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would like to thank are the other members of the Graduation Committee,
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because of his inspirational thesis and continuous interest.
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classmates and the members of the futsalteams 2 Vingers 4 and 2 Vingers
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cluded in the sets I have mentioned. Above all, I would like to thank the
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1 Introduction

In this report bin packing is defined (Kern and Qiu [6]) by a set of k bins
of capacity 1 each and n items of sizes ai,as,...,a,. We assume w.l.o.g.
0<a; <1 forall a;. Let A be the set of items and B be the set of bins. A
feasible packing of an item set A C A into a set of bins B’ C B is an assign-
ment of some (or all) elements in A’ to the bins in B’ such that the total size
of items assigned to any bin does not exceed the bin capacity. Items that
are assigned to a bin are called packed and items that are not assigned are
called not packed. The value of a feasible packing is the total size of packed
items.

A set I of items is called a feasible set if its total size does not exceed
1, the maximum binsize. Denote by F the set of all feasible sets. Let o be
the total size of all items in the feasible set F' and ¢ = (07) € R¥I. By yr
we denote how much feasible set F is used and y = (yr).

The integer linear packing program (IPP) corresponding to the integer bin
packing is:

(IPP) max o'y,

s.t. Z yr < k,

FeF

Zypgl (1=1,...,n),

F>q
y € {0,1}7.

If we relax the constraint that feasible sets should be packed as a whole, we
get the fractional packing problem (PP):

(PP) max oy,

s.t. Z yr < k,

FeF

Zngl (t=1,...,n),

F>i
y € [0,1)7.

We define the GAP as the difference between the optimal value v of (IPP)
and the optimal value v of (PP). Because v' > v, we have: GAP = ¢’ —v.



2 Background

Of course the bin packing problem described in the introduction has some
background. In this chapter we explain the connection with the closely re-
lated bin packing game and describe their corresponding linear problems.

2.1 Bin packing game

The reason why we study these two types of bin packing, is the close rela-
tion to something called bin packing game, which is defined as follows [5]: A
bin packing game is a cooperative N-person game, where the set of players
consists of k bins of size 1 and n items of sizes aq,...,a,. The value of a
coalition of bins and items is the maximum total size of items in the coalition
that can be packed into the bins of the coalition.

A cooperative (mazimum value) N-person game is defined by a set N of play-
ers and a characteristic (or value) function v : 2V — R satisfying v(0) = 0.
A subset S C N is called a coalition and N itself is the grand coalition. We
define v(S) as the total gain that coalition S can achieve if all its members
cooperate.

In cooperative games one aims to ‘fairly’ allocate the total gain v(N) of
the grand coalition N among the individual players i € N. An interesting
concept essentially going back to von Neumann and Morgenstern [I] is the
core of a cooperative game. The core consists the vectors z € RY that satisfy:

(D) z(N) < v(N),
(I) z(S) > v(S) for all S C N,
where x(S) = Zazz

€S
It is possible that the core is empty. Then there is not enough gain to
get every player satisfied, which is undesirable of course. However, there are
some ways to relax condition (II) such that the modified core is non-empty.
Faigle and Kern [5] have introduced an e-core, where ¢ € (0, 1], as follows.
Given € > 0, the e-core consists all vectors x € R satisfying condition (I)
and (II'):

(IT") z(S) > (1 — €)v(S) for all S C N.

As stated in [6], we can regard € as a tax rate, so that coalition S is allowed
to keep only (1 —€)v(S) on its own. In order to approximate the core as close



as possible, we would like to have the taxation rate ¢ as small as possible
while keeping the e-core non-empty.

2.2 (Integer) linear programs

If we only look at condition (II) and we want to minimize the total payments
to the individual players, we get the linear program (LP):

(LP) min xz(N),
st. z(S)>wv(S) forall S C N.

Note that we did not forget the constraint x > 0. If we consider S as being
only one item or only one bin, its gain is 0. Therefore, the constraint in (LP)
implies z > 0.

Because all bins have size 1, we may award all bins the same amount .
There are k bins, so the total payment to the bins is kzy. The payment to
item ¢ is x;. Hence we have to minimize: kzo + > . ;. The constraint of
(LP) is replaced by a constraint that only considers the cases with only 1 bin
and a set of items with a feasible total size (}_,.a; < 1). This is sufficient
to cover all cases. The resulting linear program is the allocation problem

(AP):

(AP) min kzy + Zmi,
i=1
s.t. xg + sz > op forall F' € F,

zo,z > 0.

Recall that we defined o as the total size of all items in the feasible set F'.

Remarkably, the dual of linear program (AP) is linear program (PP), which
is defined in the introduction (Chapter 1). So, the allocation problem and
the fractional packing problem are each other’s dual! Thus, investigating the
bin packing game is closely related to investigating the bin packing problem.
That is why this research and thesis is about bin packing in the setting pre-
sented in the introduction.

As mentioned in the introduction, we denote the optimal value of (IPP)

by v and the optimal value of (PP) by v'. Because of this duality, the op-
timal value of (LP) and (AP) is v' as well. There is a direct relationship

6



between these optimal values and the non-emptiness of the e-core. This is
described in [5]:

Lemma 2.1 e-core(v) # 0 if and only if e > (v —v)/v'.

Some interesting questions arise if we look at the e-core. We are wondering
if there is a minimal € which results in a non-empty e-core for all bin packing
games or for all bin packing games in a specific subclass. From now on, we
call this minimal €: €,;,. There are more things we would like to investigate.
This is explained in the next chapter.



3 Problem description

The previous sections might seem quite abstract and it could be hard to
understand what is going on. In this section we give some examples and
explain what we would like to investigate. Furthermore, we give an overview
of earlier work that has been done.

3.1 Examples

So we have a set of n items of different sizes and k bins of size 1. We compare
two methods of bin packing, namely the integer packing and the fractional
packing. In the integer packing all feasible sets should be placed as a whole,
which is straight-forward and intuitive. In contrast, in a fractional packing
feasible sets may be split in a specific way. For example, if we want to place
a part of the feasible set, say of width z, it uses width x of a bin and all
items in this feasible set can be used in other feasible sets, up to width 1 —z
in total. We give two examples:

Example 1: We have two bins of size 1 and seven items with the follow-

ing sizes:
1111121
2°373'4°4’575

Then the value of the optimal integer packing is equal to the value of the
optimal fractional packing, that is v = v’ = %. An optimal packing is shown
in Figure [1}

L T
777777777 ‘i B
1 1
4 3
1 T

2 5

Figure 1: Both optimal integer and fractional packing

To make things clear: It is not allowed to slice a part of the unused item with
size %, rotate it and put it on top of the items in the second bin to fill that bin
as well. The only way to place items, is to create a set of items, which has a
total size of at most 1, and place this set. If we visualize a feasible set as a



pile of items with width 1 and height the sum of the sizes, it is allowed to re-
duce the width but is not allowed to reduce the height. And it is not allowed
to rotate this set before placing it or to pack an item twice in one feasible set.

It occurs quite often that the optimal integer packing equals the optimal
integer packing. Especially if all items have different sizes. Now we give an
example with v # v'.

