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Abstract

We present an efficient polynomial time approximation scheme (EPTAS) for scheduling on
uniform processors, i.e. finding a minimum length schedule for a set of n independent jobs on
m processors with different speeds (a fundamental NP-hard scheduling problem). The previous
best polynomial time approximation scheme (PTAS) by Hochbaum and Shmoys has a running
time of (n/€)°1/€*). Our algorithm, based on a new mixed integer linear programming (MILP)
formulation with a constant number of integral variables and an interesting rounding method,

finds a schedule whose length is within a relative error € of the optimum, and has running time
20(1/62 log(1/€)%) + poly(n).

1 Introduction

We consider the following fundamental problem in scheduling theory. Suppose that we are given a set
J of n independent jobs J; with processing time p; and a set P of m non-identical processors F; that
run at different speeds s;. If job J; is executed on processor P;, the machine needs p;/s; time units
to complete the job. The problem is to find an assignment a : J — P for the jobs to the processors
that minimizes the total execution time, max;—y Y, Jysa(d;)=P; Pi /s;. This is the minimum time
needed to complete the execution of all jobs on the processors. The problem is denoted Q||C}q and
it is also called the minimum makespan problem on uniform parallel processors. We may assume
that the number m of processors is bounded by the number of jobs (otherwise select only the fastest
n machines in O(m) time). Furthermore, for simplicity we suppose that s; > so > ... > s,
(otherwise we have to sort the speed values).

Results. The problem for uniform (and also identical) processors has been demonstrated to be
NP-hard [17, 20] and the existence of a polynomial time algorithm for it would imply P = NP.
Hochbaum and Shmoys [23, 24] presented a family of polynomial time approximation algorithms
{Ac|e > 0} for scheduling on identical and uniform processors, where each algorithm A, generates a

*An extended abstract of this paper appeared at the Proceedings of the International Colloquium on Automata,
Languages and Programming, ICALP 2009, LNCS 5555, 562-573.
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schedule of length (1+€)OPT(I) for each instance I and has running time polynomial in the input
size |I|. Such a family of algorithms is called a polynomial time approximation scheme (PTAS). It
is allowed that the running time of each algorithm A, is exponential in 1/e. In fact, the running
time of the PTAS for uniform processors by Hochbaum and Shmoys [24] is (n/e)?/<) . If € is small,
then the running time of the algorithm can be very large.

Two restricted classes of approximation schemes were defined that avoid this problem. An effi-
cient polynomial time approximation scheme (EPTAS) is a PTAS with running time f(1/¢)poly(|I])
(for some function f), while a fully polynomial time approximation scheme (FPTAS) runs in time
poly(1/e,|I]) (polynomial in 1/€ and the size |I| of the instance). Since the scheduling problem on
uniform (and also identical) processors is NP-hard in the strong sense (as it contains bin packing and
3-partition as special cases) [17], we cannot hope for an FPTAS. For identical processors, Hochbaum
and Shmoys (see [22]) and Alon at el. [1] gave an EPTAS with running time f(1/¢) + O(n), where
f is doubly exponential in 1/e. The existence of an EPTAS for uniform processors is mentioned as
an open problem by Epstein and Sgall [10]. Our main result is the following:

Theorem 1.1 There is an EPTAS (a family of algorithms {Ac|le > 0}) which, given an instance I
of Q||Caz with n jobs and m processors with different speeds and a positive number € > 0, produces
a schedule for the jobs of length A(I) < (1 +€)OPT(I). The running time of A is

0(/108(1/1°) | 1oty ().

Interestingly, the running time of the EPTAS is only single exponential in 1/e. For an introduc-
tion to the efficiency of polynomial time approximation schemes we refer to Cesati and Trevisan [2],
for an overview of parameterized complexity to Downey and Fellows [7] and Flum and Grohe [13],
and for a recent survey of parameterized complexity and approximation algorithms see Marx [31].
For a survey about complexity, algorithms and approximability of machine scheduling problems we
refer to a review by Chen, Potts and Woeginger [4].

