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Abstract

In this paper we consider the following problems: we are given a set of n items {u, . . ., u,} and a number
of unit-capacity bins. Each item u; has a size w; € (0,1] and a penalty p; 2> 0. An item can be either rejected, in
which case we pay its penalty, or put into one bin under the constraint that the total size of the items in the bin is
no greater than 1. No item can be spread into more than one bin. The objective is to minimize the total number
of used bins plus the total penalty paid for the rejected items. We call the problem bin packing with rejection
penalties, and denote it as BPR. For the on-line BPR problem, we present an algorithm with an absolute com-
petitive ratio of 2.618 while the lower bound is 2.343, and an algorithm with an asymptotic competitive ratio
arbitrarily close to 1.75 while the lower bound is 1.540. For the off-line BPR problem, we present an algorithm
with an absolute worst-case ratio of 2 while the lower bound is 1.5, and an algorithm with an asymptotic worst-
case ratio of 1.5. We also study a closely related bin covering version of the problem. In this case p; means some
amount of profit. If an item is rejected, we get its profit, or it can be put into a bin in such a way that the total
size of the items in the bin is no smaller than 1. The objective is to maximize the number of covered bins plus
the total profit of all rejected items. We call this problem bin covering with rejection (BCR). For the on-line
BCR problem, we show that no algorithm can have absolute competitive ratio greater than 0, and present an
algorithm with asymptotic competitive ratio 1/2, which is the best possible. For the off-line BCR problem,
we also present an algorithm with an absolute worst-case ratio of 1/2 which matches the lower bound.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In this paper, we consider a variant of the classical bin packing problem which has the special
feature that items can be rejected at a certain cost. We are given a set of n items {uy,...,u,} and a
number of unit-capacity bins. Each item u; has a size w; € (0,1] and a penalty p; > 0. The cost of
purchasing one bin is 1. An item can be either rejected, in which case we pay its penalty, or put into
one bin under the constraint that the total size of the items in the bin, called the content of the bin,
is no greater than 1. No item can be spread into more than one bin. The objective is to minimize the
sum of the cost for purchasing bins and the penalties of all rejected items. We call this problem bin
packing with rejection penalties or BPR for short.

This problem may have applications in the real world. Let us first consider a company’s in-
tranet. The intranet enables the company’s employees to access both the company’s own data
files and external files via the Internet [4]. If employees access an external file often, the admin-
istrator of the intranet might copy it to a file server on the intranet to decrease the communi-
cation cost. When a server reaches its capacity, a new server must be purchased. We can model
this situation as follows. We have a list of external files considered for copying, each with a
size and penalty, where the penalty is the estimated communication cost if it is not duplicated
on the intranet. The goal is to minimize the total cost, i.e., the sum of the cost for purchasing
file servers and the total penalties for files that are not duplicated. Clearly this problem can be
reduced to BPR.

As another example, consider a shipping company that owns a fleet of trucks. The company can
pack a shipment of goods in its own trucks, provided that the total size of the goods packed in each
truck is no greater than the truck’s capacity. Or the company can assign the goods to a forwarding
agent. Suppose all of the company’s trucks have the same capacity and the same cost. The total
cost for the shipment is the sum of the cost of its trucks and the cost for sending the goods via the
forwarding agent. The goal is to send the shipment in the cheapest way, to minimize the total cost.
This problem is essentially BPR.

We also consider the dual problem of BPR in this paper, which can be described as follows:
we are given a set of n items {uy,...,u,}, each item u; is characterized by its size w; € (0,1] and its
profit p; € [0,1), and a number of unit-capacity bins. An item can be either rejected, in which case
we obtain its profit, or assigned to one bin. If one bin has a content of at least 1, then we say that
it is covered and provides profit 1. No item can be spread into different bins. The objective is to
maximize the total profit, i.e., the sum of the number of covered bins and the profits of all rejected
items. This problem can also be viewed as a variant of the classical bin covering problem, hence we
also refer it to bin covering with rejection profits or BCR for short.

The problem BCR may model the following application. An industry company holds several
monopolies. It can choose to break them up into smaller companies, each of which must be large
enough to be viable, or sell them to obtain profit. Suppose that the profit of each viable company
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is the same. The objective is to maximize the total profit, i.e., the number of viable companies and
the profit of those monopolies which are sold.

For the problem BPR, if all p; > 1, i =1,...,n, then no item can be rejected in an optimal
solution. Hence the standard bin packing problem is a special case of BPR. Similarly, in BCR,
if all p; = 0, then again no item can be rejected in an optimal solution. Hence the bin covering
problem is a special case of BCR. It follows that both BPR and BCR are strongly NP-hard
[12].

Bin packing is a classical combinatorial optimization problem that has been extensively studied
for more than three decades. The readers may refer to survey papers [5,6] and papers cited therein.
Meanwhile, the bin covering problem is also well-studied since it was first proposed by Assman et
al. [1]. The first APTAS for bin packing was given by [11], and the first APTAS for bin covering in
[7]. The readers may refer to recent papers [7,16], survey paper [6], and papers cited therein. But to
the authors’ best knowledge, both BPR and BCR are unexplored.

In the on-line versions of BPR and BCR, items arrive one by one, and the algorithm must decide
either reject an item or pack it into a bin before any information about the next item is revealed.
If we are allowed to make decisions with full information of the set of items, the version is called
off-line.

The quality of an approximation algorithm is usually measured by its worst-case ratio (for the
off-line version) or competitive ratio (for the on-line version), respectively. Let / be an instance
of the problem. then let 4(/) denote the objective value produced by an approximation algo-
rithm A4, and let OPT (/) denote the optimal objective value in the off-line version. Then for the
problem BPR, the absolute worst-case ratio (or absolute competitive ratio) of 4, denoted by Ry, is
defined by

RA:sup{ AD }
1 | OPI(I)

The asymptotic worst-case ratio (or asymptotic competitive ratio) of A, denoted by R, is
defined by

RY =lim sup max {
n—o0

OPTE | OPT(I) = n} .

For the problem BCR, the absolute worst-case ratio (absolute competitive ratio) and asymptotic
worst-case ratio (asymptotic competitive ratio) of 4, are, respectively, defined by

A
OPT(I)

4
Ry =ir}f{i}, R =lim inf min{

OPT(D) nf | OPT(I) = n} .

