFD bins is at most 4. Indeed, if there exists a
(B,U,V)ora(B,2V)FFD bin, then there cannot be a (U, .) bin, since B+U+Z < 1+5247 =
%Z + % < 1, applying also Observation 3.4.6. Thus in this case the total shortage is at most 3. On
the other hand, if a (B, .) bin with shortage does not exist, then the total shortage with modified
weights is at most 4.

Let us delete each bin which has at least 4 reserve or surplus (with the modified weights); then

only the following bins remain:
G| 1

OPT
26 G

1|11
18 | B 11 B 20111 1
9 (U |21 1 312110 1 1 41 3 2 1
8 |V 11223234V 1 2 1 2 3 1
r|r(O0(1 (24124123 s|-1/040-1|-2}0|-1|-2]-3|-1

It turned out that any FFD G-bin is a (G’,U’) bin, hence each G item is a G’ item. Thus no
U’ item is packed into an optimal G-bin. Since B + U’ + 2V > 12X 4 (27 — X)) + 2X > 1,
thus a U’ item cannot be packed into a (B, U, 2V) optimal bin, and we have already seen that a U’
item cannot be packed into a (3U, 2V') optimal bin. Moreover 2U’ + 3V > 2(2Z — X) 4+ 3X =
47 + X > 1, i.e. two U’ items cannot be packed into the same (2U, 3V') optimal bin. It follows
that there is at most one U’ item in any optimal bin and each optimal bin except the (G, 2U) bins
has positive reserve.

There can be at most three optimal bins with positive reserve, otherwise the total shortage is
covered. Since there are at least 19 optimal bins, it follows that there are at least 19 — 3 = 16
optimal G-bins. Thus there are at least 16 FFD (G’, U’) bins, and hence the number of U’ items
is at least 16. These U’ items are packed one by one into different optimal non-G bins, serving at
least 16 reserve, a contradiction. O
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Lemma 3.4.4 [fthere exists a {(G,S), (G, S,U)} cobin, then (3.11) holds.

Proof.  Suppose that there exists a {(G,5), (G, S,U)} cobin. Note that S + U > =2 + Z =
%+%Z> %—i—%% :%—%X. Since N < M < C < % < S + U holds, from Corollary
3.1.5 it follows that there are no N, M, C' items, and each B item is bigger than % + %Z > % — %.
Then there cannot be (B, U,2V) and (B, 3V) bins, since B+3V > 1 -2 43X =2+ 11X > 1.
A (B, 28) bin is not possible either, since B + 25 > 1 + 27 + 2 - 12Z = 1. Note further that a
(G, U) FFD bin is not possible, since then by Observation 3.4.5 no S item would exist. Only the

next possible bins remain (with redefined weights):
25| G

24

)

)
NN»—»—
—_ @

J—

[\

[\

W WO | =

N &

W
OO | F=| DNI| =

N
p—
N = =N

1411516 |16 | 17|18 |/ 6|6

N

ro| Lo poff
W | =
W

171811920189 |10| 11 |12

13| —-1(12 8

41 3 2 1 3121
3 |4 1 2 3 2131415 1
2(1(0| 1|0 —=1]—=2][6]|0]|—-1|-2|-3[|7]|6]|5|4] —1

Then again, we denote the G and S items of the (G, .S) FFD-bins as G’ and ', respectively;
they have equal sizes by Observation 3.4.5. From the existence of a {(G’, S"), (G', S,U)} cobin, it
follows that S’ > 122 + Z — X holds.

Now we increase the weight of the S items by 1, and decrease the weight of the G \ G’ items
by 1.

As aresult, no (G’, S") FFD-bin has shortage. Let us see the optimal bins. If S’ is packed into
some optimal G-bin, then this G item is not a G’ item, thus the optimal bin has no shortage. If S’
is packed into some other optimal bin, the reserve of the bin before the modification of the weight
was at least the number of S items in it. Thus no optimal bin has shorage.

N —| =
[S—
[a—

1
21 312
1

3
@‘~*<C
v | <lclune| < clunlwm @ ~| <L Clyn| < clvnm
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The total shortage caused by the FFD bins is at most 4. (This statement can be proved similarly
as it was proved in the previous lemma.) Let us delete all bins which have at least 4 reserve or
surplus. Only the following bins remain:

OPT

251G 1|1 ]1]1]1

24| B 1{1]1]1

10| S 1 11 391

9 |U 211 | 211 31201

8 |V 1]2 1 Lif1]/4(2]|3|4
r |0 11213]1(2]2 2111213

FFED

2511 G| 1

24| B

10)S | 1 ||3]2|2]2|1]1]| 1 1

91U 211 211 41 3 2 1

8 ||V 1 1]2 1] 2 3 1 2 13 1
s|—=1(2}2|1{0(1|0|—-1]|=2]|0]|—-1|-2|-=3]| —1

Since no B item remained in the FFD bins, it follows that there is no B item at all. The
following bins remain:

Since each remaining FFD G-bin is a (G’, S) bin, it follows that each G item is a G’ item.
Thus each S’ item is packed into a non-G optimal bin. Since 5" +4V > (352 + Z — X) +4X =
3+2Z+3X >3 ++5X > 1,an S item cannot be packed into an (S, 4V) optimal bin. Moreover
S'+25+V > (54 +7Z—X)+2- 152+ X = L also holds, thus an S’ item cannot be packed into
a (35,V) optimal bin. Thus there is no S’ item at all (as there is no S’ item in the optimal bins),
contradicting our assumption that there exists a {(G’, 5"), (G', S, U)} cobin. O

From now on we suppose that a {(G, 5), (G, S,U)} cobin does not exist.
Lemma 3.4.5 [fthere exists a {(G,S),(G,S,V)} or {(G,S), (G, 2U)} cobin, then (3.11) holds.

Proof.  Suppose that there is at least one {(G, 5), (G,S,V)} or {(G,S5),(G,2U)} cobin. Then

S+V >14 X, 20 > X while L +2X > 1— X, thus 2 + X > =% holds. By the
existence of the cobin, applying Corollary 3.1.5 it follows that there are no N, M, C' items, since
N <M < C <X <min{S + V,2U}. There cannot be a (G,U) FFD bin since then there
would be no S item by Observation 3.4.5. Thus the next possible bins remain (we increased the

weight of the G items by 1):

OPT

241G |11 1|11

18 || B L1 (1)1 (1)1 1]1

10 || S 1 11

9 ||U 211 1 211 1

8 ||V 1 112 1 12123
r |1 2 41167 819110112
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wys| 32 (2111131222111 1]1
9 ||U 1 1 211 211
8 ||V 1 I |21 1|2 112314
r | 141516 16|17 | 18|66 |7 |8 7|8 9]10| 2
9101 3 1 413121 3121
8|V 11213 1123|423 /4]|5
r (171811912089 |10 |11 |12 1|2 |3 |4
FFD
241G 1] 1 {1111
18| B |1 2 1 1] 1 1 1)1
10 || S 1 1)1 2
9 ||U | 2|1 211 1
8 ||V 1 112 1 1 2 1123
s |6 21017 65141 2|1 0| -1|-21]|7|6
10(S|3/2]2]2|1|1]| 1 1 1
9 ||U 211 312 1 41 3 2 1 3121
8 ||V ]1 12 1] 2 3 /|4 1 2 3 213145 1
s|2(2(1]0(1|0|—-1|-2]|6(|0]|—-1|-2]|-3||7|6|5|4]| -1

Now we denote again by G’ and S, respectively, the G and S items of the (G, S) FFD bins;
these items have equal sizes. Now we increase the weights of both the G’ and S’ items by 1, and
decrease the weights of the G \ G’ items by 4. After this modification no (G’,S") FFD bin has
shortage. We claim that any optimal bin still has at least 1 reserve. This claim trivially holds for
any non-G optimal bin. The statement also holds if the (G-bin does not contain an S item. In case
of a (G, S, V) optimal bin, both G and S items cannot be of types G’ and S’, respectively, since
G'+5'+X > 1. Finally in case of the (G, S, U) optimal bins the GG item cannot be a G’ item, since
we already know that there is no {(G, S), (G, S,U)} cobin. Thus we have at least 19 reserve in the
optimal bins. On the other hand, the total shortage in the FFD bins is at most 2+ 2+ 3+ 1 = 8 by
a (B, .) bin, by an (S, .) bin, by a (U, .) bin, and by the last FFD bin, thus it is covered. O

Lemma 3.4.6 [f there exists at most one {(G, N), (G, N,U)} cobin, moreover there exists a cobin
of type {(G,N), (G, N,V)}, then (3.11) holds.

Proof. Suppose that there exist a {(G, N), (G, N, V)} cobin, and at the same time there exists at
most one {(G, N), (G, N,U)} cobin. By Observation 3.4.5 it follows that there cannot be a (G, U)
ora (G, S) FFD bin (since then there would be no N item). The G and N items of the (G, N') FFD
bins have the same sizes, and we denote them as G’ and N’. Since N +V > % + X = % + %X,
furthermore M < C < =X <« % + %X holds, it follows from Corollary 3.1.5 that there is no M

2
or C item, and each B (if any) is bigger than % + X. Then there cannot be a (B, 2N) bin, since

B +2N > % + X + @ = 1. The (B,U,2V) or (B,3V) bins are impossible, too, since
B+3V > 1% + X 43X = + 4.X > 1. The possible bins (with new weight w(3) = 20) are

as follows:
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OPT

231G |11 1|1|1]1]1

20| B {111 j1y1j1f1]1

12| N |11 1|11

10 || S 1|1 1 2111

9 U1 1 211 1 1 211

8 ||V 1 1 1]2 1 1 1]2

r|[r |0/ 1[2[3|3[4|5]/2|3[4(4|5|/6/6|7]8

I2|N[3]2 2|21 I |1 ]1]1 2 2111111 1
10 || S 1 2 1 1 21111

9 || U 1 1 2 11 2|1 211 312
8 ||V 1 1 121 1121 112 1
r || r 81011 12|12 13|14 |14 |15]16| 2|2 414(14|5/6|5]|6
wysy 32 (2111131222111 1]1

9 (|U 1 1 211 211

8 ||V 1 1|2 |1 1|2 123 |4
r||r|14]15]|16|16 |17 |18 (6|6 |7 |8 |7 |8[9]10] 2

91U 3 1 413121 3121

8|V 11213 1123412345

r||r 1718|1920 8910|1112 1]|2|3 |4

FFD

23 (|G |1 1 1111 1]1]1

20| B |1 2 Lj1(1j1rj1,1{1}j1}1
12 || N 1 11 1)1

10 || S 1)1 2111

91U 1 1 211 1 1 211

8 ||V 1 1 1]2 1 1 1]2
r||s|7|—-1/4|—-41]/8|7]6 S514(3||6(5]4]4|3[2(2|1]0
12 N3] 2 | 2| 2 1 1 L jj2(212(2/1|{1 (1|11 /1]1/1
10 || S 1 2 1 1 21111

9 (|U | 1 2 2 211 3 1

8 ||V 1 1 211 112 1123
r|s|0|-2|-3|-4]—-4|-5]|-6 6 4141413123 110
10(S|3(2]2]2|1]1] 1 1 1

9 (|U 211 2] 1 41 3 2 1 3121

8 ||V |1 1|2 1| 2] 3 |4 1 2 3 213145 1
r|fs|2/2{1(0|1]O0|—-1|=2}6||0]|-1|-2|-3||7|6|54]| —1

Now we decrease the weight of the G \ G’ items by 3, we increase the weight of the N’ items
by 2/3, and also increase the weight of the G’ items by 1/3. Then the shortage of the (G’, N') FFD
bins is covered.

Let us see the optimal bins. In any optimal bin there remains at least 2/3 reserve, except that
there can be at most one (G’, N, U) bin, it has 1/3 shortage. As there are at least 19 optimal bins,
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we have at least —1/3 + 18 - 2/3 = 35/3 reserve in total.

If there is no (B, N') FFD bin, then the total shortage of the FFD bins is at most 6 +3+ 1 = 10
(since an (S,.) and a (U, .) FFD bin, both having shortage cannot exist at the same time), and this
shortage is covered since in the optimal bins we found more reserve in total.

Otherwise there exists a (B, N) FFD bin, let the items of this bin be denoted as (B”, N").

If there is also a (G, B) FFD bin, it covers the shortage of the (B, V) FFD bin and we are done
again.

Otherwise there is no (G, B) FFD bin. Then the B” item is the last B item, and the size of the
N" item is just the same as the size of the N’ items. Thus it follows that an N’ item (or the N”
item) cannot be packed into an optimal 5B-bin.

First suppose that there is no {(G, N), (G, N,U)} cobin. Then in the optimal bin of the B”
item we have at least 2 reserve, in any other optimal bin we have at least 2/3 reserve, thus we have
at least 2 4+ 18 - 2/3 = 14 reserve in total. This amount of reserve is just enough to cover the
possible shortage of the FFD bins, which is at most 4 + 6 + 3 + 1 = 14; we are done again.

Finally suppose that there is exactly one {(G,N), (G, N,U)} cobin. Then it follows from
Corollary 3.1.5 that the size of each B is bigger than % + Z,as N > % and U > Z. Thus
there is no (B, N, S) bin, since B+ N + S5 > B+ 25 > (352 + Z)+2- 52 = 1. In this
case in the optimal bin of the B” item we have at least 3 reserve, there is one optimal bin with 1/3
shortage, and in any other optimal bin we have at least 2/3 reserve, hence we have again at least
3—1/3+17-2/3 = 14 reserve in total, which is enough to cover the shortage of the FFD bins. O

Now we are almost done, only one more lemma remained, but the proof of this last lemma will
be the hardest one. We also need a new definition.

Definition 3.4.1 Let H be an arbitrary nonempty set of items, and A € H an item. We say that
item A is packed into an FFD bin for the i-th attempt (regarding H ), if there are exactly i —1 > 0
H items preceding A in the order of the items that are packed into some later bins than bin(A)
(i.e. bins with bigger index). It means that 1 — 1 H items are tried to be packed into bin(A) before
A, none of them fits there, but then A fits into the bin. If i = 1, we say that A is packed for the first
attempt.

Lemma 3.4.7 If at least two {(G, N), (G, N,U)} cobins exist, then (3.11) holds.

Proof.  Suppose that there exist two {(G,N), (G, N,U)} cobins. Note that from this condition
it follows that there are at least two U items. The G and N items of the (G, N) FFD bins have
equal sizes, they are denoted as G" and N’, respectively. Let us denote the items in the optimal bins
of the two {(G, N), (G, N,U)} cobins as Ny; and Uy, and Nyp and Ups, respectively. It follows
that N’ > Ny; + Uy, — X holds for i = 1,2. Since there are (G, N) FFD bins, by Observation
3.4.5 it follows that neither (G, S) nor (G, U) FFD bins are possible. Since M < C < =X <
=X+ 12X < Ny + Uy (for i = 1,2), it follows from Corollary 3.1.5 that there is no M or C
item, and each B (if any) is bigger than No; + Up; > =% +Z > L(1— X). There are no (B, 2N),
(B, N, S), (B,25) bins, since B + 25 > (152 + Z) + 2 - 152 = 1. Further, there can be neither
(B,U,2V) nor (B,3V) bins, since B+ 3V > (15 + X) +3X =3 + 4 X > 1.

An N’ item cannot be packed into a (2V, S, V') or (N, 2S5, V') optimal bin, since N’ + N + 5 +
V>N+254V>(Nog+Un—X)+25+X >3- 24+ 7=1
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Thus the only possible bins are as follows, where we increased the weights of the B items by
5 and the weights of the S items by 1.

OPT
231G |1 |11 |1|1]1]1
23 || B {111 j11]1
12| N |11 1|1
11 S 1)1 11
9 [|U]|1 1 211 1 1 211
8 ||V 1 1 12 1 1 112
r 111123 (4/5]/0/1]1 31415
12N (3|22 |2]|1]1 I |11 212121 1 1)1
11| S 1 2 |1 1 2 1
9 (|U 1 1 2 |1 211 1 312
8 ||V 1 1 121 1121 112 1
r (8911|1210 12|13 |14 |15|16 1|23 ]4[|2|3|4|5|5|6
1S |3 201 1|1 {32221 ]1|1]1|1
9 ||U 1 1 211 211
8 ||V 1 I |21 12 112314
r (11 (13114 ]15|16|17(|3|4|5]6|6|7 8|91
9101 3 1 413121 3121
8|V 1 3 1123|423 /4]|5
r (171811912089 |10 |11 |12 1]2|3]|4
FFED
23 || G 1 {1111 1]1
23 || B 2 |1 L1 (11111
12 || N 1 1 1)1 1)1
11 S 1)1 1
9 ||U 1 1 2|1 1 2
8 ||V 1 1 112 1 1 2
s |10 =110 | -1|/8|7|7|6|5|4|3(|8[7|7/6|5]|4]|3
12 |N |3 2 | 2 1 L jj2(212(2/1{1 (1|11 /1]1/1
11 S 1 2 1 21111
9 ||U 1 2 211 2|1 3121
8 ||V 1 1 1121 112 1 3
s |0 1| -3|—-4|—-2|—-4|—6 65/4/6[5[4[3(3[2|1/0
1mysSi3j2(2|2(1|1}1(1 1
9 ||U 211 3121 41 3 2 1 3121
8 ||V ]1 1|2 112 3 || 4 1 2 3 213145 1
s 151432210 =1}7||0|—-1|-2]-=3||7|6|54]| —1

Let H = N U S. Recalling Definition 3.4.1, and checking the possible FFD bins, also taking
into account that S < N < 1/3 < 2X hold and that the size of any G item is at most 1 — 2.X, it
follows that each H item is packed for the first attempt.
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Observation 3.4.9 Consider a certain FFD 3-bin, where there is one N item, or there are two N
items, and the remained item(s) are from some smaller class(es). Then this N item is the smallest
N item, or these two N items are the two smallest N items.

Proof. Any N item in some earlier bin is packed for the first attempt, thus it precedes any N item
in the considered bin. There is no other (/V, .) bin with at most two N items, by Observation 3.4.7.
O

Case 1. There are neither (2N, 2U) nor (2N’, U, V') optimal bins. Suppose there exists a (B, N)
FFD bin (there can be at most one such bin); let the items of this bin be denoted as (B’, N”). Then
since any V' item is packed for the first attempt, it follows that item N’ comes after the N’ items.
Thus by the minimality assumption on the items it follows that item /N has the same size as the
N’ items (otherwise the size of the N’ items could be decreased to the size of N”). Thus if there
exists a (B, N) FFD bin, then also N” will be denoted as N'.

Now we increase the weight of the N items by 1, decrease the weights of the G\ G’ items
by 3, and also decrease the weights of the B \ B’ items by 3. As a result, no FFD G-bin or B-
bin has shortage. Considering the optimal bins, we conclude that any optimal G-bin has positive
reserve, except the (G’, N, U) optimal bins (where the N item cannot be an N’ item), this bin has
zero reserve. Also, any optimal B-bin has positive reserve, except the (B’, N, U) optimal bin if
any (then the NV item of this bin cannot be an N’ item), and this bin has zero reserve. Since no
N’ item is packed into a (2N, S, V) or (IV, 25, V) optimal bin, moreover there are no (2N’ 2U)
or (2N’, U, V') optimal bins, in any optimal bin there remains positive reserve. Moreover if the
optimal bin contains k£ > 1 N’ items, there remains in the bin at least k reserve.

On the other hand, it is easy to check that the total shortage is at most 10 in the FFD bins. To
finish the proof, we distinguish between two subcases, as follows. If there exist at most nine N’
items, then the total number of G’ and B’ items is also at most nine, therefore the reserve is zero
only in at most nine optimal bins, thus (since OPT > 19) we have totally at least 10 reserve in
the optimal bins, which covers the shortage. Otherwise there are at least ten N’ items, and then we
again have at least 10 reserve in the optimal bins of the N’ items, which covers the shortage.

Case 2. There exists a (2N',2U) ora (2N', U, V') optimal bin. First we increase the weight of the
S items to 12, and decrease the weights of the B items to 22. Then the tables of the possible bins
look as follows:

OPT
23

G111 |1(1]1]1

22 || B {111 j11]1

12| N |11 1)1

12 || S 1|1 11

9 [|U|1 1 211 1 1 211

8 ||V 1 1 12 1 1 112

r (0101 ]3|4|5]1]|2]|1 41516

2N (3|22 (2|11 |11 ]1]12[2]2/2]1 I{1|1]1
12 || S 1 1 1 1|1
9 ||U 1 1 2 |1 211 1| [3]2
8 ||V 1 1 1|21 1121 12 1
r (8811128111214 |15]|16|0(2[3/4]0|2|3]|4|5]|6
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20S/32 (21|11 }3[2/2|2]1|1]1|1]1

9 ||U 1 2 |1 211 211

8 ||V 1 I |21 1|2 11234
r (8|11 |12 141516023 |4|5(6|7|8(0

9101 3 1 413121 3121

8|V 11213 1] 2 4 11213 5
r (171811912089 |10 |11 |12 1|2 |3 |4

FFED

23 || G 1 L1 (11 (1]1]1

22 || B 2 1111 |1]1

12 || N 1 1)1 1

12 || S 11 1)1

9 ||U 1 1 211 1 1 211

8 ||V 1 1 12 1 1 112
s|19|—-1|8|—=2|8|7|8|7|5|4|3(|7]6|7,6[4]3]|2

12| N |3 2 12 1] 1 I {|2(2|2]2|1]|1]|1 11 |1]1

12 || S 1 211 1 2111

9 ||U 1 1 2 211 211 3121

8 ||V 1 1 2|1 12 1123
s|0/0|-3|—-4|0|-3]|—-6 654 6(5/4|3/2]1]0

120S13[212|2|1|1]1|1}1

9 ||U 211 3121 41 3 2 1 3121

8 ||V ]1 1]2 112314 1 2 3 213145 1
s|816[5(4|3(2[1/0|8||0|—-1|-2|-=3|]7|]6|54] -1

Suppose that there exists a (B, N) FFD bin. Since any N is packed for the first attempt, the N
item of this bin comes after the N’ items, thus N’ > 1/2 — X holds, contradicting the condition of
Case 2. Thus a (B, N) FFD bin is impossible.

Suppose that there exists a (2N, V') FFD bin. Then these N items are the two smallest N items,
by Observation 3.4.9. It follows that two N items, a U item and a further U or V' item cannot be
packed into one bin, contradicting the assumption of Case 2. Thus there is no (2N, V') FFD bin.

Now we decrease the weight of the G \ G’ items by 1, and increase the weight of the N’ items
by 1. As aresult, no (G’, N') FFD bin has shortage, and no optimal bin has shortage (as no N’
item is packed into a (2N, S, V') or (N, 2S5, V) bin. Now we cover the shortage caused by some
(N,2U), (N,S,U) or (2N, U) FFD bin. Clearly there can be at most one of them by Observation
3.4.7. Let the U item (or items) of this bin be called as bad U item(s). Now we increase the weight
of the bad U items by 3, and we show below that the reserve of the optimal bins of the bad U items
do not become negative.

Case of (N,2U) FFD bin. Let the items of the bin be denoted as (N;, Uy, Us), where U; > Us.
Then /N, is the smallest NV item by Observation 3.4.9. Thus N; < 1/2 — Z holds because of the
existence of the {(G, N), (G, N,U)} cobin. We know from Observation 3.4.7 that there is no other
(N, .) bin, except the (3V) bins. If there is an S item in some bin earlier than the (N, Uy, Us) bin
(for example if there exists a (G, S, U) FFD bin), /N, would fit into any such bin before the S item,
a contradiction. It follows that there is no S item in the earlier bins. There is no (.5, .) bin either,
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since one S item from such a bin would fit into the (Ny, Uy, Us) bin before the U items. Thus in
this case there is no S item at all.

Suppose that there exists a (B, N, U;) optimal bin (the case of (B, IV, Us) bin is similar). Since
B > No; + Uy > Ny + X and N > U, hold, the level of the (B, N, U;) optimal bin would be
bigger than (N7 + X) + Uy + U; > 1, a contradiction.

Let U’ denote any of U; and U,. It follows that U’ cannot be packed into a (B, N, U) optimal
bin, and similar arguments show that U’ cannot occur in any (G, N,U), (2N,2U) or (2N, U, V)
optimal bin. Moreover, since 1 < Ni+U;+Us+X < (1/2—Z)~|—%—|—U2+X = %_§Z+UQ+X,
thus Uy > Uy > 3Z+¢—X holds. Then U'+U+3V > (3Z+¢—X)+Z+3X =2X+7+§ >
2X 41Xl X 435 102 43 — 188 5 thus no U’ item can be packed into a (3U, 2V))
or (2U, 3V) optimal bin. Since G > B > N; + X, neither U; nor U; can occur in optimal bins
(G,2U) and (B, 2U), and they cannot be simultaneously in (N, 3U) or (IV,2U, V') optimal bins.
Thus, checking one by one the possible optimal bins of the bad U items, we find 3 reserve in the
optimal bin of each bad U, or 6 reserve if they are in a common bin, to cover the increased weights

of the bad items.

Case of (N,S,U) FFD bin. Let the items be denoted as (N7, S1,U;). Similarly as in the case of
the (IV,2U) bin, it follows that N, is the smallest NV item, thus N; < 1/2 — Z holds as above.
It follows also that .S; is the only one S item. (If there was an S item in some earlier bin, /V;
would be packed there instead of the S item; and if there was an .S item in some later bin, this
S item would fit into the (N;, S1, Up) bin before the U item.) Now 1 < N; + 5] + U; + X <
(1/2-2)+ 52 + U1+ X = 2X — Z+ Uy + 2 holds, thus Uy > Z + ; — 2X is valid. Then
U+ U+3V>(Z+:-2X)+Z+3X =IX+2Z7+L>IX+ 20 4l =Ux 25,
thus U; cannot be in a (3U, 2V) or (2U, 3V') optimal bin.

The inequalities G > B > N; + X > S} + X hold similarly as in the previous case, thus
Uy cannot be packed into a (G, N,U), (G,S,U), (B,N,U), (B,S,U), (2N,2U), (2N,U,V),
(N, S,2U) or (N, S,U, V) optimal bin (and there is only one S item, i.e. there is no S-bin with at
least two .S items). Thus we find 3 reserve in the optimal bin of U;.

Case of (2N,U) FFD bin. Let the items be denoted as (N, No, Uy), where N7 > N,. Again it
holds that N; and N, are the two smallest NV items by Observation 3.4.9. Also, similarly as in
the case of the (N, 2U) FFD bin, there is no S item. Suppose that U is packed into a (3U, 2V') or
(2U,3V') optimal bin. Then Ny + No+ U1+ X > 1 > Uy +Z+3X,i.e. N+ Ny > Z+2X. Since
N’ > Ny; +Uy; — X holds fori = 1,2, and N, and N, are the two smallest NV items, it follows that
N >Ni+Z—-X > No+Z—X.Thus 2N'+U+V > (Ni+Z—-X)+ (No+Z—-X)+Z+ X =
(N1 + Ny)+3Z — X > 47+ X > 1, acontradiction. We have obtained that U; cannot be packed
into a (3U, 2V') or (2U, 3V') optimal bin.

Applying again that there exist at least two cobins, G > B > N;+ X > Ny + X hold. Thus U;
cannot be packed into a (G, N,U), (B, N,U), (2N,2U) or (2N, U, V') optimal bin. In any other
optimal bin where U; can occur we find 3 reserve.

Summarizing the previous results, the shortage caused by the (G’, N') FFD bins is covered,
and also the shortage of the FFD bin of the bad U item(s) is covered. Since a (B, N) bin or a
(2N, V') FFD bin is impossible in Case 2, at most 4 shortage remains, namely at most 3 by the
(U, .) FFD bins and 1 in the last FFD bin.
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Let us delete each bin which has at least 4 surplus or reserve. (We must be careful during the
calculation of the reserve of the optimal bins, as we must take into account the increased weights

of the N’ and bad U items). The next bins remain:
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Now we can exclude some more FFD bins as follows:
- (N,U,2V) or (S, U, 2V) FFD bins are impossible, since then there is no U item in some later
bin (as it would fit into this bin before the two V' items), thus there is no (U, .) bin with shortage,
and the 1 surplus of the (N, U, 2V) or (S, U,2V) bin covers the remaining 1 shortage of the last

FFD bin.

-(G,U, V), (G,2V), (B,U,V), (B,2V) bins are impossible, since an N item always fits into
a bin which contains only a G item; thus if such a bin exists, then there would not be any N item
different from the N’ items (but such N must occur in the optimal bin of the cobin). Then no B-bin

remains in the FFD bins, thus there is no B item at all. The following bins remain:
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OPT

23 || G 1|1]1]1

12 || N

12 || S 1]1

9 [|U|1 1 211

8 ||V 1 1
r |0 0134

I2(N|2(2|2|2|1|1]1]1]1|1]1

12 S |1 1111 312121111

9 (|U 2|1 2|1 31211 21113(2 41313121
8 ||V |1 11211 112 1121 1 114 1121314
r{0[2(3(4(0(2/3/4|5/6|7]0[2|3[5]/6[]0(8[9|1]2]3

FFED

23 (G| 1

I2|N| 1 |3 2 (101 |1 j1](1]1

12 | S 1 201 11111

9 (|U 1 1 |2 ]3]2 2 41 3 | 2 |1
8 ||V 113 113 1 2] 3| 1
s|—=1]0|0|-3[0|-3|-63[2[0(3[2/0|/0|—-1|-2|-3] -1

Now we exclude some further bins as follows.

- There cannot be an (N, 3V) or (S, 3V) FFD bin. If such a bin exits, then there would be no
U item at all, since there is no U item in the earlier bins, and cannot be in the later bins either (but
there must be at least one U item by the condition of this Case 2).

- Suppose there exists an (/V,2U, V') FFD bin with surplus 2; let the items be denoted as
(N1, Uy, Uy, V1). Then Nj is the smallest N item, there is no S item, and there is no bad U item. If
there is no (U, .) FFD bin with shortage, then no shortage remains. Otherwise there exists a (U, .)
bin with shortage. Then the last (and thus smallest) U item does not fit into the (/V,2U, V') bin
before the V' item. It follows that N; + U; + Uy + Z > 1 holds.

We state that neither U; nor U, can be packed into a (G, N,U) optimal bin. Suppose for
example that U; is packed into a (G, N, U) optimal bin. Since G > N; + Z and N > U,, we get
that the level of the (G, N, U) optimal bin is bigger than (N, + Z) 4+ Us + U; > 1, a contradiction,
thus the claim follows.

Similarly we get that neither U; nor U can be packed into a (2N, 2U) optimal bin, and they
cannot be packed into any optimal S-bin (since there is no S item). Neither U; nor U, can be
packed into a (3U, 2V') optimal bin (indeed, then a U and two V' items would also fit here, but V;
and Z do not fit into a bin with U; and Us, thus then Ny + Z > Z+2X, implying 1/3 > N > 2X,
which is a contradiction). Thus in the optimal bins of U; and U, we find at least 2 further total
reserve, therefore the total shortage is covered.

- Similarly it follows that there is no (S, 2U, V') FFD bin. If such a bin exists, then it contains
the smallest .S item, and there is no (/V, .) FFD bin with shortage. (If an (IV, S, U) FFD bin exists,
then there is no .S in the later bins.) Thus there is no bad U item. There must be a (U, .) bin with
shortage, otherwise the total shortage is covered. Then S; + U; +Us + Z > 1 holds with the items,
and we again find at least 2 more reserve in the optimal bins of the U; and U, items.
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- Thus no V item remained before the (U, .) FFD bins. We conclude that there are at most four
V items, since from Observation 3.4.7 it follows that there can be at most one (U, .) FFD bin with
at most three U items.

- There can be neither an (.S, 4V") nor a (U, 4V") optimal bin. Indeed, if such a bin exists, then
there are four V' items, these items can be only in a (U, 3V') FFD bin (here U = Z) and in the last
FFD bin, and then the smallest U and the four V' items do not fit into a bin, a contradiction. Thus
only the following bins remain:

O
av
—

23| G 1{1|1]1

12 || N

12 || S 1

9 U |1 211

8 ||V 1 1
r 0 0|1/3|4
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Suppose there exists an (S, 3U) FFD bin, with 3 surplus. Then there must be also a (U, 3V)
FFD bin, otherwise the total shortage is covered. Because of the existence of the (S5,3U) FFD
bin, there is no bad U item. There cannot be an optimal bin with positive reserve, since then the
total shortage would be covered (recall that any G item is a G’ item, thus there is no N’ item in
an optimal G-bin) therefore only the following optimal bins are possible: (G, N,U), (G,S,U),
(2N, S, V), (2N,2U), (N,2S5,V), and (35,V). Since there are four V' items, and any remaining
possible optimal V/-bin contains exactly one V' item, and also contains at least one S item, it follows
that there are at least four S items. On the other hand, since there can be at most one (V,.) FFD
bin with at most two NV items, and there is only one (S, 3U) FFD bin, it follows that there can be
at most three .S items. This is a contradiction, thus there is no (S, 3U) FFD bin. (The existence of
an (NN, 3U) FFD bin could be excluded similarly but we do not need this in the following.)

After excluding the (S, 3U) FFD bin we make the following consideration: If there exists an .S
item, then exactly one FFD bin must occur from the bin-types listed below:

a, a (2N, .S) bin with the two smallest N items, and the only one S item,

b, an (V, 25) bin with the smallest N item, and the only two S items,

¢, an (N, S, U) bin with the smallest NV item, the only one S item and the biggest U item.
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It follows that (2N, S, V'), (N,2S,V), (35, V) optimal bins are impossible as the items do not
fit into one bin, and there exist at most two .S items. By excluding these bins we have the possibility
to increase the weight of the V' items to be w(V') = 9. Then the following possible bins remain:
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Now we have no shortage in the (U, .) FFD bins, there is no shortage in the last FFD bin, all
shortage caused by (G, N) FFD bins is covered by the optimal bins of the N’ items, and also the
shortage caused by the bad U items is covered. Thus the total shortage is covered, except for the
shortage created now in the possible (3U, 2V) or (2U, 3V') optimal bins.

If there is a (U, 3V') FFD bin, then the smallest U item and the four V' items do not fit into
one bin, thus there is no optimal 5-bin, and no shortage remains, therefore a (U, 3V') FFD bin is
impossible.

Observation 3.4.10 There are at most three V items. Moreover there is exactly one optimal bin
with shortage, a (3U,2V') optimal bin or a (2U, 3V') optimal bin.

Proof. There can be at most three V' items, since V' items are only in one (U, .) FFD bin, and item
X in the last bin. Since there can be at most three V' items, (3U,2V') and (2U, 3V') optimal bins
cannot occur at the same time, and there can be at most one such bin. If there is no such bin, then
the total shortage would be covered. a

Thus there is only one optimal bin with 1 shortage, i.e. the uncovered shortage is only one.
There cannot be an optimal bin different from (3U, 2V') and (2U, 3V') and containing at least two
V items, since then there would be four V' items. Thus (2N, 2V), (N, S,2V), (N, U, 2V') optimal
bins are impossible. Let us delete these bins, furthermore let us delete any bin which has positive
reserve or surplus, since they would cover the possible shortage. The following possible bins
remain:

48



dc_1295 16

23 || G 1{1|1]1

12 || N 212

12 || S 1|1

9 [|U|1 1 201121} 3 2

9 ||V 1 1 1 1| 2 3
r |0 0/0|3 212 -1|-1

FF

2311 G| 1

I2N| 1T (|32 2 1] 1 1

12 || S 1 1

9 ||U 1 | 2 || 4 2

9 ||V 1121
s|—=110]0|-3/0[-3]—-6|]0[{0|0}|O0

We conclude that

a, Each V' item is packed into a (2N, 2U) or (2N', U, V') optimal bin, and both N items are
N’ items in these bins (otherwise positive reserve would remain in the bin).

b, In any (G, 2U) optimal bin or (G, U, V') optimal bin there is exactly one bad U item (other-
wise there would be positive reserve) and a bad U item can occur only in such an optimal bin.

Upon the considerations above, we introduce a new notation H for all N items, S items and
bad U items. By the simplified notation we get fewer bin-types, more exactly, several different
bin-types can be handled in a simplified way.

OPT FED
23][ G G

11 1
13 || N’ 212 N |1
12| H|1]1 H 3
9 || U1 211 3|2 ||U 41312
9 ||V 1 1y 2] 3 A% 1121
r |0(0}|O0]O] —-1|-1 s |0]]0]]0O]0O[0]O

Let U, denote the first U item in the bin before the last FFD bin (i.e. the first U item in the
(3U, V') FFD bin or in the (2U, 2V') FFD bin).

Claim 3.4.1 There exists a fallback U item after U,.

Proof. Otherwise, since the five smallest items do not fit into one bin, there is no optimal 5-bin,
thus there is no uncovered shortage, a contradiction. a

Thus there must be fallback U item after Uy. (A V item cannot be fallback, since three U items
plus an item with size at most Z always fit into a bin). Such a fallback U item can be packed only
into some (4U) FFD bin.

Now we introduce one more definition. We say that a U item is big if it is bigger than 1/4 and
itis not a bad U item. (Bad U items (if there are any) precede the big U items, thus the bad U items
are also bigger than 1/4.) The U items which are not bigger than 1/4 are called small U items.
Note that a big U item cannot be fallback, thus any fallback U item is surely a small U item, but
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small regular U items can exist. Then it follows that there exists at least one (4U) FFD bin, and
the first item in the first (4U) FFD bin is a big U item (otherwise there would be no fallback item).