Most of the work on this fundamental scheduling problem has been done already more than 20
years ago. Horowitz and Sahni [25] proposed an approximation scheme for scheduling on a fixed
number m of uniform processors (with running time (n,/e)°™). Gonzales, Ibara, and Sahni [18] in
1977 analyzed LPT (largest processing time) list schedules on uniform processors and proved that
LPT produces a schedule of length between 1.5 and 2 times the optimum. Friesen and Langston
[15] analyzed a variation of the MULTIFIT algorithm derived from bin packing and proved that its
worst-case performance bound is within 1.4 of the optimum. This has been later improved to 1.38
by Chen [3].

Hochbaum and Shmoys [23] introduced the dual approximation approach for identical and uni-
form processors and used the relationship between these scheduling problems and the bin packing
problem. This relationship between scheduling on identical processors and bin packing problem
had been exploited already by Coffman, Garey and Johnson [6]. For other work on scheduling on
identical processors we refer to [14, 16, 19]. Using the dual approximation approach, Hochbaum and
Shmoys [23] proposed a PTAS for scheduling on identical processors with running time (n/¢)°(/ ).
The main idea in their approach is to guess the length of the schedule by using binary search and
to consider the corresponding bin packing instance (with scaled identical bin size equal to 1). Then
they distinguish between large items with size > e and small items with size < e. For the large
items they use a dynamic programming approach to calculate the minimum number of bins needed
to pack them all. Afterwards, they pack the remaining small items in a greedy way in enlarged bins
of size 1 + € (i.e. they pack into any bin that currently contains items of total size at most 1; and
if no such bin exists, then they open a new bin).



The time complexity has been improved to (n/e)?(/<e(1/9) by Leung [30]. Hochbaum and
Shmoys (see [22]) and Alon at al. [1] achieved an improvement to linear time by using an integer
linear program for the cutting stock formulation of bin packing for the large items and a result on
integer linear programming with a fixed number of variables by Lenstra [28]. This gives an EPTAS
for identical processors with running time f(1/€) + O(n) where f is doubly exponential in 1/e.

For uniform processors, the decision problem for the scheduling problem with makespan at most
T can be viewed as a bin packing problem with different bin sizes. Using an e-relaxed version of this
bin packing problem, Hochbaum and Shmoys [24] were also able to obtain a PTAS for scheduling
on uniform processors with running time (n/ e)o(l/ ). The main underlying idea in their algorithm
is a nice rounding technique and a non-trivial dynamic programming approach over the different
bins ordered by their sizes.

Methods. We use the dual approximation method by Hochbaum and Shmoys [24] to transform
the scheduling problem into a bin packing problem with different bin sizes. Next, we structure the
input by rounding bin sizes and processing times to values of the form (1 + §)* and 6(1 + 6)" with
1 € 7, respectively. After sorting the bins according to their sizes, ¢; > ... > ¢,,, we build three
groups of bins: B; with the largest K bins (where K is constant). Let G be the smallest index such
that capacity cxigi1 < ek where v < 1 depends on € (such an index G exists for ¢,, < yck). In
this case By is with the set of the next G largest bins (where the maximum size ¢4, (B2) = cxi1
divided by the minimum size ¢, (B2) = ck+¢ is bounded by a constant 1/ and Bs is the set with
the remaining smaller bins (of size smaller than ¢y ). This generates a gap of constant size between
the capacities of bins in By and Bs. If the rate ¢,,/ckx (where ¢, is the smallest bin size) is larger
the constant v, then we obtain a simpler instance with only two groups B; and By of bins.

For B; we compute all packings for the very large items (those which only fit there). If there is a
feasible packing, then we set up a mixed integer linear program (MILP), or an integer linear program
(ILP) in the simpler case, to place the other items into the bins. The placement of a large item into
the second group By is done via integral configuration variables (similar to the ILP formulation for
bin packing by Fernandez de la Vega and Lueker [11]). We use fractional configuration variables for
the placement of large items into Bs. Furthermore, we use additional fractional variables to place
small items into By, Bs, and Bs. The MILP (and the ILP in the simpler case) has only a constant
number of integral variables and, therefore, can be solved via the algorithm by Lenstra or Kannan
28, 27].