In this paper, an off-line (on-line) minimization/maximization problem has a lower [upper bound
p with respect to absolute or asymptotic worst-case (competitive) ratio if no off-line
(on-line) algorithm has a absolute or asymptotic worst-case (competitive) ratio smaller/greater
than p, respectively. An off-line (on-line) algorithm is called best possibleif its worst-case (com-
petitive) ratio matches the corresponding lower/upper bound of the minimization/maximization
problem.
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Table 1
Summary of the results for BPR and BCR
BPR BCR
Upper bound Lower bound Lower bound Upper bound
On-line, abs. 2.618 (RFF1) 2.343 0 0
On-line, asymp. 1.75+€ (RFF2) 1.540 [24] 0.5 (MDNF) 0.5[8]
Off-line, abs. 2 (RFF3) L5[12] 0.5 (MDNEFD) 0.5[1]
Off-line, asymp. 1.5 (RFF4) open 0.5 (MDNF) open
Table 2
Summary of the known best results for bin packing and covering problems
Bin packing problem Bin covering problem
Upper bound Lower bound Lower bound Upper bound
On-line, abs. 1.75[26] 1.5[25] 0.5 (DNF) [1 open
Oon-line, asymp. 1.589 [21] 1.540 [24] 0.5 (DNF)[1 0.5[8]
Off-line, abs. 1.523] 1.5120] 0.5 (DNF) [1] 0.511]
Off-line, asymp. FPTAS [18] 1 FPTAS [16] 1

In this paper, we study the problems BPR and BCR. Both on-line and off-line versions are consid-
ered. The results are listed in Table 1. Algorithms RFF1-RFF4 and MDNFD run in time O(nlogn),
and algorithm MDANF runs in time O(n). For comparison purposes, we also list the known best
results of bin packing and covering problems in Table 2. As we know, even for the classical bin
packing and covering problems, it took a long time to obtain most of the results in Table 2, and
it is still open how to close the existing gaps. The BPR and BCR problems are more complicated,
and harder to approximate since one more parameter is introduced for every item. To devise the
algorithms presented in this paper, we will introduce several strategies for trade-off between pack-
ing cost/profit and rejection penalty/profit. Furthermore, we will employ the harmonic technique
with consideration of penalty parameter. In the analysis of the algorithms, we will develop meth-
ods to estimate the optimal value. Especially we will apply a simple linear programming technique
instead of case by case analysis to prove the asymptotic competitive ratio of algorithm RFF?2 (see
Theorem 7).

A related problem is the parallel machine scheduling with rejection, which can be described
as follows: we have m parallel machines and » independent jobs. Each job is characterized by its
processing time and its penalty. A job can be either rejected, in which case we pay its penalty, or
scheduled on one of the machines, in which case it contributes its processing time to the completion
time of that machine. The objectives are to minimize the sum of the penalties of all rejected jobs and
one of the scheduling criteria such as the makespan, weighted completion times, or lateness/tardi-
ness of all accepted jobs. Refs. [2,13,15,20] considered the first objective, Refs. [9,10] considered the
second objective, and Ref. [22] considered the last objective.

This paper is organized as follows. Section 2 considers the problem BPR. Section 3 studies the
problem BCR. Some final remarks are presented in Section 4. A preliminary version of this paper
appeared in a conference proceedings [14].

In the remainder of this paper, let W(S) = Zu,- cs Wi and P(S) = Zu,— s pi for an item set S. Define
My = {u;|pi/w; > 1} and M> = {u;|p;/w; < 1}. Define by ¢ > 0 a sufficiently small number, and by N
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a sufficiently large positive integer, whose exact values are immaterial in later proofs. For simplicity,
in the on-line setting we use the notation u; € M| to mean p;/w; < 1, and we use the notation u; € M;
to mean p;/w; < 1, even though not all items have arrived.

2. The problem BPR
2.1. Preliminaries

We use I’ to denote an instance of the bin packing problem, OPT’(I") to denote the min-
imum number of bins used in an optimal solution for I’ with respect to the bin packing
problem. Because we will use the classic algorithms First Fit (FF) and First Fit Decreasing
(FFD), thus we first explain them briefly. FF always packs the next item into the first bin,
where it fits. If the next item does not fit into any bin, it is packed into a new bin. In case
of algorithm FFD first the items are ordered into the non-increasing order of their sizes, and
then we execute FF.

Lemma 1. For any instance I’ of the bin packing problem with |I'| = n' and w; < 1/2,i=1,...,n', we
have

= j n P
L N
<3 2wty i iwi>1,

where FF(I") denotes the number of bins used by First Fit (FF) algorithm.

Proof. The result for the case Z:l/:l w; < 1is trivial. Hence we assume that 27/:1 w; > land FF(I') =
k > 1.Johnson et al.[17] proved that FF(I') < % Zl’-’/zl w; + 2. We show here that the additive constant
can be tightened to 1/2.

Let the total size of items in the ith bin be s;, i = 1,...,k. If s; > 2/3 holds foreveryi = 1,...,k,
then we obtain that k£ < % Zf‘le §i = % 27/:1 w;, and we are done. Hence we suppose that there is at
least one index i such thats; < 2/3. Let j = min {i : s; < 2/3}. If j < k, let u; be any item in the ;'th
bin by FF algorithm, where ;/ > j. Then w; > 1/3. It states that all items in the j + Ith, ..., kth bins
have a size of at least 1/3. Note that every bin except the last one must contain at least two items
since every item has size at most 1/2. Hence each of the j 4 Ith, - - -, £ — 1th bins has items of total
size at least 2/3. / /

Since s; + s¢ > 1, we obtain that Y7 wi = 3% 15i > 2 (k-2 + 1= 2k — Lie k< 330w,
+ % If j = £, then the last two bins have total content at least 1 and all remaining bins have content
at least 2/3. The result can be obtained similarly. [

The next lemma can be proved in a similar way:
Lemma 2 ([3,5]). For any instance I’ of the classical bin packing problem with |I'| = n’, we have

) =1 if Y w < 12,
<2 w i Y wi > 1)2.



800 G. Dosa, Y. He | Information and Computation 204 (2006) 795-815

Corollary 3. Y w; > (OPT'(I') — 1)/2.

Theorem 4. For BPR, L = W(M;) + P(M>) is a lower bound of the optimal value, and L >
(OPT(U) — 1)/2 for any instance 1.