It is easy to check that a big U item cannot be packed into a (G, H,U), (3U,2V) or (2U, 3V)
optimal bin; the reason for the last two typesis 1/4+ Z+3X > 1/4+ X +3X =1 X +1 > 1.
Thus a big U item can be only in a (2N’ 2U) or (2N’, U, V') optimal bin, and only one big U can
be packed into such a bin.

Claim 3.4.2 At the actual state of the FFD packing just after Uy has been packed, each (4U)
FFD bin except the last one contains three or four items. Furthermore at this time all (4U) bins
containing three items are located before the (4U) FFD bins containing four items, and the last
(4U) bin contains Uy only.

Proof. Since the sizes of the items are decreasing, and any three U items fit into a bin, it follows
that the sums of the first three items in the (4U) bins are decreasing. Thus if there are already four
items in some (4U) bin just when U, comes, this Uj item would fit into any later bin, if there are
only three items there. O

Let 7 denote the number of 3-bins among the final (4U) FFD bins just after packing Uy. More-
over let the number of big U items be 3k + [, where £ > 0 and [ € {0, 1, 2}.

Claim 3.4.3 The number of fallback U items is k — 1 or k ifl =0, and itis kor k + 1ifl =1 or
=2

Proof. Let us consider the FFD packing, how the (4U) bins are packed. First three big U items are
packed into one bin, then the next three big U are packed into the next bin, and so on, and finally
in the (k + 1)-st (4U) bin there are [ big U items. Then come the small U items, and four small
U items always fit into a common bin. If [ = 0, then there will be k£ — 1 fallback items in the first
k — 1 (4U) bins, and there can be also one more fallback item in the k-th (4U) bin. If [ > 0, then
there will be k fallback items in the first &£ (4U) bins, and there can be also one more fallback item
in next (4U) bin. O

Corollary 3.4.2 For the number i of 3-bins defined above in terms of Uy we have 1 <1 < k + 1.

To finish the proof of Case 2 of this lemma, we consider two subcases as follows.

Subcase 2.1. There exists a (2U, 3V') optimal bin. Let the items be denoted as (Uy, Us, V1, V3, V3).
Since there are three V' items in the bin, there is no other V'-bin in the optimal packing. Moreover
there is a (2U,2V') FFD bin, since otherwise the number of V' items would be only two. The
possible bins in this subcase are:

OPT FFD
23] G G

1 1
13 || N’ 2 N’
12| H |1 H 3
9 U 12| 2 U 412
9 \Y 3 v 211
r [0]/0| -1 r 0{[0||]O0[0]]O

Let us consider an arbitrary big U item, denoted as Uj,.
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Claim 3.4.4 For any big U item Uy, there are at least three different small U items Uy, 1, Uy 2, U 3,
such that Uy, together with any two further big or small U items and any item from Uy, 1, Uy 2, Uy 3
fit into a common bin; furthermore for different choices of U, the sets of the corresponding three
small U items are mutually disjoint.

Proof. Recall that U, is surely packed into an optimal bin (2N, 2U). Let the items be denoted
in this bin as (N', N’ Uy, Uy 1); here Uy is a small U item. The two N’ items of this optimal
bin are packed into two (G’, N') FFD bins. On the other hand, any G’ item is packed into a
(G', H,U) optimal bin, where the U item is a small U. Let us denote the optimal bins of the
two G’ items as (G’, A1, U,2) and (G', Ay, Uy 3). (We do not use different letters for the two
different G’ items, since they have the same size.) Then A; and A, are H items, and both U, 5
and U, 3 are small U items. Thus, all the items considered fit into four optimal bins: (G’, Ay, Uy 2),
(G', As, Ups), (N', N', Uy, Uy 1) and (Uy, Us, Vi, V3, V3). On the other hand, since G' + N' +V; >
1 and G' + N’ + V5 > 1 hold, furthermore U; + Us + Uy s + Uy + V5 > 1 holds with any
two distinct s,¢ € {1,2,3}, it follows that the remaining items fit into one common bin, i.e.
A+ Ay + Uy + Ups < 1holds with any s € {1,2,3}. Then the statement follows from the fact

that both items A; and A, are at least as large as a big U item. a

Let us now consider first the simpler case when ¢ = 1. Let U, denote the first U item in the first
(4U) FFD bin, which is naturally a big U item. Then U, ;, Uy, or U, 3 cannot be the second or
third item in this bin, since then the next U item fits into this bin, thus there would be no fallback
item in this bin. After packing three (big or small) U items into the first (4U) bin, no further item
fits here until the arrival of Uj, moreover U, does not fit here either, and only the first (4U) bin
remains a 3-bin after the packing of Uy. Recall that Uj is the first item in the bin before the last
FFD bin, and this bin is of type (2U, 2V) in this subcase. Thus exactly two U items remain after
the packing of Uj (the fallback U item that is packed into the first (4U) bin and the other U item
in the bin of Up). On the other hand all of Uy 1, Uy 2, and Uy, 3 remain after Uy (since any of them
fits into the first (4U) bin as the fourth item), a contradiction.

Now suppose that i > 1. Let U, denote the first U item in the i-th (4U) FFD bin; this item is
surely a big U item. Then, similarly as above, it follows that U, 1, Uy, 2, or Uy, 3 cannot be the second
or third item in this bin. Moreover, if U, denotes any big U item before U;,, we similarly obtain that
Uca, Uea, or U, 3 cannot be the second or third item in the i-th (4U) FFD bin (because U. > U,).
The U, s and U, s items (s = 1, 2, 3) cannot be in the first i — 1 (4U) FFD bins among the first three
items, because all these items in the first i — 1 (4U) FFD bins are big U items. Moreover any such
item (Ups or U., s = 1,2, 3) fits into the i-th (4U) FFD bin as the fourth item (using again that
U. > Uyp). Thus it follows that all these items remain after Uy. Thus at least 3(3(i —1)+1) = 91 —6
small U items remain after Uj; but on the other hand the number of such items is exactly 7 4 1 (the
1 fallback U items after U, and the other U item in the bin of Uj), thus  + 1 > 9¢ — 6 holds, from
which we get ¢ = 0, a contradiction.

Subcase 2.2. There exists a (3U, 2V') optimal bin. In this case a similar proof works, just we have
to do it in a little bit more careful way. Suppose that a big U item is packed into a (2N’,2U)
optimal bin. Consider the two GG’ items which are placed in two FFD bins together with the two
N’ items. If both of them are packed in (G’, H, U) optimal bins, we call the big U item nice (thus
in Subcase 2.1 each big U item was nice). Otherwise (if a big U item is packed into a (2N’ U, V')
optimal bin, or a big U item is packed into a (2/N’, 2U) optimal bin but a G’ item from the FFD
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bin of one N’ item of this optimal bin is packed into a (G’, H, V') optimal bin), we call the big U
item freaky.

There is at most one freaky big U item, since there is at most one optimal V'-bin different from
the (3U, 2V') optimal bin as the number of V' items is at most three. Let the items in the (3U, 2V')
optimal bin be denoted as (U, Us, Us, V1, V5); here the items U; (j = 1,2,3) are small U items.
Now the possible bins are as follows:

FFED
G |1

OPT
23] G

1]1
13 || N 212 N |1
12| H|1]|1 H 3
9 | U 1 211 3 U 41312
9 1|V 1 Iy 2 ||V 121
r |[0]0(0]0| —1 s |0][O0}]]O[0O]|O0O]}O

Claim 3.4.5 (a) If a big U item, say U, is nice, then there exist (at least) six different small U items
Up1,Up 2,Up 3,U1,Us,Us, such that U, together with any one of them and with any two further big or
small U items fit into a common bin, moreover the first three small U items Uy, 1, Uy 2, and Uy, 3 are
different for different nice big U items.

(b) If a big U item, say U, is freaky, then there exist (at least) five different small U items U, 1, U, 2,
Uy, Usy, Us, such that U, together with any one of them and with any two further big or small U
items fit into a common bin, moreover the first two small U items U, and U, are different from
any small U items Uy, ; (j = 1,2, 3) associated with a nice big U item U,

Proof. Let a (nice or freaky) big U item be denoted again as U,. The optimal bin of U, can
be a (2N’,2U) or a (2N',U, V') optimal bin, thus let the items being in the bin be denoted as
(N',N', Uy, Uy 1), where Uy ; is a small U or V' item. Consider the optimal bins of the G’ items that
are packed together in the FFD packing with the previous two N’ items. Let these optimal bins be
denoted as (G', Ay, Up2) and (G', Az, U, 3) optimal bins, where A; and A, are H items, and either
both Uy, 2 and Uy, 3 are small U items or one of them is a small U item and the other is a V' item.
Since there are at most three V' items, there is at most one V' item among Uy, 1,Us 2 and U, 3, and
there is no V' item among them if U, is nice. Since G’ + N'+V; > land G'+ N' +V, > 1
hold, furthermore the sum of any five items among U;,U,Us, and Uy, 1,Uy 2,Up 3 1s bigger than 1
(because at most one V' item can occur among the six items, and the other items are U items, and
4U + X > 1), it follows that the remaining items fit into one common bin, i.e. both inequalities
A+ A+ Uy+Uyj <land Ay + Ay + Uy + U; < 1holdforall j € {1,2,3}. O

Now we are ready to finish the proof of this Subcase 2.2, which also completes the proof of the
theorem.

Suppose first that 7 > 1. Then the first U item is big in the i-th (4U) FFD bin, and there are
three big U items in each previous (4U) FFD bin. Among these 3(i — 1) + 1 big U items there are
at least 3(¢ — 1) nice big U items. Let U, denote any nice big U item among them. Then, since the
sizes of the big U items are decreasing, Uy, 1, Uy 2, or Uy, 3 cannot be the second or third item in the
i-th (4U) FFD bin, they are not among the first three items in the first ¢ — 1 (4U) FFD bins, and
any of them (U, ; for any j = 1,2, 3) fits into the i-th (4U) FFD bin as the fourth item. It follows
that all these items remain after Uy. Thus at least 9(: — 1) U items remain after Uy, but on the other
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hand there are at most 7 4 2 U items after Uy, namely the ¢ fallback U items after U, plus at most
two further U items in the bin of Uj.

It follows that ¢ + 2 > 97 — 9 holds, thus we get ¢ < 1, a contradiction. Thus only the case
1 = 1 remains to be considered. In this case there remain at most 3 U items after Uy. On the other
hand, the first item in the first (4U) FFD bin is a big U item (nice or freaky), thus even if this big
U item is freaky, there are at least five small U items (in this case we must take into account also
the small U items of the (3U, 2V') optimal bin), such that any of them must be after Uy. This is a
contradiction, as well. O
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Chapter 4
The tight bound of First Fit Algorithm

The results of this chapter are published in papers [23, 24]. Both papers are written together with
Jirt Sgall, and the contributions of the authors are indivisible (approximately 50%-50%).

In this chapter we give the tight bound of the First Fit algorithm (£'F' for short). This algorithm
packs each item into the first bin where it fits, possibly opening a new bin if the item does not fit
into any currently open bin. The proof that the asymptotic approximation ratio of F'F'is 1.7 given
by Ullman [74] and subsequent works by Garey et al. and Johnson et al. [45, 55] were among the
first results on approximation algorithms.

Here we prove that also the absolute approximation ratio for F'F' is exactly 1.7. This means
that if the optimum needs O PT bins, First Fit always uses at most [1.7 - OPT'| bins. Thus we
settle this open problem after about 40 years. Furthermore we show matching lower bounds for
all values of OPT, i.e., we give instances on which F'F" uses exactly [1.7 - OPT| bins. Such
matching upper and lower bounds were previously known only for finitely many and small values
of OPT'. Thus our results not only give the exact worst case for all values of O PT’, but actually
even give the first infinite sequence of values of O PT" for which the exact worst-case performance
of F'F’' is known.

We note here, that the same (tight) bounds hold also for algorithm Best Fit (B F' for short), as
we proved this in our recent work [24], but the proof for BF' is much more complicated than that
is for ['F', thus we restrict our attention here only for the tight result of F'F'.

In the previous chapter we have analyzed the F'F'D algorithm, which behaves like F'F' but
receives the items on the input sorted from the largest one to the smallest, and proved that while
the asymptotic approximation ratio is equal to 11/9, regarding the absolute bound we need an
additive constant, its tight value is 2/3. That is, %OPT + % bins are sufficient for F'F'D, but this
number of bins is actually also necessary for some instances for infinitely many values of O PT'.
Thus for F'F'D, the asymptotic and absolute approximation ratios are not equal. In light of this
result, it is rather surprising that for /'F' the asymptotic and absolute approximation ratios are
equal and no additive term is needed.

History and related work. The upper bound on F'F' was first shown by Ullman in 1971 [74];
he proved that for any instance, F'F' < 1.7- OPT + 3, where F'F' and O P denote the number of
bins used by F'F' and the optimum, respectively. Still in seventies, the additive term was improved
first in [45] to 2 and then in [44] to FF' < [1.7- OPT']; due to integrality of F'F' and OPT this
is equivalent to F'F' < 1.7 - OPT + 0.9. Recently the additive term of the asymptotic bound was
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improved to F'F' < 1.7-OPT + 0.7 in [85].

The absolute approximation ratio of F/'F’ got some attention recently. A significant step towards
settling the question of the absolute approximation ratio was the upper bound of 1.75 by Simchi-
Levy [73]. This was improved independently by Xia and Tan [85] and Boyar, Dosa and Epstein
[10] to 12/7 ~ 1.7143 and recently by Németh to 101/59 =~ 1.7119 [65].

For the lower bound, the early works give examples both for the asymptotic and absolute ratios.
The example for the asymptotic bound gives F'F' = 1.7 - OPT whenever OPT = 10k + 1, thus
it shows that the asymptotic upper bound of 1.7 is tight, see [74, 45, 55]. For the absolute ratio,
an example is given with F'F' = 17 and OPT = 10, which shows that the absolute approximation
ratio cannot be better than 1.7 [45, 55]. (Also an example with F'/F' = 34 and OPT = 20 is
claimed, but it seems that this example has never been published.)

From these (recent) improvements, one can distinguish two different possible ways to reach the
tight result. One option is to decrease the absolute ratio, where we do not use any additive constant.
The upper bound of Simchy-Levi is 7/4, this bound is decreased then to 12/7 ~ 1.7143 by [85]
and [10], and later to 101/59 ~ 1.7119 by [65]. However, it turns out, that as we go down to
approach to 1.7, more and more counterexamples appear which all must be excluded one by one;
naturally, on this way we cannot arrive at the tight bound.

Another way is to decrease the additive constant. After the seminal work of F'F' < 1.7-OPT +
0.9 given in [44], the tight value of the additive constant (taking into account also the lower bound)
could be only 0.9 or 0.8 or 0.7, ..., or finally 0, due to integrality of F'F' and OPT'. The authors
in [85] could go down to 0.7. What is the smallest possible value of the additive? We show below
how we can go down to 0.1 quite easily. Our key tool is a weighting function. Surprisingly, it is
the same weighting function that was applied in the early seventies, but we use it in a new, more
efficient form.

To obtain the tight value, i.e. excluding the last 0.1, needs a bit more and tricky work, consid-
ering also some combinatorial properties of the packing, if the packing is very close to the worst
scenario.

4.1 Main ideas

Once the asymptotic bound with a small additive constant is shown, a natural approach to improve
absolute upper bounds is to study fixed small values of OPT and to exclude the possibility of a
higher absolute ratio for them. Indeed, solving a few such cases necessarily improves upper bounds
on the absolute ratio—but cannot give a tight result. Of course, this is still far from trivial: Even for
a fixed O PT, each such problem seems to lead to a new and more extensive case analysis. Instead
of joining this race of incremental results, we choose a different approach to attack arbitrarily large
values of O PT directly.

The first important step is a combination of amortization and weight function analysis. To
illustrate our technique, we now present a new short proof of the asymptotic ratio 1.7 for F'F. It
uses the same weight function as the traditional analysis of /'F'. To use amortization, we split the
weight of each item into two parts. (This partition was first applied in [70], for giving a short proof
for the asymptotic performance of BF'.) Identifying an item a with its size, the weight of a is its
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scaled size £a plus the bonus v(a) defined as

0 ifagé,
_J3a=5) ifae (5 35),

U(a/)_ . 1 1
0.1 ifa e [5,5] 5

0.4 ifa>%.

Below we give a picture about the weight function as well as about the bonus, focusing on the
range between 0 and 1/2 only.

w(a) 03 v(a)

Note that there is a discontinuity only at a = 1/2. For a set of items B, v(B) = ) .z v(a)
denotes the total bonus and s(B) = ) a the total size.

It is very easy to observe that the weight of any bin B, i.e., of any set with s(B) < 1, is at most
1.7: The scaled size of B is at most 1.2, so we only need to check that v(B) < 0.5. If B contains
no item larger than 1/2, there are at most 5 items with non-zero v(a) and v(a) < 0.1 for each of
them. Otherwise the large item has bonus 0.4; there are at most two other items with non-zero
bonus and it is easy to check that their total bonus is at most 0.1.

Consider an instance /. The previous bound implies that the weight of the whole instance
Ss(I) + v(I) is at most 1.7 - OPT. The key part is to show that, on average, the weight of each
F'F bin is at least 1 (with a few exception). For this, the key observation is in the next lemma.

Lemma 4.1.1 Let B, C be two bins in the F'F packing such that s(B) > 2/3, C contains at least
two items, and B is opened before C. Then £s(B) +v(C) > 1.

Proof. Since C' is after B in the F'F' packing, C' contains two items ¢ and ¢’ that do not fitin B, i.e.,
¢, >1—s(B).If s(B) > 5/6 then the lemma follows trivially without considering v(C'). In the
5

remaining case, let z € (0, ] be such that s(B) = 2 — 2. Thus ¢,/ > ¢ +x and v(c),v(c) > 2x.

We get 3s(B) +v(c) +v(¢) > (2 —a)+ 3o+ 2o = 1. O

Consider any F'F-bin B with a single item. If s(B) > 1/2, then b(B) = 0.4 and $s(B) +
v(B) > 1. Furthermore, at most one F'F-bin has s(B) < 1/2, by the definition of F'F.

Now consider F'F-bins with two or more items. Similarly, at most one of them has size less
than 2/3: If we have one such bin, any item in any later bin is larger than 1/3 and thus any later
bin with two items is larger than 2/3. Now we use Lemma 4.1.1 for every F'F bin B with two or
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more items and s(B) > 2/3 (except for the last such bin); the bin C' is chosen as the next bin with
the same properties.

Summing the bounds for bins with a single item plus the bounds from Lemma 4.1.1 for bins
with two or more items (note that each bin is used at most once as B and at most once as C'), we
obtain that £s(I) + v(I) > FF — 3. The additive constant 3 comes from the fact that we did not
bound the weight of at most three F'F-bins: (i) one bin with a single item and s(B) < 1/2, (ii)
one bin with two or more items and s(B) < 2/3, and (iii) the last bin with two or more items.
Combining this with the previous bound on the total weight, we obtain F'F —3 < &s(I) 4 v(I) <
1.7 - OPT and the asymptotic bound follows.

By a bit more careful analysis, we can toward decrease the additive constant (after examining
the remaining three bins in the F'F' packing) but cannot remove it completely. To obtain the
tight bound, we need to analyze different types of bins in the F'F' packing quite carefully. In the
typical worst case, F'F' packing starts by bins with five or more items of size around 1/6 (bigger
or smaller), followed by OPT'/2 bins with two items slightly larger or smaller than 1/3, and
ends by OPT bins with a single item slightly larger than 1/2. We analyze these three types of
bins separately. To handle various possible situations we slightly modify the weight function (see
Definition 4.2.2) and the amortization lemma (see Lemma 4.2.5).

The most delicate part of the proof analyzes the F'F' bins containing three or four items—or
rather shows that they cannot play an important role in the worst case; here it is important that
the amortization uses the bonus of only two items and thus the bins with three or four items are
“wasteful”. In the final steps of the proof, the parity of the items of size around 1/3 comes into
play: Typically they come in pairs, as described above, but for odd values of O PT" one of them
is missing (or is in a F'F' bin of 3 or more items), and this allows us to remove the last 0.1 of
the additive term. Our analysis sketched above still leaves a few values of O P71’ that need to be
analyzed separately. However, with our framework of the general proof, even this is relatively
simple compared to the previous proofs in this area. The upper bound proof is presented in the
next subsection.

Notations. Let us fix an instance [ with items a4, ...a,, and denote the number of bins in the
FF' and optimal solutions by F'F' and O PT, respectively. We will often identify an item and its
size. For a set of items A, let s(A) = > _, a, i.e., the total size of items in A and also for a set
of bins A, let s(A) = > ,. 4 5(A). Furthermore, let S = s(/) be the total size of all items of 1.
Obviously S < OPT.

The bins in the F'F' packing are ordered by the time they are opened (i.e., the first item is
packed into them). We refer to this order when we say that one bin is before or after another one,
or when we speak about the first or last bin.

A bin is called a k-bin or k™-bin, if it contains exactly k items or at least k items, respectively,
for an integer k. An item is called k-item if F'F" packs it into a k-bin.

We classify the the F'F bins into three groups. If a 2*-bin B satisfies s(B) > 5/6, it is a big
bin; B denotes the set of all big bins and /3 their number. Any other 2*-bin C' is a common bin; C
denotes the set of all common bins and ~ their number. Finally, any 1-bin D is a dedicated bin; D
denotes the set of all dedicated bins and ¢ their number. The items in big, common, and dedicated
bins are called B-items, C-items, and D-items, respectively. Finally, let C'2-items be the items in
common 2-bins. The common and dedicated bins are typically denoted by C' and D, and C-items
and D-items by ¢ and d (with indices and other decorations). We use B for generic bins (typically
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big or common) and b for items that may be in big or common bins. If there exists a D-item with
size at most 1/2, denote it dy; otherwise dj is undefined. We shall see in Lemma 4.2.1(i) that there
is at most one such item.

4.2 The upper bound proof for F'F

First we state a few basic properties of F'F' packings. Assumption 4.2.1 as well as all parts of
Lemma 4.2.1 are known and easy facts used explicitly or implicitly in previous works on F'F
including [73, 85, 10].

Assumption 4.2.1 We assume, without loss of generality, that no two items a; and a; are packed
into the same bin both in F'F' and OPT solutions.

This is w.l.o.g., since any two such items may be replaced by a single item of size a; + a; that
arrives at the time of arrival of the first of the original items. It is easy to see that both F'F' and
OPT solutions are unchanged (except for this replacement).

Lemma 4.2.1 In the F'F packing the following holds:

(i) The sum of sizes of any two F'F-bins is greater than 1. The total size of any k > 2 F F'-bins is
greater than k /2.

(ii) The D-items are packed into different optimal bins. Thus 6 < OPT.

(iii) There is at most one common bin Cy with s(Cy) < 2/3. Furthermore, if s(Cy) = 2/3 — 2z for
x > 0 then for any other 2% -bin (i.e., any other common or big bin) B we have s(B) > 2/3 + x;
in addition, if B is opened after Cy, then s(B) > 2/3 + 4x.

(iv) If k > 3, then the total size of k arbitrary 2% -bins is greater than %k

(v) Suppose that k > 1, we have k + 1 F F-bins By, B, ..., By, B, in this order, and such that B
is a k™ -bin. Then the sum of the sizes of these k + 1 bins is greater than k.

Proof.  (1): The first item in any F'F'-bin does not fit in any previous bin, thus the sum of their
sizes is greater than 1 already at the time when the second bin is opened. For £ bins, order the bins
cyclically and sum the inequalities s(B;) + s(B;) > 1 for pairs of adjacent bins.

(i1): Follows from (i), as the size of each D-item equals the size of its dedicated F'F'-bin.

(iii): If B is after Cy, then it contains only items of size larger than 1 — s(Cy) = 1/3 + 2x; since
it contains two items, s(B) > 2/3 + 4z follows. If B is before Cj, then notice that Cj contains
an item of size at most s(Cj)/2 = 1/3 — x; This item was not packed into B, thus it follows that
s(B)>2/3+ .

(iv): Follows immediately from (iii).

(v): Let x be the minimum of s(B;), i = 1,..., k. Then by the F'F-rule, any item in bin B
is larger than 1 — x. Since there are at least k items in bin B, we have s(B) + Zle s(B;) >
k(1 —x)+ kx = k. O

Now we assume that the instance violates the absolute ratio 1.7 and derive some easy conse-
quences that exclude some degenerate cases. The first claim, OPT > 7, follows from [10, 85];
we include its proof for completeness. Note that the values of 1.7 - O PT" are multiples of 0.1 and
FF'is an integer, thus F'F' > 1.7 - OPT implies F'F' > 1.7- OPT + 0.1. Typically we derive a
contradiction with the fact S < OPT stated above.
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Lemma 4.2.2 If FF > 1.7- OPT then the following holds:

(i) OPT > 1.

(ii) No common bin C has size s(C) < 1/2.

(iii) The number of dedicated bins is bounded by 6 > 3.

(iv) The number of common bins is bounded by v > OPT/2+1 > 4. If FF > 1.7-OPT + 7/10
for some integer T > 1 then v > (OPT + 1) /2.

Proof. (i): If OPT € {3,4,5,6} and FF' > 1.7 - OPT then we can verify that both F'F" >
2-OPT —1and FF > OPT + 3. Using Lemma 4.2.1(ii), the number of 2*-bins is 5 + v =
FEF —6>FF — OPT > 3. Thus we can use Lemma 4.2.1(iv) and obtain a contradiction:

2 1 1 1 1
> 3(5+’y)+ 25_ 6(54—7)—1— 2FFz 5 -3+ 2(2-OPT 1) =0PT.

Above we supposed that 9 # 1. If eventually 6 = 1, then § 4 v > 4 trivially holds. In this case
we count a 27 -bin into the set of dedicated bins; thus § grows by one, and (3 + ~ decreases by one.
After the modification 6 = 2 and 3 + v > 3, thus the above calculation works. We possibly apply
this calculation also in later parts (ii) and (iii) if needed.

IfOPT =2and FF > 1.7-OPT then F'F' > 4, and by Lemma 4.2.1(i) we have S > 4 - % =
OPT, a contradiction. For OPT = 1, F'F is trivially optimal.

(ii): Suppose that s(Cy) < 1/2 for a contradiction. Lemma 4.2.1(iii) implies that any big or
common bin C' before Cyy has s(C) > 3/4. Furthermore, any bin after C} is a D-bin (as it can
contain only items larger than 1/2) and by Lemma 4.2.1(i), the total size of Cj and all D-bins is
at least (6 + 1)/2. Thus we can obtain a contradiction by using OPT > 7 from (i) and 6 < OPT
from Lemma 4.2.1(i1) as follows:

3 1 3 1

> —(ﬁ+’y—1)+—(5+1) :ZFF__(6+1)

>3 OPT N _Lopren - —OPT— s orr.
1 10) 1 10

(iii): Suppose for a contradiction that 6 < 2. Then each F'F-bin contains at least two items,
except for at most two dedicated F'F-bins. Since OPT > 7 from (i), we can apply Lemma
4.2.1(iv) for the F'F" — 2 > 3 of 2" -bins and Lemma 4.2.1(i) for the remaining two bins, and thus
we obtain a contradiction as follows:

2 2 1 4
S>-(FF-2)+1> - OPT + — —2 1——OPT——>OPT
3< )1z 3 ( * 10 > + 15
(iv): To obtain the first bound from the second one, use 7 = 1 and the integrality of O PT. Now
suppose for a contradiction that v < (OPT + 7)/2. If y > 3, then we use Lemma 4.2.1(iv) for the
common bins, Lemma 4.2.1(1) for the dedicated bins, and the fact that the remaining bins are big,
and we obtain

5 2 5 1
(FF—~—§ s _opp_ 1L ——5
S > 6( vy - )+37+ G 5
5 (17 T OPT + 71
> 2 PT + T _OPT =0PT
—6( 0 10) 12 30 OFT,
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a contradiction. If v < 2 then

5 1 5 1
“(FF—6—-2)+ - 2)=-FF — = 2
S>6( ) )+2(6+) 5 3(6+)

5 (17 7\ 1 2 13 7
>2(—=0OPT+—)—-0OPT -2 >=0PT—— >OPT
—6(100 +1o> 3¢ 532 12Y 13 = OPT,

using 7 > 1 and (1) in the last step, and we obtain a contradiction as well. a

The weight function and the main lemma. Now we introduce the main ingredients of our
analysis: the modified weight function and the main lemma that is used for the amortized analysis
of the weight of F'F’ bins. As in the simple proof in the introduction and previous bin packing
literature, our ultimate goal is to prove that each O PT-bin has weight at most 1.7 and each F'F-
bin has an amortized (average) weight at least 1.

It is convenient to describe the weight of each item a in two parts. The first part, r(a), is called
the regular (part of the) weight, and it is proportional to the size of a; it is the same as in the simple
proof. The other part, v(a) is called the bonus and it is modified so that it depends both on the size
of a and the type of F'F'-bin where a is packed. B-items have no bonus. C-items have bonus equal
to 0 for items of size at most 1/6, equal to 0.1 for items of size at least 1/3, and linearly interpolated
between these values. D-items have bonus 0.4 if they have size at least 1/2 and slightly smaller if
they have smaller size (this concerns only the single item dy).

Compared to the simple proof and the previous literature, we make several modifications to the
weight function. These are mostly a matter of convenience and simplification of the case analysis
in the proof. First, we move the bonus from the items larger than 1/2 to the D-items. Mostly these
are actually the same items, except for dy. As we shall see later, in the tight cases, each O PT-bin
contains a D-item and this change allows a more uniform analysis. Second, we decrease some
of the weights that we do not use in the proof, namely we do not put any bonus on B-items and
decrease the bonus on dj (this is necessary to guarantee that its O P7T-bin has weight at most 1.7;
however, in tight cases dj is very close to 1/2).

The third change is essential in our last step of the proof where we remove the remaining
additive constant of 0.1. We define a set of at most two exceptional C-items whose bonus is
decreased to 0. Since they are in different 3" -bins in the F'F' packing, this does not change the
analysis of the F'F' packing significantly. On the other hand, the exceptional items are chosen
so that one O PT-bin is guaranteed to have weight at most 1.6, which is exactly the necessary
improvement. Formally we define the exceptional items as follows:

Definition 4.2.1 If OPT = 7(mod 10) and there exists an O PT-bin E that contains no C2-item,
then fix any such bin E for the rest of the proof. Otherwise I is undefined. If £/ contains at most
two C-items with size larger than 1/6, denote the set of these items E'. Otherwise (if there are
three or more C-items in E or no E exists) put E' = (). Let us call E the exceptional bin and the
items in E' the exceptional items.

Note that there is at most one exceptional item in each F'F'-bin by Assumption 4.2.1. Later we
shall show that in a potential counterexample with F'F' = 1.7 - OPT + 0.1 the bin E exists.
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Definition 4.2.2 The weight function is defined as follows:
For a B-item b we define  v(b) = 0.

0 ifcgéorcEE’,
For a C-item c we define v(c) = 2(c—3) ifce [%,%} andc & F',
0.1 ifczéandcgE’.
0.4 ifd> 1,
For a D-item d we define  v(d) = 31 lf — 2

For every item a we define r(a) = a and w(a) = r(a) + v(a).

For a set of items A and a set of bins A, let w(A) and w(.A) denote the total weight of all items
in A or A; similarly for r and v. Furthermore, let W = w(I) be the total weight of I.

In Definition 4.2.2 the function v is continuous on the boundary of the cases. Furthermore, if
we have a set A of k£ C-items with size in [%, %] (and no of them is exceptional item), then the

definition implies that its bonus is exactly v(A) = 2 (s(A) — £). More generally, if A contains &

5
items, each of size at least 1/6 and no D-item, then we get an upper bound v(A) < 2 (s(A4) — £).

First we analyze the weight of the O PT-bins.

Lemma 4.2.3 For every optimal bin A its weight w(A) can be bounded as follows:
(i) w(A) < 1.7.

(ii) If E is the exceptional O PT-bin then w(E) < 1.6.

(iii) If A contains no D-item, then w(A) < 1.5.

Proof. In all cases r(A) < 1.2, thus it remains to bound v(A). We distinguish three cases:
Case 1: A contains no D-item. Either it contains at least 4 items with non-zero bonus, in which

case their total bonus is at most v(A) < 2(s(A) — ) < 22 = 0.2. Or else it contains at most 3
items with non-zero bonus and v(A) < 0.3. In both subcases (iii) follows and thus (ii) also holds
if £ = A.

Case 2: A contains a D-item larger than 1/2. The bonus of the D-item is 0.4. In addition,
A contains at most 2 items larger than 1/6 of total size y at most y < 1/2; they may be B-items
or C-items. If £ = A then they have no bonus and both (i) and (ii) hold. Otherwise we have
v(A) <04+2(y—2)<04+2 ¢ =0.5and () follows.

Case 3: A contains dy. Let the size of dy be 3 — a for 2 > 0. We have v(dy) = 0.4 — 2. We
distinguish two subcases.

Case 3.1: A contains at most two items other than d, and larger than 1/6. Then their total size
1s at most % + x. If E = A then they have no bonus and both (i) and (ii) hold. Otherwise their
bonus is at most 0.1 + 22 and (i) holds.

Case 3.2: If A contains at least three items other than d, and larger than 1/6. Then their total
bonus is at most %x, thus v(A) < 0.4 and both (i) and (ii) hold. (This subcase may also happen if
E = A, but there is no need to distinguish this in the proof.) O

Next we analyze the weight of F'F'-bins. The case of big and dedicated bins is easy:
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Lemma 4.2.4 (i) The total weight of the big bins is w(B) > .
(ii) The total weight of the dedicated bins is w(D) > 0.
Proof. (i): For every big bin B, w(B) =r(B) = £s(B) > ¢ -2 = 1.

(ii): If dy is undefined then for every dedicated bin D, w(D) = 8s(D) 4+ 0.4 > 2.2 4+04 =1
and the claim follows. If d; exists and has size % — x for x > 0, then every other D-item has size
strictly larger than % + 2. We also have 6 > 3 by Lemma 4.2.2(iii). Thus

w(D) > (5-1) (g (% 4 a:) 4 o.4)+g (% - a:) +O.4—§a: 54 ((5 _ 1)2 - g - g) r> 0

Now we focus on the common F'F-bins. The next lemma gives the key insight for the amor-
tized analysis. It shows that for most common bins, the regular weight of the bin plus the bonus of
the next common bin is at least 1. A similar method was used for the analysis of BF in [70]. For
the rest of the upper bound proof, number the common bins as C1, ..., C,, in the order of their
opening. The bins Cs, ..., C,_; are called inner common bins. Note that there are some inner
common bins, as v > 5 by Lemma 4.2.2(iv).

Lemma 4.2.5 Let i = 2,...,v be such that s(C;_1) > 2/3. Then there exist two items ¢, €
C; \ E' and for any such items

r(Ci—1) +v(e) +v(d) > 1.
Thus we have r(C;_1) +v(C;) > 1.

Proof. If C; is a 2-bin, then it contains no exceptional item. If C; is a 3*-bin, then it contains
at most one exceptional item by Assumption 4.2.1. In both cases ¢ and ¢’ exist. Since C;_; is
common, the size of this bin is smaller than 5/6 and it is at least 2/3 by the assumption of the
lemma. Let = € (0, ¢] be such that s(C;_1) = 2 — x. Thus ¢,/ > ¢ + 2 and v(c),v(¢) > 2. We
getr(Cimy) +v(c) +o(d) > 2 —a)+ 2z + 22 =1 O

The outline of the rest of the proof is this: We will prove that the common /' F'-bins have total
weight at least v — 0.2 (note that this follows almost immediately from Lemma 4.2.5 if there is
no common bin smaller than 2/3). Since the total weight of the dedicated bins is strictly greater
than ¢, this implies W > F'I' — 0.2. Together with W < 1.7- OPT now F'F < 1.7-OPT + 0.1
follows. However, F'F' = 1.7 - OPT + 0.1 can hold only if OPT = 7(mod 10). Then we show
that the exceptional bin is defined, thus W < 1.7 - OPT — 0.1 and we save the last 0.1.

The analysis is considerably harder in case when the last common bin is smaller than 2/3, thus
we will distinguish between these two main cases later: the last common bin is big or small.

Lemma 4.2.6 Suppose w(C) > v — 0.2. Then
(i) FF <1.7-OPT + 0.1, and
(ii) if the exceptional bin F is defined, then FF < 1.7 - OPT.
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Proof. By Lemma 4.2.4 and the assumption we have W > §+ (v —0.2) +§ = FF — 0.2.
By Lemma 4.2.3(i) we have W < 1.7- OPT. Thus FF — 02 < W < 1.7- OPT. Since
FF and OPT are integers, (i) follows. If E is defined then by Lemma 4.2.3(i) and (ii) we have
W <1.7-OPT —0.1. Thus FFF — 0.2 < W < 1.7-OPT — 0.1 and (ii) follows. O

To decrease the bound by the last one tenth, we only need to show that the exceptional O PT-
bin is defined. First yet another auxiliary lemma:

Lemma 4.2.7 Suppose that every O PT-bin contains a D-item. Then no OPT' bin contains two
2-items ¢y and cs.