In order to avoid that the running time is doubly exponential in 1/¢, we use a recent result by
Eisenbrand and Shmonin [9] about integer cones. To apply their result we consider a system of
equalities for the integral configuration variables and round the corresponding coefficients. Then
each feasible solution of the modified MILP and ILP contains at most O(1/d1log(1/6)?) integral vari-
ables with values larger than zero. By choosing the strictly positive integral variables in the MILP
and ILP, we are able to reduce the number of integral configuration variables from 201/0108(1/9)) ¢
O(1/610g(1/6)?). The number of choices is bounded by 200/5*102(1/9)*) " Next, we consider a rounded
version of the modified smaller MILP and ILP formulations in order to solve the corresponding LP
feasibility problem more efficiently. Although we still have a huge number of variables, one can solve
the LP feasibility problem for the MILP via the separation problem of the dual linear program and
then using techniques from Groétschel, Lovasz and Schrijver [21].

Afterwards, we round the fractional variables in the MILP solution to integral values. In the first
phase of the rounding we reduce the number of strictly positive fractional configuration variables
for each block B, (that contains bins with similar capacities) from 20(1/°1e(1/9) to O(1/6log(1/6))
using ideas from [26]. Afterwards we round down each such fractional variable to the next smaller
integral value. In the second phase we transform a system of (in-)equalities for the other variables
corresponding to the packing of the small items into a scheduling problem on unrelated machines.



The fractional solution of the scheduling problem can be rounded into another solution with only
few fractional values using ideas from [32]. The corresponding remaining fractional variables in
the system of (in-)equalities are rounded down again to the next integral values. The effect of the
rounding is that most of the items can be placed directly into the bins. Only a few of them cannot
be placed this way, and here is where the K largest bins and the gap between B; and Bs come into
play. We prove that these items can be moved to the K largest bins by increasing their size only
slightly.

Organization of the paper. In Section 2 we give definitions, notations and show how to
structure the input and how to define the three bin groups. In Section 3, we consider the simpler
case with only two bin groups and the property that the bins in the second group have a constant
number of different capacities. In this simpler case we describe an ILP formulation (see Section
3.1); we show how to solve this ILP and give the first ideas to place items into the bins (see Section
3.2). In Section 4 we consider the more general case with three groups of bins. In Section 4.1 we
set up our MILP relaxation and in Section 4.2 we show how to solve it. Then in Section 4.3 we
describe the rounding technique and in Section 4.4 we show how to pack the jobs via the rounded
MILP solution. Here we bound also the total size of items that cannot be placed directly into bins.

2 Modifying the input

First, we compute a 2-approximate solution using the algorithm by Gonzales et al. [18]. It generates
a schedule of length B(I) < 20PT(I). Then take the interval [B([)/2, B(I)] and use binary
search to test values for the optimum or approximate schedule. In the following we choose a value
d < e such that 1/6 is integral (we specify the value later). Notice that OPT(I) € [B(I)/2, B(I)]
and that the length (§/2)B(I) < OPT(I). That implies that the interval [B(I)/2, B(I)] can be
divided into 1/§ subintervals of length d B(I)/2 and that there is at least one subinterval [B(I)/2 +
i(0/2)B(I),B(I)/2+ (i+1)(6/2)B(I)] with ¢ € {0,...,1/6 — 1} that contains the optimum length
OPT(I). To find one of these intervals, we use a standard dual approximation method that for
each value T' either computes an approximate schedule of length 7'(1 + «d) (where « is a constant)
or shows that there is no schedule of length T'.