Proof. First we prove that OPT(I) > L. To see it, we assume that in an optimal solution there are &
used bins. Let S1 and 5> denote sets consisting of rejected items and accepted items in the optimal
solution, respectively. We obtain

OPT)=k+ Y pi> Y wi+ > p> Y min{w.pl= Y w+ > p=L

u;jeS] u;jeSH u; €Sy u; €SHUS) u;eMy u;eM

Consider a feasible solution that accepts all items in M, packs them optimally, and rejects all
items in M. Hence we have OPT(I) < OPT'(M;) + P(M>). Combining this inequality with Corollary
3, we obtain W(M;) > (OPT' (M) —1)/2 > (OPT(I) — P(M>) — 1)/2. It follows that

PT(]) — P(M>) — 1 PT(]) — 1
L= wasy + Pty > PO Ly gy OO0

O

2.2. On-line algorithms

First, we present a simple 2.618-competitive algorithm: All of the initial sequence of items are
rejected until they accumulate a penalty of not more than 0.618; thereafter, reject all items such that
e < wy and apply First Fit to pack the other items. Formally:

Algorithm RFF1:

L k=1P=0.Letp =L~ ~06l8.

2. If no new item arrives, stop. Else go to 3.

3.If P+ p, < ¢, then reject ug, set P = P + pi, k = k + 1 and go to 2; Otherwise go to 4.

4. If ux € My, then pack it by FF algorithm; Otherwise reject it. Set &k = & + 1. If no new item arrives,
stop. Else go back to 4.

Theorem 5. Repry = 5% = 2+ ¢ = Y52 ~ 2.618.

Proof. We first show that %Fg(%) < l’qub for any instance /. If the total penalty of all items is less than ¢,
then RFF'1 rejects all items and thus yields an optimal solution. Let I’ be the set consisting of all items
packed or rejected by Step 4. We then have that RFF1(I \ I') < ¢. Define M] = {u; € Mi|u; € I'},and
M} = {u; € M>|u; € I'}. We distinguish three cases to obtain the result.

Case 1. OPT(I) < 1. Thus, in an optimal solution all items must be rejected, and OPT(J) =
Yo pi < L If M{ =@, RFF1 yields the optimal solution. Hence we assume M/ # . By the defi-
nition of M and )_;_; pi < 1, we obtain that W(M|) < P(M{) < 1, and RFF'1 uses exactly one bin.
Hence

RFFI(I) =1+ RFF1UI\I") + P (M3) .
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On the other hand,
OPT(]) > max {¢,RFF1(I \I') + P (M3)}

holds trivially, thus we obtain

REFI() _ 1+ RFFIUI\I") + P (M;) <1+<;>
OPT() ~ max [, RFFIU\I)+P (M)} ~ ¢ °

Case 2. OPI(I) > 1 and W(M{) > 0.5. By Lemma 2 and Theorem 4, we obtain
RFF1(I') < 2W(M)) + P (M3) < 2 (MM)) + P (M3)) < 20PT(").
Therefore, we have
RFFI(I) = RFF1(I \I') + RFF1(I') < ¢ + 20PT(I') < ¢ + 20PT() < (2 + ¢) OPT(]).
Case 3. OPI() > 1and 0 < M(M]) < 0.5. Thus RFF1 uses only one bin, and
RFFI(I) = RFFI(I\I') + 14+ P (M;) <1+ ¢ + P (M;).
t is trivial that OPT(J) > max {1, P (M})}. We thus obtain

RFFI(I)  1+¢+P (M)
<
OPT(]) max {1,P (Mz’)}

<2+ 9.

The following item sequence shows that the absolute competitive ratio of algorithm RFF'1 cannot
be smaller than 2+ ¢. Letwy = e, pp = ¢ — e, wo = &, ;0 = 26, w3 =1 — 2¢, p3 = 1 — 3e. Then RFF1
rejects the first and third items and accepts the second one, while all items are packed into one bin
in an optimal solution. Therefore, RFF1(I)/OPT(I) = 2+ ¢ —4e)/1 > 2+ pase — 0. O

Next we consider the lower bound of the problem BPR in terms of the absolute competitive ratio.
Consider the following system of equations:

2+B+x 1+
1+x B

=B+ 2x+1, M

where 8 and x are real variables. This system leads to the following equations

p
1 1+28) =143 =—. 2
BA+AHA+2) =143, «x Y )
Since function f (8) = B (1 + B) (1 + 28) isconvex for 8 > 0,and f (0) = 0 while the value of 1 + 38
for 8 = 0is 1, follows that (2) can have at most one positive solution. Because f” (8) — occas 8 — oo,
follows that the equation has a unique positive solution, which can be computed for example by

MAPLE. Define 6 = (—1/3) arctan((2/9)+/237) + n/3, and By = +/21 el?. Then the exact solution
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of (2)is B = % Bo + % — % ~ 0.7446, and x ~ 0.2991. In the next theorem we will construct such
instances /, for Whicﬁ the ratio A(/)/OPT(I) is bounded by below by some term of (1). Thus, we

obtain the best lower bound, if the three terms are equal. «

Theorem 6. No deterministic on-line algorithm can have an absolute competitive ratio of less than
HE ~ 2343,

Proof. We show the result by adversary method. Recall that N denotes a sufficiently big number,
and ¢ is chosen in such a way that even Ne is sufficiently small. Let /; consist of N copies of (55, %),
I, is just one item (% — 2,5 — 28), 15 consists of N — 1 copies of (% -85 — 8), 14 is also one item
(x,x),and let I’ = I; U I, U I3 U Iy, it consists of 2N + 1 items. Then all sequences / which are used
to obtain the desired result, when we remove the appropriately chosen last 0, 1 or 2 items, are all
prefixes of sequence I’. The adversary watches the algorithm A4 until the time 7 when the first item
which is packed. If the first accepted item is some item of /', then the next items of /” do not come,
but we append 0, 1 or 2 well-chosen items depending on ¢, so that the objective function has value
at least (1+ B) /B. Define y = §; — 2e.