Proof. For contradiction, assume we have such c; and ¢, and number them so that the F'F'-bin
of c; is before the F'F'-bin of ¢,. (Note that by Assumption 4.2.1, ¢; and ¢, are not in the same
FF-bin.) Let c3 be the other item in the F'F'-bin of ¢;. Since ¢, was not packed into this bin, which
contains only ¢; and c3, we have ¢; + ¢ 4+ ¢3 > 1. This implies that c¢3 cannot be in the O PT-bin
of ¢; and cy. Every O PT-bin contains a D-item by the assumption; let d; be the D-item in the
OPT-bin of ¢; and ¢; and d3 the D-item in the O PT-bin of ¢3. By Lemma 4.2.1(1), d; + ds > 1
and thus ¢; + co 4¢3 +dy +ds > 2. As all these items are in two O PT-bins, this is a contradiction.
O

Proposition 4.2.1 Suppose that w(C) > v — 0.2. Then FF < 1.7-OPT.

Proof. By Lemma 4.2.6 (i) we have F'/F' < 1.7- OPT + 0.1. If OPT # 7mod(10) then by
checking all the other residue classes we can verify that 1.7 - OPT + 0.1 is non-integral. Thus
FF < 1.7-OPT + 0.1 implies FF' < 1.7 - OPT and we are done. It remains to handle the
case when OPT = 7mod(10) and FF' = 1.7 - OPT + 0.1. First we claim that every O PT-bin
contains a D-item and thus 6 = OPT. If some OPT-bin does not contain a D-item, its weight
is at most 1.5 by Lemma 4.2.3(iii). Thus W < 1.7 - OPT — 0.2. Since FF' > W — 0.2, we
obtain F'F' < 1.7 - OPT, a contradiction. Lemma 4.2.7 now implies that no O PT-bin contains
two C2-items. Note that OPT is odd, as OPT = 7mod(10). On the other hand, the number of
C2-items is even (in any F F-bin there are either zero or two C2-items). Thus some OP7T-bin
contains no C'2-item. This bin satisfies all the conditions of Definition 4.2.1 of the exceptional bin.
Thus £ is defined and by Lemma 4.2.6(i1) the proposition follows. O

4.2.1 The last common bin is large

Now we prove that if the last common bin is large, then the total weight of the common bins is
w(C) > v — 0.2. By this, our proof is complete in this case.

Lemma 4.2.8 If s(C.,) > 2/3, then the total weight of the common bins is w(C) > v — 0.2.

Proof. First consider the case when every common bin has size at least 2 /3. We apply Lemma 4.2.5
forevery i = 2,...,~. The regular weight of the last bin is at least 7(C,) > g : % = 0.8. Summing
all of these inequalities we obtain

Y Y

w(C) =Y w(Ci) > r(Cy) + > (r(Cict) +v(Ch) 208+ (y—1) =7 —0.2.

i=1 =2
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Now suppose that s(C},) = 2/3—x forz > 0and 1 < k < 7. Using Lemma 4.2.1(iii), each C}, j >
k, contains (exactly) two items larger than 1/3 + z. Thus v(C;) = 0.2 and also s(C;) > 2/3 + 2z
which implies "7, s(C;) > (v + 1 — k)3. Combining these we have r(Cy) + >7_; |, w(C)) >
(v +1— k) — 0.2. Adding the last inequality and the inequalities r(C;_1) + v(C;) > 1 from
Lemma 4.2.5 fori = 2, ..., k, the lemma follows also in this case. O

We gained the next Theorem:

Theorem 4.2.1 For any instance of bin packing, in the last common bin is large, then FF <
1.7-OPT.

4.2.2 The last common bin is small

Suppose the last common bin is small, i.e. s(C,) < 2/3. The analysis of this case goes along the
line of the case when the last common bin is large. This investigation is a bit more technical, so it
is put into Appendix C.

4.3 Tight lower bound

What do we know at this point? From one hand, it turned out that F'F' < [1.7 - OPT|, by the
integrality of F'F', see Theorem 4.2.1. On the other hand, from works [74, 45, 55] we know such
inputs for which F'F' = 1.7 - OPT whenever OPT = 10k + 1. In fact, there is some gap between
the bounds. What can we do to close the gap? We made two different efforts in papers [23, 24], as
we describe it below.

The first effort. In [23] we realized that by a small modification of the instance from [45, 55],
we almost can close the gap. The case is as follows: The original construction is quite intri-
cate. Fortunately—and perhaps also surprisingly—it is sufficient to carefully analyze the high-
level structure of the instance, add to it a few new jobs, and carefully position them in the input
instance. In the original construction we have an input instance L with three regions of items. In
the first region there are items of size close to 1/6, in the second region come items close to 1/3,
and in the third region there are items with the equal size 1/2 + §, for a small 6 > 0. We did
not modify the items in this list, only add some new items before or after L, and also in between
the three regions of L. In this way we needed to review the properties of L with the focus on
the resulting F'F' packing in each region; the details within each region are somewhat delicate but
fortunately we can use that part as a black box. After adding the new items to the original list L,
we gain the instance / with the next properties:

Theorem 4.3.1 For all integers k > 1 and 0 < ¢ < 9, there exists an instance I such that
OPT = 10k + © and the lower bound in the top row of the next table holds. The bottom row of the
table gives the upper bounds for a comparison.

i=10 [1[2[3]4[5]6 [7 [8 |9
FF>17k+|—1|1|3[4[6(8|10|11|13]15
FF<[1Tk+17i] =17k+ |0 |1[3[5|6|8[10] 111315

Furthermore, fori = 1,...,9 there exist instances with OPT =i and FF = [1.7 - i].
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The proof shows how the new items should be chosen and added to the original list L. The
proof of the theorem is omitted here, as below we show a better way, to close the gap completely.
But note, that we already got the tight bounds for 8 residue classes out of 10. The exceptions are
where ¢ = 0 and ¢ = 3. Fortunately we can get the tight result also in these cases, see below.

The second, and last effort. In [24] we found a brand new construction. This construction
is much simpler than the original one, and makes possible to get the tight result for each residue
class. (Note that the purpose of the original construction was not to get the tight absolute bound, it
wanted to only consider the asymptotic performance.)

The high level scheme of the lower bound for O PT = 10k is this: For a tiny € > 0, the instance
consists of O PT items of size approximately 1/6, followed by O PT items of size approximately
1/3, followed by O PT items of size 1/2 + . The optimum packs in each bin one item from each
group. F'F' packs the items of size about 1/6 into 2k bins with 5 items, with the exception of the
first and last of these bins that will have 6 and 4 items, respectively. The items of size about 1/3
are packed in pairs. To guarantee this packing, the sizes of items differ from 1/6 and 1/3 in both
directions by a small amount §; which is exponentially decreasing, but greater than ¢ for all <. This
guarantees that only the item with the largest §; in a bin is relevant for its final size and this in turn
enables us to order the items so that no additional later item fits into these bins.

Theorem 4.3.2 For all values of O PT, there exists an instance I with FF' = BF = |1.7-OPT|.

Proof. We prove the theorem for OPT = 10k and OPT = 10k + 3, k > 1. For the other values,
the theorem follows from the results of [23] where we used another construction.

Let 6 > 0 be sufficiently small (6 = 1/50 will be sufficient). Let 6, = §/47 and £ < 1544

The instance [ contains the following items, reordered as described later: Items bj =1/6+4;
andc; = 1/3—d0; —eforj =1,...,|OPT/2],items b; = 1/6 —d;and ¢] = 1/3 +0; — ¢
forj=0,...,[OPT/2] — 1, and OPT items of size 1/2 + <. Note the shifted indices in the two
subsets of items; this is important for the construction.

The optimal packing uses bins {b}",¢;,1/2+¢},j=1,...,|OPT/2|,and {b; ,c},1/2+¢},
j=0,...,[OPT/2] — 1. All these bins have size exactly 1 and their number is O PT.

Now we describe the sequence of F'F'-bins for the case of OPT = 10k. The items are then
issued in the order of F'F'-bins they are packed into, thus the BF' and F'F' packings coincide.
The first 2k bins By, ..., By, contain all the bj and b; items. Bin B; contains the 6 smallest
items by, by, ..., bs, bin By, contains the 4 largest items b, b5, b5, b . Each remaining bin B;,
i =2,...,2k—1contains items b, ; and b;_ , (i.e., the largest and the smallest among the remaining
ones of size about 1/6) and some other three items chosen arbitrarily from the remaining items b;r
and b; . We need to verify that the first fit packing indeed behaves this way. Since 4 is sufficiently
small, the size of B is close to 1 and no other item fits there. For ¢z = 2,...,2k — 1, it is crucial
that all items of size at most 1/6 — 9,5 are packed into previous bins B;/, i’ < i. First, this implies
that s(B;) > bf, 5+ b, + 3b;,5 > 5/6 4 ;13/2. Second, this in turn implies that all items packed
in later bins By, i’ > i have size at least 1/6 — 0;15 > 1 — (5/6 + 6;43/2) > 1 — s(B;) and indeed
they cannot be packed in B;. The following part of F'F' packing contains 5k bins 7, ..., Cs; and
C; contains items ¢, and ¢; . First note that no ¢ or ¢; item fits into B;, i < 2k, as s(B;) > 5/6.
Also, s(Bag) > 2/3 + 01 + 09, thus no c;“ or ¢; item fits into Boy. Similarly as in the previous
segment the fast decreasing ¢; and small € yield s(C;) > 2/3 + 20;, which guarantees that no later
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item c;r_l or ¢;, j > 1, fits there. Finally, the last segment of F'F' packing contains 10k bins with
a single item 1/2 + ¢; all the bins have size more than 1/2 so these items are packed separately.
Altogether the F'F' packing contains 2k + 5k + 10k = 17k bins as needed.

It remains to describe the modification of the construction for O PT = 10k + 3. The items and
OPT packing are already described; they are the same as in the instance for OPT = 10k plus
the new items b3, 1, ¢35 1, Dapr Dspins Cops Caeq @nd three items 1/2 4 . We pack items from the
instance for OPT = 10k as above, with the exception of by, 43 Which we replace by new b, . This
creates no problems, as by, 13 18 among the arbitrarily assigned items for OPT" = 10k, i.e., it is not
the largest item in any B; and its size is not relevant in any calculations. We pack the remaining
items as follows: We create a bin B = {b3, 5,5, .1, 05,1, Ca;,, } and insert it between Byy_; and

Boy.. None of these items fit in the previous bins, as the smallest one of them has size 1/6 — 05541

~

and s(Bag—1) > 5/6+ dak12/2. Furthermore, s(B) > 5/6, thus no item from By, and later bins fits
into B. Next we add Cs;.1 = {cgrk, C, +1} after C's;, following the pattern of bins C;, and three bins
with single items of size 1/2+¢. Thus F'/F' = 17k+5and |1.7-OPT| = |1.7(10k+3) | = 17k+5

and we are done. |

Remark 4.3.1 While we have only shown how to obtain an instance for O PT = 10k + 3 from the
one for OPT = 10k, analogous construction can be used to modify the instance for any OPT to
one for O PT + 3 with additional 5 F' F-bins. Thus we can get instances for any O PT in a uniform
way as follows: For any k > 1 and i = 0,...9 use the instance for OPT = 10k and repeat the
transformation to construct an instance for OPT = 10k+3i with FF = 17k+15i = [1.7-OPT |.
(The equality is easy to check for all residues.) Since the instances for k < 2 can be constructed
trivially, we can get the lower bound instances also for the remaining small values of OPT.
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Chapter 5

The tight absolute bound of First Fit in the
parameterized case

The results of this chapter are from [25]. The contribution of this chapter is reached by the author
of the dissertation.

In this chapter we consider the parameterized case, i.e. we suppose that the size of any item
is at most p; < 1/d, where d > 1 is some fixed integer. (In case d = 1 we get back the original
problem.)

The tight asymptotic approximation ratio of First Fit was known from the early seventies, also
in the parameterized case. Then the tight absolute bound of F/'F' was found recently for d = 1 (as
it is described in the previous chapter). In this chapter we give the tight absolute approximation
ratio of First Fit for any d > 2. In fact, we again do more. For any value of O PT" (the number of
bins in an optimum solution) we determine that exactly how large F'F' (the number of bins created
by First Fit) can be in the worst case.

For the asymptotic bound of F'F', it was already known in [53] and [55] (see also [14] about

this), that
d+1

Ras(FF) == T,lfd > 1

We do not know about further results, regarding the absolute bound of F'F' in the parameterized
case. Thus the tight absolute bound is found about after forty years.

We note that the proof for the tight bound of F'F' in the general case (d = 1, previous chapter
and [23, 24]) is a bit difficult, it needs a tricky handle of the old weighing function, which is used
previously to prove the asymptotic bound. Now, the proof for d > 1 is simple: We apply a lower
bound construction in the parameterized case, which is very similar to that which was used in the
general case (i.e. for d = 1, the construction is in the proof of Theorem 4.3.2). On the other hand,
the upper bound is straightforward and we do not need any tricky technique for it.

Below we give the tight absolute bound in a more detailed form. Let d > 1 and OPT > 1 be
arbitrary integers. Then let O PT = k- d +r, where both k and r are integers, and 1 < r < d. This
condition that r is between 1 and d seems a bit unnatural, but this treatment will be convenient for
us to give the tight bound, as follows.
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Theorem 5.0.3 (i), If OPT = k - d + 1, then the maximum number of possible F'F bins is exactly

1
FF, < V%OPTJ — OPT +k, .1)

(ii), Otherwise, if OPT = k - d + r, where 2 < r < d, the maximum number of possible F'F' bins

is exactly

FF, < [d%lopﬂ —OPT +k+1. (52)

Note that the same lower bounds hold for algorithm BF', as well. But the tightness of these
bounds for BF' remain open now.

Notation. Let us fix a list L with items py, ..., p, and denote the number of bins in the F'F' and
optimal solutions by F'F" and OPT, respectively. We will identify the items with their sizes. Let
P be the total size of all items of L. Obviously P < OPT.

A bin is called a k*-bin, if it contains at least & items (after packing all items of the list). The
bins in the F'F' packing are ordered by the time they are opened (i.e., when the first item is packed
into them). Expressions like “earlier”, “later”, refer to this ordering.

First we prove several properties of the ['F’ packing which will be used in later calculations.

Claim 5.0.1 In the F'F packing, the total size of any d + 1 d*-bins is strictly bigger than d.

Proof. Let the minimum level among the first d bins in consideration be z, for some 0 < z < 1.
If x = 1, then the statement holds (since the last bin also has at least one item with positive size).
Otherwise = < 1. Let bin B denote the last d-bin. Then by the F'F rule, any item in B, is bigger
than 1 — . Since there are at least d items in B, the sum of levels of the considered d + 1 bins is
biggerthan d - x + d(1 — x) = d. O

Corollary 5.0.1 In the F'F packing, the total size of any j d*-bins is strictly bigger than j - ﬁ‘il, if
i>d+1.

Proof. The statement is valid for any chosen d + 1 bins among the j bins. Thus the claim follows
by average argument. |

Claim 5.0.2 Any bin except the last F'F bin is a d*-bin.

Proof. Consider one such bin, say B. Any item has size at most 1/d, thus at least d items fit into
B, no matter how big or small these items are. Since there is also (at least one) item in the last bin
which does not fit into B, it follows that there are at least d items in B. O

Claim 5.0.3 The total level of any two F'F' bins is bigger than 1.

Proof. Immediately follows from the F'F" rule. O
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Claim 5.0.4 Let us consider a packing for which it holds that considering any two bins B; and B,
t < j, no item being in Bj fits into B;. Then this packing is the outcome of an F'F' packing.

Proof. F'F creates this packing, if the items are taken in the next list: First we put into the list the
items of the first bin, in any order. Then we continue the list with the items of the second bin, in
any order, and so on. |

5.1 The proof of the bound

First we make some pretreatment to clear such cases when O PT is small, i.e. when 1 < OPT < 3.
The first three paragraphs give upper bounds, then we show the tightness, and finally we show that
the bounds we get for small O PT values are the same that are in Theorem 5.0.3.

5.1.1 Small cases

KfOPT =1,weget FF =1, forany d > 2.

If OPT = 2, FF > 4 contradicts to Claim 5.0.3, applying it for any two pairs of bins. Thus
FF <3.

If OPT = 3, we state F'F' < 4. For the sake of contradiction suppose F'F' > 5. If d = 2,
applying Claim 5.0.1 and Claim 5.0.2, the total level of the first three bins is bigger than 2, and
applying Claim 5.0.3 for the last two bins, their total level is bigger than 1, thus the total level of
all bins is bigger than 3, a contradiction. Similarly, if d = 3, the total level of the first four bins
bins is bigger than 3, we got contradiction again. Finally if d > 4, there is an item in the last bin
with size at most 1/4, thus the level of any previous bin is bigger than 3/4, and thus the total level
is again bigger than 4 - 3/4 = 3, a contradiction. Thus we conclude that F'F' < 4.

Now we show that the above upper bounds for the number of F'F’ bins are tight. This claim is
trivially true if OPT = 1. If 2 < OPT < 3, we construct the next input. Any optimal bin will
contain d + 1 items, with almost the same sizes, and any optimal bin is completely full. In any
optimal bin the first d — 1 items (called big items) will have slightly bigger sizes, and the two last
items (called small items) will have slightly smaller sizes. Moreover the total size of two small
items is bigger than the size of a big item. Then in the list the items are ordered by non-increasing
sizes. Then d big items are packed into the first bin by F/'F', and there remains a small room, which
is not enough to accommodate a small item, so this small room remains unused. From this fact it
follows that F'F' cannot create an optimal packing, and it uses an extra bin (but no more).

The exact sizes are the next: Each small item has size m (which is slightly smaller than

Thus the big items share 1 — %3/2 = % total size, i.e. the size of any big item is (Qdﬁ% < é.

The last inequality holds since 2d* —d < (2d+3)(d —1) = 2d*> +d — 3. Also holds that the size of

a big item is slightly bigger than Wll' The total size of two small items is strictly bigger than one
e oy dfg)’(;_l) =G dfg)’(z_l) > 0. From the above calculations we conclude

1
d+1/"

big item, since
the next:

a, d big items will be packed into the first F'F" bin, and there remains a small unused room in
this bin, where no more item fits.
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b, If OPT = 2, then d — 2 big items will be packed into the second F'F' bin, and so all big
items are packed. There remained four small items, three of them fit into the second F'F’ bin (since
d — 1 big items and 2 small items fit together into a bin, it follows that d — 2 big items and 3 small
items fit together into a bin), and the last small item opens a third bin.

¢, Suppose OPT = 3. If d > 3, then d big items will be packed also into the second F'F’ bin,
and no more item fits here. There remained 3(d — 1) — 2d = d — 3 big items, these are packed
into the third F'F' bin. At least four (but not all) small items fit here, and the further small items
fit into the fourth bin. Finally if d = 2, then there are altogether three big items, and one big item
is packed into the second F'F' bin. Then two small items are packed into this bin, and they fill
the second F'F' bin. There remain four small items, they do not fit into the third F'F bin (since
all items do not fit into three bins as there remained a small unused room in the first /'F’ bin), but
three small items fit into the third F'F' bin, and the last small item opens a new bin.

Finally, we show that these upper bounds are the same as given in Theorem 5.0.3. Thus let
OPT =k -d+ r,where 1 <r < d. Note that d > 2. First let OPT = 2. No matter how large is
d, only the next case is possible: d > 2, k = 0 and » = 2. Thus we need to substitute into (5.2),
andwe get FFy KOPT +k+1=2+0+1=3. Nowlet OPT =3.Ifd =2, wegetk =1
and r = 1. Substituting into (5.1), we get F'F,; < OPT + k = 34+ 1 = 4. Otherwise d > 3, then
k = 0 and r = 3. Substituting into (5.2) we get F'F; < OPT +k+1=3+0+1=4.

In all cases we got the same bounds as stated in Theorem 5.0.3.

After considering the small cases, in the subsequent part of the paper it suffices only to consider
when OPT > 4.

5.1.2 The lower bound construction

We assume that O PT' > 4, as the small cases are already treated.
In the lower bound construction we have three different item types. In each of the ¢-th O PT-bin
(1 <i < OPT), there are d + 1 items, as

e d— 1 copies from A=1/(d+ 1)+,
e Bi=1/(d+1)—(d—1)) —¢;, and
° szl/(d—i—l)—i—éz,

where g; = (3)' - ¢, e = m, and § = copr.

We will see that all items in the input are smaller than 1/d. Let us realize that the sequence
of €; (quickly) decreases, the biggest one is €; = £/d, and the smallest one is the last one among
them, i.e. eopr = J. Furthermore any A and C items are bigger than 1/(d + 1), and any B items
are smaller than 1/(d+ 1), moreover the sizes of the B; items are increasing, and the sizes of the C;
items are decreasing, as i grows. Note also that the smallest C; item is Copr = 1/(d+1)+copr =

1/(d+1) 46 = A, ie. the A items and Cppr are the smallest items except the B; items.

Claim 5.1.1 The biggest item is still smaller than 1/d.
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Proof. Recall thate < 1/(d + 1). The biggestitemis C; = 1/(d+1)+e1=1/(d+ 1) +¢/d <

1 _
a1t (d+1) 1/d. U

Claim 5.1.2 The next inequalities are valid.

(a), (d—1)A+ B + By <1,

(b), (d—1)A+ By + By + B3 > 1,

(c), (d—2)A+ Byy1 + Cx_1 + Brio > 1, forany2 < k < OPT — 2,
(d), (d —2)A+ Bopr + Copr—2 + A > 1.

Proof. In all cases we use the definition of €, and 0 = cppr < &; (1 < i < OPT).
a, We get

(d—1)A+ By + By
—(d = 1) (o 0+ (o

d+1 d+1
:1—(d—1)5—(€1+€2)<1.

—(d—1)6—€1)+(ﬁ—(d—1)5—52)

b, Using des = 2 we get

(d—1)A+ By + By + Bs

::w—1xjii+5y+;;3$7—«d—né—a)

d+2
_d—H—Q(d—l)é—(El—i‘gQ‘{'&;)
d+ 2 d+2
>d—H—2d83—(51+82+€3)_m—(51+352+83)
>d+2_5€ 1+ ! —55—1+ ! - 1 > 1
d+1 ' Td+1 d - Td+1 dd+1) "
¢, Using dd < 541 we get
(d—=2)A+ Byy1 + Cr—1 + Bigo
1
=(d—-2)(——+9) —— —(d—1)0 — 144 _—
( )d+1+- +§: )0 = ensi) + (7 +en)
3
:1+5k71_5k+1_5k+2_d5>1+5k71_35k+1:1+5k71(1_ﬁ)>1-

d, We simply get
(d—=2)A+ Bopr + Copr—2 + A
1 1 1
=(d=1)(——=+9) +(5—= - ([d—=1)0 —copr) + (5—= + corr—2)

d+1 d+1 d+1
=1+eopr—2 —coprr > 1.
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After this pretreatment, we are ready to get the lower bound for the F'F' packing.

On one hand, it is trivial, that the items of the construction, completely fill O PT bins. Now we
create the F'F' bins one by one (according to Claim 5.0.4).

In the first F'F bin there are (d — 1) copies from the A items, moreover B; and B, (i.e. the two
smallest B items). These items fit into one bin according to Claim 5.1.2(a). On the other hand, no
more item fits into the bin by Claim 5.1.2(b), since at this point Bs is the smallest unpacked item,
and this item does not fit into the bin.

In the second F'F bin there are (d — 2) copies from the A items, moreover Bs and C}. In the
third F'F bin there are (d —2) copies from the A items, moreover B, and Cs. Generally, in the k-th
F'F bin, there are (d—2) copies from the A items, moreover By and Cy_1, for2 < k < OPT—1.

Consider any such bin (the k-th bin in the FF packing, with 2 < k£ < OPT — 1). We prove
that no more item (which is not packed yet) fits into the bin. First let us consider the case where
2 <k < OPT — 2. Then B, is the smallest unpacked item, and this item does not fit into the
bin, by Claim 5.1.2(c). Now let k = OPT — 1. Then all B; items are already packed, thus the
smallest unpacked item is Copr = A, and this item does not fit into the bin, by Claim 5.1.2(d).

Up to this point, we have created O PT" — 1 bins, and all B items are packed. Moreover, all C'
items are already packed, except the last two C' items. The number of already packed A items is
(d—1)+4 (d—2)(OPT —2) = (d—2)OPT — (d — 3). Hence, the number of not packed A items
is exactly (d —1)OPT — (d —2)OPT + (d — 3) = OPT + (d — 3). Together with the not packed
two C' items, we have altogether OPT — 1 + d items, all are slightly bigger than 1/(d + 1), and all
are smaller than 1/d by Claim 5.1.1, and none of them fits into any previous bin.

With these items we fill [ 227-+¢] bins, more exactly the last bin can contain less than d items
(but at least one item), and all previous bins will contain exactly d items.

Thus the number of F'F' bins is exactly

OPT —1+d

d

(OPT—1)+{ y

| =orr+ |25

Now, distinguishing the residual classes, we get the following.
If OPT = k - d + 1, then the number of F'F' bins is exactly
FF;=O0PT +k,
otherwise, if OPT = k - d + r, where 2 < r < d, the number of F'F bins is exactly

r—1

d

k-d+r—1
d

FFd:OPT—I—{ —‘:OPT—I—k—f—[ w:OPT—i—k:—Fl.
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5.1.3 The tight upper bound

Now we determine the tight upper bound. Recall that OPT' > 4, as the smaller cases are already
treated.

Case 1, OPT = k-d+ 1. If kK = 0, then OPT = 1, a contradiction. Thus & > 1. We
claim FF; < OPT + k = k(d + 1) + 1. Suppose for the sake of contradiction, that there exists
a list L, for which FF; > k(d + 1) + 2. We apply Corollary 5.0.1 and Claim 5.0.2 for the first
k(d+ 1) > d + 1 bins. The total level of these bins is bigger than k(d + 1) - 7% = kd. Moreover
the total level of the last two bins is bigger than 1, by Claim 5.0.3. Thus the total size of the items
P > kd+ 1= OPT, acontradiction.

Case2, OPT =k-d+r,where2 <r <d,and k > 1. Weclaimthat FF; < OPT+k+1=
(k-d+r)+k+1=k(d+1)+r+ 1. Suppose for contradiction, that there exists a list for which
FFy > k(d+1)+r+2. We apply Corollary 5.0.1 for the first k(d+ 1) +r > d+ 1 bins, all these
bins are d*-bins by Claim 5.0.2. Thus their total level is bigger than (k(d+1)+r)- 7% = kd+ 5.
Moreover the total level of the last two bins is bigger than 1, by Claim 5.0.3. Thus the total size of
the items is

!
Pokdt T oy pg Al

it 1 a1 et tr

a contradiction.

Case3, OPT =k -d+r,where 2 <r <d,and k£ = 0. In other words, 2 < r = OPT < d.
We claim that F'F; <r+ 1= OPT + 1. Suppose to the contrary, that there exists a list for which
FF; > OPT + 2. We complete the input with d - (d — OPT + 1) items with equally 1/d sizes,
and these items will be put to the end of the list L. The new list is denoted by L’. We denote
the new values of the optimum and the F'F' packing by OPT" and F'F}), respectively. Naturally,
OPT"=0OPT+ (d—OPT+1)=d+ 1.

Now let us consider the F'F), packing. Let the last bin in the F'F}; packing be denoted by B.
Since there is an item in B (with size at most 1/d), it follows that the level of any previous bin is
bigger than 1 — 1/d. Now, when the new items come, none of them fits into any previously opened
bin, except B. Since the new items completely fill (d — OPT + 1) bins, and B is not empty, they
do not fit into B, and at most (d — O PT') newly opened bins.

Thus exactly (d—OPT +1) new bins will be opened, and thus F'F) = FF;+(d—OPT+1) >
OPT +2+ (d— OPT + 1) = d + 3. This contradicts to what we have proved in Case 1.
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Chapter 6

The tight asymptotic bound of First Fit with
cardinality constraints

The results of this chapter are from [26]. All results of [26] are contained (together with further
results) in [27]. The contribution of the author of this dissertation regarding the results of this
chapter is approximately 75%.

In bin packing with cardinality constraints (BPCC), there is a global parameter £ > 2, which
is an upper bound (called the cardinality constraint) on the number of items that can be packed
into each bin, additionally to the standard constraint on the total size of items packed into a bin.
In this chapter the items are denoted by 1,2, ..., n, where item ¢ has a size s; > 0 associated
with it. In many applications of bin packing, the assumption that a bin can contain any number of
items is not realistic, and bounding the number of items as well as their total size provides a more
accurate modeling of the problem. BPCC was studied both in the offline and online environments
[58, 59, 57, 13, 1, 38, 40, 42].

Here we study the algorithm First Fit (F'F"). This algorithm processes the input items one by
one. Each item is packed into the a bin of the smallest index where it can be packed. An item 7 can
be packed into bin B if the packing is possible both with respect to the total size of items already
packed into that bin and with respect to the number of packed items, i.e., the bin contains items of
total size at most 1 — s; and it contains at most k£ — 1 items. We present a complete analysis of its
asymptotic approximation ratio for all values of £ > 3. Prior to this work, only the tight bound
for k£ = 2 was known. After almost forty years after the problem BPCC and the natural algorithm
First Fit for it were introduced, its tight asymptotic competitive ratio is for all values of £ is finally
found.

Approximation algorithms were designed for the offline version of BPCC (which is strongly
NP-hard for k£ > 3) [58, 57, 13, 40], and the problem has an asymptotic fully polynomial approxi-
mation scheme (AFPTAS) [13, 40]. Using elementary bounds, it was shown by Krause, Shen, and
Schwetman [58] that F'F'" has an asymptotic approximation ratio of at most 2.7 — 2_’:;. For k — oo,
it can be deduced that the asymptotic approximation ratio is 2.7 also since this is a special case of
vector bin packing (with two dimensions) [44]. The case k£ = 2 is solvable using matching tech-
niques in the offline scenario, but it is not completely resolved in the online scenario, and the best
possible asymptotic approximation ratio is in [1.42764,1.44721] [61, 1, 42]. For larger k, there is
an approximation algorithm of approximation ratio at most 2 [1], and improved algorithms (that
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have smaller asymptotic approximation ratios than min{2, 2.7 — %4}) are known for k = 3,4,5,6
[38].

For comparison we note that tight asymptotic approximation ratio of the cardinality constrained
variant of the Harmonic algorithm [60] (that partitions items into % classes and packs each class
independently, such that the classes are [, = (5%7 %} forl </ <k-—1and I, = (0, %], and for
any 1 < ¢ < k, each bin of I, possibly except for the last such bin, receives exactly ¢ items) is the
same as for F'F' for 2 < k < 4, and slightly smaller for any k£ > 5, see [38]. Known lower bounds
on the competitive ratio do not exceed those known for standard bin packing [86, 77, 2, 42]. A
related problem is called class constrained bin packing [39, 71, 72, 84]. In that problem each item
has a color, and a bin cannot contain items of more than & colors (for a fixed parameter k). BPCC
is the special case of that problem where all items have distinct colors.

Value of k& FF prev. UB for FF | best known UB
2 1.5 [58] 1.5 [58] 1.44721 1]
3 1.8333 1.9 [58] 1.75 [38]
4 2 2.1 [58] 1.86842 [38]
5 2.1333 2.22 [58] 1.93719 [38]
6 2.2222 2.3 [58] 1.99306 [38]
7 2.2857 | 2.35714 [58] 2 [1]

8 2.3333 2.4 [58] 2 [1]
9 2.3704 | 2.43333 [58] 2 [1]
10 24 2.46 [58] 2 [1]
11 2.4273 | 2.481818 [58] 2 [1]
12 2.45 2.5 [58] 2 [1]

Table 6.1: Bounds for 2 < k£ < 12. The second column contains the tight asymptotic approxima-
tion ratio of FF, the third column contains the previous upper bound on FF’s asymptotic approxi-
mation ratio, and the last column contains the asymptotic approximation ratio of the current best
algorithm. Entries without a citation are those proved here.

Below we provide a complete analysis of the famous and natural algorithm F'F' with respect
to the asymptotic approximation ratio. We find that the asymptotic approximation ratio of F'F'is
25— % for k = 3,4, 8“;;1) = % — 3% for4 < k <10,and 2.7 — % for k£ > 10 (recall that the values
k = 4 and k = 10 are included in two cases each). Interestingly, introducing cardinality constraints
(with sufficiently large values of k) results in an increase of many approximation ratios by 1 [58,
55, 60, 38]. In particular, the asymptotic approximation ratio of the cardinality constrained F'F' has
an approximation ratio that is larger by 1 than its approximation ratios for standard bin packing.
(Harmonic has a slightly smaller approximation ratio of 2.69103.) Moreover, it can be verified that
the worst-case examples of Harmonic are valid (but not tight) for F'F'.

While F'F is a frequently studied natural algorithm, its exact asymptotic approximation ratio
as a function of £ was unknown. While it is not difficult to show an upper bound of 2.7 for all
values of k [58, 44], providing such a tight analysis as a function of & turns out to be quite difficult.
Intuitively, it initially seems that the asymptotic approximation ratio should simply increase by %
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compared to the approximation ratio of F'F' for standard bin packing. The reason for this is that in
the well-known worst-case example of [55], it is possible to define an optimal packing that packs
three items into each bin, leaving space for £ — 3 very small items that can still be packed into each
bin of the optimal solution, while these items can arrive first, in which case F'F' will pack them
into their own bins (such that £ items will be packed into each bin). As it turns out, this input can
be used for £ > 10, but for £ < 9 there are worse inputs. Our first attempt was to adapt the weight
function that was used to prove an upper bound on the asymptotic approximation ratio of FF for
standard bin packing [55]. Such an adaptation is quite tricky for the cases where 10 < k < 19,
and in particular, items of sizes in [0.2,0.3) require a special treatment. Additionally, bins of an
optimal solution that contain two items that FF does not pack into bins containing % items also
require a special treatment, which is very different from the known analysis. While the cases
where k € {2,3,4,5} are sufficiently straightforward to deal with, in the cases k£ € {6,7,8,9},
a completely new weight function was needed. Intuitively, some of the difficulty is caused by the
fact that in these cases the worst-case examples contain two very different types of bins packed
by optimal solutions. In particular, in the case £k = 9, it turned out that items whose sizes are
approximately 0.2 or 0.3 are most difficult to treat, and therefore one of the weight functions is
partitioned into seven cases. Similar cases are also used here in a weight function defined for the
cases 10 < k < 19. In summary, while the approach seems similar to that of other work, it is in
fact quite different and challenging.

Notation. Below we see a bin as a set of items, and for a bin B, we let s(B) = ) ,_. s; be its
level.

6.1 Upper bounds

In this section we prove upper bounds on the the asymptotic approximation ratio. In the analysis,
a bin of F'F that has j items for j < k is called a j-bin, and a bin whose number of items is in
[7,k — 1] for some 1 < j < k is called a j*-bin. For a bin packed by F'F', a later bin is a bin that
was opened after the current bin was opened (it appears later in the ordering of F'F') and an earlier
bin is a bin that was opened before the current one (it appears earlier in the ordering of F'/"). When
we discuss an item packed into some bin and the “further items” of a bin, we mean all the other
items packed into the same the bin, where the list of items of a bin is not ordered according to the
times that they were considered by F'F'.

Given a function f defined on items or on item sizes and a subset of items X, f(X) is defined
as the sum of images of the items in X under f. We start with several lemmas that will assist in
the upper bounds proofs.

Lemma 6.1.1 Let 1 < j < k — 1. Every j*-bin B except for at most one bin has level above ]Jﬁ
Proof. Assume that there exists a j*-bin B whose level is at most jjﬁ All later j*-bins only
have items of sizes above j% (as they could not be packed into B), and each such bin has at least
J items, so their levels are above ]ﬁ ]

In what follows, we often use the following partition of item sizes into classes. Items of sizes

at most % are called tiny. Items of sizes in (%, }l] are called small, items of sizes in (}L, %] are called
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medium, items of sizes in (%, %] are called big, and other items (of sizes above %) are called huge.

We will use weights for the analysis of FF, and huge items will always have weight 1, and in most
cases this will not be stated in the definitions of weights (i.e., we will define weights only for items
that are not huge).

Lemma 6.1.2 Let k > 3. Except for at most one bin, any 1-bin has a huge item. Consider 2-bins
that do not have huge items. Except for at most two bins, any such 2-bin has a big item, and its
other item is big or medium.

Proof. By Lemma 6.1.1, any bin except for at most one bin has a level above %, and all such 1-bins
have huge items. Moreover, by the same lemma, all 2-bins except for at most one bin have levels
above % Consider 2-bins with levels above % and no huge items. Any such bin must have an item
of size above % Moreover, since it has no huge item, it must have a big item. Assume that there is
such a bin whose smaller item is no larger than }1 and consider the first such bin B. Its level does
not exceed %, and thus any later bin cannot have an item of size at most i, as such an item could
be packed into B. Thus, later 2-bins without huge items only have medium and big items. We find
that all 2-bins without huge items, except possibly for a bin with load no larger than %, and one
additional bin, have the described contents. |

Lemma 6.1.3 Let k > 4. Except for at most one bin, any 3" -bin that has a level of at most % has
no tiny items.