The scheduling problem can be transformed into a bin packing problem with variable bin sizes as
described by Hochbaum and Shmoys [24]. For a given value T for the makespan we can generate m
bins with capacities ¢; =T - s;. Using the ordering of the speed values we have ¢; > ¢ > ... > ¢,.
The goal is now to find a packing for the jobs into these m bins. Let us round the processing time p;
of each job to the next pale p; of the form 6(1+8)% with k; € Z, so p; < p; = §(1+0)% < (1+0)p;.
If we have a subset A of jobs with > jeaPj < ¢i, then the total increased processing time > jeaDj
is bounded by ¢;(1 + §). Furthermore, we can round the enlarged capacities ¢;(1 + 0) to the next
power ¢ of (1+6). That implies ¢;(1+6) < ¢, = (1+0)% < ¢;(1+6)? with ¢; € Z. By normalization
we may suppose that the minimum capacity ¢}, = min,—y__,, ¢; =
Lemma 2.1 If there is a feasible packing of n jobs with processing times p; into m bins with
capacities ¢; > ... > ¢, then there is also a packing of n jobs with rounded processing times
pj =06(1+68)% < (1+0)p; into m bins with rounded bin capacities ¢, = (1 + §)% < ¢;(1+ §).

Notice that the exponent k; in p; = §(1+48)% can be negative. For k; < 0 the processing time of
a job is smaller than ¢ and small compared to the capacities of all bins. These jobs will be handled as
tiny jobs in a special way (see end of this Section). In the next step we divide the bins into different
bin groups. The first bin group B; consists of the K largest bins, where K = O(1/dlog(1/9)). If



Cmaz(B)/¢min(B) is bounded by a constant C, then by using the following Lemma there is only a
constant number O(log C'/d) of different capacities in bin group B5.

Lemma 2.2 If ¢paz(B)/Cmin(B) < C for some constant C' and the set of capacities in B is ¢(B) =
{1+, (1+6)* ..., (1+6)Y} withx,y € ZT and x < y, then |c(B)] < 2log(C)/d + 1 for any
d€(0,1/2].

Proof: Using the assumption on B, ¢pe(B)/cmin(B) = (1 4+ 0)V~% < C. Therefore, the number of
elements (1+ )" in B is equal to

y—x+1<log(C)/log(1l+)+1<2log(C)/é+ 1;

for the second inequality we use log(1 +d) > § — 62 > §/2 for 6 € (0,1/2]. O

If Crin(B)/Cmae(B') > C for two bin groups B and B’ with C' > 1, then there is a gap of size
C' between the capacities of the bins in the two groups. Depending on another constant v (where
v = ©(6?)) we obtain either two or three bin groups:

Case 1: There is at least one bin with capacity at most ycj. Let G be the smallest index
such that ¢, g, < vc¢. This implies that cf o > vcf. In this case we have three groups of
bins: By = {b1,...,bx}, Bo = {bx+1,...,bk1rc}, and By = {bxig+1,-..,bm}. Notice that By has
a constant number of different capacities (using cj,/ck. ¢ < i1/ < 1/7). In addition we
obtain a gap of at least 1/ between the capacities in By and Bs.

Case 2: All bins have capacity larger than vc. This implies that ¢, > ycj. In this case we
have only two groups of bins By = {by,...,bx} and By = {bg1,...,bn}. In this case By has a
constant number of different capacities (using ¢, /c;, < cxi1/vek < 1/7).

Let B} = {b1,...,bx'} be the subset of B; with the bins that have capacity larger than /(K —
1)Cmaz(Bi1). By a further modification of the bin packing instances we obtain the following result.

Lemma 2.3 If there a solution for the original instance (J, M) of our scheduling problem with
makespan T' and corresponding bin sizes ¢; > ... > ¢y, then there is a feasible packing for instance
(J, B U By U Bs) or instance (T, B} U By) with rounded bin capacities ¢; = (1 + )% < ¢;(1 + 6)*
and rounded processing times p; = 6(1 + 6)" < (14 8)p;. In addition we have one of the following
four scenarios:

1. two bin groups By and By with gap of 1/§ between cpin(B)) and cma:(B2) and constant number
of different capacities in By.

2. two bin groups By and By with a constant number of different capacities in By U Bs.

3. three bin groups By, By, Bs with gap of 1/ between Cpmin(B)) and Cpmaz(B2) and gap of 1/~
between Cpin(B1) and pae(Bs). Furthermore By has a constant number of different capacities.