Example 2: There are two bins of size 1, five items with size % and one
item with size % The optimal packings are given in the following figure. The

items with size 1 are called A, B,C, D and E for practical reasons.

3

C E E B 11 c | [
——————————————————————————————— CDE T D

B D D D B |
——————————————————————————————— 1101 , 23 1

A A B 222 YT 12 A 2

Figure 2: Different values for v and v’

The left packing in Figure [2| is an optimal fractional packing with value
v = % an?lthe right packing in Figure [2|is an optimal integer packing with

value v = o

3.2 Research goals

The original focus was on the bin packing game. One would like to know if
it is possible to fairly distribute the total gain amongst the players in a bin
packing game. A fair distribution could be defined as a distribution that is
in the core of a cooperative game. This is already explained in the chapter

21

If there does not exist such a distribution, one is interested in finding a
distribution that violates the fairness constraints least possible, i.e. as fair
as possible. This leads to the introduction of the e-core. This e-core is non-
empty if and only if € > (v/ — v)/v’. Therefore bin packing, as defined in the
introduction, is connected to the bin packing game.



We would like to know what the minimal value of € is such that all bin
packing games have a non-empty e-core. Or at least for specific subclasses
like games with only two bins. Another interesting question concerns the
range of the GAP. GAP is possibly uniformly bounded, which would have
pleasant consequences. Generally speaking, a linear program needs less time
to be solved than a corresponding mixed integer program. So calculating
the optimal value of the non-practical linear program first, could give useful
information. If, for example, a company has to deliver a large amount of
boxes of different sizes and they need to order the amount of trucks they
would like to hire soon. Then solving the fast linear program would give a
good indication for the number of trucks they have to order. Later on, they
can solve the slower integer program to determine the optimal packing.

Another application is cost distribution. As mentioned in Chapter 2] the
dual of the linear program of the fractional packing problem is the linear
program that decides how we should distribute value in a fair way amongst
a set of players.

This research is part of the research of Dr. W. Kern (University of Twente).
He started this research about twenty years ago and has made some progress
in solving this problem. A few others also derived some results, which are
explained in the next subsection.

3.3 Earlier work

There are already some results made by other researchers. In [2], Faigle and
Kern observed that €, < 1/2: as long as there are items available, each bin

, 1
could be filled to at least half its capacity. Hence, €, < = < %k = %
Furthermore, they gave the example showed in Figure |3l This example has
an itemset consisting of three items of size %, called %, %/ and %”, and one

item of size % +d with 0 <9 < % If we take the limit by letting § — 0, we
create an example with v — % and v/ — T, which results in GAP — i and

1
1 1 1
€—>7. SO,;SEmiHSQ.

In [3], Woeginger proved that no example exist with ¢ > 3. He assumed

there exist such examples and among those examples there should be one
with a minimal number of players (bins and items). He then derived a con-
tradiction, proving that e, < % This is slightly improved by Kern & Qiu in

[6] by using a different (greedy heuristic) approach which results in €y, < ﬁ)is'
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1/ 1// 1// 1/

2 3 > v=5+ >

1 1 1 71 1

- - S R oty 2 - )
2 2 2 + v=gtyd 2 +

Figure 3: Example with € — %

If all items have a size strictly larger than %, the %—core is always non-empty.
This is proved by Kuipers in [4], using the fact that any feasible set contains
at most two items. Note that the example in Figure [3] is part of this sub-
class. So for every € < %, there exist an example with an empty e-core. In the
spirit of the proof of Kuipers, Faigle and Kern [2] proved another theorem
concerning items with a; > %:

Theorem 3.1 [2] If all itemsizes a;,...,a, in the bin packing game are
strictly larger than 1/3, then v/ — v < i. O

Another useful result was made in [6]. Let § € (0, 1) and let N5 be the subset
of N that does not contain items with size a; < d. We define ey and ey, as

the minimal € for N and Nj respectively, that results in a non-empty core.
Then,

Lemma 3.2 Ifd,en, <€, then exy <e.

The consequence of this lemma is that we can ignore ‘small’ items. For
example, if we would like to prove that € = i implies a non-empty core for
all bin packing games, we can ignore all items that have a size a; < %L.

3.4 Conjectures

After all, we have some conjectures we would like to prove or to disprove.
Some of them were made by other researchers and some of them were created
during our study.

e The 1/7-core is non-empty for all bin packing games.

e There exists a constant C' such that v — v < C for all bin packing
games.

e For a bin packing game with 2 bins, GAP =¢' — v <

I

° Ifk§5,thenv/—v<%.
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4 Bin packing vs. 3-PART

A way to look at Bin Packing problems is seeking similarities with other
(known) problems. In this section, instances of a problem called 3-partition
are used to generate interesting instances for our Bin Packing problem. In-
teresting examples are for example small instances with a large GAP.

4.1 Background

If we have k bins of size 1 and 3k items whose sum of sizes equals k. Is it possi-
ble to place three items per bin such that all items are placed? This question
is basically the well-known NP-complete 3-partition problem (3-PART). An
interesting case, with applications to bin packing, has been investigated by
Joosten [7]. He considered the ILP of 3-PART and removed the integrality,
allowing all variables to have any value in [0,1], which turned the ILP into
an LP. He found some instances where the LP has a solution, whereas the
corresponding ILP does not have a solution. These instances were called
nearly-feasible instances. In particular, he searched for instances where the
solution vector of the LP only contains the values 0, % and 1. Furthermore he
tried to find instances which are minimal with respect to the number of bins.
His main result was: Every nearly-feasible instance has k > 6. Moreover,
there exist examples with 6 bins and 18 items.

He also gave some nearly-feasible instances in [7] and all these instances
have integer itemsizes. For example, look at the instance:

{0,0,0,2,2,2,3,3,4,7,7,8,8,8,9,10,11, 12} (Binsize = 16)

These 18 elements are the 18 itemsizes and the total binsize available is the
sum of all those itemsizes. In this case, the sum is 96, so each bin must have
size 16. We are looking for 6t (¢t € N) sets of three different elements, such
that every set has the same sum and all elements appear t times in the sets.
An example with ¢ = 2 is shown in Figure {4| [7].

A graph like this is called a solution graph. Every node is a feasible set and
its elements are shown by their sizes. A ’ symbol is added to distinguish
between two elements of the same size. Furthermore, a line between two sets
is drawn for every element they have in common. This results in a graph. In
the case t = 2, all nodes have degree three, so it is a cubic graph.

For the instance above there exists a solution with ¢ = 2. We now show
that in this example there does not exist a solution for ¢ = 1. Note that
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3,3, 10

2',3,11 +H 2,3,11 2,4,10
2',2",12 4 0,4,12
2", 7,7 0,8, 8
0,7,9 4 0,7,9 0", 8,8" 0" 8, 8"

g

Figure 4: Example of a solution graph

2// 0//
7 8
7/ 8//

0 2
8 2//
8 12

3/

11

2’.