If up, 1 <k <N, is the first accepted item by an on-line algorithm A, then no more item
comes. We have OPT(]) = kﬁﬁ, and A() = w + 1. Thus

AD  G-DB+N (N-DB+N 1+8
— > — asN — oo.
OPT(I) kpB NB p

If uy 1 is the first accepted item by A4, two copies of (% — %.1) come. Then 4 may accept items
un+1, Un+2, uy+3 and pack them into two bins (the total size of these three items is larger than 1),

while in an optimal solution only uy 1 is rejected and all remaining items are packed into one bin.
As Zf\’: | pi = B, we obtain that 4(J) > 2 + B, and OPT(I) = 1+ y. We thus obtain

AD 248 248 1+ 8

> = > as N — oo.
OPT(]) 1+ y 1+x/N —2¢ B

Ifunira1,1 <k <N — 1 isthefirst accepted item by 4, two copies of (% — % + %8, 1) come. Then
similarly as above, 4 has to pack items up 41, UN+k+2, UN+k+3 INtO two bins, while in an optimal
solution items uy, u, . . ., uy+1 and uy 42, uy-+r+3 are packed into one bin, and all remaining items
are rejected. Therefore, we have A(l) > 2+ B+ ky + (k — 1)e,and OPT(I) = 1 + k(y + &). It follows
that

A 24+ B+ky+ (k—1e 2+ B+ky 24+B+x
> — >

> > ase — 0.
OPT(]) 1+ k(y+e) 1+ ky 14+x

If ugp 41 is the first accepted item by 4, two copies of (% -5+ %(N + %)8, 1) come. Then as before,

A has to pack items uan 41, uan+2, uzn+3 into two bins. Noting that the sum of penalties of the first
2N itemsis B+ y+ N —-D(y+e)=B8+x—(N+De,wehave A() 22+ B+x— (N + 1D e At
the same time, only usy 41 is rejected and all remaining items are packed into one bin in an optimal
solution. Hence OPT(I) = 1+ x. It follows that
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AW 2+ﬂ+x—(N+1)s_)2+,3+x_l+,8

= ase — 0.
OPT() ~ 1+x 1+x B

Hence we assume that algorithm A4 rejects the first 2N + 1 items. Then the last item is (g,1). No
matter whether this item is rejected, we have A(/) =1+ ZZN + pi=14+84+2x— (N +1)¢e while
OPT(I) = 1. Thus, we obtain

A
OPT(I)

ase — 0.

=l4++2x—N+De—>14+8+2x=

Therefore, the proof is completed. [

Now we turn to study the asymptotic competitive ratios of on-line algorithms. To show the asymp-
totic competitive ratio of RFF1, we consider the following sequence with 2N + 1items: w; = ¢, p| =
p—e,wy=---=winyr1=¢e+1/2,pp =--- = ppy11 = 26 + 0.5. Then RFF1 rejects only the first
item while the optimal solution only accepts the first two items. Therefore Ig }le((I[)) =5 +‘21%;¢2;i1 7~
2asNe — 0,and N — oo. It follows that the asymptotic competitive ratio of RFF'1 cannot be smaller
than 2. In the following, we present another on-line algorithm RFF2 with an asymptotic competitive
ratio of arbitrarily close to 7/4.

Let m be a large positive integer. We construct the next sets: S = {jm+ 1< j < 2m},and $p =
{(j,k)|j € S,,m+ 1<k <j—1}. We partition set M| into several subsets as follows:

1
My = {u; € Milw; < 5},
k-1 k .
< 4 ’71<% YER

H_4~

Mj; = {u; EM1|% < w;

Then the algorithm can be described as follows:

Algorithm RFF2:

1. If the incoming item is in M;, pack it by FF algorithm.

2. If the incoming item is in M, (j,k) € S, or Ma, reject it.

3. If the incoming item is in Mj;, j € S}, then pack it each into a bin, and this bin will not be used to
pack any other item.

Theorem 7. For any given positive integer m > 2, Ry3, < Z% 5, hence there exists an on-line algorithm

with an asymptotic competitive ratio of arbitrarily close to 7/4 = 1.75.

Proof. Since all items in Mj; have sizes no greater than 1/2, and are packed by FF algorithm, we
have

3 1 3
RFF2(My) = FF(Mj;) < max {EW(MH) + 5,1} < EW(MII) +1
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by Lemma 1. By the definition of M, (j,k) € Sz, we have P(Mj;) < %W(Mjk). Since every item in
M;; does not share a bin with any other item in RFF2 algorithm, the number of bins used for the
items in M;; is
J J
|Mjj] < i = WMj)).,

u;€M;;

where the inequality holds because % < wj, 1.e., %w,- > 1, for any item u; € M;;. Therefore, we have

3 k i
REF2(I) < SWOM) + 14 Y — W) + Y W) +P (). (3)
(j,k)eSH JES)

By Theorem 4, we have

OPT() > WMi) + Y WMp) + Y WMy + P (M) . )
(Jk)€S2 JESI

Next we are going to obtain another lower bound of OPT(]). Let

I'=T1\(MyUM) = U Mg
Jj=m~+L...2mk=m+1,...,j

It is obvious that OPT(I") < OPT(I). Let us consider an optimal solution for instance I’. For every
item u; € My, C I, (j, k) € S, since w; > 1/2, this item cannot share a bin with any other item in
I, if the item is accepted in the optimal solution. In this case, the item’s contribution to objective

valueis1 > j%lw,-. If this item is rejected in the optimal solution, the contribution to objective value

is pr = %wi. Hence we conclude that the contribution of item u; to the optimal value is at least

j—1 k—l}w' _ k-l
;=

min {7, - —-w;. Similarly, for any u; € Mj;,j € §), its contribution to the optimal value

of I’ is at least J%lw,-. Therefore, we obtain

k-1 —1
OPT() > OPTU) > Y “—— WMy + Y WM. (5)

(k)ESH JESI

To obtain the asymptotic competitive ratio, we need to show that there exist constants a, b such
that Rggz(%) <a+ ﬁ for any instance /. We are interested in the maximum possible value of

ROF‘;]%(%). Dividing the inequalities (3)—(5) by OPT(I), we construct a linear program as follows:

3 .
max z=Zxnt X vkt X gty
(/7k)€S2 jGS]
s.t. xy+ Z Xk + Z Xjj+ Yy <1, (6)
(h)eS JEeS
I T =
. m VK : m V) X b
(k)eSs jes
x=0xp =20, m+1<k<;j<2m, y=>0,
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WMy1) WM k) PM>) _ RFF2() ;
where x| = oPT > Xik = oprn ™Mt 1<k<j<2my= oPTh) > andz = OPT() Are variables. Note
that we omit the additive factor 1/OPT(I) from the objective function of the linear program, since we
are considering the asymptotic competitive ratio. It is clear that the asymptotic competitive ratio is
no greater than the optimal value of (6). We state that (6) has a unique optimal solution as follows:
Xl = g prm 2m = 75,7, and the values of all remaining variables equal to 0. The optimal value is

g;”m 11 + 250 = Z’” 3 which can be arbitrarily close to 7/4 if m is chosen to be large enough. To

obtain the optimum solutlon one need to have some intuition about the LP, but it is easy to verify