Proof. 1f all 3*-bins have levels above %, we are done. Otherwise, consider the first 37-bin B
of level at most %. Any later bin cannot have an item of size at most é, as such an item could be
packed into B. O

Lemma 6.1.4 Let k > 4. Except for at most one bin, any 3-bin has at least one item of size above
}l. Except for at most two bins, any 3-bin without a huge item has one of the following structures.

e The bin has no tiny items, and at least one of its items is medium or big.

e The bin has level above %, it has exactly one tiny item, and at least one big item.

Proof. By Lemma 6.1.1, all 3-bins except for at most one bin have levels above %, so at least one
item has size above }L. By Lemma 6.1.3, for all 3-bins except for at most one bin, if the bin has at
least one tiny item, its level is above %. Thus it can contain at most one tiny item, and if it has a
tiny item, then it must contain at least one big item, given its level. ]

Lemma 6.1.5 Let k > 5. Except for at most one bin, any 4-bin without huge items has one of the
following structures.

o The bin has no tiny items.

o The bin has level above %, and it has at least one big item.
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o The bin has level above %, and it has exactly one tiny item.

o The bin has level above 3, and it has two tiny items, a medium item, and another item that is

6’
small or medium.

Proof. By Lemma 6.1.3, it is sufficient to consider a bin of level above %. If the bin has no big
items, it can have at most two tiny items, and if it has exactly two tiny items, the remaining items
cannot be both small. O

6.1.1 Thecasesk = 3,4,5

We use the following weight function for k£ = 3, 4. The variable a denotes the size of an item.

(tiny or small)

, (medium or big)

We analyze the total weight of a bin of an optimal solution O PT’, and of a bin packed by F'F.

Lemma 6.1.6 For k = 3,4, any bin of OPT has weight of at most 3 + 22 = 3 —

o

Proof. If the bin has no huge item, then the total weight is at most g < g — % for k = 3,4. If
the bin has a huge item, then it can have at most one item of weight %, and the other items have

weights of 1. O

Lemma 6.1.7 For k = 3,4, except for at most k bins, any bin of FF has weight of at least 1.

Proof.  As the weight of any item is at least % any k-bin has a weight of at least 1. Any bin
containing a huge item also has a weight of at least 1. Thus, by Lemma 6.1.2, at most one 1-bin
has weight below 1. Consider the 27 -bins that do not contain huge items. By Lemma 6.1.2, except
for at most two bins, any 2-bin without a huge item has two medium or big items, and the total
weight of such a bin is 1. In the case k£ = 4, by Lemma 6.1.4, except for at most one 3-bin, any
3-bin has at least one item of size above }1. Thus, such a bin has at least one item of weight at least
%, and two other items whose total weight is at least % a

We showed that for any input I, W(I) < (3 — 2)OPT(I) and W(I) > FF(I) — k, thus
FF(I) < (3 —2) — kfork = 3,4.

Next, we define a weight function for £ = 5, as a function of the item sizes.

3/15  if a<1/6, (tiny)

4/15 if 1/6<a<1/4, (small)
7/15 if 1/4<a<1/3, (medium)
8/15  if 1/3<a<1/2, (big)

We will show that the weight of any bin of O PT' is at most 32/15, while the weight of any bin
of F'F'is at least 1, except for a constant number of special bins.

w(a) =
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Lemma 6.1.8 For every bin B of OPT, w(B) < 32 holds.

Proof. Bin B can contain at most one huge item. First, assume first that 5 contains a huge item.
If it also contains a big item, then every remaining item is tiny and has weight % The total weight
is therefore at most 1 + = + 3 - == = 22 If B does not contain a big item (in addition to the huge
item), then it can have at most two items that are medium or small, out of which at most one can
be medium, and the remaining items have weights of % In this case the total weight is at most
1*15+15+2 15 %

If B does not contain a huge item, then it can contain at most three items of sizes above i, out
of which at most two can have sizes above %, and the remaining items have weights of at most %

ot 8 4 1 4 _ 31
The total weightis at most 2 - = + 1z +2- 3+ = {¢. O

Now we consider the bins created by F'F'.
Lemma 6.1.9 For k = 5, except for at most 6 bins, any bin of FF has weight of at least 1.

Proof.  As the weight of any item is at least 1, any 5-bin has weight of at least 1. Any bin
containing a huge item also has a weight of at least 1. Thus, by Lemma 6.1.2, at most one 1-bin
has weight below 1. Consider the 2" -bins that do not contain huge items. By Lemma 6.1.2, except
for at most two bins, any 2-bin without a huge item has a big item and another item that is medium
or big, and the total weight of such a bin is 1 or By Lemma 6.1.4, except for at most two bins,
any 3-bin has one of two forms. In the ﬁrst form all three items have weights of at least -= 15> and
at least one item has a weight of at least -~ e giving a total of at least 1. In the second form one
item has weight = -, one item has weight > ==, and the third item has a weight of at least - 15> giving
a total of at least 1 again. By Lemma 6.1.5, except for at most one bin, any 4-bin has one of four
forms. In the first form, all four items have weights of at least 4 =, giving a total above 1. In the
second form, one item has weight = +=» and each remaining 1tem has weight of at least = 15, giving a
total above 1 again. In the third form, one item has weight -> -+, and each remaining 1tem has weight
of at least + is; giving a total of at least 1. In the fourth form, two items have weights of = 15, one item

has weight -~ 7=» and one item of weight at least -+ 15> giving a total above 1 again. O

We showed that for any input 1, W (I) < 20PT(I) and W(I) > FF(I) — 7, thus FF(I) <
20PT(I)— 6, fork = 5.

Theorem 6.1.1 The asymptotic approximation ratios of FF for k = 3,4,5 are at most , 2, and

32
15, respectively.

6.1.2 Thecasesk = 6,7,8

In this case the classification into item types items remain the same, but the weights of such items
are defined differently. We define the weights of items with sizes at most 1/2. The weight w(a) of
any item of size a < % consists of three parts. The first part is the ground weight, the second part
is the scaled size, and the third part is the bonus. Each part is non-negative. The ground weight
of any item is 1, and we let g(a) = 1/k. This ensures that the weight of any item (no matter how

small it is) is at least 1/k. The scaled size of an item of size a < 3, is defined by s(a) = %a.
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The bonus of an item of size a, denoted by b(a) is defined as follows.

o 20k W (g - 1y 4 10k - 2001, Tok i 1/6<a < 1/4
a =

2@ A1) (- 1) 4 B = 2210 10k if 1/4<a<1/3

2 if 1/3<a<1/2

where we call the items in the classes after each other as tiny, small, medium and big, respectively.
As k > 6, we have 22211~ (0 and therefore the function s(a) is monotonically increasing.

3k
2k—11 _
The bonus of a medium item is at least 3 and at most 5 7 ) + Hg))—kk = % <

a small item is at least &% 9k % and at most 4(2k 7 W = i < % The value of the bonus is zero if
a < 1/6, and the bonus is a constant value () for a € (1/3,1/2]. We get that b(a) (and therefore
also w(a)) is a piecewise linear function that is monotonically non-decreasing for a € (0,1/2].
The weight of an item of size a < 1/2, is w(a) = g(a) + s(a) + b(a). The weight function has the
discontinuity points, 1/6, 1/4, 1/3, and 1/2 (this is not the same set of discontinuity points as in
the weight function of F'F’ for standard bin packing [55]).

Now we first find some properties of the weighting, and then we are able to establish the
asymptotic bound.

%, and the bonus of

Lemma 6.1.10 For every bin B of OPT, w(B) < &1 holds.
Proof. Case 1: B contains no huge item. The bin can contain at most % items, thus the total
ground weight is at most 1. Similarly, the total scaled size is at most % Thus, it remains

to bound b(B), it suffices to show that the total bonus of the items in the bin is at most b(A) <
8k: 8 1 _ 22k-11) _ ktl4

If B has tvs?c’; big itersrfs in the bin, then there can be at most one further item with a positive
bonus, and b(A) < 3- 2 < EEW for k > 4. If there is only one big item in the bin, there can be at
most three further 1tems having positive bonuses. Then b(A) < % +3- % “14 . Now suppose
that any item of B has size at most 1/3. There can be at most five items in the b1n having positive
bonuses, and there can be at most three medium items among them. Thus the total bonus is at most
b(A) <3-E8 2.1 =l

Case 2: B contains a huge item. Recall that the weight of the huge item is 1, and its size is

bigger than l There can be at most £ — 1 further items in the bin, their total ground weight is

at most =1 and their total scaled size is at most (glékll) 2 Thus, it suffices to show that the
total bonus of the further 1tems in the bin is at most 8:=8 — 1 — k—;l — 2’“3’,{“ = % The total size

of remaining items is below , thus the bin can contaln at most two items with positive bonuses.
Moreover, if B contains only one item with a positive bonus, then this bonus is at most %, and we
are done. Otherwise, if it contains two items of positive bonuses, none of them can be big, and at
least one of them is small. If both are small, then their total bonus is at most % We are left with
the case that B contains items of sizes a; and as where % <a < i < ag < % Then applying
ar+ as < % we get that the total bonus is

17—-2k 2

1
3k 3k 9t T T

22 -11) Tk 20Qk-11) 10—k _2(2k-11)
S Y 3k 2
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|

Now, we find a lower bound on the total weight of the bins created by F'[’ for an input L and
a given k € {6,7,8}. The total weight of 1-bins is at least their number minus 1, as all 1-bins
except for possibly one bin have huge items. The total weight of k-bins is at least their number.
We will show that for each one of the four sets: 2-bins, 3-bins, 4-bins, and 5 -bins, the total weight
of items packed into bins of this set is at least the number of such bins minus 2 (for 5 -bins it is at
least their number minus 1). This will show that W > F'F'(L) — 8. Since the weight of every bin
that contains a huge item is at least 1, we can restrict the analysis to bins that do not contain such
items, and for 2 < 7 < k — 1 we will only consider j-bins that have no huge items.

Claim 6.1.1 Every 5" -bin of level above g has weight of at least 1, and the total weight of 5" -bins
is at least their number minus 1.

Proof.  Consider a j-bin A where 5 < j < k — 1. The ground weight of its items is £, and

k,
their scaled size is at least % . 2(%;11). If 7 = 5, then at least one item has a positive bonus

(otherwise the total size is at most 3), and the weight of the bin is w(A) = g(A) +5(A)+0b(A) >

54+8. % + 10k =1, since the value of any posmve bonus is at least 2% Otherwise, k > 6,
so the ground welght is at least , and we are done since ; 2 1%kk .

By Lemma 6.1.1, all 5+—bins, except for at most one b1n have levels above 2. Since there is
at most one 57 -bin whose level is at most , and all 5 -bins with level above have weights of at
least 1, we find that the total weight of 57- b1ns is at least their number minus 1 O

It remain to consider only the 2-bins, 3-bins, and 4-bins. For all of these cases we consider two
subcases. We will show that if the level of a bin is sufficiently large (above % for 2-bins, and above
% otherwise), then the total weight of the bin is at least 1. Then, we will consider j-bins of smaller
levels for for j = 2, 3, 4.

Lemma 6.1.11 The weight of any 2-bin B of level above % is at least 1.

Proof. As B has no huge item, it must have a big item and another item that is either medium or

big. The ground weight is %, and the scaled size is at least 22511 Z The total bonus is at least
2 + 2 = . The total weight is therefore at least 2 4 2511 4 T = 28237 — O

Lemma 6.1.12 Let j € {3,4}. The weight of any j-bin B of level above % is at least 1.

Proof. The scaled size of the bin is at least % 2= 1058 — ) 4 E55 For j = 3, the
bin has ground Weight %, and for j = 4, the bin has ground Weight %. If the bin has at least two
items of sizes above 1 then their combined bonuses are at least , and the total weight is at least
+ 14 kg 25 + =1 —|— L > 1. Similarly, if a bin has a big 1te1n and at least one other item with

a positive bonus their combined bonuses are at least 2 s+ 1%kk = Q%k , and the total weight is at
least 2 + 1+ %22 4 2F — 1. The remaining cases are considered separately for j = 3 and j = 4.
Let J = 3. Abin that has a big item and two tiny items has level of at most %. A bin that has

a medium item and two items that are no larger than i also has level of at most %. Thus for j = 3

there are no additional cases and we are done. Let j = 4. A bin that has a big item has weight of at
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least 1, as - + 1+ k’ 55 + > 1. We are left with the case where ;7 = 4, the bin has no big items, and
it has at most one medlum item. If the bin has one medium item, then (since the size of a medium
item and three tiny items is at most ) it must have also one small item and their total bonus is at

least o +19-% = 472k ‘and the bin has weight of at least  +1+%522 + 472k — 14 L > 1. Finally,

if it has no medium items, then it must have at least three small 1tems If there are four small items,

then their total size is above 5 If there is a tiny item, then the total size of the remaining items is

at least 2 Thus, the total bonus of the small items is at least % . % + % = I%kk In this

case the welght of the bin is at least % L1+ M + === 19 k =1 ]

Lemma 6.1.13 The total weight of the 2-bins of levels in (%, %] is at least their number minus 1.

Proof. Consider two consecutive 2-bins of levels in (3, 3], B; and B; (these bins become consec-
utive if we remove all other kinds of bins from the list of bins). We prove that g(B;) + s(B;) +
b(B;) > 1. Let the level of B; be 2/3 + x with some 0 < x < 1/12. There are two items packed
into Bj, their sizes are above 1/3 — x > }l (since they were not packed into B;), and moreover
one of them must be big (and the other one is either medium or big). As the bonus function is
monotonically non-decreasing, the bonus of the smaller item is at least the bonus of an item of size

1/3 — x, and their total bonus is at least 2 4 22520 . (1/3 — ) 4 10k — 200k-022k-11) yye g

2 2(2k—11) 26+k  2x(2k —11)
g(Bz)—i-S(BZ)—i-b(BJ)—E+3—k-(2/3—|—x)+ o ok

= 1.

The number of pairs ¢, 7 that are considered is the number of considered bins minus 1 and the claim
follows. O

Since there is at most one 2-bin whose level is at most %, and all 2-bins with level above % have
weights of at least 1, we find that the total weight of 2-bins is at least their number minus 2.

Lemma 6.1.14 The total weight of the 3-bins of levels in (%, g] is at least their number minus 1.

Proof.  Suppose that B; and B; are two consecutive 3-bins. We prove that g(B;) + s(B;) +
b(B;) > 1. Let the level of B; be 3/4 + x with some 0 < z < 1/12. Then there are three
items in B;, of sizes a; > as > as, such that all are bigger than 1/4 — z, and in particular, all
are bigger than 1/6. At least one of them must be also bigger than 1/4, otherwise the level of

the bin is at most 3/4. We have g(B;) + s(B;) = 2 + M (3 +a) =224 29‘”(2;,;11).

Thus, it is sufficient to show b(B;) > 2 — % Th1s holds if ay > 1, as the bonus of a
3

medium or big item is at least 3 . If none of the items is big, using a; + az + az > § we have
2(2k—11) 10 k 2(2k—11) 3 | 24-3k _ 5
b(B)) = == (a1+a2+a3)+2 W"' z 3 it T T .
We are left with the case that a; > , and l —r<az<ag< < %. The bonus of each small item

. 2(1/4—z)(2k—11 2k—11 _ 2¢(2k—11
it DG 1 a5 2 4 o0 ) ) o -
2k~ 3k +__ 3k 3k 2 on T I8k T sk > 0.
O

, and by using <

12, we get 55

Since there is at most one 3-bin whose level is at most %, and all 3-bins with level above % have
weights of at least 1, we find that the total weight of 3-bins is at least their number minus 2.
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Lemma 6.1.15 The total weight of the 4-bins of levels in (%, %] is at least their number minus 1.

Proof. Suppose that B; and B; are two consecutive such 4-bins. We prove that ¢(B;) + s(B;) +
b(B;) > 1. Let the size of B; be 5/6 — x with some 0 < x < 1/30. Then there are four items in
Bj, of sizes a; > ay > a3 > ay, all are bigger than 1/6 + x. If any of them is also bigger than 1/4,

we have 4 2(2k—11) 4 3  32k-11
9(Bi) + s(Bi) +b(B;) = -+ —— 57 ok 30k~

since £ > 6 and we are done. Otherwise all four items are small, and we get

4(2k —11)
3k

(T—k) 60+ 32k — 176 + 140 — 20k
3k 15k

4 4
9(B:) + 5(B:) +b(B;) > - + F 4
8

126424 A4

>1.
15k 5 Bk

using the property that the levels of B; and B; are both above % (which gives a lower bound on the
total size of these items) and k£ < 8.
O

Since there is at most one 4-bin whose level is at most %, and all 4-bins with level above % have
weights of at least 1, we find that the total weight of 4-bins is at least their number minus 2.
We proved FF(L) —8 <W < (8/3 —8/(3k))OPT(L).

Theorem 6.1.2 The asymptotic approximation ratio of F'F for any 6 < k < 8 is at most 8/3 —
8/(3k).

6.1.3 Thecasek =9

We analyzed the cases 3 < k < 8, and it remains to analyze the asymptotic approximation ratio
for the cases £ > 9, which are more complicated. We consider the case k = 9 separately, as the
proofs for other values of k fail in this case. We combine methods from all other proofs here.
The weighting function is similar to that is used in the previous section, in the sense that it has
discontinuity points at 1/6 and 1/3. It is also similar to the weighting function used in the next
section as the intervals for small and medium sizes are divided to two parts in the same way. Items
that are packed in k-bins in the packing of F'F' will be treated separately. These items are called
a-items, and the weight of every such item will be equal to % in all remaining cases. Items that
are not a-items will be called additional items. We will distinguish the bins of O PT" according to
the number of additional items packed into them, and define weights based on this. Since a-items
always have weights of % bins (of OPT and of FF) that contain £ such items will have weights
of exactly 1. Thus, in the analysis we focus on bins of O P71 having at least one additional item.
We have different weights for the cases of a small number of additional items (one or two), and
a larger number of additional items (at least three). As we will see later, the worst-case examples
consist of optimal solutions where every bin has two or three additional items. This separation in
the definition of weights is needed due to the case that a bin of OPT has two additional items,
where one of them is huge, and it also has k — 2 a-items. In this case, the smaller additional item
has a special role. This item cannot have a very large weight even if its size is almost % Instead of
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splitting the item classes further (which would result in many additional cases in the proofs), we
distinguish such items from other items of similar sizes. We now define the weights.

Case a. Consider bins of O PT containing one or two additional items (and the remaining items
are a-items). Such bins are called v-bins, and the additional items packed into such bins (in O PT)
are called ~-items. Huge v items (called ~;-items) have weights of 1, and other ~ items (called
~2-items) have weights of ;—g. Obviously, a bin that has two ~-items cannot have two 7;-items, but
it may have two v»-items.

Case b. Consider the other bins of O PT' (each containing at least three additional items). Each
such bin has at most six a-items, we call it a ¢-bin, and its additional items are called ¢-items.
The weighting function of the ¢-items is more complicated. The weight of any huge ¢-item is 1 as
usual. The weight of a ¢-item of size a < 1/2is w(a) = s(a) 4 b(a), where s(a) = 32a is called
the scaled size, and b(a) is the bonus of the item. Note that there is no ground weight in this case.
Below we give the bonus function of the ¢-items of sizes no larger than 1/2. The functions b(a)
and w(a) are piecewise linear, and the breakpoints where it is continuous are 1/5 and 3/10. The

small items and medium items are split into two classes.

(0 if a<1/6
Bla—g)+5=2a—2 if 1/6<a<1/5
b(a) = —%(a—%)—k%—&:;g—ga—to% %f 1/5<a<1/4
—5a—3)+g5=—5a+5 if 1/4<a<3/10
Bla-L)+==2a— = if 3/10<a<1/3
if 1/3<a<1/2

where we call the items in the classes after each other as tiny, very small, larger small, smaller
medium, larger medium and big, respectively.

The value of the bonus is zero if a < 1/6 and it is constant () between 1/3 and 1/2. The
bonus function is not continuous at the points 1/6, 1/4, and 1/3, it is monotonically increasing
in (1/6,1/5) and in (3/10,1/3), and it is monotonically decreasing in (1/5,3/10) (which is less
typical for weight functions). Nevertheless, the weight function remains monotonically increasing
for the whole interval 0 < a < 1/2, and the value of the bonus is nonnegative for the whole
interval.

We state several additional properties of the bonus function. For small items (very small and
larger small items, i.e., items of sizes in (1/6, 1/4]), the maximum value of the bonus is given for
a = 1/5, and the bonus at this point is 7/135. The bonus of very small items is at least 8—11, and the
smallest bonus of larger small items is zero. For smaller medium items, the bonus decreases from

% to %5, and for larger medium items, the bonus increases from 1?—5 to %. The weight of a big
¢-item is at least 41/81, the weight of a ¢-item with size more than 1/4 is at least 11/27, and for
any ¢-item with size 0 < a < 1, and for any ~»-item, the next inequality holds: w(a) > 22a > Za.
This is true since bonuses of ¢-items are non-negative, and since the size of any 7,-item is at most

1 . . . . 16
> while its weight is o7

Properties of the weighting and the asymptotic bound
Lemma 6.1.16 For every bin B of OPT, w(B) < 8/3 — 8/27 = 2+ 12 = % holds.
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Proof. Consider the case that B is a y-bin. In this case B has one item that is a 7;-item or a
~o-item, that is, its weight is 1 or 5= 27, possibly also a y,-item of weight 18 5> and each remaining item
is an a-item and has weight 1 - Thus, the total weight is at most 1 + ;g + g = g—? It remains to
consider the case that B is a ¢-bin. It contains at most six a-items, of total weight at most 6/9.

Thus it suffices to show that the total weight of the ¢- 1tems is at most o _ 6 4 = (no matter how

many ¢-items there are), or that it is at most 54 minus = t1mes the number og% Q- 1tems

First, assume that B contains no huge item. The total scaled size of the ¢-items is at most
32/27. Tt suffices to show that the total bonus of ¢-items the bin is at most 46/27 —32/27 = 14/27.
Since the bonus is zero if the size of the item is at most 1/6, it follows that at most five items can
have positive bonuses. Moreover at most three items can have sizes above 1/4, and the bonus of
each such item is at most % while the bonus of any other item is at most 7/135. Thus the total
bonus of the bin is at most 3 - § + 2 - 7= = 59/135 < 14/27.

Next, assume that B contams a huge item. The weight of a huge item is exactly 1. We will
show that if there are six a-items, then the total weight of the further additional items of B is at
most 19/27, and consider also the case that the number of « items is smaller. Since the total size
of remaining additional items is below L their scaled size is at most 8 27, and it suffices to show that
their total bonus is at most 19/27 — 16 / 27 = 1/9. Since only items of size above % have positive
bonuses, there can be at most two further items in the bin having positive bonuses. If there is only
one further item having positive bonus, we are done, since no bonus is above é. If there are two
items with bonuses, but there are at most five a-items, then the total weight of a-items is at most
g, and we are done as well. Thus, it is left to consider the case where there are two further ¢-items
in the bin both having positive bonuses, and there are no other ¢-items packed into B except for
the huge item and these two items. Let their sizes be denoted as a; and as, where 1/6 < a; < as,
and thus ay < 1/3 as ax + ay < 1/2. The claim holds if a; < 1/4, since then the total bonus is at
most 2 - 7/135 = E < 5. Thus the only remaining case is where the item of size a; is small and
the item of size as 1s a medium item. We will show w(ay) + w(ag) < %. There are three cases,

as a; >  and a > 0.3 cannot hold simultaneously. In all cases s(a1) + s(a2) = 32(a1 4 az) and

a; +as < %

Ifa; < sanda; < {5, war) +w(az) = Flar+ax) + - Par+ 57 = o+ az+ 57 <
%Ch + %(% —ay) + % = a1 + 5 S ﬁ Ifa; > 5 and az < 130’ w(ar) +wlaz) = %(al +
6;22) — B(q, +?g2) + 1= %lgal —24@2) +1< %z Iflgn < tand ap > 3, w(ar) + wlag) =
27(a1+a2)+2—7(a1+a2) 27 27(a1—|—a ) — 7 = 57 H

Now, we will analyze the total weight of the bins of F'F'. Once again, we split the analysis
according to the number of items in these bins. The 9-bins have weight of 1, and any bin with a
huge item (a ¢-item or a 7;-item) has a weights of at least 1. Thus, we neglect all bins containing
items of size above % from the analysis. At most one 1-bin is left, and we neglect that bin (if it
exists) as well. In what follows we analyze 2*-bins of F'F that contain items of sizes in (0, %]
These bins only contain ¢-items and ~»-items.

Lemma 6.1.17 The weight of any bin with level above g is at least 1. There is at most one 6" -bin
whose weight is below 1.

Proof. For any ¢-item and for any ~,-item, the weight of the item is at least 32 times the size of
the item. Since except for at most one bin, the level of 6*-bin is above & = (by Lemma 6.1.1), the
weights of these bins, except for at most one bin, are no smaller than 1 as % . g > 1. O
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In the following we concentrate on the 2-bins, 3-bins, 4-bins, and 5-bins. We start with analyz-
ing bins containing a y,-item.

Lemma 6.1.18 Except for at most four bins, the weight of any bin whose number of items is in
2, 5], and that has a ~o-item, is at least 1.

Proof. A bin that has two ~,-items has weight at least 2 - > 1, and thus we consider bins that
contain one ~»-item and the remaining (at least one and at most four) items are ¢-items. Assume
by contradiction that there are at least five bins with Vg—items having weights strictly below 1.

Any bin that has a 72 -item and a ¢-item of size above = has total Weight of at least 1, since any
¢-item of size above 1 has weight at least 1 27, and each 72—1tem has welght 18 Moreover, since the
weight of any item is at least 5= 32 = times its size, if the level of a bin is at least 32, then its total weight
is at least 1. By Lemma 6.1. 2 except for at most two 2-bins, every 2-bin has only items of sizes
above =, and therefore they have weights of at least 1. We find that there exist three bins with 3, 4,
or 5 1tems each, levels below 2L 32, and weights below 1. Let such three bins be denoted by B;, B;,
and B, (where the bins appear in this order in the sequence of bins of FF). Any item of B; and B,
has size above 2 35- as these item could not be packed into B;. Such an item has weight of at least
27, so a bin with a ~,-item and weight below 1 can have at most two such items. Thus, B; and B,
are 3-bins.

We split the analysis to the cases where B; has a level above 2 s and the case that it does not.
If it has a level above , then the total size of its ¢-items is above % 5 (as the ~p-item has size of
at most 5), and at least one of them has s1ze above %. If at least one of the two ¢-items has
size above =, then their total size is above = + T = 160, and the weight of all items is at least
> + o > 1. Otherwise, there is an 1tem that has a bonus of at least -, and the total weight is

160 81°

at least 16 =+ % %4— == = 1. Therefore, We find that B; has a level of at most 2 2 However in thls case
the two gb items of B have sizes above 1 5 The Welght of such an item is at least 22 27 = + 8—1 = g

and the total weight of B, is at least 16 =+2- > 1, a contradiction again. ]

It is left to analyze with bins containing only ¢-items of sizes at most %, that are 2-bins, 3-bins,
4-bins, and 5-bins. Before analyzing their total weights we discuss some properties of ¢-items.

Lemma 6.1.19 Consider two ¢-items of sizes a1 < ay < 1/2. If 1 > a; + as > 1 — ay holds, then
the total weight of the two items is at least 1.

Proof. We have a1 > 1_“2 > 1 Afay > 3 L then both items are big, and since the weight of any big
item is at least > 1/ 2 the clalm holds in this case. Next, we consider the case 1/4 < a; < 1/3,
where a; > 1 — 2a1 > 1/3, thus the item of size a, is big.

If a; is smaller medium, thenlet a; = 1/4+x forsome 0 < x < 1/20,and a; +as > 1—a; =
3

¢ — x. The total weight of the items is

32 32 28 1 1 10 20
b b >—34— - — 4= r>1.
27(0,1 +CL2) + ((11) -+ ((Ig) ( / l’) 27LU+ 9 + 9 9 9 xT
If @, is larger medium, then let a; = 3/10+x forsome 0 < x < 1/30,and @y +as > 1 —a; =
T — 2. We get

32 52 et et g
o7 (a1 + a2) +b(a1) +b(az) 2 = (7/10 ) + =2 + o + 5
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|

Lemma 6.1.20 Consider three ¢-items of sizes a1 < as < a3 < 1/2. If 1 > a1 +as+az >1—ay
holds, then the total weight of the three items is at least 1.

Proof. We have 2 (a1 +ag) >2a1+ay>1—ag > thus ay + as > =
If a; > }l, then the claim holds since the weight of an item w1th size above 1/4 is at least

11/27 (so the total weight is at least %). In what follows we assume that a; < 1/4, and thus
air+as+a3>1—a; > %. If the largest item is big, then its bonus is %, and the total weight of
the three items is at least 32 (al + as + as) +3 i >3 32 § + l =1.1If the largest item is not big, i.e.,
as < then using £ 2> 2a3 >as+ag>1— 2a1 > we get ap > = and as > ; L thus the smallest
item 1s small, and the largest item is medium. If there are two medium items, then the bonus of

8 . . 32 3 16 _ 136
each one of them is at least I35 and the total weight is at least it =1 1. We are left

with the case where the smallest two items are small and the largest item is medium. We find that
200 >1—ay —az > 1— i — % = 12, thus the smallest item is larger small, and so is the item of
size as.

If the largest item is smaller medium, we have a total weight of % (a1 +ag+az)— % (a1 +as+
a3)+% > %-%%—% = 1. If the largest item is larger medium, we will use a; +as > %(1—(13). The
o 32 28 14 | 32 8 _ 4 64 2
ti)ta12we1ght is at lﬁiast 2—7(2a1 +1g42 + a3) > ggi —i-?flz) %;62—7 +4£Cl3 — 5 = (a1 +az) +5za3+5 >
wo3l—a)tpati=Faut+ti>g 5+8 =10 >1 O

Lemma 6.1.21 Consider four ¢-items of sizes a1 < as < a3 < a4 < 1/2. If1 > a1+as+az+ay >
1 — ay holds, then the total weight of the four items is at least 1.

Proof.  First, consider the case a; < %. In thiscase a; +as +az3+a4 > 1 —a; > %, and if
at least one item is very small, medium, or big, then there is at least one item with a bonus of at
least 811, and the total weight is at least g—g . g + 8% = 1. Otherwise, all items are larger small and
tiny. At least three items must be larger small as 2a; + as + as + a4 > 1, which is impossible in
the case where ay; < % and a4 < }l. The total weight if all four items are larger small is at least

(a1+a2—|—a3+a4)—|—2 > 1. Otherwise, the total weight is at least 32a; + 5 - (a2+a3+a4)+% >

a1 +4 5 (1-2a) +2 ﬁ —a1 —i— . Since the three largest items are larger small, a,+ a3 +ay < %,
and 201 > 1 — (ag + az + a4) > =80 ag > <. We find that the total weight is at least > 1.

Next, consider the case a; > 1 / 6. It follows that the total weight of the three smallest items is

at least 32 - 2 = 18 If the biggest item is bigger than 1/4, the total weight is at least 30 + & = 1.

It is left to cons1der only the case where 1/6 < a1 < ay < az < ay <1/4,1i.e., all 1tems are small.

Note that the weight of a larger small item is at least % . é + % == ig If all four items are

larger small, then their total weight is above 1. Otherwise, the smallest 1tem 1s Very small. The
total size of the items is above 1 — a7, and the bonus of the smallest item is 2 a1 — =. The total
weight of the four items is at least 32(1 — a1) + 22a; — 2 = 1. O

Lemma 6.1.22 Consider five ¢-items of sizes a1 < as < az < ay < a5 < 1/2. If1 > a1 + as +
as + a4 + as > 1 — ay holds, then the total weight of the five items is at least 1.
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Proof. 1fa; < %,then a1+as+as+as+as > 1—a; > gholds. Otherwise, a; +as+as+as+as >
5aq > % holds too. If at least one item is not larger small, then its bonus is at least Sil and the total
weight is at least % . % + Sil = 1. If all items are larger small, then their total size is above 1,
contradicting the assumption. O

Lemma 6.1.23 The total weight of the 2-bins, 3-bins, 4-bins, and 5-bins, containing ¢-bins is at
least their number minus 1.

Proof.  Consider the bins of FF whose numbers of items is in [2, 5], that contain only ¢-items,
and their weights are below 1. Obviously these bins have no huge items. If the level of a given
bin is bigger than 1 minus the size of the smallest item in the bin, then the weight of the bin is at
least 1 by the previous lemmas. Thus, we only consider bins that do not satisfy this property. If
there is at most one bin to consider, then we are done. Otherwise, in the list of remaining bins,
consider two consecutive bins B; and B; (such that B; appears after B; in the ordering of FF). Let
11 denote the smallest item of B; and j; the smallest item of B; (breaking ties in favor of items of
smaller indices). Let S = s(B;). Consider the set X consisting of j; and the items of B; excluding
i1. We will show w(X) > 1. Applying this property to every such consecutive pair of bins will
show that the total weight is at least the number of bins in the list of remaining bins minus 1. If
S — s;, 4+ s;, > 1, then their total weight is above % > 1. Otherwise, we have the following
properties. First, s; > 1 — S since j; was not packed into B;. Additionally, by assumption,
S <1 —s;,. Therefore s;, > s;,. Let s’ be the size of the smallest item in X. We have s’ > s;, as
no item of B; is smaller than s;, and s;, > s;,. We find, s(X) = (S —s;, +s5,)+5 > S+sj, > L.
Thus, the set X satisfies the condition of one of Lemmas 6.1.19, 6.1.20, 6.1.21, 6.1.22 (the lemma
where the considered number of items is equal to that of this set - which is equal to the number of

items of B; and therefore it is in {2, 3,4, 5}), and the total weight of this set is at least 1. O

We proved F'F(L) —7 < W < (64/27)OPT(L).

Theorem 6.1.3 The asymptotic approximation ratio of F'F for k = 9 is at most 64/27.

6.1.4 The casesk > 10

The cases where £ > 10 are studied similarly to previous cases, thus, to shorten the length of
the dissertation, this last part of the investigation is put into Appendix D. The main result of this
omitted part is summarized in the next theorem:

Theorem 6.1.4 The asymptotic approximation ratio of F'F for any k > 10 is at most 2.7 — 3/ k.
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6.2 The tight lower bounds for FF

Here we complete the analysis and provide examples showing that the asymptotic approximation
ratios cannot be smaller that the bounds proved in the previous section. For completeness we
include a lower bound for £ = 2 as well. In the statement of the theorem the cases k = 4, 10 are
included in two cases.

Theorem 6.2.1 The asymptotic approximation ratio of FF satisfies the following properties.
e [tis atleast 2.5 — %for k=2,3,4.

e [tis at least (k D %——f0r4<k<10

e [tisatleast 2.7 — %for k > 10.

Proof. The cases 2 < k < 4.

Let £ > 0 be a large integer, and let 0 < € < gik. Consider an input consisting of 2k(k — 2)¢
items of size ¢ each (smallest items), 2k¢ items of size % — ke > % each (medium size items),
and 2k/( items of size % + ¢ each (largest items). The items are presented in this order. FF creates
2(k — 2)¢ bins containing k smallest items each. Then, as further items are larger than 1 3» FF
creates k¢ bins containing pairs of medium size items, and as the remaining items are larger than
%, the largest items are packed into 2k¢ dedicated bins. For this input L,, OPT(L,) = 2k/, since
it is possible to pack a largest item, a medium size item, and £ — 2 smallest items into a bin as
s +e+5—ke+ (k—2)e <1, while FF(L;) = 2(k — 2){ + kl 4 2k{ = 5k{ — 4(. This shows
that the asymptotic approximation ratio of FF is at least 2.5 — , that is, at least % for £k = 3 and
at least 2 for £ = 4. The example is valid for k£ = 2 too, giving the value 1.5 (in this case there are
no smallest items).

The cases 5 < k£ < 10.

Let ¢ be a positive integer divisible by £, let 0 < ¢ < ﬁ and 0 < 3777 be small positive values,
and consider the following input. There are 3¢ items of size % + 4, ¢ items of size % — 1006, ¢ items
of size § + 200, { items of size 1 — 305 (3k — 8)¢ items of size 9, and for 1 < p < / there is a pair
of items of sizes }L + 35 and l — = — 106. Since 6 < € < 120, all sizes are strictly positive. An
optimal solution has three types of blIlS There are ¢ bins with an item of size % + 0, an item of size
% — 106, and k£ — 2 < 8 items of size ¢ each. There are ¢ bins with an item of size % +J, an item of
size § + 204, an item of size { — 306 and k — 3 < 7 items of size § each. Finally, there are ¢ bins,
where the pth bin has an item of size % + 6, the pair of items of sizes % + 3% and i — 3% — 106, and
k — 3 < 7 items of size § each. Remove the items of sizes i + 3% and }1 — 106 — %, and one item
of size i — 300 from the input. Obviously, an optimal solution still requires at most 3¢ bins. For
1 < p < —1,theitems of sizes ; + = and T — 106 — 557 are called a modified pair of index p.