11

2 3
1 3
10 10

Figure 5: Corresponding Bin Packing
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t = 1 implies that every element should be in exactly one set. Now look at
the three items of size 8. To get such an item in a set, we have to find two
other items whose sizes have sum 8. The only possibility is another item of
size 8 and an item of size 0. So, an item of size 8 should be packed with
another item of size 8. Thus, we can only pack an even number of items
of size 8. However, we have three items of size 8. Hence, it is not possible
to pack all of them. So, there does not exist a solution where all items are
packed.

These instances can be applied to our bin packing problem. All sets in
the 3-PART solution are used feasible sets in the bin packing with width
Yp = % for all used sets F'. For example, the equivalent bin packing of
the solution graph shown in Figure [] is the packing in Figure [5] Because
t = 2, the width of every set in the bin packing is % However, bin packing
does not have a constraint like ‘every bin can contain at most three items’.
So we have to rescale the itemsizes, such that at most three items fit in a bin.

One method to achieve a suitable instance is to add a constant C' to all
itemsizes and to add three times that constant (3C') to the binsizes. If the
smallest item has a size bigger than a quarter bin, at most three items fit in
a bin. Applying this technique, with C' = 17, to the previous instance results
into:

{17,17,17,19,19, 19, 20, 20, 21, 24, 24, 25, 25, 25, 26, 27, 28,29} (Binsize = 67)

Another way to get a feasible instance is to divide all sizes by a large number
and add (almost) 5 to all itemsizes to get bins with sizes 1. Let € be a small
number, but larger than 0. Dividing all itemsizes by i and adding (% — 16¢)
results in the following itemsizes (with binsize 1):

{ 1 1 1 1 1 1 1 1 1
A =

— — 16¢, = — 16¢, = — 16¢, — — 10, — — 10¢, = — 10¢, = — Te, = — Te, = — 4
3 66,3 66,3 66,3 06,3 06,3 06,3 76,3 76,3 €

1 1 1 1 1 1 1 1 1
§+5€,§+5€,§+86,§—|—8€,§+8€,§+11€,§+14€,§+176,§+20€}

Now take the limit: ¢ — 0. The gap between the optimal integer solution
and the optimal fractional solution is at least the size of the smallest item,

which is % in the limit.

4.2 Modifying known instances

So every 3-PART example is a bin packing problem with three items per set
and every nearly-feasible instance of 3-PART is an instance of a bin packing
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problem with a positive GAP, which approaches % in the limiting case. In

the previous subsection we had an example with a GAP of % in the limit,
which has 18 items and 6 bins. In this subsection we present a method of
merging items to get less items and an example with a GAP of % in the limit
with only 15 items.

4.2.1 Merging items

If we look at Figure [4] we see two pairs of nodes with two lines connecting
them. This implies that there are two pairs with two elements in common,
namely {0”, 8, 8"} & {07, 8", 8"} and {0, 7, 9} & {0’, 7’, 9}. Because every
element occurs twice in the sets, those common items are always together so
we can consider them as one item instead of two. This results in an instance
with the same GAP and the same number of bins, but with less items. In
this case we can merge 07 & 8” and 0’ & 9 resulting in a total of 16 items.

47, 15,49 477, 15, 49

47, 17, 47°

17, 18,76

18,0,93 (+ 35,0,76

9,97, 93 38, 35, 3%’

4,98,9 [ 4,98,9 38.57. 16 138", 57, 16

Figure 6: Three pairs of sets with two elements in common

There also exists an example with three pairs of ‘connected’ items. This is
shown in Figure[6] In this case we can merge 4 & 98, 57 & 16 and 15 & 49 to
form 102, 73 and 64 respectively. This results in an instance with 15 items,
6 bins and GAP= %, which is the smallest known example with GAP> %
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So we are not able to decrease the number of items of bins anymore, but
we can decrease the itemsizes without creating non-integers. Such an exam-
ple is mentioned below. Its itemsizes are:

o4 ={7,8,8,9,10,10,11,11,11,13,13,17,22,23,25} (Binsize = 33)

8 & 10 10 11 . T 9 10 11"
"""" 9 8 13 o
,,,,,,,,,,,,,,,,, 11 10 11/

25 1 25 ;
23 | 23 22 22 17 17 S
‘ 13 13 13 11

Figure 7: Fractional solution

The corresponding fractional bin packing is shown in Figure[7] If we modify
this example to get bins of size 1 we get the following itemsizes:

1 1 1 1
UA:{——4€,——3€,——36,§—26,

1
37 '3 U3 '3’

W —

1 1
73 737

1

3
1 1 1 2 2 2 o

3 + 2e, 3 + 2e, 3 + Ge, 33 + €, 3 +36} (Binsize = 1)

It is interesting to see that the optimal fractional packing, with these item-
sizes, has the structure showed in Figure [8] All the (twelve) rectangles are
used feasible sets of size 1. Two sets with a common item are connected by a
line. This results in a graph with 12 vertices and 15 edges, which can be split
into four complete graphs of three vertices and three edges connecting the
three triangles to a connected graph. In the fractional packing we can use
all twelve feasible sets half (that is yr = £ for all used sets) to get a feasible
solution, while it is not possible to pick more than four sets for the integer
packing. Therefore, if there exist an integer packing with value v such that
v = v/, there should be two other feasible sets with size 1 to get all items
packed. If not, at least one item can not be packed, which results in a GAP
of at most 3 (5 in the limit).

To find an example with a GAP close to % we have to find suitable values
for a, b and c. Values are suitable if they do not create more feasible sets of
size 1. A few examples of things that should not occur are: a +b+ ¢ # 1,
(1—2a)+b+c#1and (1 —2a)+(1—2b)+c # 1. There are more examples,

16



1-b
b b 1-2b
| b' | b+c-a
1-b 1-2b at+b-c
b 1-c
1-2¢ c c
b+c-a — ¢
1-a a+c-b 1-2c 1-c
a c
a 1-2a
a [ atcb
1-a 1-2a a+b-c
aI
Figure 8: structure of the example
but this has not been investigated thoroughly.
To get the itemsizes we mentioned before, choose a = % — 3¢, b = % —€

and ¢ = % If we want to have integer values, this case is equivalent to the
case with binsize 33 (replace the 1 in Figure [8 by 33) and a = 8, b = 10 and
c=11.

If we look at Figure [§| an interesting question arises. Is it possible to re-
place the sets {1 —2b,b+c—a,a+b—c}, {1 —2¢,b+c—a,a+c—b} and
{1—-2a,a+c—b,a+b—c} by asingle set, which would lead to an example
with only 5 bins? Unfortunately, that is not possible. Merging those sets
implies that we do not have itemsizes a+b—c, a+c—b and b+ c—a anymore
and that the set {1 — 2a,1 — 2b,1 — 2¢} would be a set of size 1. However,
this implies that a + b+ ¢ = 1 as well and we can create five disjoint sets of
size 1, which is an feasible integer solution with value 5. So, the GAP would
be zero.