11
0 2m—1 ,the

m

pricing vector is ' = ¢,B~! = [3/2, 2(#_1)] Thus, M'aj —cjx = [3/2, 2(#1)] [1 u] —k/m =
. /
32+ sty — kjm, and way - ¢ = [3/2 i | [LGH] = /m =372+ ydity — j/m, and

that this is really the unique optimum solution: The optimal basis is [an, a2m72m] =

these values are nonnegative for any possible values of £ and m. Thus, by complementary slackness
the solution is optimal, and the proof is completed. [J

For the classical bin packing problem, no on-line algorithm can have an asymptotic competitive
ratio of less than 1.540 [24], we conclude that no on-line algorithm can have an asymptotic compet-
itive ratio of less than 1.540 for the problem BPR, too. It is open whether a larger lower bound of
the problem BPR in terms of asymptotic competitive ratio exists.

2.3. Off-line algorithms
Algorithm RFF3:

. For Y, w; < L if 3%, p > 1, then all items are accepted and packed into one bin, otherwise
reject all jobs.
2.For > 7 yw;i > 1,ifu; € My,i = 1,2,...,n, then pack it by FF algorithm, otherwise reject it.

Theorem 8. Rppr3 = 2.

Proof. Forthecase ) ", w; < L itisclear that RFF'3yields an optimal solution. Forthecase ) ;. w; >
1, we have FF(M1) < 2) ;. My Wi by Lemma 2. Combining this result with Theorem 4, we have

RFF3(I) = FF(M)) + P(M>) < 22 w,+P(M2)

<20, Wit POMD) < 0P

To see that the ratio cannot be smaller than 2, we consider the following instance: We have a
total of 2N items; each item has the same size ¢ + 1/2 and the same penalty 2¢ + 1/2. It is clear that
RFF3(I)/OPT() = 2N/(N + 4Ne) — 2ase — 0. O

From the instance given in the proof of Theorem 8, it is clear that R}, = 2. Furthermore,
the absolute and asymptotic worst-case ratios of RFF'3 cannot become smaller if we replace FF
algorithm by First Fit Decreasing (FFD) algorithm in Step 2. Note that there does not exist a poly-
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nomial algorithm with an absolute worst-case ratio of smaller than 3/2 for the classical bin packing
problem, unless P=NP [20], this statement still holds for the problem BPR.

In the remainder of this section, we present an off-line algorithm with an asymptotic worst-case
ratio of 3/2.

First we split M into four subsets as follows:

Mth{ui€M1:Wi>%}, M1[={u,'EM1:%<W,'<%},
Mlm:{ui€M15%<Wi<%}a MlsZ{ui€M13Wi<%},

and the items in My, My;, My,,, M1 are called as huge, large, medium and small items respectively.
We propose a procedure for pre-processing as follows, which puts one large item and one medium
item pairwise into one bin as much as possible. Define by max (/) the maximum number & such that
k large items and £ medium items can be packed pairwise into & bins for instance /. Then the next
proposition holds.

Proposition 9. Suppose that uj,up, . . ., uy, are k large items, and w1, U2, . . . , Ui are k medium items
such that uj; and u,,; can be packed into a common bin, for everyi = 1,...,k, and k = max(l). Then
foranyi=1,--- k, we have max(I \ {uy;, up;}) = max(l) — L.

Lemma 10. Let uj, be the largest large item for which there exists a medium item uy; such
that wiq +wpj <1, and let w,g be an arbitrary medium item satisfying wiq +wmp < 1. Then
max(/ \ {uja, ump}) = max()) — L.

Proof. We construct a bipartite graph G = (N,E) = (N; U N>, E) to prove the result. Let L(J)
and M(I) be the sets consisting of large, and medium items of /, respectively, then the bipar-
tite graph can be obtained as follows: The node set N = L(I) UM(I) satisfies N = L(I) and
Ny = M(D), ie., each large and medium item corresponds to a node of G, and there is an
edge between u;; € L(I) and u,; € M(I) if and only if wj; +wy,; <1, ie, these two items can
fit commonly into a bin.

It is straightforward to know that max(/) is equal to the number of edges of a maximum match-
ing (here the maximum matching means that its cardinality is maximum among all matchings).
We only need to prove that there is a maximum matching which contains edge (u;q, ump). To see
it, let MM = {(up, um1) , (U, um2) , . . ., (Ui, umi)} be a maximum matching, where £ = max(/). Let
L={un,up,...,un}and M = {u,1, umo, . . ., umi}. We consider four cases as follows:

Case 1. u;, ¢ L and u,,g ¢ M. Then MM could be increased by adding edge (u/q, ump), a contra-
diction. Thus this case cannot occur.

Case 2. u;, ¢ L and u,g € M. Then u,,g = uy; for some i € {1,...,k}. Thus, simply replacing the
edge (i, umi) bY (Uiq, tmi) = (Ui, Ump) , WE Obtain another maximum matching, which contains
edge (o, Ump)-

Case 3. 1, € L and u,,3 ¢ M. The statement can be shown in the same way as Case 2.

Case 4. uj, € L and upp € M. If edge (4o, ump) € MM, then we are done. Thus, we assume that
(jasUmp) & MM . Letujq = uy; and uyg = uyyj forsomel <i,j < k,i # j. From the definition of u/q,
it follows that wi, > wy;. Thus, wi; + Wy < Wig + Wi = wii + wy < 1holds, i.e., nodes u;; and uy,;
are adjacent in the graph. By replacing edges (u/q, u;) and (uz;, up,p) in MM by edges (ujq, ump) and
(17, umi), we obtain a new maximum matching with the desired property.
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Therefore, we conclude that there is a maximum matching which contains edge (u/q, umpg), and
the lemma follows directly from Proposition 9. [J

Applying Lemma 10, we can describe the pre-process procedure, which puts large and medium
items commonly into bins as much as possible in a greedy way:

Procedure Greedy:

. Let M|, = My; and M|, = M,,,. Sort items in M/, in non-increasing order of their sizes.