The items are presented to F'I" in the following order. First, all items of size ¢ are presented
and packed into (3k — 8)% bins that cannot be used again. Next, for 1 <p < ¢ —1, the modified
pair of items of index p is presented followed by an item of size i 305 The total size of these
three items 1s 1+ £ %p +1—-106 — 557 + 3 — 300 = 3 — 405 + pH > 3 - 34&54 + 2 >
3 — 395 + 5557 > 2 + 555, while further items have sizes of 3 +6 > 1 —100 > 1 + 208 >4

§+§>i-—305>-—105 2e > 1 —105—34%>§1—105 and1—10(5

3p +1’ 3p +1’
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where p’ > p + 1 (there are additional modified pairs arriving larter only if p < £ — 1). We have
%—l—Q%p—i—i—gp,%—lOéz 1+ﬁ—3§w—;}% :1—|—£(3a/§p—$ > 1. This proves that
after a bin of a modified pair and an item of size i — 300 is created, no other items can be packed
into that bin. When no modified pairs remain, pairs of items of sizes % — 104 and i + 200 are
presented (there are ¢ such pairs). Each bin receives such a pair, whose total size is % +106. Since
all remaining items have sizes above Z—i, each created bin will not be used for other items. Finally,
all remaining items (of sizes % + 0) are packed into dedicated bins. The total number of bins is

(3k —8)f + ¢ —1+(+ 3¢ = %8¢ _ 1. Since an optimal solution has at most 3¢ bins, we find

that the asymptotic approximation ratio is at least %

The cases k > 10.

After having got the tight lower bound construction for standard bin packing, given in Theorem
4.3.2 (in the chapter that deals with algorithm F'F' for standard bin packing), we can now apply
this construction for the cardinality constrained model. In that place of the dissertation there is an
input for any OPT = 10m, for which F'F' = 17m. (We changed the letter £ to m in the claim,
since in that chapter k is “only” an integer, but in this chapter & has a special meaning.)

We adapt this lower bound example of /'F' by adding a large number of tiny items. The original
construction is such that every bin of OPT" has a big item whose size is % + €, and it holds that
every optimal bin contains exactly 3 items. We replace the big items with slightly smaller big
items of sizes % + £/2. Then, any optimal bin receives also k — 3 tiny items of sizes 5. Naturally,
this modification is possible both with respect to size and to the number of packed items. The tiny
items are presented to F'F' before other items, so they are packed into bins containing k items each,
that cannot be used for other items.

The items of sizes % + /2 are presented last and must be packed into dedicated bins, as any
previous bin either has k items or total size above % Thus, the modified construction gives a lower
bound of 1.7 + k—f =2.7— % on the asymptotic approximation ratio of F'F'. a
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Chapter 7

Batched Bin Packing and Graph-Bin
Packing

The results of this chapter are from [22], thus the contribution of this chapter is reached by the
author of the dissertation. In this last chapter we revisit the Batched Bin Packing problem (abbre-
viated as BB P). In this model items come in /& consecutive batches, and the items of the earlier
batches must be packed without any knowledge of later batches. The model is introduced in [48].
Let L be the set of items where L = B, U ... U Bk, where B; N B; = & if ¢ # j. Note that for
any ¢, B; may be empty. We say that B; is the i-th batch of the input. It is assumed that for any
1 <1 < j < K, the i-th batch is revealed before the j-th batch. As soon as a batch is revealed, the
items in the batch must be irrevocably packed, this part of the packing procedure being called the
1-th phase. If K = 1, we get back to the offline packing problem. If every batch contains only one
item, we get the online packing problem (with the only difference being that the number of items
is known). Thus the batched bin packing problem is in some sense a common generalization of the
offline and online bin packing problem. It seems that no other paper has considered this model so
far, except [22], the work of the present author.

We give the first approximation algorithm for the case K = 2, with tight asymptotic approxi-
mation ratio 1.5833, while the known lower bound of the model is 1.378.

Let us consider some possible applications: An office moves from one building to another one.
There are two rooms in the office, an inner and an outer room. It is possible to carry out the
furniture from the inner room only through the outer room. It is very important that the documents
of the staff of one room should not be mixed up with the documents of the other room, thus the
staff make the decision that first all the furniture (and documents therein) from the outer room are
carried out and packed into several trucks, and only after this can the remaining furniture from the
inner room be handled in the same way. Here the furniture of the two rooms form the batches, and
the trucks play the role of the bins.

Another situation that may occur is: A factory moves from one country to another country.
First the machines (i.e. items) are transported by train to a transfer point, then the machines are
unpacked from the wagons, and they are packed into trucks, because the target point is among the
hills and there is no railway to the destination. Since the factory is large, the items of the factory
are transported by several trains, hence it is possible that a part of the input arrives at the transfer
point on Monday, the next batch arrives on Tuesday, and so on. Then it is natural to start to pack
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the first batch on Monday. Then on Tuesday, the next batch is packed. At any time when a truck is
full, the items are transported.

Note that in the above-mentioned applications, two versions of the batched bin packing can be
distinguished. In the first application (moving) the bins of the first batch cannot be used to pack
the items of the next batch, but in the next application (transporting items of a factory) they are
allowed to be used. We call these two versions the augmenting model (the bins that are used in the
1-th phase can also be used in the j-th phase, for any + < j, to pack other items if they fit), while in
the disjunctive model the bins that are used in some phase cannot be used in any later phase. (At
this point the latter model does not seem to be very interesting or attractive, but we will need this
model later on.) Thus in the augmenting model the algorithms can choose to combine items from
different batches, while in the disjunctive model they cannot.

The algorithms which are applied in the two different models are called augmenting and dis-
junctive algorithms, respectively. Note that a disjunctive algorithm simply packs the batches in-
dependently. The asymptotic approximation ratio of an (augmenting or disjunctive) algorithm A
is defined in an appropriate way. The number of the bins used by algorithm A is compared with
the solution of an offline optimal algorithm O PT'. Note that O PT is allowed to pack together the
items from different batches.

For the BB P problem, in [48] the authors just investigate the augmenting model in the special
case when X' = 2. The authors prove that R,;(A) > r ~ 1.3871 is a lower bound for the
problem, where 7 is a solution of equation /(r — 1) — 3 = Inr/(2r — 2), thus the asymptotic
approximation ratio of any algorithm A is at least this value. We approach the problem from the
opposite side: We give the first algorithm for the same special case, when K = 2. The tight
asymptotic approximation ratio of the algorithm is 19/12 ~ 1.5833, thus it remains below the
asymptotic approximation ratio of the best-known B P algorithm (i.e. the algorithm S H of Seiden
which has asymptotic approximation ratio of 1.58889, see [69]). Comparing to S H, our algorithm
is very simple. We define it for the disjunctive model, but it can be also applied for the augmenting
model in a natural way.

Another model and connection: an improved result. The bin packing with conflicts (BPC
for short) is another generalization of the B P problem: several pairs of items are in conflict, which
means that the two items are not allowed to be packed into the same bin; see e.g. [52] or [41].
A more general version called the graph-bin packing problem (abbreviated by GBP) is defined
in [11], and (the simplified version of this problem) is as follows. Given a graph, with lower and
upper bounds on the edges and weights on the points, the weight of a point is called the size. The
points of the graph, also called items, are to be packed into unit capacity bins. The total size of the
items in any bin can be at most 1, as usual. But some additional constraints must also be satisfied.
Namely, given any two points, say a and b, if they are connected in the graph by an edge, and the
lower and upper bounds of this edge are [ and u, respectively, and a and b are packed into some
bins B; and Bj, respectively, then the indices of the bins must satisfy [ < |7 — j| < u. Note that
for the BPC problem, u = oo and [ € {0, 1} for any edge.

In the case of the GBP problem [11], among several results, an approximation algorithm is
given with absolute approximation ratio 3, for the special case where there are only lower bounds
on the edges (i.e. u = oo for any edge), and the graph has chromatic number 2, i.e. it is bipartite.
Surprisingly, with the application of our algorithm (which we defined for the BB P problem), we
are able to get an improved algorithm for the graph-bin packing problem for this special case. We
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improve the previous 3 upper bound to 2.5833, not just in the asymptotic, but also in the absolute
sense.

Notation Recall that a bin is called a k-bin if it contains exactly k items. The level of a bin,
denoted by [(B), is the sum of the sizes of the items in the bin. In this chapter the total size of all
the items will be denoted by P.

7.1 An upper bound for Batched Bin Packing for K = 2

Now we will introduce an approximation algorithm for the batched bin packing problem, for the
special case where K = 2. In fact, we apply algorithm F'F'D for the two batches separately;
i.e. we pack the items in batch By by F'F'D, and we also apply F'F'D for the second batch B,
independently of the first batch (thus we consider the disjunctive model; i.e. we do not use the bins
of the first batch to pack the items of the second batch).

This natural adaptation of F'F'D will be denoted by F'F'D(By, By). The two independent
packings will be denoted by F'F'D(B;) and FFD(DBs), respectively. Then FFD(B;, By) =
FFD(B;)+ FFD(Bs). Let the optimum value of the relaxed offline problem (where the items of
set By U By can be packed freely together) be denoted by O PT'. We will call the solution of this
relaxed problem the optimal solution. Then when we measure the quality of our packing, we will
compare F'F'D(By, By) with OPT. Note that OPT > P trivially holds. Next, we will show that

19
FFD(B1, By) < 5OPT +2, (7.1)

and the approximation ratio 19/12 is tight for the algorithm. We group the items into classes.
Now let a denote an arbitrary item. Then a is called tiny, small, medium or grand, if a < 1/4,
1/4<a<1/3,1/3 <a<1/2 0r1/2 < a, respectively. The classes, and the items therein are
denoted by 7', S, M and N, respectively (letter G will be used for another meaning, which is why
we use the letter N for graNd items). If a medium item and a grand item share a bin (possibly with
some further items), we call them a pair.

The next lemma and the corollary provide some insight into the way the /' F'D algorithm works.
Both are folklore results, but we present them and their proofs for completeness.

Lemma 7.1.1 Consider an arbitrary list of items L in the BP problem, and let N and M denote
the set of the grand and medium-sized items, respectively. Let p = p(L) be the maximum number
of (n,m) pairs, where n. € N and m € M and no item appears in more than one pair. Then
algorithm F'F' D creates exactly p pairs.

Proof.  Suppose that the statement is not true, and let L be a minimal counterexample, i.e. a list
when F'F'D makes r pairs, where » < p. It follows that L does not have any item smaller than
a medium item, since after deleting these items F'F'D makes the same number of pairs, and p(L)
does not change. Now consider all feasible packings of L, where there are exactly p pairs. Let us
suppose that there are ¢ such feasible packings. For the k-th packing among these, denote the pairs
by (n1, mig), ..., (Npk, myi), where the pairs are listed in lexicographically decreasing order, i.e.
if ny, > nj for some 1 < i, 5 < p, then (n;, myx) precedes (n;x,, mj;), and also, if n;; = njy
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and m;;, > mj,. Note that there can be some other items in the list. There may be several grand
items that are single items in their bins, and there may be also some other bins containing one or
two medium-sized items. Now we choose all the packings among the ¢ packings, for which nq;
has the largest possible size, say, and we have ¢; < ¢ such packings. Then among the ¢; packings,
we choose all the packings for which my; has the largest possible size, and let us fix one such
packing, and let k£ simply denote again the index of the chosen packing, and we will refer to this
packing below as the chosen packing. We claim that there are no ng € N and my € M, a grand
and a medium-sized item, respectively, such that ny > nqx, and ny and m, fit into a common bin.
Suppose for the sake of contradiction that such an (ng, mg) pair exists. It follows that n is a single
item in its bin. If my is different from any m,;, 1 < ¢ < p, this would contradict the fact that p is
the maximum number of pairs, as we found p + 1 pairs. Otherwise my = m;i, forsome 1 <7 < p.
Then, in the chosen packing we take off m;; from its actual bin, and pack it into the bin of ng
(thus replace the pair (n;, m;;) by a new pair (ng, m;)), and leave unchanged the bin of any other
item. This packing has p pairs but differs from any packings in the ¢ possible packings, which is
a contradiction. Thus our claim is proved. Now let us see how F'F'D works. First F'F'D packs
the grand items in order of decreasing size. Consider the first bin with a grand item of size ny
(k is the index of the chosen packing). Because of the above claim, F'F'D cannot pack a medium
item into some earlier bin, but it will find that a medium item of size my;, fits into this bin. (It also
holds that no medium-sized item with size bigger than my; will fit into this bin.) Thus F'F'D will
pack nq; and mqy together. (More exactly, F'F'D packs a certain grand item n, and a medium item
m into a common bin, where the sizes of n and nq, and the sizes of m and my; are equal. For
the sake of simplicity we will assume that n = ny; and m = myy; if this is not the case, we can
swap n and nyx, and also m and myy, in the packing.) We claim that by deleting n,; and my; from
the input, we get a smaller counterexample. Indeed, F'F'D will create the same packing for the
remaining items in the sense that any non-deleted item will be packed together with the same item
as before; or alone, if the item was alone in the previous packing. It follows that in the smaller list
F'F'D creates exactly » — 1 pairs. However, in the modified list at least p — 1 pairs can be created.
Thus we conclude that our list was not minimal, which is a contradiction. O

Corollary 7.1.1 For any list of items L in the B P problem, if the smallest item in L is still larger
than 1/3, then algorithm F'F D makes an optimal packing.

Proof. Note that no bin can contain more than two items, no two grand items fit into a common bin,
and any two medium items fit into a common bin. Now let us consider a list L, and all possible
packings of L, where p = p(L) means the maximum number of pairs in the packings. We can
easily see that if we make an arbitrary packing with the only restrictions that the number of pairs
is chosen to be p, and there are no two bins with some single medium items, then the packing is
optimal. Since F'F'D creates p pairs by Lemma 7.1.1, and F'F'D never creates two bins with single
medium items, it follows that F'F'D makes an optimal packing. ]

Now we prove our main result.
Theorem 7.1.1 FFD(By, By) < 12-OPT+2, and the asymptotic bound is tight for the algorithm.

Proof. First we note that the additive term is necessary here, as the statement is not valid without
any additive term. Its smallest value may be smaller than 2, but if we use 2, this is just enough
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to apply this theorem in the next section. In the calculation of the proof of Theorem 7.2.1, the
2 additive term will just disappear, and this makes it possible to get an absolute bound there.
Thus using a bigger additive term in the present theorem would not be sufficient later, but using
a smaller additive term would make the proof harder. Suppose that the statement is not true; then
let us choose a minimal counterexample (in the sense of the number of items in B; U B,). It then
follows that in the last F'F'D(B;) bin there is only one item, denoted by X, and also in the last
FFD(B) bin there is only one item, denoted by Y. We also know that each of them (i.e. X and
Y) is the last item in the sorted list of F'F'D in its batch. The reason is that if there were some
items after X in batch By, or there were some items after Y in batch Bs, these final items could be
removed from the input; the numbers of F'F'D bins for the batches remain the same, while O PT
does not increase. Let B! and Bg denote the bins in the two independent F'F'D packings of batches
By and B, respectively. Then 1 < i < FFD(B;)and 1 < j < FFD(B;). Moreover, let B}
denote the optimal bins where 1 < k < OPT'. We assign weights for the items. The weight of any
bin, denoted by w(B?) or w(B}) or w(B;), is the sum of weights of the items being packed into
the bin. The total weight of the items will be denoted by . The following analysis is similar to
that in [21]. If the weight of any optimal bin is larger than %, we call the difference between the
weight of the bin and % a shortfall. If the weight of an /'F'D bin is smaller than 1, we say that
there is a shortage in the bin. The value of the shortage is defined as 1 minus the weight of the bin.
Otherwise, if the weight of an FFD bin is larger than 1, we say that there is surplus in this bin, it
being defined as the weight of the bin minus 1. Next, let f, h and u denote the total shortfall, total
shortage and total surplus, respectively. Note that all these values are nonnegative. Then we get

FFD(B,) + FFD(B,)
= Zw(Bi) —l—Zw(Bg) +h—u

:W—l—h—u:Zw(BZ)—l—h—u
k

19

<
12

-OPT +h—u+f.
Hence, if
h—u+f<2 (7.2)

holds, then the statement of the lemma follows. In most cases it turns out that f = 0, so we just
need to verify that h < 2. Before considering the cases one by one, we note that the level of each
bin of the first batch is above 1 — X, except possibly for the last such bin. Similarly, all bins of
the second batch, except possibly for the last such bin, have levels above 1 — Y. Moreover, all
item sizes for the first batch are at least X, and for the second batch they are at least Y (given the
properties stated in the second paragraph of the proof of this theorem). Now let us examine the
different cases.

Case 1. X < 1/3andY < 1/3. In any F'F'D bin the level is larger than 2/3, except of
course the last bins. Let B{* and Bg denote any F'F'D bin in the two packings, where 1 < a <
FFD(B;) —land 1 < 8 < FFD(B;) — 1, respectively. Then the following statement (without

95



dc_1295 16

using the weights) is true:
FFD(B,)+ FFD(B,)

;(2353& +ZzBﬂ>

<-P+2< 3OPT+2

DN W

Case2. X > 1/3and Y > 1/3. Here we use the following simple weights: Let the weights
of any grand item and any medium item be 1 and 1/2, respectively. Then in the optimum packing
of the relaxed problem each bin contains at most two items, and two grand items do not fit into
the same bin, so the weight of any optimal bin is at most 3/2, it follows that f = 0. However, in
the FFD(B;) and F'F'D(B,) packings, if a bin does not contain a grand item, then the bin must
contain two medium items, except the two last bins, hence the weight of any F'F'D bin is at least
1, except for the two last F'F'D bins. Thus there are two F'F'D bins (the last F'F'D bins of the two
batches) with a shortage, i < 2 holds, and we are done.

Case 3. X > 1/3and Y < 1/3. Then we use different weights for sets B; and Bs. For set
By, we again use w(N) = 1 and w(M) = 1/2, for any grand or medium item. Note that set B;
does not have any smaller item. Then in the F'F'D(B;) packing the weight of any bin is at least 1,
except for the last bin, and in the last bin a shortage of at most 1/2 is created. The weights of the
B, items will be defined differently in the next subcases.

Subcase 3.1. 1/4 < Y < 1/3. In this case in set By all items are larger than 1/4, thus any item
in set By U By is also larger than 1/4. It follows that if a grand item is packed into a bin, then no
two other items can be packed into that bin. Now we define the weights of the B, items as follows:
Let any Bs item, say v, be denoted as a Z item, if in the optimal packing, v is packed together with
a grand B, item. The weight of a Z item is 7/12. Note that a Z item is surely smaller than 1/2.
Let any other v € By\ Z item be called a regular item, and let w(v) = %v. First we show that
the weight of any optimal bin is at most 19/12. If the bin contains a grand B; item, then the bin
can contain at most one other item. It is a medium B; item with weight 1/2, or it is a Z-item, with
weight 7/12, and the weight of the bin is at most 19/12. Now consider an optimal bin which does
not contain a grand B; item. If the bin contains one or two medium B; items, then the remaining
room in the bin is not larger than 2/3 or 1/3, respectively, so the total weight of the bin is at most
1/2+19/12-2/3 < 19/12 0or 1 +19/12 - 1/3 < 19/12, respectively. Lastly, if the optimal bin
does not contain any B item, then the weight of the bin is at most 19/12, since the total weight is
at most 19/12-times the total size of the items in the bin. It follows that f = 0. Now we will show
that the weight of any F'F'D(Bs) bin is at least 1, with at most two exceptions. One exceptional
bin is the last F'F'D(Bs) bin, where the shortage is smaller than 1. The level of any other bin is
larger than 1 — Y > 2/3. If there is no Z-item in the bin, then the weight of the bin is at least
2/3-19/12 > 1. If the bin contains two Z items, the weight of the bin is at least 7/6. Hence
suppose that the bin contains exactly one Z-item, this item being smaller than 1/2. Since the level
of this bin is larger than 2/3, the bin must contain at least one other item v, which has a size at least
Y > 1/4. Note that the weight of any regular item is at least 19/12 - 1/4. If there are two regular
items in the bin, the weight is greater than 1. If there is one regular item in the bin, the weight is
at least 7/12 + 19/12 - 1/4 = 47/48, i.e. the shortage is at most 1/48. We claim that two bins,
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denoted by (z1,v1), (22, v2), cannot occur, where both have a shortage, and z;, z; are Z items and
v1, Vg are regular items. Suppose there are two such bins. If any of vy, v, is larger than 1/3, then
the weight of its bin is larger than 7/12 +19/12 - 1/3 > 1, which is a contradiction. Thus both v,
v have sizes of at most 1/3. If any of 21, 23 had a size of at most 1/3, then its bin would have a
level of at most 2/3, which is a contradiction. Thus both z;, z» have sizes above 1/3 (and at most
1/2). It follows that z; would end up together with an item of at least the size of z5, which is a
contradiction. Thus the claim follows. We have proved that the total shortage is at most 1 + 1/48
in the F'F'D(By) bins. Then from f = 0and h < 1/2+ 1 + 1/48, (7.2) follows.

Subcase 3.2. 1/6 < Y < 1/4. Then any items in B; U B, are larger than 1/6, thus no three
items can share a bin with a grand item. Moreover a bin containing a grand item and a medium
item does not contain any other item. We will define the weights of the B items as follows. Let
a B, item, say v, be called irregular if v is packed into some optimal bin together with a grand B,
item. We further divide the set of irregular items. If v is the only one B, item in the optimal bin
(besides the grand B, item), v is denoted as a Z-item. Otherwise, if there are two irregular items
in the optimal bin of the grand B, item, these two items will be denoted as a U item and a V' item,
respectively, where the U item is not smaller than the V" item. Note that any Z item is smaller than
1/2, any U item is smaller than 1/3, and any V' item is smaller than 1/4. Their weights are 7/12,
1/3, and 1/4, respectively. Each remaining item v € By\ (Z U U U V) is called a regular Bs
item, and is denoted as an R item. For any R item, w(v) = $v. Since the size of any item is larger
than 1/6, the weight of any R item is larger than 19/72 > 1/4. It follows that the weight of any
(regular or irregular) B, item is at least 1/4. We will introduce a notation for the F'F'D(Bs) bins.
For example, if the bin contains one Z-item and one U-item, we will denote this bin as a (Z, U)-
bin. If the bin contains one U-item, one V-item and an R-item, the bin is denoted as (U, V, R). A
similar notation is used for any kind of the F'F'D(B,) bins, according to the classes of the items
in the bin. First, we will show that the weight of any optimal bin is at most 19/12. Suppose the
bin contains a grand B; item. If the bin just contains this item, the claim holds. If the bin contains
a grand B, item and a medium-sized B, item, then no further item can fit into the bin, and the
weight is only 1.5. Otherwise the optimal bin contains a grand B; item, and one or two B, items.
If it contains only one B, item, it is a Z item with weight 7/12. Otherwise it contains a U and a V'
item with total weight 1/3 4+ 1/4 = 7/12. In each case the claim holds. Now suppose that the bin
does not contain a grand B; item. It means that the bin contains two, one or zero medium-sized
B items, and several regular items. In this case we find in the same way as in Subcase 3.1 that the
weight of the bin is at most 19/12. Since no optimal bin has a shortage, we have shown that f = 0.
Now we will show that the weight of any F'F'D(B,) bin is at least 1, except for a finite number of
exceptional bins, and in the exceptional bins the total shortage is at most 1.5. Recall that for the
FFD(By) packing, except the last bin (which is one of the exceptional bins), the level of any bin
is strictly larger than 1 — Y > 3 /4. If there are only regular Bs-items in the bin, then the weight of
the bin is at least 3/4 - 19/12 = 12 > 1. If the F/F"D(B;) bin contains at least four items, then the
weight of the bin is again at least 1. If the bin contains only one item (and this is not the last bin),
this item is surely a grand item; then it follows that this item is a regular B, item, and this case has
already been considered. So it just remains to consider the cases where an F'F'D(Bs) bin contains
two or three items, and not just regular items. First, consider the 2-bins among the F'F'D(B,) bins.
Since there is at least one irregular item in the bin, only the following bin types can occur, which
are listed in the table below.
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1 1 1

The (Z,V), (2U), (U, V), (2V) bin types are impossible, since the level of the bin would be
at most 3/4. With a (27) bin, the weight of the bin is 7/6. For the (V, R) bins, the size of the R
item is at least 1/2; otherwise the level of the bin remains below 3/4, and the weight of the bin
is atleast 1 + 1/2- 12 = £ > 1. There remains the following: (Z,U), (Z, R) and (U, R). We
will show that there can be at most one bin from each type with a shortage. - (Z,U) type. The
weight of such a bin is 5 + & = 13; i.e. each such bin has a shortage of -. Since U < 1/3, the
Z item must be larger than 1/3; otherwise the level of the bin remains below 3/4. Recall that a Z
item has a size of at most 1/2. Suppose there are two such bins, denoted by (z1,u1) and (29, uz).
Then F'F'D would not open a new bin for z5, which is a contradiction. - (Z, R) type. If the size of
the R item is at least 1/3, then the weight of the bin is is at least 7/12 + 1/3 - 19/12 = > 1.
Otherwise R is smaller. The Z item must be larger than 1/3 (but at most 1/2); otherwise the level
of the bin cannot be above 3/4. It follows that there cannot be two (Z, R) bins with R < 1/3
(since F'F'D would not open a new bin for the second Z item). Thus there can be at most one
(Z, R) bin with a shortage. The size of the R item is bigger than 1/4; otherwise the level of the
bin cannot be above 3/4. So the weight of such a bin is at least 7/12 4+ 1/4 - 19/12 = 47/48.
Moreover, from such a bin type we can have a shortage of at most 1/48. - (U, R) type. Since the
size of the U item is at most 1/3, and the level of the bin is above 3/4, the size of the R item is
above 3/4 — 1/3 = 5/12. Thus the weight of the bin is at least 1/3 + 5/12 - 19/12 = 143/144.
We have seen that the R item is the larger item in the bin. If the R item has a size of at least 1/2,
the weight of the bin is at least 3 + 3 - 19/12 = £ > 1. It follows that two (U, R) bins, both having
a shortage, cannot occur since F'F'D would not open a new bin for the later R item. It follows that
the shortage is at most 1/144 from this type. Summarizing the results, there can be a shortage of at
most 1/12+1/48+41/144 = 1/9 created by the 2-bins. Now let us consider the 3-bins, containing
at least one irregular item. If the bin contains a Z-item and two other items, then the weight is at
least 7/12 + 2 - 1/4 > 1. In the remaining cases the (one or two) irregular items in the bin are at
most small items. If there is a regular item in the bin with size at least 1/3, the weight of the bin is
atleast2-1/4+1/3-19/12 = 37/36 > 1. It follows that all three items in the bin are at most small
items. If there are three small items in the bin, it means that the bin is of type (2U, R), or (U, 2R)
(since V' is tiny, and there is at least one irregular item in the bin). In these cases the weight is at
least 2/3 +1/4-19/12 = 17/16 > 1, 0or 1/3+2/4-19/12 = 9/8 > 1. The case that all three
items are tiny is impossible, since then the level of the bin is at most 3/4. We conclude that any
remaining bin contains at least one small item, but at most two small items, and the other items are
tiny. But there can be at most one such bin, since three small items always fit into one bin, hence
the third small item among them cannot open a new bin. The weight of such a bin is still at least
3/4, since the smallest weight is at least 1/4. Thus with some 3-bin we can have a shortage of at
most 1/4. Thus the total shortage is at most the following: 1/2 caused by the last F'F'D(B;) bin;
moreover at most 3/4 caused by the last F'F'D(B,) bin (since this bin contains a tiny item); and a
further shortage of at most 1/9 + 1/4 is caused by some other F'F'D(B>) bins (some 2-bins and
a 3-bin). This is altogether a total shortage of at most h < 1/2+43/4+1/9+ 1/4 < 2,50 (7.2)
follows.

A <|C|IN
2
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Subcase 3.3. 1/7 < Y < 1/6. For the B, items we introduce the following weighting. (We
call the items of the appropriate classes as C, D, ..., J items). As regards the B, items, we say that
an item a is in some higher class than item b, if they are in different classes and a > b. We will use
the notation H + C' > 5/14 + 1/7, which means that the total size of any item from class H and
any item from class C' is larger than the right hand side. The statement trivially follows from the
definition of the classes. Similar notations are also used for the other classes.

Class Weight | ratio of w(a)/a
2/3<J<1 1 w(a)/a < 3/2
1/2<1<2/3 | 10/12 | w(a)/a <5/3
5/14< H<1/2| 7/12 | w(a)/a<5/3
1/3<G<5/14| 5/12 | w(a)/a <5/4
1/i<F<1/3 | 4/12 | w(a)/a < 4/3
4/21 < E<1/4 | 3/12 | w(a)/a <4/3
1/6 <D < 4/21 | 2.5/12 | w(a)/a < 5/4
1)7<C<1/6 | 2/12 | w(a)/a<T7/6

First, we will show that the weight of any optimal bin is at most 19/12, except for the (N, M, C)
optimal bins. We will analyze them according to the largest item of Bs.

case a, Suppose the bin contains a grand 5, item and no other B, item. If the bin contains a
item, then no more items fit into the bin since H + C' > 5/14 4+ 1/7 = 1/2. If the bin contains a
G item, then only one C item fits into the bin as another item. In both these cases the total weight
is at most 19/12. If the bin contains an F' item, then only one other item can be in the bin; and as
this item is not larger than an E item, the total weight is at most 19/12. If the bin contains an £
item (and no item from some higher class), then at most two other items can be in the bin. If there
are two such items, both must be C' items, since C' + D + E > 1/7+ 1/6 + 4/21 = 1/2, and the
total weight is again at most 19/12. Lastly, there are at most three other items in the bin, and not
all three items can be D items. Thus the total weight is at most 1 + 2 - 5/24 +2/12 = 19/12.

case b, The bin contains two medium-sized B; items. If the bin does not contain more items,
its weight is just 1. Otherwise it can contain at most two other items which are B, items. If the
bin contains an F item, or an E item, no other item fits into the bin, since 2/3 +4/21 + 1/7 = 1.
In these cases we are done. Otherwise the bin has at most two other items, and the total weight is
smaller than 19/12.

case ¢, The bin contains one medium-sized B; item, and no more B; items. If the bin contains
an [ item, then only one C' item fits as another item in the bin, and the total weight is at most
1/2+410/12 4+ 2/12 = 18/12. If the bin contains a H item, and one other item, this one is at most
an [ item, and the total weight is at most 1/2+7/12+4/12 = 17/12. Suppose the bin contains a
H item and two other items. Then both other items must be C' items, since otherwise the total size
is more than 1/3 +5/14 + 1/6 4+ 1/7 = 1. Thus the total weightis 1/2 + 7/12 +4/12 = 17/12.
Otherwise the bin contains a medium-sized B; item, and all other items are B, items, and none of
them comes from classes H or above. For these classes w(a)/a < 4/3 holds, and the total size
of the B, items in the bin is at most 2/3, so we find that the total weight of the bin is at most
1/2+2/3-4/3=25/18 < 19/12.

case d, The optimal bin contains only several B, items. If the bin contains a J or a [ item, its
size is more than 1/2, and its weight is at most 1, and the calculation is similar to case a, replacing
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the J or [ item by a grand B, item. If the bin contains two [ items, then at most one other item
fits into the bin which is at most an " item, and the total weight is at most 2-7/12+4/12 < 19/12.
Suppose the bin contains one H item. The total weight is at most 7/12 +9/14 - 4/3 = 121/84 <
19/12, since the total size of the other B, items in the bin is at most 9/14, and the w(a)/a ratio for
these items is at most 4/3. The calculation is similar if all the items are from smaller classes.

case e, The weight of an (/V, M) bin is (only) 1.5.

case f, The optimal bin contains a grand B, item and also a medium-sized B; item, and some
other item. The latter can be only a C' item, since no other item fits into the bin. Now let us
consider an (N, M, C') optimal bin. The weight of the bin is 3/2 + 2/12 = 20/12, which means
that the bin has a shortfall of 1/12.

We have investigated all the cases and it turned out that any (N, M, C') optimal bin has a
shortfall of exactly 1/12, and no other bin has a shortfall. Next, we consider the F'F'D bins. The
FFD(B;) bins have a shortage of at most 1 in total. Now will we show that any F'F'D(Bs) bin
has a weight of at least 1, apart from at most five bins. Note that the level of any F'F'D(Bs) bin
(except for the last one) is larger than 1 — Y > 5/6. In this last F'/F'D(B,) bin we have a shortage
of 5/6, since the Y item is a C' item. Now we will consider the other F'F'D(B,) bins. If there is a
J item in the bin, the weight is at least 1. Otherwise, if there is an [ item in the bin, it cannot be
the only one item in the bin since the level of the bin is above 5/6. Since the smallest weight is
2/12, the weight of the bin is at least 1. In the following, we will suppose that any item in the bin
is at most a /{ item. For this we will need the following claim:

Claim. If (i) there are two H or (G items in the bin, or (ii) there are three F' items in the bin, or
(iii) there are four E items in the bin, or (iv) there are five D items in the bin, or (v) there are six C'
items in the bin; the weight of the bin is at least 1.

Proof of the claim: The claim trivially holds in all cases except (i). Hence, let us consider case
(). If at least one of the two items in question is a H item, the total weight is at least 1. Otherwise
both items are G items. Their total size is at most 5/7 < 5/6, so there must be another item in the
bin, with weight at least 2/12, and the claim also holds in this case. [J

Now we will return to the remaining cases. Since any item in the bin is from classes C' to
H, it only remains to consider that (a) there is exactly one H or (G item in the bin (and other
items from smaller classes), or (b) there are at most two F' items in the bin (and some other items
from smaller classes), or (c) there are at most three £ items in the bin (and some other items from
smaller classes), or (d) there are at most four D items in the bin (and some other items from smaller
classes), or (e) there are at most five C' items in the bin. Case (e) is not possible, since the level of
the bin would be too small. Our main consideration here is that there can be at most one bin from
any other type (a)-(d). This is true, since two H or GG items always fit into a common bin, three
F' items always fit into a common bin, and so on. It follows that there is at most one bin with a
shortage from any type (a)-(d). Note that w(a) > a holds for each class. Since the levels of these
bins are larger than 5/6, the shortage in any such bin is at most 1/6. Thus the total shortage of the
FFD(Bs) packing is at most 4/6 from the types (a)-(d), and there is an additional shortage of 5/6
in the last F'F'D(Bs) bin, which means altogether a shortage of at most 9/6 = 3/2. We claim that
f < u holds. We have a shortfall only in the (N, M, C') optimal bins. But for any such optimal
bin there exists an (N, M) bin with weight 1.5 in the F'F'D(B,) packing, according to Lemma
7.1.1. We can show this as follows. Let the number of the (N, M, C') optimal bins be g. Then the
maximum number of (N, M) pairs in the list is p > ¢. Then in the F'F'D(B;) packing exactly
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p pairs, i.e. (N, M) bins will be created. It follows that if there are [ > 0 optimal bins of type
(N, M, (), having a shortage of [/12 in total, then there exists [ bins in the F'F'D(B;) packing,
providing a surplus of //2 in total. For the value of h we get h < 1/2 4 3/2 = 2, where 1/2
stands for the last F'/F'D(B;) bin, and 3/2 stands for the F'F'D(Bs) bins. Thus we conclude that
h—u+ f <2, ie. (7.2) holds.

Subcase 3.4. Y < 1/7. Let each item v € B; has a weight w(v) = £ - v. Now consider the
optimal bins. If the bin does not contain any B; item, the weight of the bin is at most 7/6 < 19/12.
If the bin does not contain a grand B, item, but contains one or two medium-sized items, the weight
isatmost 1/24+2/3-7/6 = 23/18 or 1 +1/3 - 7/6 = 25/18 < 3/2 < 19/12, respectively. If
the bin contains a grand B, item and does not contain any medium-sized B; item, its weight is at
most 1 +1/2-7/6 = 19/12. Lastly suppose that the bin contains a grand B; item, a medium-sized
B, item, and possibly some other Bs items. The weight of an optimal bin like this is at most
1+1/2+4 -+ = 61/36, which means that any such bin can have a shortfall of at most 1/9.
But for any such optimal bin there exists a (N, M) bin with weight 1.5 in the F'F'D(B;) packing,
according to Lemma 7.1.1. In a similar way as at the end of Subcase 3.3., we find that the total
shortfall of the optimal bins is covered by the total surplus of the F'/F'D(Bj) bins. The weight of
any other optimal bin is at most 19/12; and, moreover, any other F'F'D(By) bin has weight at least
1, except the last bin, which can have a shortage of % The weight of any F'F'D(Bs) bin, except
the last one, is at least 1. As we saw earlier, f < u holds. For the value of h we get h < % +1,
where 1/2 and 1 stand for the last F'F'D(B;) bin and last F'F'D(B5) bin, respectively. Thus we
conclude that (7.2) holds.

Case4. X < 1/3andY > 1/3. This case can be treated in exactly the same way as Case 3.