4.2.2 FExistence of cases

Joosten showed in [7] that it is not possible to find an example with 3k
items, k bins, 3 items per bin and a GAP of % if k <6andt=2 Inour
previous examples we merged two items together to get less items, but still
resulted in a feasible example. We are wondering if it is possible to have an
infeasible example with 3k items (k < 5), where merging leads to feasibility.
To investigate this, we start with a lemma:

17



Lemma 4.1 If there are 3T items with a total value of T and 3 different
items per feasible set, then T —1 disjoint feasible sets with value 1 imply that
there exists another disjoint feasible set with value 1.

Let the items have sizes a; (i € {1,2,...,3T}) and sort the items such that
feasible set x contains the items as,_o, az,_1 and as,. Then,

3T
Zai =T and a; +ay +az = ... = agr_5 + azr—4 + azr—3 = 1 imply
i=1
3T 373
asr—o + azr—1 + azr = Zai_ Z a;=T—-(T—-1)=1.
i=1 i=1
Hence, there are T' disjoint sets of size 1. 0

Note that this Lemma also holds if we replace 3 by an arbitrary other positive
integer.

In turns out that no such examples exist. We prove it in the next theo-
rem and we also show the infeasibility of the cases with 3k items. These are
already proved in [7], but we use a different approach.

Theorem 4.2 If we have k < 6 bins, n < 3k items with ), a; = k and there
exists a fractional packing with value v' = k, at most three items per bin and
for every F € F there holds yr = % or yp =0, then v =k as well.

To prove this we use a ‘brute force’ approach and prove in every case with &
bins, that there exist k — 1 disjoint feasible subsets of size 1. According to
the previous Lemma there exists a £’'th disjoint subset as well.

Case: k=1
Trivial. There exists a feasible packing of size 1. Hence v =1 = k.

Case: k=2
Trivial. One feasible subset of size 1 implies that there exists another feasible
set of size 1. Hence v = 2 = k.

Case: k=3

If there are 3 bins, we have 6 used feasible sets. There are (at most) 9 items
of which some of them could have size 0 to deal with cases that contain less
than 9 items. We number these items from 1 to 9. Without loss of generality
the first feasible set is {1,2,3}. Every item is in at most two used feasible

18



Figure 9: Placing of the 12 items

sets, so there are not more than three other used feasible sets with item 1,2
or 3. So there are two other used feasible sets disjoint with {1,2,3}. Hence,
two disjoint feasible sets so there exist a third disjoint feasible set, which
results in v =3 = k.

Case: k=4, n<11

In this case we have 11 items, with possibly some items of size 0, 4 bins and
8 used feasible sets. If we have a feasible set with only one item, it occurs
twice and the remaining filling problem is equal to the case with only three
bins. So we can assume that all feasible sets have at least two items. Because
every item occurs in exactly two used feasible sets, there are (at least) two
sets that contain only two items. Call those sets F7 and F;. If F} = Fy, the
resulting problem, filling the other three bins, is equivalent to the case with
k = 3, so this results in v = k as well.

If F; N F, = (), they intersect with maximal four other sets. While there are
six sets left, there is a third disjoint set. Hence, v =4 = k.

The remaining case is Fy N Fy = {a} for some item a. If we now take a set of
two items and a disjoint set of three items (which clearly exists), the union
of these sets is non-disjoint with maximal 5 other sets. Because there are 6
other sets, there exist a third disjoint set as well. Hence, v =4 = k.

Case: k=4, n=12

Without loss of generality there are two disjoint sets with the following items:
{a,b,c} and {d, e, f}. To prevent from getting a third disjoint set, all items
a, b, ¢, d, e and f are also placed in the six other sets. Because the new
formed sets containing a, b or ¢ are disjoint with {d, e, f}, they have to share
an item. Applying the same argument to the other three sets, it results in
the distribution shown in Figure [9]

So there are no three disjoint used sets. However, this packing is just the
union of two packings in two bins (one for items {a,b, ¢, g, h,i} and one for
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items {d, e, f, 7, k,1}), each for which we already proved that there exists an
integer packing of value 2. Hence, v =2-2=4 = k.

Case: k=5,n<11

As mentioned before, we can assume that all feasible sets contain at least
two items. This implies that we have at least 8 sets with only 2 items. These
8 sets contain 3 disjoint sets, with a total of 6 items. So these the union
of these three is non-disjoint with maximal 34+6=9 sets. Hence, there is a
fourth disjoint set, so v =5 = k.

Case: k=5,n=12

Now we have 6 sets with 2 items. If there are 3 disjoint sets amongst them,
there also exists a fourth disjoint set in the fractional packing and we have
v = 5. Else, we are sure that there are always two disjoint sets amongst
them. To prevent three disjoint sets, we have to place the items in a specific
way. Namely, we have the sets:

{a,b},{c,d}, {a, e}, {b,e}, {c, },{d, [}

However, this results in 6 items of size %, so we can still form three disjoint

feasible sets of size 1. Because the other four sets contain other items, we
can create four disjoint feasible sets. Hence, v =5 = k.

Case: k=5, n=13

There are 4 sets consisting of two items, so there are (at least) two of them
disjoint. These two sets are disjoint with at least one of the other six sets
containing three items. Without loss of generality these three disjoint sets
are the sets: {a,b}, {c,d} and {e, f,g}. To prevent four disjoint sets, the
other seven sets must contain each one of these items. Furthermore, if item
e, f or g is in a two-item-set (together with item h), we would have three
disjoint two-item-sets which implies a fourth disjoint itemset as well. So the
items e, f and g are in different three-item-sets all disjoint with {a, b} and
{c,d}. If two of these three sets are disjoint, we would have four pairwise
disjoint sets and we are done. So we can assume that these sets contain the
items: {e,i,7}, {f,i,k} and {g, j, k}. But now we have a bin packing for two
bins (four feasible sets where every item occurs twice) which results in v = 2
on that part. Hence, v =5 = k.

Case: k=5, n=14

Two sets have only two items. Call these sets F; and F,. Then we consider
three cases: Fy = Fy, Fy N Fy, = {a} and F; N F, = ().

If I} = F5, the items in these sets are fully used and our instance reduces to
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the case: k=4 & n = 12.

If FiNF; = (), we say that these sets are: Fy = {a,b} and Fy, = {c,d}. There
exists a third feasible set, say {e, f, g}, and to prevent a fourth disjoint set,
all these seven items should be in the other seven sets. Furthermore the three
sets containing e, f or g are all disjoint with both F} and F5, so they must
intersect each other pairwise. Hence, the sets {e, f, g}, {e, h,i}, {f,h,j} and
{g,1,7} exist and this is just a bin packing of two bins. Hence v = 2 on that
part, reducing our instance to the case k = 3.

If 1N F, = a, we can assume that [y, = {a,b} and F» = {a,c}, which
implies that item b and ¢ have the same size. If b and ¢ are never in the same
set, we could swap to form F; = {a,c} = F» which results in v = k by reduc-
tion to k = 4. Therefore we can assume that there exists a set F3 = {b, ¢, d}
and Fy = {d,e, f} exists as well. If items e and f are together in another
set, we can replace these two items by one item, which results in case k =5
and n = 13. Therefore, e € F5 and f € Fyz. The remaining sets F7, Fg, Fy
and F( are disjoint with both F| and Fj, which are disjoint as well, so they
must intersect each other pairwise. This results again in a two-bin packing
which has value 2 as mentioned before. So this reduces our instance to the
case k = 3 and we are done.