If M, or M is empty then go to 5.

. Let u; be the first item in M.

. Let u; be the first item in M|, satisfying w; +w; < 1. If it does not exist, then delete item u; from
set M{, and go to 2; Otherwise pack items u; and u; into a new bin, delete them from set M/, and
M, , respectively. Go to 2.

5. For all unpacked medium items, pack them pairwise into a bin. If the number of unpacked

medium items is odd, then pack the last unpacked medium item alone into a bin.

6. Each unpacked large item with penalty at least 1 packed into its own bin.

7. Pack each huge item into its own bin.

F NS S

Remark 11. Procedure Greedy does not decide whether and how to pack small items in M, some
large items with penalty less than 1, and items in M.

Corollary 12. Let greedy(I) be the number of bins in which one large and one medium items are packed
by Step 4 of procedure Greedy. Then greedy(I) = max([).

Proof. This assertion follows directly from Lemma 10 by induction on the number of items. [J

Call the bins used in Steps 4-7 as Bj-, By-, B3-, and By4-bins, respectively. In the remainder of this
subsection, we call a bin open if it is allowed to pack more items, otherwise it is closed. Now we can
describe the algorithm.

Algorithm RFF4:

1. Apply procedure Greedy. Sort items in M in non-increasing order of their sizes. Let all By-, Ba-,
and B4-bins be closed.

2. Arbitrarily choose an open B3-bin if it exists, else go to 5.

3. Pack the first small item in M into this open bin, if it fits into this bin, and delete it from Mg, go
to 3.

4. If the first small item in M}, does not fit into this open bin, close this bin, and go to 2.

5. If there does not exist open B3-bin, (and M, is not empty yet), and there is at least one unpacked
large item in M, then pack the first unpacked large item into a new bin. Call this bin as an open
Bs-bin. Go to 3.

6. If there are no unpacked small items, and there are unpacked large items, then reject them. Define
by Rg the set consisting of all rejected large items. Go to 8.

7. If all large items are packed, then pack all remaining small items in M, into new bins by algorithm
FF. Let these bins denoted as B7-bins. Go to 8.

8. Reject all items in M.
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Before obtaining the asymptotic worst-case ratio of algorithm RFF'4, we first estimate the content
of used bins. It can be listed as follows:

(1) Every B;-bin contains a large and a medium item, its content is more than 5/6.

(i1)) Every B>-bin except the last one contains two medium items, its content is more than 2/3.

(iii) Every B4-bin contains a huge item, its content is more than 2/3.

(iv) Every closed B3-, and Bs-bin contains one large and at least one small items. We show as
follows that its content is more than 3/4. In fact, if one small item in one such bin has size at
least 1/4, then the content of this bin is more than 1/2 + 1/4 = 3/4. If all small items in this bin
are less than 1/4, then let x be the small item which first does not fit into this bin, and causes
the bin closed. Since small items are sorted in non-increasing order of their sizes, we know that
x < 1/4, and again the content of the bin is more than 3/4.

(v) Every open Bs-, and Bs-bin contains one large and possibly some small items, its content is
more than 1/2. Furthermore, there is at most one open Bs-bin. If Step 5 is executed at least
once, then every B3-bin is closed. Otherwise, if there is at least one opened B3z-bin, then no
Bs-bin exists.

3
Theorem 13. R%;.., < 3.

Proof. It is trivial that the algorithm packs or rejects all items. We consider all possible situations
which may occur. First suppose that there is at least one B7-bin. Because the size of a small item is
at most %, then we conclude that

(I) No open Bs- or Bs-bin exists. Hence the content of every used bin except B7-bins and the last
B»-bin 1s at least %;

(IT) No Rg-item exists.

From (I), we observe that the number of used bins except B7-bins and the last B>-bin is no more
than % times of the total sizes of all items packed in these bins. Note that Lemma 1 provides an
upper bound of the number of B7-bins. Hence we conclude that the number of all used bins by RFF4
is at most 2 + 3 > uemy Wi- Therefore, we obtain

3
REFA4(I) <2+ 5 %:1 w;i + P(M>)
uj 1

3 3
<2+ 5( ZM wi + P(M)) < 2+ SOPIQD),
uj 1

which is the desired asymptotic worst-case ratio. Thus, we suppose that no B7-bin exists in the
following.

Define by a, b, c,d, e, f the number of B-, B>-, closed B3-, open B3-, B4-, and closed Bs-bins respec-
tively. Let |Rg| = g and P(M>) = h. Recall that there is at most one open Bs-bin. Clearly we have

RFFA() <a+b+c+d+e+f+1+ > p+h

ui€Rg

<a+b+c+d+e+ f+g+h+l1=w+2,
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wherew =a+b+c+d—+e+ f+ g+ h— 1 Hence it suffices to show that
OPT(I)>§w

to obtain the desired asymptotical worst-case ratio. Four cases are considered as follows.

Case 1. Step 5 is never executed, and d + g < a + 2h.

To obtain a tight lower bound of OPT(I), we need a better estimate of the total size of all items
in M by analyzing the content of every used bin by RFF4. Recall that no Bs-bin exists now, thus
f = 0. By above (i)—(v), and the fact that every item of Rg has a size at least 1/2, we have

OPT(]) > ZW—I—P(M) a+ (b—1)+3c—|—1d+2€+1 +h
g 2 4¢T 0T 3eT Y
i 1

2 1
2§(a+b+c—|—d+e+g+h—l)+6(a+2h d—g) >

Wll\)

Case 2. Step 5 is executed at least once, and 2a + ¢ + f + 4h > 2g.
Recall that at this moment every Bs-bin is closed and thus d = 0. Similar to Case 1, we have

32 1
OPT(D) > Y wi+ P(Mp) > a+ (b—1)+ Jet et o4 S9+h
u,€M1

—(a+b+c+f+g+h—1)+—(2a+c+f 29 +4h) >

L»Jll\.)

For the remaining two cases, we obtain the desired result by contradiction. Suppose that there
exists a counterexample which violates RFF4(I) < %OPT () + 2, hence a minimal counterexample 1
with fewest items should exist. We first present two useful propositions. Their proofs are trivial and
omitted here.

Proposition 14. For any instance I, if item u; is rejected in an optimal solution, then we have
OPIU \ {u;}) = OPT()) — p;.