Finally we will prove that the (asymptotic) bound is tight for the algorithm. Let B; consist
of 12n items of size 1/4 + ¢, and 12n items of size 1/4 — 2¢ (with an appropriate choice of a
small ¢), and let B, consist of 12n grand items of size 1/2 + . Then OPT(By, By) = 12n, while
FFD(By) = 4n + 3n, FFD(B,) = 12n; hence F'F D(By, By) = 19n, so the statement follows.
Moreover, it is easy to see that applying the same construction, but with OPT' = 12n + 9, we get
the following. FFD(B;) = (4n+3)+ (3n+3), FFD(B;) = 12n+9, and so FF'D(By, Bs) =
19n+15 = % (12n+9) + 3/4, hence the additive term in the theorem cannot be smaller than 3/4.
O

Now let us discuss the connection between the augmenting and the disjunctive models of BB P.
We restrict our investigations here to just considering the behavior of the /'F'D algorithm in the two
models. If we apply the F'['D algorithm in the augmenting model in the way that we are allowed,
but we do not use the bins of the first batch, this algorithm is an 19/12-approximation algorithm.
Do we get a better algorithm in the sense of the asymptotic bound, if applying the /'F'D algorithm,
we also use the bins of the first batch, since it is allowed? The answer is no, since this lower bound
construction we just have seen in the end of proof of Theorem 7.1.1 also works for the augmenting
model (i.e. F'F'D is allowed to use any bins of the first batch, but it cannot). Let R,(F'F' D) and
R4(FFD) denote the (asymptotic) approximation ratios of the appropriate versions of F'F'D in
the two models in question, respectively (considering only K = 2). We proved in Theorem 7.1.1
that Ry(FFD) = 19/12, and from the previous note we have R,(FF'D) > Ry(FFD). Now we
show that the opposite inequality also holds.

Lemma 7.1.2 R,(FFD) < Ry(FFD), if K = 2.
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Proof. Let FF D' denote F'F'D for the augmenting model (for the disjoint model, call it simply
FFD). Now consider an output of F'F'D’ for a list L’. Let L be the list of items we get from
L', deleting the items of the second batch that F'F'D’ placed into bins of the first batch. We have
FFD'(L") = FFD(L), while OPT (L) < OPT(L'), since L C L'. We know that F'/F'D(L) <
R4(FFD)-OPT(L)+C (for an additive constant C' > 0), and therefore F'F'D'(L') < Ry (FFD)-
OPT(L'") + C. This proves that R,(FFD) < Ry(FFD,). O

Corollary 7.1.2 R,(FFD) = Ry(FFD), if K = 2.

The statement of the corollary, is the reason why we proved the asymptotic approximation
bound 19/12 in the disjunctive model. As we cannot get any gain to construct the proof in the
augmenting model, only the proof would require more effort. Proposing and investigating some
other algorithm than F'F'D for the BB P problem is also an interesting direction for further study.

Remark 7.1.1 (i) The precise connection between the B P problem and the BB P problem is not
completely understood. For the BB P problem with K = 2, we presented the first approximation
algorithm, with asymptotic approximation ratio 19/12 ~ 1.5833, which is strictly smaller than the
best known asymptotic approximation ratio for online BP; i.e. 1.5888 ([77]). For K = 2 there
still remains a gap between the lower and upper bounds. It would be nice to tighten this gap.

(ii) It does not help in this sense, if we apply algorithm F'F'D for K = 3 in the disjunctive model.
It is obvious that its asymptotic approximation ratio is at least 5/3, so this algorithm is not too
efficient. Let n be the number of optimal bins, and let the following items be in any optimal bin:
1/24¢, 1/3+¢, 1/6 —2¢. Then let the batches contain the tiny items, the medium items and grand
items, in this order. It is easy to see that FF D(By, By, B3)/OPT = 1/6+1/2+1 = 5/3. Or; ifthe
first half of the first batch contains n items of sizes 1/12+ ¢, while the second half of the first batch
contains n items with sizes 1/12 — 3¢, we get the slightly better ratio FF D(By, By, Bs)/OPT =
11+ 1/12+1/2+1 = % ~ 1.6742. And what happens if K — oo, and we apply the FF D
algorithm for each batch in the disjunctive model? As each batch can consist of a single item, we
can apply the lower bound construction of the F'F' algorithm, and we get a tight (asymptotic and
also absolute) approximation ratio 1.7; for details, see [23, 24].

(iii) Further, applying any algorithm in the disjunctive model, as the number of batches grows,
it can be shown that the approximation ratio must be at least that of the harmonic algorithm,
namely 1.69103. We can see this as follows. In the tight worst case example of the Harmonic(K)
algorithm, each optimal bin contains an item of size 1/2 + ¢, an item of size 1/3 + ¢, an item of
size 1/7 + ¢, an item of size 1/43 + ¢, and so on. (After defining the initial couple of items, the
remaining room in the bin, not considering the small epsilons, is just 1/k for some k. Then the
next item type is 1/(k + 1) + ¢). This sequence of items contains K item types. Then in the BB P
problem, choosing the same K, we let the i-th smallest items be in the i-th batch. Since these items
have the same size, no algorithm can pack them better than the Harmonic(K) algorithm, and the
statement follows.
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7.2 An improved result for the G B P problem

In [11], a general packing algorithm is given for the G B P problem, with absolute approximation
ratio 3, in the case where the graph which is to be packed is bipartite. Now we will present an
improved algorithm with absolute approximation ratio 19/12 + 1 = 31/12 ~ 2.5833, for this
restricted case.

Let G(A, B, E) be the bipartite graph in question, where VV = A U B is the set of points (also
called items) of the bipartite graph, and F is the set of edges. Any point v € V has a size, denoted
by 0 < s(v) < 1. Moreover for any e(a, b) edge (a € A,b € B) an integer lower bound will be
denoted by d(a,b) > 0. In this special case of the GBP problem, the goal is as follows: Let us
pack the items into as small a number of bins as possible, in such a way that for any two items
a € A,b € B, if they are packed into bins B; and B}, respectively, the indices of their bins must
satisfy |i — j| > d(a,b), and the total size of items in any bin cannot exceed 1. Let d denote the
maximum of the prescribed lower bounds, i.e. let d = max{d(a,b) | e(a,b) € E'}. (We suppose
that d > 1, otherwise there is no lower bound restriction.) In this section, let O PT be the number
of bins in an optimum packing. Then it naturally follows that OPT > LB; = d + 1.

Let O PTg denote the optimum value of the relaxed problem, where the lower bounds on the
edges are neglected; i.e. we simply consider the packing problem of items AUB. It trivially follows
that OPT > OPTg. Moreover if we apply our BP P algorithm for the two sets of nodes after
each other, Theorem 7.1.1 holds, hence FFD(A, B) < % - OPTR + 2. Now we will introduce a
very simple algorithm called M aster with the absolute approximation ratio of 31/12. The number
of bins created will also be denoted by Master.

Algorithm Master

1. Pack items of A by bin packing algorithm F'F'D. The packing (and also the number of
the bins used) will be be denoted by FFD(A). Now we pack items of B into new bins
(independently of the packing of set A); let the packing of set B; and let the number of bins
used be denoted by F'F'D(B). In this step, the lower bound constraints are totally neglected.

2. We leave d — 1 empty bins between the two packings; end.

Note that we are quite liberal when performing this Step 2. However, by applying Step 2,
the packing of Master naturally will be feasible, so we do not need to deal with the lower bound
restrictions. Roughly saying, Step 2 increases the absolute approximation ratio by 1, as is shown
in the following theorem.

Theorem 7.2.1 The absolute approximation ratio of the Master algorithm is at most 31/12.
Proof. For any input, it follows that

Master = FFD(A) + FFD(B) +d—1
=FFD(A,B)+d—1
<19/12-OPTr+2+ (d—1)
—19/12- OPTy + LB, < 31/12- OPT.
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Chapter 8

Appendix

8.1 Appendix A

Here we give a simplified, short proof of the following result proved originally in [79].
Theorem 8.1.1 I[fOPT = 5 then FFD < 6.

Proof.  Suppose for a contradiction that L is a minimal counterexample such that OPT = 5,
and FF'D = 7. From Lemmas 3.1.1 and 3.1.5 it follows that the last item, X is between the next
bounds: 1/5 < X < 1/4. Since all items fit in the optimal packing into five optimal bins, it follows
that >, pr < 5. Moreover X does not fit into any previous F'F'D bin, thus we get

I(B)>1-X, i=1,...,6. (A.1)
O

Recall that each optimal bin contains at least three items, thus the total number of items is at
least 15. Moreover each F'F'D bin but the last one contains at least two items. Since X > 1/5
holds for the smallest item, no (optimal or /'F'D) bin contains more than four items.

Lemma 8.1.1 The level of each FFD bin is strictly less than 4X, thus each FFD bin contains at
most three items.

Proof. Suppose that the level of B; is at least 4.X. Applying (A.1), it follows that
5> =X +1(B)+ Y I(B)>X+4X +5(1-X) =5
k=1 i, i£T
which is a contradiction. U

In the following we use A;;, to represent the k-th item in the i-th /'F'D bin and A}, to represent
the k-th item in the ¢-th optimal bin.

Lemma 8.1.2 Suppose that B; and B; contains two and three elements, respectively. Then i < j.
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Proof.  Suppose to the contrary that B; and B; are two consecutive bins (i.e. 7 = ¢ + 1), and B;
contains three elements, while B; contains only two. Suppose that A;; + A;2 > A;; + Ajo. Because
A,z fits into the ¢-th bin, and A;3 > X, it follows that X fits into the j-th bin, a contradiction. Thus
Aji + Ajp < Aji + Ajo. Moreover, from A;; > Aj; it follows that A;5 < Ajs. Thus Ajs is packed
before A;o, and it did not fit into the i-th bin, thus A;; + Ao > 1 while A;; + A;2 + A;3 < 1. Hence
Aj1 > Ajg > Ajp+ Ajs > 2X, and then Aj; + Ajo > 4X, contradicting Lemma 8.1.1. O

By Lemma 8.1.2, the /'F'D bins at the beginning contain two items, the following ones contain
three items, and the last one contains only one, namely the last item. Then the 6-th F'F'D bin must
contain three items (otherwise the number of items is at most 6 - 2 + 1 = 13).

Lemma 8.1.3 Each item coming after Ag ; is regular.

Proof.  For the sake of simplicity, let Ag; be denoted as U. Suppose that Z comes later than U
(but not necessarily right after U), and is packed into some previous bin. Since By contains three
items, it follows that [ (Bg) > U + 2X. On the other hand the level of the bin where Z is packed,
ismorethan 1 — U + Z > 1 —U + X. Using (A.1), we get

523 > X+ (1-U+X)+(U+2X)+4(1 - X) =5,
k=1

a contradiction. O

It follows that the three items of the 6-th F'F'D bin are three consecutive items, and the next
item is the last item X, which is packed into the last F'F'D bin. We get the next

Corollary 8.1.1 The four smallest items cannot fit into one bin, and thus each optimal bin contains
exactly three items.

Now we are ready to prove Theorem 8.1.1. Since each optimal bin contains exactly three items,
and each F'F'D bin contains two or three items except the last F'F'D bin, the number of items is
exactly n = 15, and the F'F'D bins contain 2-2-2-2-3-3-1 items.

Consider the fourth F'F'D bin (it is a 2-bin). We know that A4; + A4+ X > 1. Item A4; cannot
be earlier than p4, thus A4, < p4, and Ay comes after Ay, thus Ays < ps, therefore py+ps + X >
1. Suppose that items A}, 2 = 1,...,5 are not the five biggest items. Then there exists some j,
for which A;fQ comes not later than the fifth item, i.e. AjQ > ps. It follows that A;l > p4, but then
1 <ps+ps+X < A+ Ajy + Aj; < 1, acontradiction. Thus items A7y, i = 1,..., 5 are the first
five items; we can suppose without loss of generality that A, = p; fori = 1,...,5. Then A;Q = P
for some j, and it follows that ps +ps + X < A% + Aj,+ A3 < 1. Thus the first item in the fourth
F'F D bin cannot be ps or some later item (because then Ay + Ay + X < ps+ps+ X < 1). We
have seen that A4; cannot be earlier than p,, hence Ay; = py, i.e. the first four items are packed
into different F'F'D bins. Thus from the F'F'D rule it follows that p; > ps > p3 > 1/2. Then the
sum of the sizes of the other four items being in the optimal bins of p; and p- is less than 1, thus the
four smallest items fit together in one bin, contradicting Corollary 8.1.1 and completing the proof.

111



dc_1295 16

8.2 Appendix B

Here we give the omitted case (Case 2/11 < X < 1/5, and OPT < 18) from the proof of the
FFD algorithm.

If X < 1/5, the general investigations (apart from one very hard branch) will be significantly
easier under the assumption OPT > 19, by making use of the fact that in most cases a large
number of optimal bins provides us with large total reserve. In this sense, less flexibility makes the
cases with small O PT values harder, despite that they look like “just something finite”.

Therefore, in this section our goal is to prove that if X < 1/5, then OPT < 18 is impossible.
Due to our previous calculations (given in Remark 3.1.3) only the following cases remain to con-
sider: OPT = 10 + 4k, while FFF'D = 13 + 5k, for some k € {0, 1, 2}, thus these equalities are
assumed in this section. First we find some properties that must hold in this case. Since all items
fit in the optimal packing into 10 4 4k optimal bins, it follows that > 7' py, < 10+ 4Fk. Recall that
item X does not fit into any previous F'F'D bin, thus we get

I(B)>1-X, i=1,...,12+5k (8.1)

Lemma 8.2.1 For1 < j < 3, the sum of the levels of any j bins among the first 12 4+ 5k FFD bins
is strictly less than (7 — 1) (1 — X) + 5X.

Proof. Suppose that there are j bins among the first 12 4+ 5k FFD bins with total level at least
(7 —1)(1 — X) 4 5X. The level of any other FFD bin, except the last one, is bigger than 1 — X,
thus we get

10+4k > pe> (= 1) (1= X)+5X + (124 5k — j)(1 - X) + X
k=1
=10+4k+ (k+1)(1 —5X) > 10 + 4k,

which is a contradiction. O

Corollary 8.2.1 (a) Let B; be an arbitrary FFD bin. Then | (B;) < 5X, thus each FFD bin
contains at most four items.

(b) Let B; and Bj be two arbitrary FFD bins. Thenl (B;) +1(B;) <14+4X <2 — X.

(c) Let B;, Bj and By, be three arbitrary FFD bins. Then | (B;) + 1 (B;) + 1 (By) < 2+ 3X.

Proof. We apply the previous lemma with j = 1, j = 2, or j = 3, and the fact X < 1/5 (and that
the level of the last FFD bin is only X). O

Lemma 8.2.2 Let B; and B with 1 < i < 12+ 5k and j = i + 1 be two consecutive FFD bins at
any time of executing the algorithm before X has arrived. Let the next item be U. If B; contains
more items than B, then U fits into B;.

Proof. If Bj contains zero or one item, the statement follows. From Corollary 8.2.1 (a) we already
know that no FFD bin contains five or more items. Thus, it follows that B; contains two or three
items.
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Case 1. B; contains four items. Because A; 5 + A;3 + A;4 > 3X > 1/2 > A, it follows that
A, - would fit into the previous bin if B; contained only A, ; at this moment. Thus A;, comes
before A;- and therefore A;» > A;,. Suppose first that B; contains two items. Then U fits
into the j-th bin since U < A;3. Now suppose that B; contains three items right before the
arrival of U. If A;3 > A;3 then A;3 comes before A; 3 and does not fit into the :-th bin, thus
Ajs > A;3+A; 4 > 2X. Then the level of the j-thbinisatleast A;; + A0+ A;3 > 343 > 6X,
a contradiction. Thus A; 3 < A, 5. Because U < A, 4, the item U fits into the j-th bin.

Case 2. B, contains three items; then B; contains two items. If A;,; + 4,2 > A;; + A, ,, then
because A, s fits into the ¢-th bin, and A; 3 > U, it follows that U fits into the j-th bin. Now assume
that A;1 + A0 < Aj1 + Ajo. Because A;; > A; 1, also A; o < A;, follows. Thus A 5 is packed
before A, -, and it did not fit into the i-th bin, thus A;; + A;2 > land A;; > A;o > 1 — A, ;.
If A;; > 3X, then the level of the i-th bin is at least A, ; + 2.X > 5.X, this contradicts Corollary
8.2.1 (a). Thus let A; ; = 3X — a with some o > 0. Then

I(B))+1(Bj)>3X —a+2X+2(1-3X+a)=2-X+a>2-X
contradicting Corollary 8.2.1 (b). O

Corollary 8.2.2 Let B; and B; be two consecutive FFD bins with j = ¢+ 1 < 13 + 5k. Then
having executed the algorithm, B; cannot contain more items than B;.

Lemma 8.2.3 Suppose that some bin, say B;, contains four items after the execution of algorithm
FFD. Let U = A, ; be the first item in this bin. Then there is no fallback item after U.

Proof. Suppose that Z comes later than U (not necessarily right after U), and is packed into some
previous bin. Because B; contains four items, it follows that [ (B;) > U + 3X. On the other hand
it holds that the level of bin(Z) exceeds 1 — U + Z > 1 — U + X. We get

L(B;)+1(bin(Z)) >(1-U+X)+ (U+3X) =1+4X,

contradicting Corollary 8.2.1 (b). O

It follows that, in a bin B; with four items, the items are four consecutive ones, i.e. they are in
the order right after each other, and are packed into this bin. Since no five items can be packed into
the same FFD bin, the next item, say Uy, is packed into the next bin. If this next /'F'D bin is not
the last /'F'D bin, then this bin also will contain four items according to Corollary 8.2.2, thus U,
and the next three items are packed into one bin, and so on.

Definition 8.2.1 A fallback item Z is called Y -fallback if Z comes later than Y (not necessarily
right after Y'), Y is a first item in some FFD bin, and Z is packed into an earlier bin than bin(Y").

Lemma 8.2.4 IfY < 2X, then there can be at most one Y -fallback item.

Proof. Suppose Z is a Y-fallback item. By definition, Y is the first item in its bin. Then, since
Y < 2X, and since no item of size bigger than 1 — 2.X exists, it follows that the bin where Z will
be packed contains at this moment at least two items. It cannot contain at this moment three items,
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since then we get a contradiction to Lemma 8.2.3. Thus bin(Z) already contains exactly two items
just when Z is packed there, let these items be A and B; and Z is the last item in this bin.

Suppose that there is another Y-fallback item, say U. Then bin(Z) and bin(U) are different
bins, since U and Z are both third items in their bins, moreover both bin(Z) and bin(U) are earlier
bins than bin(Y'). At the moment when U is packed, bin(U) already contains exactly two items,
let they be C' and D; and U is the last item in this bin.

From Corollary 8.2.2 and Lemma 8.2.3 it follows that after the entire running also bin(Y)
contains exactly three items; let the other two items in this bin be S and 7. We assume, without
loss of generality, that S precedes 7" and that bin(Z) is a bin earlier than bin(U).

Case 1. U comes before Z. Then since U is not packed into bin(Z), it follows that U did not
fit into bin(Z2), thus [ (bin(Z)) > 1 —-U + Z > 1 —U + X. Also it follows that [ (bin(U)) >
1-Y+U>1-2X + U, thus we get

L(bin(2)) + 1 (bin(U)) > (1 = U+ X)+ (1 —2X + U) =2 — X,

which contradicts Corollary 8.2.1 (b).
Thus in the following we suppose that Z comes before U.

Case 2. Z comes after S (where S is the second item in bin(Y")). Then U comes also after S, since
Z precedes U. Then A+ B+Y > 1,and C + D + S > 1, since Y did not fit into bin(Z), and S
did not fit into bin(U). Thus we get

L(bin(Z)) + 1 (bin(U)) + L (bin(Y))
=(A+B+2)+(C+D+U)+ (Y +S5S+1T)
=(A4+B+Y)+(C+D+S)+(Z+U+T)
>1+1+3X,

contradicting Corollary 8.2.1 (c).

Case 3. Z comes before S and 7. Then it follows that U must precede both S and T (since when
the first item among U, S and 7" comes, bin(Z) contains three items, and bin(U) contains only two
items, thus the just arriving item fits into bin(U) by Lemma 8.2.2). Then since D is not packed
into bin(Z) (no matter whether B is already packed here or not), it follows that A + B + D > 1,
furthermore C' > Y, and min{Z, U} > max{S, T}, moreover Y + S + T > 1 — X, hence we get

L(bin(Z))+1(bin(U)) =(A+B+Z)+(C+D+U)
=(A+B+D)+(C+Z+VU)
>1+ Y +5+17)
>14+1-X=2-X,

contradicting Corollary 8.2.1 (b). ]

Corollary 8.2.3 Suppose that Y < 2X and Z is a Y -fallback item. Then both bin(Z) and bin(Y")
are 3-bins.
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After this treatment, let Y denote in this section the first item in the bin before the last F'F'D
bin, i.e. Y = Ajp.5,1. We already know that Y > 1/5, otherwise there would be five items in
bin(Y'), contradicting Corollary 8.2.1 (a).

Lemma 8.2.5 The size of Y is at most 1/3.

Proof.  Suppose to the contrary that Y > 1/3. Let g denote the number of items bigger than a
half (which are called giant items). Let [ be the number of large items, where an A is defined to
be large if 1/3 < A < 1/2. Since the ¢ giant items are packed into different F'F'D bins, it follows
that there are at least 2 (11 + 5k — g) + 1 large items in the next F'F'D bins (and some more can
also occur in the bins of the giant items). In an optimal packing a giant and a large item cannot be
packed into a common bin (since there are at least three items in each optimal bin, and too small
room remains for the third item), the giant items are packed into different bins, and at most two
large items can be packed into an optimal bin. It follows that OPT > 12 + 5k, i.e. even the giant
and large items cannot fit into 10 + 4% optimal bins, a contradiction. O

Remark 8.2.2 The stronger claim Ay a1 < 1/3 similarly holds but we will not use this property.

Lemma 8.2.6 The five smallest items do not fit into one bin, thus each (FFD or optimal) bin
contains at most four items.

Proof. Consider bin(Y), i.e. the (12 + 5k)-th F'F'D bin.

By Y < 1/3 and Corollary 8.2.1 (a), bin(Y") contains three or four items.

If bin(Y') is a 4-bin, then these four items plus item X in the last F'F'D bin are the last five
items, according to Lemma 8.2.3. It follows that the five smallest items do not fit into one bin.

Suppose that bin(Y) is a 3-bin. We have seen in Lemma 8.2.5 that Y < 1/3 < 2X. Then by
Lemma 8.2.4 there can be at most one fallback item after Y, thus the three items in bin(Y"), plus
the possible fallback item after Y, plus the last item X are the four or five smallest items, and they
cannot fit into one bin, and the statement follows. O

Now let () be the set of items which come after Y. There are at most four items in (). Thus
essentially it remains to show in the next two subsections that the following situation is impossible:
OPT = 10 4 4k, FFD = 13 + 5k, and there are at most four items with sizes at most 1/5. We
mainly will follow the lines of the third section (where all items were bigger than 1/5).

Subcase Y > 1/4.

Recall that Y is the first item in the bin before the last FFD bin. We have seen in Lemma 8.2.5
that Y < 1/3. The bin of Y cannot contain five items, by Corollary 8.2.1 (a). Then it follows that
bin(Y") contains three or four items. So the following cases are possible:

Case a, bin(Y') is a 4-bin. Then there is no fallback item after Y. Since Y > 1/4, it follows that
bin(Y') is the only one 4-bin in the F'F'D packing. (The previous bin contains fewer than four
items.)

Case b, bin(Y) is a 3-bin, and there is no fallback item after Y. In this case the four smallest items
do not fit into a common bin, thus there is no 4-bin at all.
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Case ¢, bin(Y) is a 3-bin, and there exists exactly one fallback item after Y.

Note that in cases b, andc, Y > % > 1/4 holds, otherwise after three items X still fits into
bin(Y'). We use the next classification on the items of L\(Q). (Note that Y is the smallest item in
the set L\(.) The @ items will get weight 9.

Name Class Weight
Big 52 <B 18
Medium | - <M <X | 15
Small | VY <S< 5 12

Classification on items L\ ().

Lemma 8.2.7 Only the optimal bin-types listed below are possible. Moreover, no 4-bin exists in
Case b, and neither an (M, S,2Q)) nor a (3S, Q) optimal bin is possible in Case c. Furthermore
there is at least 8 reserve in the optimal bins.

OPT
18 |[ B

1 1|11 1
I5 || M 1 1 2111 I |1
12 S [12]2|3 1 1 2 |1 1 31201
9 Q {12112 |14}(2|3]3 2 1311 1(23|4
r [215(812(5|8 |11 (11|14 }17|-1|-1|2|-1|2|5]|8

Proof.  Each optimal bin contains three or four items, and it can contain four items only if it
contains also (one or more) () items. If the bin does not contain () items, then it cannot contain
two or more M or B items, thus in this case only (B, 25), (M, 2S) or (35) bins are possible. Now
let us consider the (Q-bins. Among the 3-bins a (2B, Q) bin is impossible. Now let us consider the
4-bins. (Every 4-bin must contain a )-item since Y > 1/4.)

From B + 5 +2Q > 52 +Y 42X > 3 + 2X > 1 it follows that if the 4-bin contains a
B item, then only a (B, 3@Q) bin is possible. A 4-bin cannot contain two or more M items since
the remaining room in the bin is smaller than Y < 2X. If the bin contains one M item, then an
(M, 2S, Q) bin is impossible since M + 25 + @ > % +2Y + X = % + gY + X > 1.

Regarding Case ¢, we know that Y > % holds, hence a (3.5, )) bin is impossible; and an
(M, S,2Q) bin is also impossible, since M + S +2Q > 15X + YV +2X = 1 + 1V +2X >
i r2x =2+ HX > 1

Considering the possible optimal bins, only some 4-bins can have shortage, and only if there
is at least one () item in the bin. Every other bin has at least 2 reserve. Since there are at least ten

optimal bins, the total reserve is at least 6 - 2 — 4 = 8. O
Let b be the number of (B, M) and (B, S) F'F'D bins. We say that a B item is a big B if it is
bigger than a half.

Observation 8.2.1 We have b < b5, and there is at least 5 reserve in the optimal bin of each big B
item.

Proof. Inthe first b— 1 bins among the (B, M) and (B, S) F'F D bins the B items are big B items,
otherwise the two last B items in consideration fit into a common bin. Each big B item is packed
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into a 3-bin in the optimal packing, and there must be at least one () item in the bin as Y > 1/4.
Since there are only at most four () items, b < 5 follows. Regarding the second statement, a big B
item cannot be packed into a (B, M, Q) bin either, thus a big B can be packed only into a (B, S, Q)
or (B, 2Q)) optimal bin, thus the assertion follows. O

Now we consider the three possible cases after each other:
Case a. bin(Y') is a 4-bin. We list the possible F'F'D bins below. The @) items are only in the last
two F'F'D bins, and bin(Y) is a (S5,3Q) bin. An F'F'D 2-bin must contain some B item, since
2M + X < 1. Thus only the following F'F'D bins are possible:

18| B |2] 1 1 |1

15 || M 1 1

12 || S 1 |2 311

9 Q 311
s 10| -3]-6]6[3]0[3|0

Here bin(Y") has 3 surplus. Only (B, M) and (B, .S) F'F'D bins have shortage.

If b < 1, then the total shortage is at most 6 — 3 = 3 because of the F'F'D bins, and we have at
least 8 reserve in the optimal bins, thus the shortage is covered.

Otherwise 1 < b < 5. The total shortage is at most 60 — 3 in the F'F'D bins, while in the
optimum packing there are at least b — 1 bins containing at least one () item together with a big B
item, and having at least 5 reserve in each, there are at most 5 — b other ()-bins with shortage 1 in
each, and there are at least six further optimal bins with at least 2 reserve in each. Thus the total
reserve is at least 5(b — 1) — (5 — b) 4+ 6 - 2 = 6b + 2, hence we are done.

Case b. bin(Y') is a 3-bin, and there is no fallback item after Y. Then there is no (optimal or
F'F D) 4-bin at all, since no four items fit into one bin. The possible /'F'D bins are the same as in
case a, except bin(Y).

18 B|2] 1 1 |1

15 | M 1 1

12 || S 1 |2 311

9 Q 1
s |0 -3|-6|6[3]0|—-6|0

Now the three () items are in the last /'F'D bin and in the previous bin. Since there is no 4-bin
in the optimal packing each optimal bin has at least 2 reserve, thus we have in total at least 20
reserve from the optimal bins. Only (B, M) and (B, S) FFD bins, and the (S5,2Q) FFD bin
have shortage, thus if b < 2 then the total shortage is at most 18, and thus it is covered. Hence
suppose that b > 2. Then there are at least two F'F'D bins of type (B, M) or (B, S); let these bins
and the items in them be denoted as (B, A;) and (Bs, Ay), where B, and B, are B items, while
Aj and A, are M or S items. Then By + By > 1, otherwise they would be packed into the same
bin. Let us consider the optimal bins of B, and Bs; these are some 3-bins, let they be denoted as
(B1,C1,Cy) and (By, Cs, Cy), where Cy, Cy, C3 and Cy are some items. Then from the inequalities
Bi+Ci+Cy<1,By+C3+Cy<1land B; + By > 1, it follows that C; + Cy + C3 + Cy < 1,
which is a contradiction since no four items fit into a common bin.

Case c. bin(Y) is a 3-bin, and there exists one fallback item after Y. Let this fallback item be
denoted as Z. There are four () items, namely the Y -fallback item Z, the item X, and two more
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Q-items in bin(Y"), let these latter two be denoted as (); and ()2. From Corollary 8.2.3 it follows
that bin(Z) is a 3-bin. This bin can be only a (B, M,Q), (B, S,Q), (2M,Q) or (M, S, Q) bin,
since2B+ X >1land25+Y < 1. Since Y + Q1 + )> + X > 1 and these are the four smallest
items in L \ {Z}, no four items of L\ {Z} fit into one bin. Since X < Z, it also holds that no four
items of L \ {X} fit into one bin. Thus there can be at most one optimal 4-bin, and then both Z
and X are packed into this bin. The possible F'F'D bins are as follows:

18| B|2] 1 I | 1]1 1

15 | M 1 1 211 1

12 || S 1 1 1121231

9 Q 11 |1]1 2 |1
s |0l -3|—-6|6]|3 0/6[3/0[—-6|0

Recall that in this case neither (M, S, 2@Q)) nor (35, ()) optimal bins exist, only a (B, 3()) opti-
mal bin can have shortage, and naturally there can be at most one such bin. In any other optimal
bin there is at least 2 reserve, thus in the optimal bins we have in total at least 9-2 —1 = 17 reserve.
If b < 1, then the total shortage is covered.

Suppose b > 2. Then we apply similar calculation as in case b. There are at least two FFD bins
of type (B, M) or (B, S); let these bins and the items in them be denoted as (B3, A;) and (Bs, As),
where B; and B, are B items, while A; and A, are M or S items. Then B; + By > 1 holds. Let
the optimal bins of B; and By be denoted as (B, Cy, Cs) and (Bg, C3, Cy), where Cy, Cy, C3 and
C are some items. Then it follows that C; + Cy + C5 + Cy < 1. (If bin(By) or bin(Bs) in the
optimal packing would be a 4-bin, then similarly we get at least five items that fit into one bin, a
contradiction.) Thus Z and X are among C', Cs, C5 and Cy, and these () items are packed into the
optimal 3-bins of B; and Bs. Since there are only four () items, it follows that there is no (B, 3Q))
optimal bin. Then there is at least 10 - 2 = 20 reserve in the optimal bins, thus all shortage is
covered if b = 2.

Thus 3 < b < 5 follows. Then similarly to the previous calculations we get that there are at
least three FFD bins of type (B, M) or (B, 5), let the B items be denoted as B; fori = 1,2, 3. The
sum of any two among them is bigger than 1. Each B; is packed into a 3-bin in the optimal packing,
let these optimal bins be denoted as (B, Cy,Cy), (Bs,Cs,Cy), and (Bs, Cs, Cg). Then the next
inequalities hold: C +Cy+C3+Cy < 1,C1+C54+C5+Cs < 1and C34+Cy+C5+Cg < 1. Then
Z (and X) must be in each of the sets {C}, Cy, C5, Cy}, {C1, Cs, Cs, Cs}, and {C3, Cy, Cs, Cg }.
This is a contradiction.

Subcase 1/5 <Y < 1/4

In this subcase we use the same classification for items L\ () which was already used for the whole
item-set in Section 3 (where X was supposed to be between 1/5 and 1/4), but now Y has the role
that X had in Section 3. The items which come after Y are denoted by (). Note that Y > 1/5,
and the last item X (which is a @) item) is surely smaller than 1/5, but some () items coming after
Y and before X can be smaller or bigger than 1/5 (but we do not make further investigations or
assumptions regarding the sizes of these items).

Since Y < 1/4, bin(Y') is definitely a 4-bin, and there is no fallback item after Y. There are
exactly four () items (taking also X into account).
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Let now Z be the smallest regular item in the interval (

item; otherwise let Z = 1/3.

The same optimal bins as in Section 3 are again possible, and in any optimal bin () can stand
in the place of a 7" item. Some further optimal bin-types are also possible if a bin contains one or
more () items, and there can be at most 4 new bins at the same time, since there are only 4 new

items.

By our minimality assumption on the items, it holds that in each optimal bin there is at least
one item from L\(Q (otherwise by deleting the () items we could get a smaller counterexample

3

with OPT' < 9+ 4k and FFD' = 12 + 5k).
We apply the proof of the previous section, by some modifications where needed.

1-Y

, %], if there exists at least one such

Name Class Weight
Giant 5 <G 23
Big Y «B< % 18
Medium | 52 < M <55 [ 15
Small 7<S< L=z 12
Tiny YL<T<Z 9
Lemma 8.2.8 Only the following bin-types are possible.
OPT1 , optimal bins without a () item
231G |1]1
18 || B 1111
15| M 1 201111
12 || S 211 211 31212 (1] 1
9 T 21 1[2]1 113] 2 211 (312 (4|3
r 3121258558 2118211514817
OPTZ, optimal 3-bins containing at least one () item
231G |1|1]1
18 || B 2 (1111
15| M 1 2011 |1
121 S |1 1 1 2011
9 T 1 1 1 1 2 11
9 Q11|21 (11|12} 1|1 1|21 1 |2]1]2
r |0(3]3]|—-1]2|5|8[8|5 8|11 |11 |11 |14 |14]|17 |17
OPT3 , optimal 4-bins containing at least one () item
18| B | 1 1 1 1
15| M 1 1|1 1
12 || S 1 1 21 3121
9 T 1 1 1 12 2 |2 123
9 Q| 3 |3 30212 2 (22221 |11 |1]1]1
r | —1]2 8| 4| -1]—-1|2(2|5/8|—-1|2|—-1]2|5]8
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FFD
B G1[1] 1] 1 11
18| B |1 2 I T 11
5 M| |1 2111 1
2]s i 1 2 I
o || T i 21 2|1 [1]3] 2
s[5(2|-1|-4]0|-3|-68[5/6|6/3]|0]3(3/0]6]-3
12][S]3]2] 2 1] 1
o |T| (2|1 |3 2|41
9 | Q Sl
s|0[6]-3|3]-6/0[0]0

Proof. 1In the first table OPT1, we list all (and the same) bin-types as in the previous section. In
the second table OPT2, we list the new possible optimal 3-bins, if the bin contains one or more )
items. Since M > % > 1/3, the (G, B, Q) and (G, M, Q) bins are impossible. If the 3-bin does
not contain a (G item and contains at least one () item, excluding (3() any bin-type is possible
which is later in the lexicographical order than (2B, (), and this bin is also possible, since 2B + )
can be smaller than 1.

The possible optimal 4-bins are listed in Table OPT3. A 4-bin cannot contain a G item. A 4-bin
cannot contain only (the four) () items. If a 4-bin contains three () items, the fourth item cannot
be a GG item. Suppose that the bin contains two () items. Since M > 1/3, the further items cannot
be B or M items. Finally suppose that the 4-bin contains only one () item. Then (B, S, T, Q) or
(M, S, T, Q) bins are impossible, since M +S+T+Q > 2+ Z+YV + X =1 4+174+ v+ X >
%+%+Y+X :X+%Y+§ > X 4 5/6 > 1. Thus if the bin contains a B or an M item,
the remaining two items must be 7" items. If the bin does not contain a B or M item, then any
remaining case is possible.

Regarding the possible FFD bins, the same bin-types are possible as in the previous section,
except that there is a bin just before the last FFD bin with one Y and three () items. a

We emphasize again that we do not state that all such bin-types occur, we simply listed all bin-
types which we could not exclude from the consideration. Now, since the possible bin-types are
almost the same as in the previous section (where X > 1/5 was assumed), we can almost repeat
the proof that we have done there. Since now some further bin-types are also possible, we must
make a more careful analysis, but on the other hand we have the advantage that now more types of
optimal bins occur, and this makes the investigation easier. We need the next observation which is
very similar to what we have stated in the previous section.

Observation 8.2.2 [f at least one S item occurs, then there is an S item with size exactly Z in the
last (S, .) FFD bin (if there exists an (S, .) FFD bin). Moreover two (B, .) bins or two (M, .) bins

or two (S, .) bins, both having shortage, cannot occur at the same time.