Case: k=5,n=15

We now have 10 sets, each containing 3 items, and 15 items, each placed
in two different sets. For every two disjoint sets, there exist a third disjoint
set. So w.l.o.g. the following sets exist: F} = {a,b,c}, F» = {d,e, f} and
F3 = {g,h,i}. The remaining seven sets should all contain at least one of
these items to prevent a fourth disjoint set. We can now distinguish three
subcases:

® F4:{&7d7g}'
o I, D {a,d} & F5 D {b,e}.
e F, D {a,d} & F5; D {b,g}.

Note that if two items are both times in the same set, we can replace them
by a single item which results in the bin packing problem with 14 items, a
case that has been treated before.

If Fy = {a,d,g}, then all other six sets have one item in common with

the union of Fy, Fy and F3 and are disjoint with Fy. Furthermore, if b € Fj
and ¢ € Fg, then both sets are disjoint with both F, and F3 so F5 and Fg
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should intersect. We now apply the same argument to the other four sets,
which results in: Fy = {b,j,.}, Fs = {c,J,.}, Fr = {e,k,.}, Fs = {f,k,.},
Fy = {h,l,.} and Fyy = {i,(,.} where the items m, n and o have not been
distributed yet. However, it does not matter how we distribute the items
m, n and o, there are always three disjoint sets amongst the last six sets.
Together with F} they form four disjoint sets and there holds: v =5 = k.

If Fy O {a,d} and F5 D {b,e}, the remaining sets meet: ¢ € Fg, f € Fr,
g € Fg, h € Fy and i € Fyy. So Fy, Fy and F}y are disjoint with both F; and
F5. This implies that Fg, Fy and Fig are not allowed to be disjoint. Hence:
Fs = {g,k, 1}, Fy = {h,k,m} and Fiy = {i,{,m}. Together with Fj, this
forms a bin packing of two bins. Hence, v =5 = k.

The final case is where Fy O {a,d} and F5 O {b,g}. Then c € Fg, e € F7,
f € FS, h € Fg and 7 € FlO- If F7 N Fg = @, then Fl; F3, F7 and Fg form
four disjoint sets. So we have to place item j in both F; and Fg. The same
argument applied to Fy and Fg results in k € Fy and k € Fjg. The current
overview is shown in Figure [10]

eos ] e

e | | voa| e || T

P
F F F; F, F; Fs Fr Fy Fy Fy

Figure 10: Overview

Without loss of generality, Fs = {c,l,m} and we have the following subsub-
cases:

e [ € Fyand m € F5. Then the sets Iy and F5 have an empty intersection
and they are both disjoint with Fr, Fg, Fy and Fjg. These four sets
have 8 different items in its union, so {F7, Fg, Fy, Fio} contains at least
two disjoint sets, which results in a total of 4. Hence, v =5 = k.

e [ € Fyand n € Fs. Then Fy;N F5 = () and the items m, n and o (twice)
have to be placed. If item m is placed in set F%7 or Fy, then set Fy or
Fio (or both) contains item o. This results in four disjoint sets. The
case with m € Fy or m € F}g is similar.
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enc Fyando € F5. If |l € F; or Fg and m € Fy or Fig, the sets Fy,
F5 and the sets containing [ and m are four disjoint sets and we are
done. Else w.lo.g.: F; = {e,j,n}, Fs = {f,j,0}, Fo = {h,k,l} and
Fio = {i,k,m}. Then {F3, Fy, Fg, Fg} are four disjoint sets.

encFyne€kFs e F;andme Fy. Then {Fy, F5, Fy, Fy} form four
disjoint sets.

e N c F4, n e F5, l e F7 and m € Fg. Then {FQ,F5,F6,F9} form again
four disjoint sets.

Now we have covered all cases. O

Remark that these proofs also hold for cases with less items, because items
can be considered as items with size 0. However, we also gave proofs for
these easier cases to show that these cases can be treated in an easier way.

Immediate consequence:
Lemma 4.3 There is no nearly-feasible instance of 3-PART for k < 5.
We now deal with the case with 6 bins in the following lemma:

Lemma 4.4 Assume k = 6 bins, n < 14 items with ) ,a; = 6 and there
exists a fractional packing with value v' = 6, at most three items per bin and

yF:% oryr =0 for all F € F. Then v =6 as well.

The cases with less than 12 items contain items of size 1 and therefore reduce
to cases with less than 6 bins, which are discussed in the previous theorem.
So we have two cases left: n = 12 and n = 13. In both cases, there are at
least 10 feasible sets of two items, so there always exist four disjoint sets.
This can be shown quite easily: We call the first set with two items F} and
this set contains the items a and b. Then, F} intersect with at most two
other sets and there are at least seven other sets of two items disjoint with
Fy. We call one of these sets F, and so on.

Case: n =12

In this case all feasible sets contain two items. To prevent 5 disjoint sets,
we have to place the items in a specific way which is shown in Figure
However, this implies that all items have size 1, which clearly leads to an

29
integer packing with value 6.
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Figure 11: Fractional packing for 12 items

Case: n =13

There are 10 sets containing two items and therefore there are four of them
disjoint, say F} = {a,b}, Fy = {c,d}, F3 = {e, f} and Fy = {g,h}. Then
the items of at least two of these sets are in other sets of size two as well.
W.lo.g a € F5, b € Fg, c € F; and d € Fg. Note that these sets contain
no item from F3 and Fj. Hence F5 and Fy are disjoint with Fy, F3 and Fj,
so F5 and Fg should have a common item. So, F5 = {a,i} and Fy = {b,i}
and applying the same argument results in F; = {c¢,j} and Fy = {d,j}.
However, Fy, F5 and Fg imply that a = b =i = 5 and Fy, F; and Fy imply
that c=d =7 = % So, i+ j = 1 and we have a feasible set disjoint with F},
Fy, F5 and Fy. Hence, v = 6.

This completes the proof. O
The case with n = 14 ended with a remarkable result. We were expect-

ing that there does not exist such an example with a positive GAP and we
tried to prove this. However, it resulted in the example shown in Figure

| i i 11
11 1”7 3 3 33+ N "1 % i*?(—i 1 Z—Qe
— [ — — —_ L= € — P p

i 2 2 8 8 58 6?2 ¢ '”3',”“””””, I 777777 ;‘7]: 777777

e e — S N (R
11 1 5 5 5 5 1 88 R
2 2 2 8 s o8 ¢ [Tt |2 3 Roelie

| | 8 8 2 2

Figure 12: Fractional packing for 14 items

In Figure [12| we see 12 sets of which at most 4 are disjoint. The itemsize %

2
occurs three times, while the itemsizes % and % + € occur twice. Its solution
graph is shown in Figure [13|
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If there would exist an integer packing with value v = 6, all three items with
size % should be packed. However, the only possibility to pack these items
in a set of size 1, is packing it along with another item of size % Because
we have three items of size %, this is impossible. Hence, v < 6. Because the

smallest item has size % — 2¢, there holds: v = % + 2¢ and GAP = }L — 2e.