Proposition 15. For any instance I, if item u; € Rg, then we have RFF4(I \ {u;}) = RFF4(I) — p;.

Therefore, we assume that we are dealing with the minimal counterexample /. Suppose u; € Rg.
If it is also rejected in an optimal solution, then by Propositions 14-15, we obtain

RFFAU \{u;}) —2 RFFA() —p—2 RFFA()—2 3

OPTUN\ ()  OPTh—p  OPT() 2

a contradiction. Therefore, we assume in the following that every item u; € R is accepted in the
optimal solution.

Case 3. Step 5 is never executed, and d + g > a + 2h.

Consider the instance modified from / by deleting all small items, and denoted by 7’. It is trivial
that OPT(I") < OPI(I). We next give a lower bound of OPI(I") by the same method for proving
Inequality (5) in the proof of Theorem 7. Each large item is either packed individually into its
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own bin or rejected. We have seen that every item u; € Rg must be packed into different bins, their
contribution to OPI(I') is g. The large items being packed into B3-bins must be also accepted in
the optimal solution since their penalty are at least 1, hence their contribution is ¢ 4+ d. Noting that
the penalty is no smaller than the size for each item in M}, we conclude that the contribution of the
large items in Bj-bins is at least § no matter whether the items are accepted or rejected. Thus the
total contribution of all large 1tems to OPI(I') is at least § 4 ¢ +d + g. From Corollary 12 there
are at most a bins, each of which can be shared by a large item and a medium item. Hence there
are at least 25 — 1 medium items which do not share bins with large items in the optimal solution.
Their contrlbutlon is at least Zb L Tt is also clear that for the huge items, their total contribution
is at least 2 $e no matter whether they are packed individually into different bins, or rejected. Recall
that /' = 0. Thus applying d + g > a + 2k, we have

1 2p—1 2
OPT(I) > OPT(I') > Ja+ =5 tetd+ ety

1
>g(a+b+c+d+e+g+h—1)+8(2c+2d+2g—a—4h)

2 1 2
>3@+btetdtetgth—D+oQc+a) > 30

Case 4. Step 5 is executed at least once, and 2a + ¢ + f + 4h < 2g.
Then d = 0. Similar to Case 3, we obtain

1 2b—1 2
OPT(]) > OPT(I) a+T+C+3€+ f+g

(a+b+d+e+f+g+h—1)+—( a— f+2c+2g—4h) >

UJII\)

In summary, we have shown that RFF4(I) < 2 + 5 30PT() for all possible cases, hence we obtain
Theorem 13. [

Whether there is an asymptotic PTAS for BPR is open.

3. The problem BCR

First we explain briefly the classic algorithms Dual Next Fit (DNF) and Dual Next Fit Decreas-
ing (DNF). DNF always packs the next item into the first bin, which is not fully covered. In case of
algorithm DNFD the items are first ordered into the non-increasing order of their sizes, and then
we execute DNF.

3.1. On-line algorithms

Theorem 16. No on-line algorithm can have an absolute competitive ratio of greater than 0.
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Proof. Let w; = 1/2, py = . If an algorithm 4 packs this item into a bin, then no more item comes.
The ratiois A(Z)/OPT(I) = 0/¢ = 0.1f 4 rejects this item, then the second and last item with wy = 1/2
and pp = e comes. We have A(J)/OPT(I) < 2¢/1 — O0ase — 0,too. [J

Hence in the remainder of this subsection, we consider the asymptotic competitive ratio of on-
line algorithms. Since for the bin covering problem, no on-line algorithm can have an asymptotic
competitive ratio of greater than 1/2 [8], this bound also holds for BCR. Next we present an on-line
algorithm with matching asymptotic competitive ratio of 1/2.

Noting that Dual Next Fit (DNF) is the best possible on-line algorithm for the classical bin cov-
ering problem in terms of asymptotic competitive ratio [1], we next show that a simple modification
of DNF also works for BCR. Recall that M| = {u;|p; > w;} and My = {u;|pr < w;}.

Algorithm MDNF:
1. If the incoming item is in M>, pack it by DNF algorithm.
2. If the incoming item is in M, reject it.

The next lemma is useful for proving the main theorem:
Lemma 17. Let I’ be an instance of the classical bin covering with n’ items. (1) ([1]) We have
DNF(I') > @ . (2) Furthermore, le;l/zl w; = 2k +1 for some integer k, then DNF(I') >
k+1. h
Proof. Because w; < 1,i = 1,...,n, the content of every covered bin is less than 2 by DNF. Thus

DNK(I') > # If Z;’/:l w; > 2k + 1 for some integer k, the number of covered bins is at least

k. Furthermore, w; < 1,i = 1,...,n implies that the total content of the first £ bins is less than 2k.
Thus there is at least one more covered bin. [

Theorem 18. R{j,\» = 1/2, thus MDNF is the best possible on-line algorithm in terms of asymptotic
competitive ratio.

Proof. With an argument analogous to the proof of Theorem 4, we can obtain

OPT() < Y wi+ > pj. @)

JjeM; jeM

On the other hand, From Lemma 17 (1), the number of covered bins is at least MJ by

MDNF . Thus, the objective value produced by MDNF is MDNF(I) > LMJ +> jem Dj» and

asymptotic competitive ratio follows. [
3.2. Off-line algorithms

Since the classical bin covering problem is a special case of BCR, we conclude that no off-line
algorithm can have an absolute worst-case ratio of greater than 1/2, unless P=NP ([1]). Next we
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present a modified Dual Next Fit Decreasing (MDNFD) algorithm with an absolute worst-case
ratio of 1/2.

Algorithm MDNFD:

L If Y7 w; < 1, reject all items and stop.

2. If M{M3) < 1 and P(M)) < 1, pack all items into one bin and stop.

3. If M(M>) < 1and P(M;) > 1, reject all items and stop.

4. Determine an integer w > 0 and real number 0 < y < 2 such that M(M3) = 2w + 1+ y.

5.1If y < 1or P(Mp) > 1, then apply algorithm MDNF to all items and stop.

6. If W (M U M) > 2w + 3, then accept all items, pack them by DNF algorithm, and stop.

7. Sort the items of M> in non-increasing order of their ratios between sizes and profits w;/p; such

that % > % > > ;‘:2". Determine
. j
k=min{j:> w =20+l eMyi=1...j. (8)
i=l1

8. Pack the first k items of M> by DNF, reject the remaining items of M> and all items of M. Stop.

Theorem 19. Rypnrp = 1/2, thus MDNED is the best possible in terms of absolute worst-case ratio.