Proof. The proof is the same as the proof of Observations 3.2.6 and 3.2.7. O

Lemma 8.2.9 Suppose that there is no (G, T) FFD bin, there is no {(G, 5), (G, S,T)} cobin, and
there is no {(G, S), (G, S,Q)} cobin. Then all shortage is covered.
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Proof. Let us denote the G and S items of the (G, S) FFD bins as G’ and S’, respectively. Let us
increase the weight of the G’ items by 1 and decrease the weight of the G \ G’ items by 2.

By the assumption of the lemma any G’ item is packed into a (G, 27") or (G, T, Q) or (G, 2Q)
optimal bin. Each such bin still has (after the modification) at least 2 reserve.

Now consider a (G, S, T) or (G, S, Q) optimal bin. Since the GG item of this bin cannot be a G’
item (again by the assumption of this lemma), thus (after the modification of the weights of the G
and G \ G’ items) the bin has 2 reserve.

It follows that the (G, S) FFD bins do not have shortage, and each optimal non-() bin has at
least 2 reserve. Let the optimal bins having at least 2 reserve be called good bins, the other optimal
bins be called bad bins. Then there are at most four bad bins, since there are four () items.

We state that we have at least 8 reserve in total. Indeed, using that OPT > 10, if there is no
bad bin, then we have at least 10 - 2 = 20 reserve. If there is only one bad bin (in the worst case it
has 4 shortage) we have at least 9 - 2 — 4 = 14 reserve. If there are two bad bins, we have at least
8.2 —2-4 = 8reserve. If there are three bad bins, then only one of them can be a (B, S, 2(Q)) bin
with 4 shortage, since there are only four () items, and the shortage of any other bad bin is only 1,
thus we have at least 7- 2 — (4 + 1 + 1) = 8 reserve. Finally, if there are four bad bins, then the
shortage of any bad bin is 1, and we have at least 6 - 2 — 4 = 8 reserve.

Now we are going to calculate how much shortage can be caused by the FFD bins. A (B, M)
and a (B, S) FFD bin cannot occur at the same time, furthermore if there exists an (), 27") FFD
bin (there can be only one) then there cannot be any (S, .) FFD bin (with shortage). Thus, applying
Observation 8.2.2, if there exists a (B, S) and also a (25, T') FFD bin then there can be at most 12
shortage in the worst case.

Case a. Suppose there exists an (M, 27") FFD bin. Then there cannot be a (B, .S) FFD bin (since
an M item fits into the bin of the B item, before the S item), and there can be neither a (25, T") nor
an (.5, 27) bin, since the first S item of such a bin would be packed into the (A, 27") bin after the
M item before the two T items. Thus if there exists an (M, 27") FFD bin, the total shortage is at
most 6, thus it is covered by the total reserve.

We suppose in the following that an (M, 27") FFD bin does not exist.

If there are neither (B, M) nor (B, S) FFD bins, then the uncovered shortage is at most 6,
hence it would be covered by the reserve. Thus a (B, M) or a (B, S) FFD bin must exist. Let these
items be denoted as B’ and S’, or B” and M’, respectively. Then B’ is the last regular B item (since
any two B items fit into a common bin), any (2B) FFD bin may appear before it, and any B item
from such a bin precedes B’. We state that B’ is either the smallest or the second smallest B item.
Indeed, any B item smaller than B’ can be packed only into some (G, B) FFD bin, and there can
be at most one such bin, otherwise the shortage is covered. Thus 2B > 1 — X, and consequently
a (2B, Q) optimal bin is impossible; it follows that there is not bad 3-bin. A (B, 3Q) optimal bin
(with 1 shortage) is not possible either, since then there can be at most one other bad bin with one
(2 item (and 1 shortage), thus we have at least 8 - 2 — 2 = 14 reserve, and it would cover the total
shortage.

Case b. Suppose that a (3.5, Q) bad bin does not exist. We state that there can be at most one
bad 4-bin. Indeed, each remaining possible bad bin can be only of type (B, S,2Q), (B,T,2Q),
(M, S,2Q) or (B,2T,Q). Suppose there are two such bins, both containing B items, thus the
two bins are, say, (Bj, Ay, As, A3) and (Bsy, Ay, As, Ag). Then using that no five items fit into
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a common bin, it follows that any three of the eight items fit into a bin, thus for example 1 >
B + By + Ay > 1, a contradiction. If (at least) one of the two bins is (M, S, 2Q)), then the biggest
item among the eight items is a B or M item, the second biggest is an M item, and there is also an
S item among the eight items, hence using 2M + S > 1 we get again a contradiction. Thus there
can be at most one bad bin among the optimal bins, and so we get at least 9 - 2 — 4 = 14 reserve in
the optimal bins (as we have seen before), thus the total shortage is covered.

We suppose in the following that there exists a (35, ()) optimal bad bin.

Case c. Suppose there exists an (S, 27") FFD bin. By the definition of 7, the S item in this bin has
size Z, thus it is an .S item with smallest size; and any 7" item is smaller than any .S item; hence we
get 35 + X > 1. It follows that a (35, Q) optimal bin is impossible, a contradiction.

Thus there is no (.5, 27") FFD bin.

If there is no (25, T") FFD bin either, then the total shortage is at most 6 and it is covered, thus
there must be a (25, 7") FFD bin; it follows that this is the last (.S, .) bin, by Observation 8.2.2. Let
the items of this bin be denoted as (.57, Se, T ), where S; precedes Sy. There also exists a (B, .S)
FFD bin, otherwise the total shortage is covered.

Suppose that S; < 2X. Then according to Lemma 8.2.4 (and also taking into account that any
bin later than the (S}, S2,77) bin is a 4-bin or the last FFD bin) there is at most one fallback item
after S;. If there is a fallback S item after Sy, say S3, then S, S, and S5 are the three smallest
S items, and they together are not smaller than S; + S; + 77 > 1 — X, thus a (35, Q) optimal
bin is impossible, a contradiction. If there is a fallback 7" item after S7, or no fallback item occurs
after Sy, then S; and S, are the two smallest S items, and again it follows that there is no (3.5, Q)
optimal bin, which is a contradiction. Thus S; > 2.X follows.

The uncovered shortage is only 9, on the other hand the total reserve is at least 8, hence there
cannot occur any FFD bin with positive surplus. Because a (B, S) bin exists, a (B, 27") FFD bin
does not exist. Furthermore there is no M item in bins later than the (B,.S) bin. Only the next
FFD bins remain possible:

FFED

23 G 1] 1

18 || B 21

15| M| 1

2]s I I |[3] 2

o || T I (41

9 1 Q 31
s (2] =10 —=6][0]—=3[0[0]0

Consider a (35) FFD bin. Since any two S items fit into the same bin, it follows that the first
two items in the (35) bin are not smaller than S;, which is bigger than 2.X. Thus the sum of the
three S items in this bin is bigger than 2X + 2X + X = 5.X, contradicting Corollary 8.2.1 (a). It
follows that a (3.5) FFD bin does not exist. We state that an S item in some (G, S) or (B, S) FFD
bin cannot be smaller than S;. This can be seen as follows. If a GG item is packed with a () item,
the reserve increases (as there are fewer bad bins) and we are done. Otherwise, G < 1 — 2Y and
S < 2Y, so already the first S item can be packed with a GG item. It follows that the two S items in
the (25, T") FFD bin are the two smallest S items, and then it follows again that a (3.5, ) optimal
bin cannot occur, a contradiction. O
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Lemma 8.2.10 [f there exists a (G,T) FFD bin, then all shortage is covered.

Proof.  Suppose that there exists a (G,7T") FFD bin. Then by Lemma 3.1.7, the G items from
the (G, T') bins have the same size, and also the 7" items; let us denote them again by G’ and 77,
respectively. From Corollary 3.1.4 it follows that the 7" items are the biggest 7" items, since any
item bigger than 7 is also bigger than 2.X, but T < 2.X; furthermore if there exists an S item, then
S > 2X must hold. From this fact it follows that an S item cannot be in a (G-bin (the total size of
the items in the bin would be more than 1/2 + 2X + X > 1) thus the optimal bin of a G’ item can
be only a (G,27),a (G, T,Q) ora (G, 2Q) bin.

Case a. There exists a {(G, T'), (G, 2T)} cobin. Let the two T items of the optimal bin of one such
cobin be denoted as 77 and 75. Then by Corollary 3.1.5, since % < 2Y < 2T, there are neither S
nor M items, and each B item is bigger than 7 + 75 > 2Y. Suppose there exists an optimal 4-bin
which contains a B item. Note that items 77 and 75 are packed into another optimal bin, since
they are packed together into a 3-bin, namely together with a G’ item. Then from Observation
3.1.2 it follows that five items fit into a common bin, a contradiction. Thus there is no optimal
4-bin which contains a B item. We state that a (25, Q) bin is not possible either. Indeed, if there
exists a (2B, ()) optimal bin, then using B > 2Y, the inequality 4Y + X < 1 follows. But then
the five smallest items, Y and the four () items would fit into one bin. Thus only the next bins are
possible (we changed the original weights of the classes):

OPT
26 ][ G

1 11

18 B |1 11

o ([T 22431 1 211 |[1]2
9 |[Q 211121121321
r[0]8|8]17 088171788

FFD

26 |[ G 1 1

18| B 2 1

9O |[T 1 2121041

9 [ Q 301
s|8[—1/ol[8lol[ofo]0

Now we increase the weight of the 7" items by 1 and reduce the weight of the G \ G’ items
by 2. Then no FFD bin has shortage. Let us consider the optimal bins. Before the modification of
the weights no optimal bin had shortage. Since there are at most four 7" items in any optimal bin,
no shortage is caused if the bin had at least 4 reserve or if the bin does not contain a 7" item. Thus
shortage could be created only in (G, 27) or (G, T, Q) optimal bins if at least one 7" item in the
bin is a 7" item. But then the G item of this bin cannot be a G’ item (since G’ + 7" + X > 1), thus
the reserve of the optimal bin is decreased by at most 2, and at the same time it is also increased
by 2. Thus there is no shortage.

Case b. There is no {(G,T), (G, 2T')} cobin, but there exists a {(G,T), (G, T,Q)} cobin. Let the
items of the optimal bin of this cobin be denoted as G1, 7} and ();. According to Corollary 3.1.5,
every item of size above 7" is also above X + Y. Then, since 2X +2Y + 7 > 2X 4+ 2Y + % =
2X +2Y 4+ 3 > 2X + 2 > 1 holds, it follows that S < 152 < X + Y, thus there is no S item,
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and each M or B item is bigger than 7} + (J1. Then from Observation 3.1.2 it follows that there is
no optimal 4-bin which contains a B or M item, since substituting this B or M item with 7} and
(21 (which are in another optimal bin) five items would be packed into one bin. Only the next bins
are possible (we changed the original weights of the G items):

OPT
24][ G

Suppose there is only one (G,T") FFD bin. If there is no (B, M) FFD bin, then the total
shortage is at most 6 caused by the (G, T) bin and an (M, 27") bin. On the other hand there are at
least ten optimal bins, and there are among them at most four (25, Q) bins (since there are only
four () items), thus there is at least 6 - 2 — 4 reserve, hence the shortage is covered. If there exist
both (B, M) and (G, B) FFD bins, then there is 3 further shortage, and also 6 surplus; we are done
again. Finally if there is a (B, M) FFD bin but there is no (G, B) FFD bin, the B item of the
(B, M) FFD bin is the smallest B item. Then a (2B, ()) optimal bin is impossible. In this case
the total shortage is at most 9, and on the other hand we have at least 10 - 2 reserve, the shortage is
again covered.

Now suppose that there are at least two (G, T') FFD bins. Let the optimal bin of the G item of
the second (G, T") FFD bin denoted as a (G2, A, C') bin, then from Corollary 3.1.5 it follows that
any B item is bigger than A + C.

Now suppose that there exists a (2B, ()) optimal bin; let the items of this bin be denoted as B,
By and 5. Then the (G1,T1,Q1), (Ge, A,C) and (By, Bs, (Q)2) bins are three different optimal
bins, where B; > T} + ()1 and B, > A 4 C'. Thus we obtain the contradiction that the five items
A, C, Ty, @y, Q- fit into one bin. It follows that there is no (25, Q) optimal bin.

Since there is no {(G,T), (G, 2T)} cobin, the optimal bin of any G’ item contains a () item,
thus there are at most four (G, 7") FFD bins. Then the total shortage is at most 4 - 3 + 3 + 3 = 18
(by the (G, T') bins, and possibly by a (B, M) and by an (M, 27T") bin), and on the other hand we
have at least 20 reserve by the optimal bins; we are done.

Case c. There is neither a {(G, T), (G, 2T)} nora {(G,T), (G,T,Q)} cobin. Since we have seen
in the beginning of the proof of this lemma that (G, S,T) and (G, S, Q)) bins are impossible, the
condition of this Case ¢ means that there is one or there are two {(G,T), (G,2Q)} cobins, and
there is no further (G, T") bin.
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FFD
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Each S, M, or B is bigger than 2.X (since any S, M or B is bigger than the sum of the sizes of
the two () items being in one (G, 2Q)) bin, by Corollary 3.1.5).

Thus there cannot be a G-bin containing also an .S item. Since 6.X > 1, the following (optimal
or FFD) bins are impossible: (B, 25), (M, 25), (35), (25,27, (B, 5,2Q), (M, S,2Q), (25,2Q),
(35,Q), (25, T, Q). There is no optimal bin containing three () items, since there are four () items
and at least two of them are in a (G, 2()) optimal bin.

Now we increase the weight of the .S items to be 15. The following bins remain possible:
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9 1 201 (1|21 1|32 |1/3]2]4]1

9 3
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51212, —-4]0]-3|-3[5]6/6[0(3|3|6,-3|3|6|-3|0/0

Then the shortage is at most 14 in the FFD bins. Indeed, there can be at most two (G, 7) FFD
bins, since the optimal bin of such a G item is surely a (G, 2@Q)) bin. Moreover (B, M) and (B, S)
FFD bins cannot occur at the same time, and there can be only one such bin, furthermore (M, 27")
and (.S, 27") bins cannot occur at the same time, and there can be only one of them. Thus we have
at most 2 - 4 + 3 4 3 = 14 shortage in total in the FFD bins.

In each optimal bin there is at least 2 reserve, except in the (25, Q), (B, T,2Q) and (B, 2T, Q)
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optimal bins. If such a bin occurs, there can be at most two of them (since at least two () items are
ina (G, 2Q)) optimal bin, and only two further () items remain). Thus we have at least 8-2—2 = 14
reserve, and it is enough to cover the total shortage.

In the following we suppose that a (G, T") FFD bin does not exist. O

Lemma 8.2.11 [f there exists a {(G,S), (G, S,T)} cobin, then all shortage is covered.

Proof.  Suppose that there exists a {(G, S), (G, S,T)} cobin; let the S and T item of the op-
timal bin of this cobin be denoted as S; and T, respectively. Consider the (G, S) FFD bins.
From Lemma 3.1.7(i) we know that all of their GG items have equal size, and all of their .S items
also have equal size. Let us denote these items as G’ and S’, respectively. Since there exists a
{(G",5),(G',S1,T1)} cobin, it follows (Corollary 3.1.5) that each item bigger than S’ has size
bigger than S; + 77 > Z + Y. Then there cannot be an M item, since M < % <2Y < Z+Y.
Also it follows by the same reason that B > S; + 1} > Z + Y holds for each B item. Hence there
is no (B, 2S) bin, since a B item is bigger than Z + Y, and each S item is at least Z, thus a B and
two S items have total size bigger than 37 +Y >3- 12X +V = 1.

There cannot be a 4-bin which contains a B item (otherwise replacing this B with S; and T}
five items would fit into a bin, contradicting Observation 3.1.2).

Bin-type (2B, @) is impossible since 2B +Q > 2(Z+Y)+ X >4Y + X > 1.

Thus only the next bins are possible (we increased the weight of class B to 23):

OPT1
23][G

1)1

23 || B 1|1

12 S |1 1 31212 1|1

9 T|1/2]1]2 21113 413
r(0(3]013(8[2|11|5]14|8]17

OPT2

231G |1]1]|1

23 || B 111

12 S |1 1 2 (11

9 T 1 1 2 11

O 1Q|rj1 211|211 }2 1|2
r |0 3103311141417 |17

OPT3

12| S |1 211 3 121

9 T 1 112 11213

9 11Q|3 132|221 |1]|1]1
r|5(8(2|5/8]-1(2]5]|8
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Since there exists a {(G', S"), (G', S,T)} cobin, S’ > Z +Y — X follows.

If there exists a (B, S') FFD bin, let for a moment the size of this S item be denoted by S”. Then
the S” item comes after the S’ items. (Indeed, an S item always fits into a bin which contains only
a G’ item at that moment, since G’ < 1 — 2Y because of the existence of the {(G’, S"), (G',S,T)}
cobin, and S < 2Y holds.) Then it can be supposed that all these .S items (the S’ items and the
S’ item) have the same size, namely S’, otherwise the size of S’ items can be decreased to be S”,
contradicting our minimality assumption. Thus, if there exists a (B, .S) FFD bin (there can be only
one), let the items of this bin be denoted as B’ and 5’, respectively.

No optimal bin has shortage, except the (3.9, Q) bins.

Now we increase the weight of the S’ items by one, and decrease the weight of the G \ {G'}
items by 1, and also decrease the weight of the B \ { B’} items by 1.

After this modification the (G’, S’) FFD bins have no shortage, and if there exists a (B’, 5")
FFD bin, it has no shortage either. Let us see the possible optimal bins of the S’ items.

If an S’ is packed into some (G, S, T) or (G, S, Q) optimal bin, then the G item of this optimal
bin cannot be a G’ item since G’ + S’ + X > 1, thus the bin does not have shortage. If an .S’
is packed into a (B,S,T) or (B, S, Q) optimal bin, then the B item of this optimal bin cannot
be a B’ item, thus the bin does not have shortage. Suppose that an S’ is packed into some other
optimal bin, say B, where B} contains k of the S or S’ items in total. Each such optimal bin has
at least k surplus in the table (i.e. before the modification of the weights), thus the bin does not
have shortage.

It follows that the total shortage caused by the S’ items is covered in this way. There could be
problem only with the (3.5, () bins, since they do not have reserve to cover the shortage of the S’
item if an S’ is packed into such a bin. But an S’ cannot be in a (3.5, @) bin, since S’ + 25 + Q >
(Z+Y -X)+2Z+X=Y+3Z>1

Then the total uncovered shortage can be at most 7. Indeed, if there is no (35, ) optimal bin,
then there can be 3 or 6 shortage by a (25,V) or (S,2V) FFD bin (since these bin-types cannot
occur at the same time). If there exists a (3.5, ) optimal bin, then a (.S, 27") FFD bin cannot occur,
so there can be at most 3 shortage by a (25, 7") FFD bin, and at most 4 by the (35, ()) optimal bins,
since there are only four () items.

Then we can delete from consideration each bin which has at least 7 reserve or surplus. The
following FFD bins are also impossible:

A (G,2T) or (B,2T) bin, because then there cannot be an S item in some later bin (since
S < 27) thus (25,V) and (S, 2V) FFD bins do not exist, and the possible 4 shortage caused by
the (3.5, Q) bins is covered by the surplus of the (G, 2T") or (B, 2T") FFD bin.

There cannot be a (2.5, 27") FFD bin, it has only 6 surplus, but if there is such a bin, then there
is no (.5, .) FFD bin with shortage by Observation 8.2.2, and the 6 surplus covers the at most 4
shortage caused by the (3.5, ()) optimal bins. Thus only the following possible bin-types remain:
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Let us have a look at the remaining possible FFD bins. Each G item is packed into (G', S")
FFD bins, thus every G item is a G’ item, with equal size. Since there exists a {(G', 5"), (G', S, T)}
cobin, it follows that G’ + Z +Y < 1.

Since every G item is a G’ item, all shortage caused by the (G’, S’) FFD bins are covered by
the optimal bins of the S’ items. If there exists a (B’,S’) bin, then the shortage of this bin is also
covered by the optimal bin of the S’ item of this bin. Moreover if there exists a B item, then there
is only one B item, packed into a (B’,.S") FFD bin.

Suppose there exists an (S, 27") FFD bin. Let the items being in this bin be denoted as (Ss, 15, T3),
where T, precedes 73. Then S, is the last regular S item, hence it is the smallest S item, thus it
has size Z. Then 3S + X > T, + T3+ Z + X > 1 holds. Thus there is no (3.5, Q)) optimal bin.
Further, a (25, T") FFD bin is not possible either, thus the uncovered shortage is 6.

We state that neither 75 nor 73 can be packed into a (G, S, T') optimal bin. Indeed, suppose
that for example 75 is packed into a (G, S, T') optimal bin. We have seen in the beginning of the
proof that G > B > Z + Y holds for any GG or B items. Thus the sum of the sizes of the items in
the (G, S,T) binis bigger than (Z +Y) + Z + 15 > (T3 + X) + Z + T > 1, a contradiction.

By the same reason, neither 75 nor 73 can be packed into a (B, S,T), (25,27) or (25,7, Q)
optimal bin, moreover they cannot be packed into the same (G, 27), (B, 2T), (S,3T) or (S, 27T, Q)
optimal bin.

Thus 75 and T3 are packed into two different (G, 27T), (B, 2T), (S,37), (G, T,Q), (B,T,Q),
(S,T,2Q), or (S,2T, Q) optimal bins. Each of these bins has at least 3 reserve, therefore they
cover the total shortage caused by the (S,27") FFD bin. Since we have got a contradiction, we
suppose in the following that an (.S, 27") FFD bin does not exists.

Now we show that a (25,7") FFD bin and a (35, Q) optimal bin cannot exist at the same time.
Thus suppose that there exists a (25, 7") FFD bin; let its items be denoted as (Sy, S5,73). If Sy and
Sy are the two smallest S items, then there cannot be a (3.5, () optimal bin. If Sy < 2X, then
there can be at most one fallback item after Ss. If there is no fallback item after Ss, or the fallback
item is a T" item, then again S5 and S3 are the two smallest S items. If there is a fallback S item
after Sy, then this fallback S item with S, and S5 are the three smallest S items, thus a (35, Q)
bin is impossible. Finally, suppose that Sy > 2X. Any (3.5) FFD bin precedes the (25, 7") bin by

128



dc_1295 16

Observation 8.2.2, and the first two .S items in a (35) FFD bin precede S5, thus the level of any
(3S) bin would be bigger than 5.X, a contradiction to Corollary 8.2.1 (a). Thus there is no (3.5)
FFD bin. We have already seen in the beginning of the proof of this lemma that the S’ items are the
largest S items, thus none of them can be smaller than S. Thus it follows again that (if an (.5, 27")
FFD bin exists, then) Sy and S5 are the two smallest S items, consequently there is no (35, Q)
optimal bin.

It follows that the uncovered shortage is at most 4 (and it can be 4 only if there are four (3.5, Q)
optimal bins). Thus there cannot be any optimal bin which has at least 4 reserve. (While calculating
the reserve, we must take into account that the shortage of the S’ items are covered by the optimal
bins of the S’ items.) The optimal bins having 3 reserve and containing at least one () item are also
impossible, because then there can be at most three (35, )) optimal bins, or a (25,7") FFD bin.
Thus only the next possible bins remain:

OPT
23

G[1[1 1
23| B 11 1
2] s1 1 21 [1]2]3 |2
o |[T|1|2]1[2]2 1
9 | Q 11211
r|0]3/0[3][2]0 21 -112
FFD
231G 1
23| B
21[s]1 3 1
9 ||T 1 3141
9 || Q 301
s|—1|—-1/[0]=3]3]0l0][0

Since we have seen that an S’ cannot be packed into a (35, () optimal bin, nor can it be
packed into a G-bin or B-bin, it follows that an 5" item can occur only in a (25, 27"), (25, 2Q)), or
(25, T, Q) optimal bin.

Subcase 5" > 1/3. Thenusing 8"+ S+ 27 > 1/3+ Z+2Y > 1/3+ X 42y =3V + 2> 1,
we obtain that S” cannot be in a (25, 27") bin. Thus S’ can occur only in a (25, 2Q) or (25,7, Q)
bin, and only one S’ can be in such a bin. If there are at least three S’ items, then their shortage
is covered by the optimal bins of these S’ items; further we have at least 3 more reserve, and there
are at least three () items in these optimal bins. Thus there can be at most one (3.5, Q) optimal
bin or a (2S5, T) FFD bin, the total shortage is covered, and we are done. Suppose next that the
number of S’ items is 1 < k < 2. (There must be at least one S’ item because of the existence of
the cobin.) Then the S’ items are packed into & < 2 different optimal bins. Moreover there are
altogether £ < 2 further optimal bins containing a GG or a B item. Also, there are at most4 —k < 3
(35, Q) optimal bins. Thus at least 10 — 7 = 3 further optimal bins remain, each having 2 reserve,
thus the total shortage is covered and we are done.

Subcase S’ < 1/3. Then there is no fallback item in the (35) FFD bins, i.e. these S items have
non-increasing sizes. Suppose that there are neither (25, 7") nor (.S, 37") FFD bins. Then there is
no shortage in the FFD bins. On the other hand there cannot be any (3.5, ()) optimal bin either,
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since an S’ item cannot be in a (35, )) optimal bin, moreover all S \ S’ items are in (3S) FFD
bins, and the three smallest S items are in the last (3.5) FFD bin where X does not fit.

It follows that there exists a (25,7") or an (.S, 37") FFD bin. Suppose there exists an (S, 37)
FFD bin. Then there is no (25,7") FFD bin, and there can be at most one (35, ()) optimal bin.
(Indeed, if there are two (35, Q) optimal bins, then the sum of the sizes of the S items in one
(35, @) bin is not smaller than the sum of the sizes of the .S items of the last (3.5) FFD bin.)

Thus it follows that there is a (25, 7) FFD bin; let its items be denoted as (Ss, S5, 75). Then
Ss, and S5 are the two smallest S items.

We have seen that there is no (35, Q) optimal bin, since a (25,7") FFD bin and a (35, Q)
optimal bin cannot occur at the same time.

It means that the uncovered shortage is only 3. Thus no optimal bin can have reserve at least 3.
(Let us recall that the shortage of the S” items are covered by the optimal bins of the S’ items.)
Thus only the next possible bins remain:

OPT FFD
23 G| 1

G|1 1

23| B B

121S 21 212([sT 11 |[3]2

9 || T 2 1T 1 41
9 |/ Q 11 2]1][Q 301
rjojo|[2][o]ol[2]2]|[s|-1|-1|[0]=3]0]0]0

Suppose there is only one (G’, S") FFD bin. Then there are at most two S’ items. Calculating
the total shortage using the original weights of the S’ items, we have at most 2 + 3 = 5 shortage in
the FFD bins. On the other hand there are at least ten optimal bins, there are only at most two G-,
or B-bins among them, and any other optimal bin has 2 reserve which covers the shortage. Thus
there are at least two (G’,S") FFD bins. Since any G’ is packed into a (G, S,T) or a (G, S, Q)
optimal bin, there are at least two cobins where the optimal bin of the cobin is a (G,S,T') or a
(G, S, Q) bin.

It follows from Corollary 3.1.5,that G > B > Sy + X, and G > B > S3 + X, as S5 and S3
are the two smallest S items. Then similarly as before, 75 can be packed into no optimal bin, a
contradiction. O

Lemma 8.2.12 [fthereisno {(G,S),(G,S,T)} cobin but there exists a { (G, S), (G, S, Q)} cobin,

then all shortage is covered.

Proof. Suppose that there is no {(G, S), (G, S,T)} cobin, but there is a { (G, S), (G, S, @)} cobin.
Let the S and () item of the optimal bin of this cobin be denoted as .S; and (), respectively. In
the (G, S) FFD bins all of the G items have equal size and all of the S items also have equal
size, by Lemma 3.1.7(i). Denote these items again as G’ and 5’, respectively. Since there exists a
{(G",5"),(G", S,Q)} cobin (applying Corollary 3.1.5) it follows that each item bigger than S’ has
size bigger than S} + ()1 > Z + X. This means that there cannot be an M item, since M < % <
Z + X. (The inequality holds because 27 +2X +Y > 2125 42X +V =2X + 1Y + 2 > 1)
Also it follows by the same reason that G > B > S} + )1 > Z + X holds for each G and B
item. Since no five items fit into a bin, applying Observation 3.1.2, there cannot be a 4-bin which
contains a B item. Thus only the next bins are possible:
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Now we increase the weight of the G’ items by 1, and decrease the weight of the G \ G’ items
by 2. As a result, the FFD G-bins do not have shortage. In any optimal G-bin there remains 2
reserve, with just one exception: If a G’ item is packed into some (G, .S, @Q)) optimal bin, then 1
shortage is created in this optimal bin, but this bin uses one @ item. (If there exists a (G, S, T)
optimal bin, the G item in this bin cannot be a G’ item since there is no {(G, 5), (G, S,T)} cobin.)
Thus if there is shortage in some optimal bin, then it is only 1, and each such bin contains a ()
item; if there is no shortage in the optimal bin, then it has at least 2 reserve, thus there are at least
6 optimal bins with at least 2 reserve in each, and so we have at least 6 - 2 — 4 = 8 reserve.

If there is no (B, S) FFD bin, then there is at most 6 shortage in the FFD bins, and we are
done. Thus there exists a (B, S) FFD bin; naturally there can be only one such bin. We state
that the size of the S item of the (B, .S) FFD bin is S’. Indeed, because of the existence of a
{(G",5"),(G",S,Q)} cobin, G' + Z + X < 1 holds for the size of the G’ items, and on the other
hand any S item is smaller than Z + X since S < % < Z + X follows from 32 + 2X >
3-15% +2X =1-Y 42X > 1. Thus the S item of the (B, S) FFD bin comes after the S
item of the (G’, S’) FFD bins, as any S item would fit into the bin where there is only a G’ item.
Consequently the size of the S item of the (B,.S) FFD bin must be exactly S’ because of our
minimality assumption on the items.
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Since there exists a (B, S’) FFD bin, S” > 1/2 — X holds.

The FFD bins can cause at most 12 shortage in total. There cannot be any FFD bin with surplus
at least 4 because we already covered the shortage of the (G’,S”) FFD bins and the optimal bins
have 8 further reserve, thus 4 further surplus would be enough to cover the shortage.

Furthermore a (B, 25), (B, S,T), (B,2T) FFD bin cannot occur, because of the existence of
the (B, .S) FFD bin.

There is no (.S, 37") FFD bin, because then there would not be any (S, .) FFD bin with shortage.
By the same reason a (G, 27") FFD bin is not possible either, since S < 2Y holds, thus if there
is such bin then there cannot be any (.5, .) FFD bin (with shortage.) Only the following FFD bins

remain:

FED

23 || G 1

18 || B 2

12 1| S 1 31 2 1

9 T 1 2 1411

9 Q 391
s|5/—-1]0]—-6|0|-3|-6]0]0]0

Then there must be a (25, 7T) or (S5, 27") FFD bin, otherwise the total shortage is covered. We
claim that 35S + X > 1 holds. Indeed, if there exists an (.5, 27") FFD bin, then its S item is the
smallest S, and thus 35S + X > 1. Suppose that there exists a (25,7") FFD bin; let its items
be denoted as (55,53, 77). If these are the two smallest S items, the statement follows similarly.
Otherwise there is a fallback S item, smaller than S5 in another bin. Such an .S item can occur
only in a (3S5) FFD bin, thus such a bin exists. If Sy > 2X, then the level of the (3.5) bin is at
least 25, + X > 5X, since the first two S items in the (35) bin precede S;. This would be a
contradiction, thus Sy < 2X holds. Then by Lemma 8.2.4 there is at most one (i.e. now there is
exactly one) fallback item after Sy, thus the fallback S item and the two S items in the (2.5, 7") bin
are the three smallest S items; and then 35 + X > S5 + S5 + T} > 1 follows.

Then it follows that a (35, ) optimal bin is impossible. A (B, 2S) optimal bin cannot occur
either, since a B item is bigger than S + (), (where this S item is packed into some other optimal
bin), but three .S items and a () item cannot fit into a bin.

There can be at most one (G, B) FFD bin, since one such bin has 3 surplus, and two such bins
would cover the 4 shortage that remained. Since any B item in some (23) FFD bin precedes the
B item of the (B, .S) FFD bin, it follows that there can be at most one B item smaller than the
B item of the (B, S) FFD bin, namely the B item of the (G, B) FFD bin. Thus a (2B, @) bin is
impossible. It follows that in each remaining optimal B-bin there is at least 5 reserve.

Regarding the optimal bins it still holds that there can be at most four bins with 1 shortage in
each, and there is at least 2 reserve in any other optimal bin. We have seen before that there exists
a (B, S) FFD bin, thus there is at least one B item. In the optimal bin of this B item there is at
least 5 reserve, thus we have at least 11 reserve in total in the optimal bins (and we have exactly 12
shortage in the FFD bins).

We draw the following conclusions: There must be an (.5, 27") FFD bin with 6 shortage. There
is only one B item, namely the B item of the (B,.S) FFD bin. There are exactly four optimal
bins with shortage, it can be only of type (G, S, @), it means that there are exactly four (G, S, Q)
optimal bins. Thus all () items are in (G, .S, ()) optimal bins, i.e. there is no other optimal -bin.
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There is one optimal B-bin, and any optimal bin has exactly 2 reserve except the B-bin and the
()-bins.

Since each G item is packed into (G’, S’) FFD bins (all other FFD G-bin types are excluded),
any G item is a G’ item; recall that w(G’) = 24. Then a (G, S, T') optimal bin is impossible since
there is no {(G, S), (G, S,T)} cobin. Hence only the following bin-types remain:

OPT FFD
24 Gl

1 1
18] B | |1 B 1
20s 1211 ST1] 1 [3]1
o | T|2[1]|2 T 2 141
9 | Q 1 Q 31
r 21521 r |[0] 6|0 -6/0]0]0

Recall that any G item is a G’ item. By the four (G, S, Q) optimal bins there are at least four
(G, S) FFD bins. There is also a (B, .S) FFD bin, thus there are at least five S items.

An S’ item cannot be in a (B, S, T) optimal bin (since B + S’ + X > 1), thus an S’ item can
be only in a (25, 27") optimal bin. We have seen that S’ > 1/2 — X holds, thus there can be only
one S’ item in some (25, 27") optimal bin. Thus there are at least five (25, 27") optimal bins, and
there is exactly one (B, S, T) optimal bin. There is no further optimal bin, for otherwise the total
shortage would be covered. It means that there are exactly four (G, S, @), one (B, S,T) and five
(25, 2T) optimal bins.

Then considering any 7" item of the (S,27") FFD bin, this item cannot be packed into the
(B, S,T) optimal bin (since B > S; + )1, and S; is bigger than the other 7" item in the (5, 27)
FFD bin), and it cannot be packed into a (25, 27") optimal bin either, thus it can be packed into no
optimal bin, a final contradiction completing the proof for 2/11 < X < 1/5and OPT < 18. O
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8.3 Appendix C, the omitted part of proof of FF’s tight bound

Here we provide the remained part of the complete proof for the tight ratio of /'F'. We will use the
results of Chapter 4, so we continue here with the analysis of the case when the last common bin
is small.

Suppose that the size of the last common bin is smaller than 2/3. For the rest of the upper
bound proof, fix z > 0 so that s(C,) = % — 2z. Lemma 4.2.2(ii) implies s(C,) > 1/2 and thus
x <1/12.

Since now the regular weight of the last bin is smaller than 0.8, we need to compensate for this.
This is indeed possible due to the fact that now Lemma 4.2.1(iii) implies that the inner common
bins are larger than 2/3+ x and this allows us to improve the bounds of Lemma 4.2.5 by an amount
proportional to .

Note that C;, @ > 1, cannot be a 5" -bin: Since s(C;) < 5/6, all items in C; have size larger
than 1/6 and five of them would add up to more than 5/6, contradicting the assumption that C; is
a common bin.

Lemma 8.3.1 Fori = 2,...,v— 1 we have the following bounds: If C; is a 2-bin or a 3-bin, then
r(Cic1) +v(Ci) > 14 22 If C; is a 4-bin, then r(Ci_1) + v(C;) > 1+ .

Proof. Let y be such that s(C;_1) = % —y. Since C;_; is a common bin, y > 0. On the other
hand, by Lemma 4.2.1(iii) the size of C;_; is greater than % + x and thus also y < % — x. Note that
r(Ci—1) = £(2 —y) = 1 — Zy and that every item ¢ € C; satisfies ¢ > & + .

Case 1: C; is a 2-bin. Then C; contains at least one item c of size larger than 1/3 as otherwise
s(C;—1) < 2/3 contradicting Lemma 4.2.1(iii) together with the assumption that S(C,) < 2/3.