11” 53 1 1 11 1 1 5 3
-z 22 I _ e 2 e il Z_9 S =
) 3’8 5 e,4+e,4 2+6,4+6,4 € 3 es—i—e
11 331 3 3 "1
_ rem 1 1 ~+€7_+67_726
272 88 4 steg—e 8 '8 4
vl 58 R
22 8’8 s “8"°¢

Figure 13: Solution graph

In Figure we see the solution graph, which is remarkably disconnected.
Its left part has three nodes consisting of two items each, which makes it
impossible to get an equivalent 3-PART instance.
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5 Two bins

The easiest case to investigate is the case where there is only 1 bin. However,
this is trivial because only the largest feasible set is used in the optimal
fractional packing, which is an integer packing as well. So there is no need
to look at cases with k = 1. The case k = 2 is the first non-trivial case and
that is why we are studying bin packing with two bins. We distinguish two
cases: general and v = 2.

5.1 General

In this subsection we treat the general case, i.e. there are two bins and no
other constraints.

Lemma 5.1 If there are two bins, the GAP, the difference between the op-
timal value of the fractional solution v' and the optimal value of the integer
solution v, is at most %

Let F' be the used set with the largest value. We call this value op (< 1).
Using F' to fill the first bin, we can fill the second bin to at least half its
capacity as stated in section [2]. Then,

Hence, v/ —v < . O

N

Creating an integer packing

To create an integer packing, it seems to be a good guess to take the largest
feasible set F; and the largest feasible set disjoint from F;. However, these
two sets might not form the optimal packing. We can also take GGy, the sec-
ond largest feasible set and the largest feasible set disjoint from G;. This
might lead to a better result, but could also be non-optimal.

We now give an example where we should ignore the p — 1 largest feasible
sets (p > 2) to get an optimal packing:

1 1 1 1
o4 = {§+5,§+5,§—p5,§—p5,2p5,(2p—1)5,(2p—2)5,...,(p—|—2)5}
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Then, the total sum of all items is 2+ 3 (3p® — p+2)d and the largest feasible
sets are:

P = {l—p&%—pé,?pc?} op =1
1 1
= {——pé,——pé,(2p—1)5} op,=1-90

2
1 1
Fy = {——p57§—p5a(2p—2)5} OFy =1-2)

1 1
P = {5105 10,0420} o5 =1 (p-2

1 1
Fp:{§—|—5,§—p(5} O'szl—(p—l)(s

Using one of the first p—1 feasible sets implies that we do not use both items
of size %—1—(5. We then get an integer packing of value at most %—1— %p(?)p— 1)4,
while using F), results in an integer packing with value v = 2—2(p—1)d, which
is larger if o is small enough. Moreover, if we take 6 — 0, this difference is
approaching %, which is the worst-case as stated in the previous lemma.

Lemma 5.2 Using the largest feasible set may yield a value gap with respect

to the optimal integer packing of size ~ %

So considering the use of the largest feasible set seems to be useless if we
want to prove that the maximal GAP is less than %

52 v =2

In this case we assume that there are two bins and the optimal fractional
packing has value v' = 2.

Let y = (yr) be an optimal fractional packing and let s, be the cardinality of
the support of y (that is, the number of used sets in the fractional packing).
Clearly, s, > 2. If the optimal fractional packing contains two disjoint sets
(of size 1), those sets form an optimal integer packing of size 2 as well. We
are looking for examples with a (large) GAP so these cases are not interesting
anymore. Therefore we assume in what follows that any two used sets in the
fractional packing have at least one element (item) in common.
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Before we distinguish cases with a different s, we give some general results.

Lemma 5.3 If we have two bins, a; > % for all items and there exists a
fractional packing of value 2, then GAP < %

Proof Because v' = 2, the entire width of the two bins is used, so ), yp, = 2.
We now take an arbitrary used set and call this set Fj. If F} contains not
more than two items it is disjoint with a certain other used set, because its
items do not cover more than yp + 2(1 — yg, ) < 2 of the total width. So F}
contains at least three items. Because all items have a size larger than i, F
should contain exactly three items.

Assume that Fy = {a,b,c}. Then the following sets are non-empty: A =
{FA.FZQFl = {CL}/\O’FZ. = ].}, B = {FZ|FZOF1 = {b} /\O'Fi = 1} and
C={F|F,NF ={c}Nog, =1}.

If item a,b or ¢ has a size smaller than %, we can use I} and a item from
set A, B or C respectively to form an integer packing with size > % by using
item a, b or ¢ once.

Else, the items a, b and ¢ have size % Applying the same argument to other
sets, leads to the observation that all items have size % Then we can easily
form an integer packing with value 2. So, GAP < % O

Lemma 5.4 If we have two bins, v' = 2 and the most used set has width w,
then GAP < ;:—5

Call the most used set F, so yp, = w. The remaining used sets (with a total
width of 2 — w) should all contain at least one item from Fj. Assume there
does not exist an used set, where the total size of the items in the intersection
with F}) is at most 5:—5 Then, the total size of the items form F; exceeds
w-l+(2—w)- ;:—5 = 1, which is impossible. Contradiction, so there exists
such a set. Now take this set together with Fj to form an integer packing by
deleting the intersection. This intersection has a total size of at most ;:—z,

so GAP < ;:—g O

If w = 1, the GAP is obviously 0 (there always exists a disjoint used set
to form an integer packing of value 2). If we take w — 0, then GAP — %, a
value we already knew. However, if w — 0, there are a lot of different used
sets and a lot of items as well. It feels intuitive that the GAP is small if there
are a lot of items with different sizes. So, it should be possible to make some
improvements on this area.
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Sy =2
If s, = 2, both sets are fully used. That is, if we call the sets F and F5,
there holds ym, = yp, = 1, which is an integer packing as well. Hence, no
GAP.

Sy =3

If s, = 3, no optimal packing exists where every two sets have a common
item. To show this, call the used sets F;, F, and F3. We use the fact that
every item occurs in total at most once in the packing. (This is just the
constraint: Y ,_.yp < 1.) So if two sets, F; and Fj, have a common item,
the inequality F; + F; < 1 must hold. Therefore, we get the inequalities:

()3 +yF2 < 17 Yk +yF3 < 17 Yr, +yF3 < 17

which imply: yp, +ym, +yr, < % and v' <Y yp < %, a contradiction. Hence,
an example with s, = 3 does not exist.

sy =4

An example with s, = 4 does exist and we need at least seven items to
achieve that: To have all pairs of sets non-disjoint, we need (at least) six
items. If there were exactly six items, they need to be distributed in the
following way:

{a,b,c}, {a,d, e}, {b,d, f}, {c e, f}

However, this implies that a + b+ c+ d + e+ f = 2 and together with
a+b+c =11t is easy to see (Lemma) that {d, e, f} is another feasible set
of size 1. Hence, the optimal integer packing also has value 2.