Proof. It is clear that MDNFD yields an optimal solution if the algorithm stops at Step 1. If MDNFD
stopsat Step 2, we have that Y ", w; > land thus MDNFD(I) > 1. By (7), we have OPT(I) < W(M>) +
P(My) < 2and thus MDNED(I) > %OPT (). If MDNFD stops at Step 3, we have MDNFD(I) > P(M}) >
3 (WM2) + P(My) > 5 OPT(D).

Hence we are left to consider the cases that the algorithm stops at Steps 5, 6 or 8. It follows
that W(M;) > 1. Hence there exist unique nonnegative integer w and 0 < y < 2 such that W(M>) =
2w+ 14 y.

If MDNFD stops at Step 5, either y < 1 or P(M}) > 1 holds. If y < 1, we have 2w + 1 < W(M)) <
2w + 2. By Lemma 17 (2) and the algorithm rule, we have

MDNFD() > o + 1+ PMy) > § (WMy) + POM)) > LOPT().
If y > 1and P(M7) > 1, we have 2w + 2 < W(M3) < 2w + 3, and thus

MDNFD(I) >  + 1+ P(My) > 5(W(M2) — 1) + P(My)

L) + Py > Lot

AR

where the third equality is from P(M]) > 1, and the last one is from (7).

If MDNFD stops at Step 6, we have 1 < y < 2 and P(M}) < 1. We thus obtain OPT(I) < W(M>) +
P(My) < 2w+ 3)+1=2(w+ 2). On the other hand, we have MDNFD(I) > w + 2 by Lemma 17
(2) and the algorithm rule. Therefore, MDNFD(I) > %OPT ).

Now we only need to consider the case that MDNFD stops at Step 8. We have y > 1, P(M]) < 1,and
WM U M) < 2w+ 3.y > limplies W(M3) > 2w + 2. To reach the goal, we need to obtain a better
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upper bound of the optimal value for this case. For this purpose we consider a linear programming
relaxation of the problem.
It is clear that at most n bins can be covered in an optimal solution for the instance consisting of

n items. Define

~_ )1 if the ith bin is used, )1 ifu;is put in the ith bin,
Yi=10 otherwise, Y =10 otherwise.

Then BCR can be formulated as a linear program as follows:
n n n
max » yi+ Y pj (1 - inj)
' = i=1

i=1 j=1

n
s.t. ijxl'j2yia i=1,...,l’l
j=1

n

Yoxi <1, j=L....n

i=l1

y;i = 0,1, i=1,...,n

xi_,-:0,1, i,jzl,...,n

Replacingx;; = 0,1by 0 < x;; < lforeveryi,j =1,...,n, we obtain a relaxed problem: any item can
be cut and spread into different bins, we call it the problem BCR with preemption. Let the optimal
value of the instance / for the relaxed problem be OPTy (I). Then we have OPTR (1) > OPT(I) trivially.

Recall that all items in M; are sorted in non-increasing order of their ratios between sizes and
profits, w;/ p;, we define

J
I(k) = min j:Zwi>k,u,~eM2,i:1,...,j , k=1....20+2,

i=l

and

1(k)
)y => wi—k k=1...20+2.
i=l1

It is clear that 0 < #(k) < wigy,k =1,...,2w + 2. For any t(k) > 0,k =1,...,2w + 2, let a’f _
t(k)/ W“"zﬁ and .alzf =1—of, and cut item w; into items w1, uiry2 With wig: = afwig and
Diti = o pigky, 1 =1,2. Let

Mé =M U U {ul(k)l,ul(k)z} \ {ul(k)} )
k=1....20+2

and partition M, into two subsets M) and M, where

My = {uy,u, . . ., u1Qw+2)—1> UIQw+2)1}
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and

M2y = {u1w+2)2, UIQw+2)+1> UIQw+2)+25 - - - s UM, |}

Consider a feasible solution that packs all items in M>; by DNF algorithm and rejects all items
in M»> and M,. Hence we have

OPTR(]) > 2w + 2 + P(M>») + P(My). 9)

(In fact, it is not hard to show that OPTRr(I) = 2w + 2 + P(M3y) + P(M7), but the weaker state-
ment (9) 1s also enough for us to complete the proof). It is trivial that P({u;20+2), U1Qw+2)+1,
UIQw42)42> - - -» Up|}) = P(M>)), because almost the same items are in sets {1/0w+2), UIQw+2)+15
UIQw+2)42, - - -» UMy} and Moy, except that both u;2,42)1 and u;2,+42)2 are in the first set while
Uj2w+2)1 1s missing from the second set. Now we are ready to prove the last case of Theorem 19.
Since /2w + 2) > k, we have

MDNFD() > o + 1 + P({u10042)s U1Qw+2) 415 - - - » Ui |}) + P(M))

=
> o+ 1+ P(Mx) + P(My) > 50PTr(I) > 5OPT()

applying (9). This bound completes the proof. [

The following instance can show that the asymptotic worst-case ratio is still 1/2. Let I be an
instance with 2N + 2 items, each with size 1 — ¢ and profit 1 — 2e. Then we know M| = . MDNFD
stops at Step 5, and we have MDNFD(I) = N + 1 while OPT(I) = (2N + 2)(1 — 2¢). We obtain that
A)/OPI(I) — 1/2 as ¢ — 0.

To give an off-line algorithm with an asymptotic worst-case ratio of greater than 1/2 is open.

4. Final remarks

In this paper, we considered bin packing problems with rejection penalties and their dual prob-
lems. We studied their approximation algorithms by distinguishing on-line, off-line, and absolute
competitive (worst-case) ratio and asymptotic competitive (worst-case) ratio. All results are listed
in Table 1. Note that algorithms FF, FFD, and DNFD for the bin packing and covering problems
run in time O(nlogn), and DNF runs in time O(n), our algorithms also run in time either O(n log n)
or O(n).

Our study suggests problems for further research. For example, could randomized algorithms
perform better, on average, than our deterministic algorithms? Could we achieve better perfor-
mance bounds in special cases, such as when every item has the same penalty p, or when the size of
every item is less than a constant ¢ < 1? It also would be interesting to study higher-dimensional bin
packing problems with rejection penalties and vector packing problems with rejection penalties.
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