The other item ¢’ in C; satisfies ¢ > % + . Thus

6 3 3 3 /1 3
o ) >1— = - 1=11—=y>11—=-|=— =14+ -x.
r(Ciz1) +v(C;) > 5y+5y+0 53/_ : (6 x> +5x

Case 2: (; is a 3-bin. Suppose that C; contains an item ¢ > 1/3. Then the remaining two items in
C; have size at least % + y and we obtain

6 3 3
r(Cic) +0(C) 2 1=yt Z(y+y) + 0.1 =11 > 1+ -
since x < 1/12. Otherwise all three items in C; have size at most 1/3. We claim that one of them
has size at least § 4z, as otherwise, using © < 1/12, we have 5(C;) < 3(3 +) = 3 +3z < 2+,
contradicting Lemma 4.2.1(iii). Now we get

6 3 3

Case 3: Suppose C; is a 4-bin. All items in C; are small (i.e. have sizes between 1/6 and 1/3),
as otherwise s(C;) > + + 3 -+ = 2, contradicting the assumption that C; is a common bin. As
s(Cy) > % -+ 2 by Lemma 4.2.1(ii1), there must be two items with total size at least % + 5 and their
total bonus is at least % - 5. Thus

6 3
. ) > R — — — -
r(Ciz1) +v(C;) > 1 5y—|—5<y+y+ ) 1+ —x.
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|

Let 7y, denote the number of k-bins that do not contain an exceptional item among the inner
common bins, i.e., among C5, ..., C,_;. Let v = 2(y2 + y3) + 7a.

Lemma 8.3.2 Suppose that s(C.,) < 2/3. The following holds:
(i) If a > 8 then the total weight of the common bins is at least w(C) > ~ — 0.2.
(ii) If « > 4 then the total weight of the common bins is at least w(C) > v — 0.3.

Proof.  We apply Lemma 8.3.1 for any ¢ = 1,...,~ — 2 such that C';;; does not contain an
exceptional item. Otherwise, i.e., if ;1 contains an exceptional item and also for i = v — 1 we
apply Lemma 4.2.5. Summing all the resulting bounds on r(C;) 4+ v(Ci41) and r(C,) = 0.8 — 2z
we obtain that the total weight of the common bins is

3 3 12 3a — 24)x
S(C) > = 1"—(’72"—’}/3)31'4—’}/45.%—1- (O.S— 31‘) :7—0_24_%.

For o > 8 we have 3 > 24 and (i) follows. For & > 4 we use x < 1/12, which gives (3a—24)z >
—12x > —1 and (ii) follows. O

Theorem 8.3.1 For any instance of bin packing, FF < 1.7- OPT.

Proof. 1f s(C,) > 2/3 then the theorem follows by Theorem 4.2.1. Thus assume s(C,) < % and
FF > 1.7-OPT + 0.1. We distinguish several cases and in each we derive a contradiction or
prove the theorem statement F'F' < 1.7 - OPT, leading to an indirect proof as well.

Case 1: OPT > 21. By Lemma 4.2.2(iv) we have v > 12. Thus there are at least 10 inner
common bins and at most 2 of them have an exceptional item. Thus o > v + 73 + 74 > 8 and
w(C) > v — 0.2 by Lemma 8.3.2(i). Now Lemma 4.2.6 and Proposition 4.2.1 imply the theorem.

Case2: OPT > 8, OPT # 4(mod 10), and OPT # 7(mod 10). Then F'F > 1.7-OPT+0.3,
thus we can use Lemma 4.2.2(iv) with 7 = 3 and we obtain v > 6. There are no exceptional items,
since OPT # 7(mod 10), and thus o > 4. Lemma 8.3.2(ii) implies W > 3+ (y — 0.3) + 0 =
FF —0.3>1.7-0OPT, acontradiction.

Case 3: OPT = 14. Then FF' = 24. Lemma 4.2.2(iv) with 7 = 2 implies v > 9. There are
no exceptional items, thus vo + v3 + 74 > 7. If 72 + 3 > 1 then @ > 8 and the theorem follows
by Lemma 8.3.2(i). In the remaining case y4 > 7, thus there are seven 4-bins among the common
bins. Using Lemma 4.2.1(v) for five of these common 4-bins, Lemma 4.2.1(iv) for some four of
the remaining 7 — 5 > 4 common bins and Lemma 4.2.1(i) for the remaining 24 — 9 = 15 bins we
get

2 1
§>4+4-5+15- 5> 14=0FT,

a contradiction.

Case 4: OPT = 17. Then FF' = 29. Lemma 4.2.2(iv) gives v > 10. Thus v + 3 +
vy > 6. If 4 < 4 then o > 2(6 — 4) + 74 > 8 and the theorem follows by Lemma 8.3.2(i).
Otherwise there are five 4-bins among the common bins. Using Lemma 4.2.1(v) for these five 4-
bins, Lemma 4.2.1(iv) for some five of the remaining v — 5 > 5 common bins and Lemma 4.2.1(i)
for the remaining 29 — 10 = 19 bins we get

2 1
S>4+5-§+19~§>17:0PT,
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a contradiction.

Case 5: OPT = 7. Then F'F' = 12. First we claim that 6 = 7. Otherwise S > 6 - % +6- % =
7, a contradiction. It follows that there are at most three 2-bins in the F'F' packing, since by
Lemma 4.2.7 no O PT-bin can contain two 2-items. Next we claim that no two F'F'-bins have total
size greater than or equal to 3/2. Otherwise there remain at least three 2" -bins in the F'F' packing
and S > % +3- % +7- % = 7, a contradiction. Since there are five 2*-bins and at most three 2-bins,
there have to be at least two 37-bins. Let C' be the last 3*-bin and B some bin before it. Then
C' contains three items of size larger than 1 — s(B) and s(B) + s(C) > s(B) + 3(1 — s(B)) =
3 —2-s(B). Since no two bins have total size 3/2 or more, this implies s(B) > 3/4. Furthermore,
this implies that there is a single bin before C, as otherwise there would again be two bins with
total size at least 3/2. Le., B is the first bin, C is the second bin and there are exactly three 2-bins.
C has at least three items and they are packed into different O PT-bins by Assumption 4.2.1. We
claim that one of these three bins contains both a 2-item ¢ and a D-item d with size d > 1/2: Each
O PT-bin contains a D-item and there is at most one D item of size at most 1/2; furthermore, there
is at most one O PT-bin not containing a 2-item, as there are six 2-items in the three 2-bins. Thus
the condition excludes at most two O PT-bins. Fix ¢’ to be an item from C' packed with such a ¢
and d in the same O PT-bin. Note that ¢ and d are in later F'F-bins than C, as B and C' are the first
bins and they are 3*-bins. We have ¢’ + ¢ < 1/2 as they are packed with d > 1/2 in an O PT-bin.
On the other hand we claim that s(C') — ¢’ < 1/2: otherwise we note that ¢ > 1 — s(B), as ¢’ was
not packed in B and thus s(B) 4+ s(C) > s(B) + ¢ +1/2 > s(B) + (1 — s(B)) + 1/2 = 3/2,
contradicting the first claim in the proof. Thus s(C) +c¢ = (s(C) =)+ (d +¢) < 1/2+1/2=1
and F'F' should have packed c into C', which is the final contradiction. a

We note that the last case of O PT" = 7 is also covered in the manuscript [65], we have included
it for completeness.
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8.4 Appendix D, the omitted part of FF’s tightness proof in the
CCBP model

Here we provide the omitted part of the complete investigation of the tight bound of F'F' for the
cardinality constrained model. We have divided the investigation to parts regarding the global
constant k. For k = 2 the tight bound of the asymptotic ratio was known in advance, so this
investigation is not given in this dissertation. For the cases of 3 < k£ < 5, we used simple weight
function, it is a piece-wise constant function. For 6 < k£ < 8, a more difficult weight function was
useful. The hardest part of the investigation is for case £k = 9. And we provide here the omitted
cases, that is, the cases for £ > 10.

The cases where £ > 10 are studied similarly to previous cases. In this case we also distinguish
the definitions of weights based on the bins of O PT according to the number of additional items
packed into these bins. The weight of an a-item remains %
Case a. Consider bins of O PT containing one or two additional items (and the remaining items are
a-items). Such bins are called ~y-bins again, and the additional items in the bin are called v-items.
Huge ~v-items are called ~;-items and they have weights of 1. Other y-items are called »-items
again. If 10 < k£ < 19, then the weight of the v,-item is % — %, and otherwise (if £ > 20), then its
weight is % = 0.65. The smallest weight of a y,-item is 0.6, and its size is at most %, therefore the
ratio between the weight of such an item and its size is at least 1.2.
Case b. Consider the remaining bins of O PT" (containing at least three additional items). Each
such bin has at most k£ — 3 a-items, and we call it a ¢-bin. The additional items packed into ¢-bins
are called ¢-items. The weighting function of the ¢-items is again more complicated. The weight
of any huge ¢-item is 1 again. The weight of a ¢-item of size a < 1/2 is w(a) = s(a) + b(a),
where s(a) = Za is the scaled size, and b(a) is the bonus of the item. Below we give the bonus
function of the ¢-items of sizes no larger than 1/2.

For k > 20, the classical weighting function of FF [55] is appropriate, in this case the bonus

function is defined as follows.

0 if a<1/6
ba)={ 2a—1)=06a—01 ifl/6<a<1/3
0.1 if1/3<a<1/2

where we items are called in the classes as tiny, small or medium, and big, respectively.

The weight function in this case is continuous in the interval (0, %) The bonus is piecewise
linear (and so is the weight function). In the interval (%, %) the bonus increases from 0 to 0.1.

For 10 < k£ < 19, we use additional modifications to the classic weight function. In some
of the cases the bonus function is still equal to the one in the classic analysis. More specifically,
these are the cases where the size is in (1/6,1/5] and (3/10,1/3]. In these intervals the slope of
the weight function is 1.8, i.e, the slope of the bonus function is 0.6. The bonus function and the
weight function are piecewise linear, and continuous in (0, i) and (%, 1). The partition into types

472
is as in the case & = 9.
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0 if a<1/6
3(a—1)=0.6a—0.1 if 1/6<a<1/5
b(a) = (1.6 —2)(a— 1) +0.02=(16—-2a—03+7 if 1/5<a<1/4
(1.6—%)(a—-)+- (1.6 — 2a— 0.4+ 2 if 1/4 <a<3/10
3(a—2)+0.08=0.6a—0.1 if 3/10<a<1/3
(0.1 if 1/3<a<1/2

where we call the items in the classes after each other as tiny, very small, larger small, smaller
medium, larger medium and big, respectively.

This bonus function is monotonically non-decreasing for £ > 13, but not in the cases £k =
10,11, 12; whereas the resulting weight function is monotonically increasing for 10 < k£ < 19.
The value of the bonus is zero for a < 1/6 and itis 0.1 between 1/3 and 1/2. We have b(3) = 0.02
(and w($) = 0.26), b(;) = 0.1 — 1, thus for a € (%, ] the bonus is in [0.1 — ¢ 0 02) for
k =10,11,12 and in (0.02,0.1 — 4] for 13 < k < 19. For a € (3, 0.3] the bonus is in [O 08, 1) for
k =10,11,12 and in (3, 0.08] for 13 < k < 19 (we have w(0.3) = 0.44). The bonus of an item of
size above % is always above 0.05.

For £ > 10, since the bonus function is non-negative, for any ¢-item of size 0 < a < %
w(a) > Sa holds. The bonus of every item of size in (0, 3] is in [0, 0.1]. The weight of a big item
is at least 0.5. The weight of a medium item is at least 0.3 + % > (.35 for £k < 19 and at least 0.35
for £ > 20.

Now we find properties of the weighting and then we give the asymptotic bound.
Lemma 8.4.1 For every bin B of OPT, w(B) < 2.7 — 3/k holds.

Proof. The claim holds for bins having only a-items. For a 7-bin, if there is just one y-item, then
the total weight is at most ’“_1 + 1 < 2. Otherwise, if £ < 19, then the total weight is at most
k24 1 +0.7—+=27—2, and if k > 20, then the total weight is at most *-2 + 1 4 0.65 =
2. 65 — S 27 -2

Next, consider gb—bins. For £ > 20, the proof follows from the standard analysis [55], and
we include it for completeness. There are at most £ — 3 a-items, and their total weight never
exceeds "’—;3’ If a bin does not contain a huge ¢-item, then it has at most five ¢-items of positive
bonuses (each bonus is at most 0.1), and their scaled size is at most 1.2. This gives a total weight
of at most 1 — % +12+05 = 27— % Note that this total weight cannot be achieved as
both situations where there are k — 3 a-items and five ¢-items cannot occur simultaneously. If a
bin contains a huge item, then there are at most two (other) ¢-items with positive bonuses. The
scaled size of all ¢-items except for the huge item is at most 0.6, and the total weight excluding
the bonuses of ¢-items is at most 1 + ""’ 3 40.6 = 2. 6 — 2. If there is only one ¢-item with a
positive bonus, then the total weight is at most 2.7 — E agaln Assume that there are two items
with positive bonuses. None of these items can be larger than % as their total size is below %
If both items have bonuses of 0.6 times their sizes minus (.1, then their total bonus is at most
0.6 -5 — 0.2 = 0.1. In the cases where £ > 20, this is the only remaining option (as each of
these 1tems is small or medium), and we are left with the cases where k¥ < 19, and moreover, in
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the remaining case there are two items with positive bonuses, and these bonuses are not both equal
to the sizes times 0.6 minus 0.1. Let a; < ay be the sizes of the items. We have as € (0.2,0.3]
(otherwise either both items are very small, or the larger item is larger medium and the smaller one
is very small, and both items have bonuses of the form 0.6 times the size minus 0.1, a case that
was analyzed earlier). Thus, the larger item of the two is either larger small or smaller medium.
We will bound the total weight of the two items and show that it does not exceed 0.7. Since the
weight function is monotonically non-decreasing, we analyze w(az) + w(% —ag). If % < ay < %,
then w(az) + w(3 — az) = (2.8 = 20/k)2 — 0.7+ 22 = 1.4 — 10/k — 0.7+ 10/k = 0.7. The case
1 < ap < 0.3 is symmetric. O

Now, we bound the total weight of the bins of F'F'. Once again we split the analysis into several
cases according to the number of items packed into the bins. In this case we can also neglect k-
bins and 1-bins, as the total weight of a k bin is 1, and all items of size above % have weights of 1.
Moreover, any bin that contains a huge item is removed from the analysis. Thus, we are left with
2*-bins that do not contain such items. Additionally, the weight of any bin with level at least 5/6
is at least 1, as the weight of any ¢-item and of a y,-item is at least 6 /5-times the size of the item.
Since there can be at most one 5*-bin whose level is below 5/6, the weight of any 5*-bin (except
for at most one bin) is at least 1. In the following we concentrate on the 2-bins, 3-bins and 4-bins.

Lemma 8.4.2 The weight of any 2-bin containing a vs-item is at least 1, except for at most one
bin. The weight of any 3-bin or 4-bin, containing a ~ys-item, is at least 1, except for at most one
bin.

Proof. Assume that at least two bins have ~,-items, and each one has weight below 1. Denote
them by B; and B, such that I; appears after 5; in the ordering of FF. Each of them can have at
most one ~y»-item, as the total weight of two -, items is above 1. None of them has a level of at
least %, as in such a case the weight is at least 1.

Assume that both these bins are 2-bins. The total weight of a v,-item and a ¢-item of size
above }L is at least 0.35 4+ 0.65 = 1 for k > 20, and at least 0.3 + % + 0.7 — % =1 for k < 19.
Thus, each of these 2-bins has a ¢-item of size at most % (as there is only one ~,-item packed into
each of the two bins). We find s(B;) < %, as the size of the ,-item is at most 1 and therefore B;
cannot have any item of size at most }1, a contradiction.

Next, assume that B; and B; contain 3 or 4 items each and have weights below 1, such that
each of them contains one ~,-item, and the other items are ¢-items. Similarly to the proof for
2-bins, none of them has a ¢-item of size above ;. If all the ¢-items of B; have sizes of at least
1/6, then their total size is at least 3, and their total weight is at least 2 - 3 = 0.4, and we reach a
contradiction, since the v;-item of that bin has weight of at least 0.6. Otherwise, since 5; has an
item of size below %, the level of B, is above 5/6, a contradiction. |

We are left with bins containing only ¢-items that are not huge.

Lemma 8.4.3 Consider two ¢-items of sizes a; < ay < 1/2. If 1 > a1 + ay > 1 — ay holds, then
the total weight of the two items is at least 1.

Proof. We have a; > (1 — ay)/2 > 1. If both items have sizes at least 1/3, since w(1/3) = 1/2,
the claim holds, since w is monotonically non-decreasing. Thus it suffices to consider the case
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1/4 < a; < 1/3. Inthis case ay > 1 —2a; > % If £ > 20, then the total weight of the two items is
1.2(a1 +az) + (0.6a; —0.1) +-0.1 = 1.8a; + 1.2as = 0.9(2a1 +az) +0.3a > 0.9-14+0.3-5 = 1.
If £ < 19, we consider two cases. If a; > 0.3, then the calculation is the same as for £k > 20.
Otherwise, the total weight of the two items is 1.2(a; + a2) + ((1.6 —20/k)a; — 0.4+ 2) +0.1 =
(2.8—=20/k)a; +1.2a3 — 0.3+ % > (2.8 —=20/k)a; +1.2(1 —2a1) — 0.3+ % =(04—-20/k)a; +
0.9+46/k>(04—20/k)-0.3+0.9+2=1.02>1,since 0.4 — 20/k < 0and a; < 0.3. O

Lemma 8.4.4 Consider three ¢-items of sizes a1 < as < az < 1/2. If1 > a;+as+az3>1—a
holds, then the total weight of the three items is at least 1.

Proof. We have 4as > 2a; + az + az > 1,s0 ag > 1. If a; > 1, then the claim holds since the
weight of an item with size above 1/4 is at least 0.35. If a; < %, then a; + as + ag > %, and the
total weight is at least 1. Thus, we are left with the case % <a < }1, and thus a; + as + as > %. If
az > 5, then its bonus is 0.1, and the total weight of the three items is at least -2 4-0.1 = 1. We are
left with the case % <ar <as<ag < % We find that in the case & > 20, as all three items have
sizes in (3, 3], the total weight of the items is 1.8(ay 4+ as +a3) — 0.3 > 1.8-3 — 0.3 = 1.05 > 1.
We are left with the case k < 19. If ay > %, then since the bonus of any item of size above
}l is above %, the total weight of the items is at least 1.2 - % +2-00 =1 Ifa; < é, then
ay + as + az > %, and since the bonus of the largest item is above %, we get a total weight of at
least 1.2 - 2 +0.05 = 1.01 > 1. We are therefore left with the case < a; < ap < 1. If az < 0.3,
then the total weight is at least (2.8 — 20/k)3 +2(—0.3 +4/k) + (=04 +6/k) = 1.1 —-1/k > 1.
If a3 > 0.3, then the total weight is (2.8 — 20/k)(a; + ag) + 1.8a3 + 2(—0.3 + 4/k) — 0.1 >
(2.8 =20/k)a; + 1.8a3 — 0.7+ 8/k + (2.8 — 20/k)(1 — 2a; — a3) = (20/k — 2.8)a; + (20/k —
Das +2.1—-12/k > (20/k — 2.8)/4 4+ (20/k — 1) - 0.3 +2.1 — 12/k = 1.1 — 1/k > 1 since
k >10,a; < 1,and ag > 0.3. O

Lemma 8.4.5 Consider four ¢-items of sizes a1 < as < az < ay < 1/2. If1 > a1 +as+az+ay >
1 — ay holds, then the total weight of the four items is at least 1.

Proof. We have bay > 2a; +as+az +aq > 1,50 ay > % Ifa; < %,thenal + ag + as + ayg > %,
and the total weight is at least 1. Otherwise we find a; + as + ag + a4 > max{1l — ay,4a;} > ‘—51.
If ay > 1, then its bonus is above 5, and the total weight is at least 1.2 - 3 4+ 0.05 > 1. Thus,
I < ay < 4. If k> 20, as the sizes of all items are in (%, ;], the total weight of all four
items is 1.8(a; + ag + ag + a4) — 0.4 > 1.04 > 1. We are left with the case £ < 19. If
a1 > 3, then the total weight of all four items is (2.8 — 20/k)(a1 + as + a3 + as) — 1.2 +
16/k > (2.8 —20/k) - 0.8 — 1.2+ 16/k = 1.04 > 1. Otherwise, 2 < a; < 1 < a; < 1.
If a; > 1, then the total weight is 1.8a; — 0.1 + (2.8 — 20/k)(az + as + a4) — 0.9 + 12/k >
1.8a; + (2.8 — 20/k)(1 — 2ay) — 1 + 12/k = a,(40/k — 3.8) + 1.8 — 8/k. If 40/k — 3.8 is
non-negative, then using 8/k < 0.8 we find a total weight of at least 1. Otherwise, using a; < %,
we find a total weight of at least (40/k —3.8) - 1 + 1.8 = 8/k = 1.04 > 1. If ay < £, then the
scaled size is 1.2(a; + as + a3z + a4) > 1.2(1 — a1). Thus the bonus of the two smallest items is

0.6(a; + ag) — 0.2 > 1.2a; — 0.2. Thus, the total weight is at least 1. ]

Lemma 8.4.6 The total weight of the 2-bins, 3-bins and 4-bins of FF that contain only ¢-items is
at least their number minus 1.
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Proof.  The proof is the same as for Lemma 6.1.23 (the only difference is that 5-bins are not
considered). O

We proved FF(L) —5 < W < (2.7 —3/k)OPT(L), thus we proved the next theorem.

Theorem 8.4.1 The asymptotic approximation ratio of F'F for any k > 10 is at most 2.7 — 3/ k.
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8.5 Appendix E, about Batch Scheduling

Here we consider the bounded batch scheduling problem with nonidentical job sizes on a single
machine, with the objective of minimizing the makespan. We present an algorithm which calls
an online algorithm P (chosen arbitrarily) for the one-dimensional bin-packing problem as a sub-
procedure, and prove that its worst-case ratio is the same as the absolute worst-case performance
of P. Hence, there exists an algorithm with worst-case ratio }—g, which is better than any known
upper bound on this problem. The content of this Appendix E is from [34].

The problem is defined in [75]. We are given a non-empty set of jobs J = {J1,Jo,..., Jn}.
For j = 1,...,n the processing time and size of J; is p; and s;, respectively. There are m > 1
machines My, Ms, ..., M,, with the same capacity B. Each machine can simultaneously process
a number of jobs as a batch as long as the total size of jobs in the batch is no greater than B. The
processing time of a batch, which is also called the length, is the maximum of the processing times
of jobs contained in the batch.

Without loss of the generality, we will assume that B = 1 and s; < 1 for all 5. All jobs are
available at time 0 and no preemption is allowed. Here, the objective is to minimize the makespan,
i.e. the maximum completion time of all jobs. Now denote by C4(.7) and C*(7) the makespan of
the schedule produced by algorithm A and of the optimal schedule, respectively. For measuring the
performance of an algorithm, traditional terminology in scheduling is ”worst-case ratio”” while that
in bin packing is (asymptotic or absolute) “approximation ratio”. Now, as we consider a combined
model, we will use the term (asymptotic or absolute) performance ratio, and this term will be used
also for the packing or scheduling models. Thus, the absolute performance ratio of A is then
defined as

A
inf{r | g*((gs <rforall J},

while the asymptotic performance ratio for algorithm P is defined as

lim inf{r | (1) < rforall Z with C*(Z) > N}
N c(T) = =N

The definitions are standard, and can be found for instance in [14].

8.5.1 Related work

The class of problems considered here contains many fundamental combinatorial optimization
problems as special cases. If the size of each job is 1, then the batch scheduling problem on parallel
identical machines simplifies to the classical scheduling problem on parallel identical machines
with the objective to minimize the makespan. The latter problem is /N P-hard even if the number
m of machines is just 2 [43]. Graham proposed algorithms called List Scheduling (L.S) and Longest
Processing Time first (LPT') in his seminal works [46, 47]. Assuming that an order of the jobs has
been chosen, algorithm LS assigns the first unprocessed job in the sequence to the machine which
can complete it as early as possible, where ties are broken arbitrarily. Algorithm L PT first sorts all
jobs in descending order of their processing times, and then assigns the jobs by the LS algorithm.
The absolute performance ratios of LS and LPT are 2 — % and % — ?% respectively. The problem

m,

also admits a Fully Polynomial Time Approximation Scheme (FPTAS) when m is a fixed number
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and a Polynomial Time Approximation Scheme (PTAS) when m is part of the input [67, 50]. If all
jobs have the same processing time p, then the length of each batch in any schedule is p. Thus
the batch scheduling problem on a single machine reduces to the one-dimensional bin-packing
problem. Now let P denote a bin-packing algorithm. We will use C”(Z) to denote the number of
bins employed when P is applied to item set Z, and C*(Z) to denote the number of bins employed
for an optimal packing of Z.

An interesting feature of the bin-packing problem is that the asymptotic performance ratio and
the absolute performance ratio of an algorithm may be different. Concerning the variants of batch
scheduling studied here, currently we cannot prove or disprove that the best possible asymptotic
and absolute performance ratios are equal.

In the online version of the bin-packing problem [14], items arrive according to some unknown
list (even the length of the list is unknown until the very end), and the next item must be packed into
a bin promptly when it arrives, without any information about the remaining items. Algorithms
which can solve the online version are called online algorithms. Clearly, F'F' can be interpreted as
an online algorithm (it applies no look-ahead), but F'F'D does not have this feature. There exist
online algorithms with asymptotic performance ratios better than that of F'F’, such as Refined FF
[86] and Harmonic [60].

The online algorithm proposed by Seiden [69] with an asymptotic ratio of at most 1.58889
is the best one known so far. An online problem has an asymptotic (absolute) lower bound p
if no online algorithm has an asymptotic (absolute) performance ratio smaller than p. The first
asymptotic lower bound % for the one-dimensional bin-packing problem was given by Yao [86],
and the current best asymptotic lower bound 1s 1.54037 [2]. To the best of our knowledge, no
result on an absolute lower bound has been reported before the publication of our article [34]
which contains the results of this section, i.e. before 2014. (Then, in 2015 we published our paper
[6] which deals with this question, and gives an algorithm with the tight 5/3 bound. In fact, this
algorithm is a modification of algorithm F'F'.)

Research on batch scheduling problems is motivated by burn-in operations in semi-conductor
manufacturing, and dates back to the 1980’s [51]. Several variants of batch scheduling have been
proposed, and most of them can be classified into three types: unbounded batch model, where the
capacity of a batch is infinity; bounded batch model with identical job sizes; and bounded batch
model with nonidentical job sizes. Clearly, problems in the last category are the most difficult
ones. Below, we will briefly survey some results on the classical batch scheduling problems with
the objective of minimizing the makespan. More results on other objectives and more complex
paradigms such as nonidentical release times and online batching models can be found in [12, 66],
and references therein.

If the batch has an unbounded capacity, combining all the jobs into a single batch is an optimal
choice for both the single and parallel machine cases. For a bounded batch with identical job sizes,
the problem is still polynomially solvable for the single machine case. If there is more than one
machine, the problem becomes /N P-hard, but it still admits a PTAS, see Li et al. [63].

The bounded batch problem with nonidentical job sizes on a single machine contains the one-
dimensional bin-packing problem as a special case. Hence, there is no polynomial-time (offline)
algorithm with absolute performance ratio smaller than % unless P = N P. Uzsoy [75] proposed
four algorithms for this problem. One of them is called L PT-F'F, as this algorithm can be viewed
as a combination of LPT and F'F' (performing them one after the other, see details later in a more
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general setting).

Zhang et al. [83] proved that among the four algorithms, L PT—F F' is the only one that has
a finite absolute performance ratio, and that its absolute performance ratio is at most 2. In the
same paper, Zhang et al. proposed another algorithm called M LPT-F'F, which has an absolute
performance ratio of %. As far as we know, no algorithm was proved to have an absolute perfor-
mance ratio better than LZL before the present study (and there are no results at all on approximation
algorithms for the parallel machine case).

Below, we revisit the bounded batch scheduling problem with nonidentical job sizes. For the
single machine case, we use a novel technique to learn the relationship between the performance of
batch scheduling algorithms and bin-packing algorithms; in this way we can improve the absolute
performance ratio of LPT—-F'F' to % with a very concise proof (Corollary 8.5.1). It has long been
believed that the asymptotic performance ratio is better for measuring the performance of a bin-
packing algorithm [17]. Our approach shows that the absolute performance ratio can be of help
as well. For completeness, we will also give a short proof that g is an absolute lower bound for
one-dimensional online bin-packing (Theorem 8.5.2). In this Appendix E we deal only with the
single machine case, the investigation of the parallel machines case can be found in [34].

8.5.2 The single machine case

Next, we will generalize the idea of LPT—F'F' to get better upper bounds for batch scheduling
on a single machine. For an instance of batch scheduling with job set 7 = {J1, Ja, ..., J,}, we
introduce the induced instance of the bin-packing problem with the item set Z; = {1, I5,...,I,,}
and bin capacity 1, where item /; corresponds to job J;. For any j, 1 < j < n, the size of I; is
just s;, i.e. the size of J;. Clearly, items whose corresponding jobs are assigned to a batch in any
schedule of J can be packed into a bin; and also conversely, any subset of items fitting in a bin
may form a batch.

Now we introduce the algorithm L PT—P which calls an online bin-packing algorithm P as a
sub-procedure. This point may actually come as a surprise: we have complete information about
the (offline) problem instance, but after some preprocessing we intentionally restrict ourselves and
solve a seemingly harder problem, as if it was online. Eventually the upper bound derived from this
approach turns out to be better than the one given by any previously known purely offline method.

Algorithm LPT-P

e Step 1. Sort the jobs in the non-increasing order of their processing times, i.e. p; > py >
.o 2 Dn-

e Step 2. Given bin size B = 1, apply the bin-packing algorithm P to pack the induced item
list Z; (where the j-th item has size s;). Jobs whose corresponding items are packed into
the same bin form a batch.

e Step 3. Schedule the batches without idle time on the machine in any order.

Theorem 8.5.1 If P is an online algorithm for the bin-packing problem, then the absolute perfor-
mance ratio of the algorithm LPT—P for batch scheduling with nonidentical job sizes on a single
machine is the same as the absolute performance ratio of P.
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Proof. Let J = {Ji,Ja,...,J,} be any instance of single machine batch scheduling, and let
Zs ={li,15,...,1,} be the corresponding induced instance of bin-packing. We denote by N
the number of different processing times of jobs in J. If N; = 1, i.e. all jobs have the same
processing time, say p, then all batches have the same length p; and those restricted instances of
batch scheduling are in one-to-one correspondence with the instances of bin-packing. Hence both
the optimum for 7 and the value of CL*T=7(7) are exactly p times the optimum for Z; and the
value of C”(Z;), respectively. This implies that the absolute performance ratio of L PT—P cannot
be better than the absolute performance ratio of P. We still have to prove that it is not larger. The
above observations verify this, for all instances J with N; = 1.

Let the absolute performance ratio of P be r. Suppose, for a contradiction, that there exists
some instance J of single machine batch scheduling with

CHT=P(T) > rC* (). (8.2)

We certainly must have N; > 2. From all possible choices of 7 we select one {J;, Jo, ..., J,}
with the smallest N;. We will modify 7 to an instance J’ which has N7 = N, — 1 and still
satisfies the inequality CL*7=7(7") > rC*(J"). This contradiction in the choice of J completes
the proof of the theorem.

Let the largest and second largest processing times of jobs be x and y, respectively, and let 7,
and n, denote the set and the number of jobs having processing time x. Since N; > 1, both x and
y are well-defined and we have n, < n. To create [J', our strategy is to decrease the processing
time of the jobs in J, from z to y, while keeping their sizes unchanged. In this way the induced
instance of bin-packing remains exactly the same, and consequently L PT—-P creates the same
batch partition for 7 and 7’ because P only takes the item sizes into account.

Denote by b, the number of batches of length x in the schedule generated by LPT-P for 7,
and let b’ be the number of batches of length z in a schedule that has been chosen arbitrarily from
the optimal ones. Let us run L PT—P on the restricted instance 7, which is a starting segment of
J in the list of items for P after Step 1. Then we obtain

by = CP(I7,) < rC*(Zz,) < rb} (8.3)

because P is an online algorithm, N; = 1 < N, and there is enough room for the n, items
inside b} bins.

Since the modification from 7 to J’ keeps the batch partition the same, the makespan obtained
from LPT-P is decreased by exactly (x — y)b,.. This means

CLPT—P(j/) — CLPT_P(j) _ (ZL’ _ y)b;r (84)

Indeed, the length of batches containing at least one longest item decreases from z to y, while the
lengths of the other batches remain unchanged.

However, we get a feasible schedule of 7’ by keeping the assignment of jobs to batches in the
same way as that in the chosen optimal schedule of 7. Then the length of b batches which contain
jobs of 7, decreases from z to y, while the length of all the other batches remains unchanged.
Hence

CT) < CT) — (x —y)bL. (8.5)
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Combining the above points, we find that
CHPTP(T) | CHTP(T) = (o —yhbe _ 1C(T) = =yt
(g T O(I) = (@ —y)b; C(T)—(@—yby
where (8.4) and (8.5) are applied in the first inequality, and (8.2) and (8.3) are applied in the

second inequality. With the choice of 7, however, the leftmost side should be at most r because
N7 < Nz. This contradiction completes the proof of the theorem. a

Since the tight absolute performance ratio of F'F'is 7= [23] from Theorem 8.5.1 we get the
following.
Corollary 8.5.1 The tight absolute performance ratio of LPT-FF is %. As a consequence,
batch scheduling with nonidentical job sizes on a single machine admits a polynomial-time -

10
approximation.

This result improves the estimate in [83]. Moreover, this upper bound was the current cham-
pion before the publication of our newer work [6]. To improve L PT—F'I further, the simplest idea
seems to be to use an online bin-packing algorithm with better absolute performance ratio. Inter-
estingly enough, however, although there were several known online algorithms whose asymptotic
performance ratio is smaller than that of F'F', none of them has a smaller absolute performance ra-
tio. In fact, we have the following general lower bound, namely 5/3, on the absolute performance
ratio of any online algorithm. After the submission of this paper, Zhang [82] kindly informed us
that he proved the same result about two decades ago but he never published it. The instances used
in the proof below bear some similarity with the instance used in [55] to show that the absolute
performance ratio of F'F' is no smaller than 5/3.

Theorem 8.5.2 There is no online bin-packing algorithm with absolute performance ratio smaller
than 2.
3

Proof. To prove the statement we construct a list S U M U L of small, medium-sized, and large
items. It will be decided online whether the input is just S, or S U M, or the entire S U M U L. To
prove the statement we construct the following adversary list. Let the list begin with 6 small items
of size l — 2¢ each (where ¢ is a very small positive Value). If an online algorithm P uses at least

C(%) > 2 > 2. Otherwise, the list is continued with 6
medium-sized items of size g + ¢. In the optimal packmg, two medium-sized items and two small
items can be packed into the same bin, thus C*(Z) = 3. (But in the current situation, the empty
space 12¢ is too small for a medium- sized item.) Therefore, to avoid the absolute performance
ratio of P becoming no smaller than 2, P must pack all medium-sized items into 3 bins. Then
the list is completed with 6 big items of size 5 + ¢. Algorithm P must pack each of them into a

new bin. Hence, C”(Z) = 10. In the optimal packing, however, each bin contains a small item, a

Py
oo = .

two b1ns then the list is terminated, and

medium-sized item and a big item. Thus, C*(Z) = 6 and

Although the lower bound given in Theorem 8.5.2 is smaller than the absolute performance ra-
tio of F'F, we conjectured that this lower bound of 5/3 for online bin-packing cannot be improved
further. And soon it turned out that the conjecture is true, as in our paper [6] we gave an online bin
packing algorithm with absolute approximation ratio 5/3. The name of the algorithm is F'T (as
’five third”). Thus the next corollary also holds:
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Corollary 8.5.2 The tight absolute performance ratio of LPT-FT is g As a consequence,
batch scheduling with nonidentical job sizes on a single machine admits a polynomial-time g

approximation.

But it is still not the limit of approximability for batch scheduling with nonidentical job sizes
on a single machine when some polynomial-time algorithms other than L PT—P are considered.
In such cases we know only the smaller lower bound % unless P = NP (see e.g. [14]), since the
problem is a generalization of the one-dimensional bin-packing problem.

Some remarks. Above we reviewed the bounded batch scheduling problem with nonidentical
job sizes on a single machine. We applied a one-dimensional bin-packing algorithm P as a sub-
procedure. We proved that if P is an online bin-packing algorithm, then the absolute performance
ratio of LPT—P is equal to the absolute performance ratio of P. Based on the fact that F'F" has a
performance ratio of %, (or based on the fact taht F'I" has a performance ratio of g), we derived the
same improved absolute performance ratio for the batch scheduling problem on a single machine.
A remarkable aspect of this approach is that it creates an offline batch scheduling algorithm from
an online bin-packing algorithm, by combining it with some preprocessing.

There are many interesting problems which deserve further study. The main one is to im-
prove the performance of algorithms for the single machine case or to prove that the constant g
is tight. From the conclusions above a more effective algorithm would require that some new
ideas concerning the assignment of jobs to batches be introduced. Next, is it possible to general-
ize the approaches presented here to other variants of batch scheduling? Is some analogue of the
above-mentioned relation between the performance of P and L PT-P valid for other variants of
the problem?

Our paper [34] also proposes some new and interesting tasks on bin-packing problems. Al-
though studies on the absolute performance ratio of bin-packing algorithms were almost neglected
earlier, it can be seen from the results drawn here that various results on it are indeed useful. For
instance, knowing that the F'F' algorithm has a smaller absolute performance ratio when dealing
with items of size smaller than %, we can also state for batch scheduling on a single machine that
the algorithm performs better in the setting where all the jobs are of size smaller than %
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