This result also proves the following Lemma:

Lemma 5.5 If there are two bins, s, = 4, the optimal fractional packing has
value v' = 2 and all items have a size strictly larger than %, that is a; > }l
for all 1. Then, v = 2.

If a; > }l for all ¢, then at most three items fit in a bin. So the optimal
fractional packing contains either two disjoint sets or just six items. In case
there are two disjoint sets, these sets both have size 1, which leads to an
integer packing with size v = 2. In the case there are just six items, the
system we just described also implies v = 2. 0
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An example where it is impossible to get an integer packing with value 2 is
one with the following itemsizes:

1 1/ 1// 1/// 3 3/ 3//
UA:{_7_7_ Y L v oo’ o }

To distinguish between itemsizes of the same size, we added ’ signs. The sum
of all those items is 2 + % and all items have a size of at least i. Hence, it
is impossible to get an integer packing with value 2. But it is possible to get
a fractional packing with value 2. Consider the following sets (with yp, = %
for all 7).
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The constraint F; N F; # () holds for all 4, j, all sets have size 1 and no item
is used more than twice. Hence, this is a feasible fractional packing of size
2. The optimal integer packing has value %’, so the GAP equals %. This is
shown in Figure

1/// 1 1/ 1// 1
4 4 | ] 4 4 15 4 i

%” §/ 3// 3// v= § 3/ 777777777 {:Ll’/ 7777777777
RO 8 18 R S R N i
43 3 3 V=2 3 3

1 2 2 2 - 2

1 8 8 8 8 8

Figure 14: Optimal packings

The previous example is the limiting case of the structure shown in Figure
[15] We assume that this structure holds and try to calculate a packing such
that the GAP is maximized.
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Figure 15: Structure

It contains four feasible sets:

{a7 b7 C? w}’ {a7 d7 6}’ {b7 d7 f} {C7 67 f}
And all these sets have size 1. This leads to four constraints:

at+b+c+w=1

a+d+e=1
b+d+ f=1
c+e+f=1

Which results in the itemsizes shown in Table [l

Item | Size
a a
b b
c 1
11 1 1
d ?—?a—?lﬂ-%c
e §—§&+§b—50
f s+s3a—3b—3c
w l—a—-b-c
Sum: g—%(a—i-b—i-c)

Table 1: Itemsizes

The values of a, b and ¢ can still be chosen, while the values of the other four
variables depend on a, b and ¢. The sum of all variables is g — %(a +b+c),
which is equal to 2 + %w. This is what we expect, because w is the only
itemsize that occurs only once in the fractional packing as shown in Figure

15!

31



If all items have a size of at least w, the integer packing has a value of
at most 2 + %w —min{a, b, c,d, e, f,w}. Assuming that the optimal integer
packing equals this value, optimality is reached if all items have a size of at
least %1. (It is not possible to get a lower value of the optimal integer packing
because of the constraint: a+b+c+w = 1.) This is the case in our previous
example.

Lemma 5.6 If there are two bins and s, = 4, then the optimal y can be

chosen to be half-integral: yrp = % or ygp =0 for all F.

All sets do intersect each other pairwise. So yr, + yr, < 1 for all F; and F}.
Because we use four sets, the result follows. O

Lemma 5.7 If there are two bins, v' =2 and s, = 4, then GAP < }L.

Proof Because s, = 4, there are four sets of size 1 with yp = % We
call these sets Fi, Fy, F3 and Fy. If there are two disjoint sets the result
follows immediately, so we can assume all sets do pairwise intersect. We can
distinguish the items of a set into four groups: The first three groups are
the items that are also in the other three sets, and the remaining group are
items that are not placed in other sets. For now we assume that every group
consists of only one item. (Otherwise combine the elements in a group to one
new larger element.) In that case, w.l.o.g. the feasible sets are the following

sets:
F1 :{a,b,C,UJ},FQ:{G,d,e,x},Fg:{b,d,f,y},F4:{C,€,f,Z}

The sum of all these items is: 2 + 3 (w + x + y + z). We assume that
w>xT >y > 2.

If item @ has size < {, then the integer packing Fi + F5 \ {a} results in
v > %. Hence, by applying the same argument, the items a,b,c,d,e and f
have a size of at least }L. This implies that the items w, x,y and z have a size
of at most i. So by deleting one or more items from the set {w, x,y, z} out

of the set of all items, it is possible to get a sum of all itemsizes € (g, 2].

More precisely, we delete the smallest set with a total size bigger than
%(w + x +y + z). There are four cases and in all four cases we can form an
integer packing by using all remaining items so there always exists an integer
packing with v > %:
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If {x,y} should be deleted, then use F; and {d,e, f, z}.
If {w, z} should be deleted, then use Fy and {b, ¢, f,y}.
If {x,y, z} should be deleted, then use F; and {d,e, f}.
If {w} should be deleted, then use F, and {b, ¢, f,y, z}.

So it is always possible to create an integer packing with a value larger than
7 O
1

5y =0
An example with s, = 6:

_{i 3'3”11’33'%}

The sum equals % and the smallest item has size 13—6. Therefore, the value of
the integer packing is not larger than %. This is shown in Figure .
To get a fractional packing with value 2, we can use the following sets (with

ausz:%)
35 5/
F=4{2 ==
! {8’16’16}

/

b f313 3
84 16" 16

1/ "

F3: §a_ai7i
84716 16

/ / "
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—
e
= e
= e
| Sfw
——

N

5 !/

Fe=<—
0 {16 474716
Note that, with these itemsizes, it is not possible to get two sets with all
items in common, which would contradict the statement that s, = 6. So,
with these itemsizes we need six sets to get value 2. Furthermore, there is
only one possibility, apart from permutation of items with the same size, to
get an optimal fractional solution with s, = 6, provided that there are 3
equal parts per bin. And if we try to get a solution with s, = 4, the optimal

value would be %.
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Figure 16: Optimal packings

To prove the uniqueness of this solution, consider that with these items there
are four ways to get a set of size 1:

.355'3133'55335'5113
“ {8’ 16’ 16} LE {8’4’ 16’ 16} aa {16’ 167 16’ 16}’ ‘ {16’4’4’ 16}
The letters «, 5, v and ¢ denote the number of times each set occurs.

If we look at the two items with size }1 for example, we know that each item
occurs in 3 sets. So, in total the itemsize }l occurs six times, which leads
to the constraint: § + 20 = 6. Applying this technique to the other items
results in four constraints:

a+p=3, 2a+2y+d=6, +20=6, 26+2y+0=8

Where the last constraint equals 8 instead of 9, because one item of size %
is only part of two sets (instead of three). This due to the construction of

these instance.

These four constraints lead to the feasible solution: a =1, f =2, v =1 and
0 = 2. So it happens twice that the two items with size }1 are together in the
same set, which implies that the two other sets that contain an item with
size i have two different items with size %1. Applying the same argument for
items of size 1—56 results in the observation that no two sets have the same
items. Thus this packing is unique provided that 3 equal parts per bin are

used. O

Actually, there exists another solution that uses 6 different sets. This so-
lution is shown in Figure [17] and needs 4 parts per bin.
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Figure 17: 6 sets

We are wondering if there exist more examples like this for s, = 2s with
s > 4. To derive such an example, it may be useful to look at the strategy
we used to derive the previous example with s, = 6. We looked at bins
of size 16 (=8(s — 1)) and created a set of items with a total itemsize of
33 (=16(s — 1) + 1) and a minimal itemsize of 3 (=s). Then the optimal
packing has a value of at most 30 and if we are lucky it may be possible to
get a fractional packing with value 2. Furthermore, we would like to use 2s
different feasible sets to get s, = 2s, while it is not possible to get an optimal
fractional packing if s, < 2s.

We discovered that it is quite hard to do so. Although it is easy to find
an example that needs s parts to reach optimality, it is hard to find an ex-
ample that uses 2s different sets. We now give an example with s = 5, but
Sy < T:
5 5" 5" 3 3"3" 7 7'1°5
4 {32 32732 16716 ' 16 ' 32’ 32 ’4’1_6}

In Figure [18] we show that it is possible to get a packing of value 2 by using
7 different sets.

If we would have used less than 5 parts per bin, it would be impossible
to get a fractional packing of value 2. This can be shown by observing that
the sum of all itemsizes is & @ and the smallest item has size . So at least
%’th should be sliced of an item to get a total size of 2.

g

Another example is:
"5

117
12474

24’

| w
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o =
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-
OJ|'—‘
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Figure 18: An optimal packing that needs 7 sets.

Its packing is shown in Figure

1 1 5
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5 1/ iiiiiiiii
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24 . 3 1
‘ 4
1 1 7
3 3 21

Figure 19: Another optimal packing that needs 7 sets
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6 Conclusion & Discussion

After all, this research is not finished yet. The general problem has not been
solved yet and there are still a lot of unsolved subclasses left. For example,
we did not prove any of the conjectures mentioned in section 3.4, However,
we have some conjectures about some subcases we have studied.

In section || the case with only 2 bins has been described. We gave some
interesting examples and proved some lemmas for certain cases. However,
we think that the bounds of some lemmas can be improved. These lemmas

are lemma [5.1], [5.3] and

If we look first at lemma from page it says that the upper bound
of the GAP is % However, the example with the largest known GAP is
Figure |3 from page [11| which has GAP i. So there are still improvements to
make.

Lemma from page states that if every item has a size larger than
a; > 717 the GAP is less than % Actually, we could not create a single in-
stance with a positive GAP at all!

The third example is lemma [5.7] from page This lemma states that GAP
< }1, while the largest known GAP is % what is shown in Figure 14| from page
(30

In section 4| we did some research about the similarities between Bin Packing
and the 3-partition problem. In lemma |4.3| we derived the same result as was
derived in [7]: There does not exist a nearly-feasible instance of 3-PART for
k < 5. However, when we tried to prove the case for k = 6 up to 14 items,
we found a bin packing instance with a remarkable GAP of }1 with an even
remarkable disconnected solution graph.

The question now is: What things can we do to get more improvements?
Starting with small subcases, like considering only two bins, should be a
good start, but in our research we were not able to solve the problem for this
case. It seems to be a better strategy to use software to create the instance
that maximizes the GAP out of a specific subclass of instances. So far, we
only tried to do so by hand and checked the validity of our instances by using
AIMMS (c.f. section . So there may exist instances with a larger GAP.
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7 AIMMS

It is hard to create examples without useful software. Although most exam-
ples we created where made by hand, we used the software AIMMS to check
the validity of our instances. AIMMS is optimization software and optimizes
by solving a set of (non)-linear equations, where some variables can be inte-
ger (or have other types of boundaries).

Although the bin packing problem can be written as the linear program
described in the introduction (Chapter [I)), we changed it a bit to make it
suitable for our research. The described linear problem uses a set of all feasi-
ble sets to maximize. This set should be generated before to make it possible
to solve this problem. However, this needs a long calculation time so we did
not do this. (Remark that if there is a minimum bound on the itemsizes,
generating can still be done in polynomial time.) Instead, we wrote two pro-
grams that avoided generating all feasible sets.

The first program splits every bin in a equal number of equal parts. This
is sufficient to deal with our subproblems, but it might be non-optimal for
the general case. This splitting in equal parts has, of course, a reason. In
our constructed examples we saw this happening all the time and it is also
logical for this reason: In the optimal situation some items are fully used,
so the feasible sets that contain one of these items fit exactly in one bin.
If feasible sets contain more than one of these items, there does not always
exist an optimal solution with integer yp. For example: an optimal solution
with constraints y1 +y2 < 1, y1 +y3 < 1 and y» + y3 < 1 could contain
Y1 = Y2 = y3 = 3 (depending on the other constraints). However, sets of
constraints like . ~y; < 1, with a certain set C, lead to rational solutions.

The second program uses the Column Generation method to derive the opti-
mal fractional packing. We now describe both programs. The first program
includes some redundant variables and parameters which are used to easily
read some properties of the optimal solution.
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Bin splitting Program

Sets:

Set name Letter Range

Bins b Integer from 1 to B
[tems l Integer from 1 to I
Parts P Integer from 1 to P
Parameters:
Letter Description
B Number of bins
I Number of items
P Number of parts
S; Size of item 1
T Size of bin b
Variables:
Letter Description
Xipb Binary which tells if item ¢ is in part p of bin b
Y; Binary which tells if item ¢ is in bin b (Redundant)
Zy The total size of items in bin b (Redundant)
Constraints:

Xy - S <Ty, Vb,p Total itemsize in part does not exceed binsize
7 D!
Xip <P V1 Every item is used in at most P parts
b,p <P y

Yz’bzzp

Xipp V1,0 Number of times item ¢ is in bin b (Redundant)

Zy = %(ZW Xipy - Si) Vb Total size of items in bin b (Redundant)

Objective:

1
max F ZXipb . SZ

b,p,i
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Column Generation Model

Sets:

Set name  Letter Range
Items 1 Integer from 1 to [
Feasible sets f Integer from 1 to F

Parameters:

Letter Description

B Number of bins
1 Number of items
F Number of feasible sets
a; Size of item 1
Rif Binary which indicates if item i is in feasible set f
25 Size feasible set f
Variables:
Letter Description
Yy Usage of feasible set f
Constraints:
Yy <B Total usage fits in the bins (Bin constraint)

dopyr Rip <1Vi Every item is used at most once (Item constraint)
Objective:
max nyZf
!
Initialization

le,RH:landzlzal.
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Creating a new feasible set

Parameters:

Letter Description

X Shadowprice bin constraint

x1 to x7  Shadowprices item constraints

a; Size of item i
Variables:

Letter Description

b; Binary which indicates if item 7 is in the new formed feasible set.
Constraints:

Z b; -a; <1 The new formed set has to be feasible.

Objective:
min v :$0+sz"$i —Zbi-ai

Adding the new feasible set

Increase F' by 1.
R;r = b; for all 4.
ZFp = Zz bz Q.

Procedure

Run Initialization.

Find optimal packing given the generated feasible sets.
Create a new feasible set.

If v < 0, add the new set and go back to step 2.

Show packing.

Gu W=
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