4. three bin groups By, By and By with gap of 1/~ between Cpin(B1) and Cpa.(Bs) and constant
number of different capacities in B} U By.

Proof: Depending on the constant v we have obtained either an instance with three or two bin
groups. Let us consider now the largest K bins more carefully. The maximum capacity ¢pq.(B1)
is equal to ¢}. If there are bins in B; with capacity < (6/(K — 1))Cmaz(B1), then we may take
all jobs placed into these bins and put them on top of b;. The total load of these jobs is at most
(K —=1)0/(K —1))c¢; = dc,. In order to store these jobs we enlarge the capacity of the first bin b;
to & = (14 d)c). All other capacities remain the same, i.e. ¢ = ¢ for ¢ > 1. Using Lemma 2.2
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we obtain a feasible packing of all n jobs into the bins with enlarged and rounded capacities. Next
we analyze the structure of the instances with two or three bin groups in more detail. We have two
interesting cases corresponding to Cpmeq(B]) = (1 4 9)c} and i ;:

Case A: iy < (62/((K — 1)(0 + 1)))¢mas(B)). In this case all remaining bins in Bf have
capacity larger than ¢, (B}) > (6/((K — 1)(0 + 1)))cmaez(By) and all bins in By have capacity
< dgy1 < 0Cmin(BY). This implies that we have now a gap of 1/6 between the capacities of the bins
in B} and Bs.

Case B: ¢, > (62/((K — 1)(0 + 1)))Cmas(B). In addition we know that ¢j /.y > v in
case 1 and ¢, /cx41 > 7 in case 2. This implies that ¢ae(B])/Cmin(B2) < (K —1)(6 4+ 1)/(76?) in

both cases. This implies that we have only a constant number of different capacities in B} U Bs.

In scenario 2 and 4, ¢,0. (B{UB2) /¢min(B;UBs) is bounded by (K —1)(6+1)/(76%) = O(K/(vd?)).
On the other hand, in scenario 1 and 3 we have Cpaz(B2)/Cmin(B2) < 1/7. If there are less than
K =0(1/dlog(1/6)) bins in the instance, then we can apply the algorithm for scenario 1 where B}
contains K’ < K bins and By = (. O

In the LP relaxation later we use only the larger bins in 3}, but in the final rounding step we may
also use the smaller bins in B;. A packing of jobs into bin b; with capacity ¢; < ¢;(1+9)3 corresponds
to a schedule for the jobs on processor P; with load at most ¢;/s; < ¢;(1+0)%/s; = T(1+6). In
other words, a packing into bins with enlarged capacities for T' < (1+0)OPT(I) gives us a schedule
of length < T(1+6)> < OPT(1+4)* For T < OPT(1+ ), our algorithm (as described in Section
3 and 4) generates a schedule of length at most T'(1 + «d), where « is a constant, or asserts that
there is no schedule of length 7. For § < min(e/(a 4 2),1), this implies in the first case a schedule
of length at most < T'(1+ ad) < OPT(1+ ad)(1+6) < OPT(1+ (a+2)§) < OPT(1 +e).

Notice that we have a set Jiin, of jobs with tiny processing time < 0¢,,. Let Sup, be the total
size of tiny jobs, i.e. Stiny = > J5ETvimy Di- If there is a feasible schedule with makespan T, then the
total processing time » | jeg Dy is smaller or equal to the total area of the corresponding bins Y " | &;.
If this inequality does not hold, then we can discard the choice with makespan 7" (in fact we have
to increase the makespan in this case). Therefore, we can eliminate in a first step all tiny jobs. If
there exists a packing for the other jobs into bins of size ¢;, then we can generate a feasible packing
for all jobs into enlarged bins of size ¢;(1 + d). This can be done by a greedy algorithm that packs
the tiny jobs into the free space left (by allowing to use an additional d-fraction of the capacities).
This works, since the processing time of each tiny job is at most ¢, < d¢; for i = 1,...,m and the
inequality above holds.

3 Solution for simpler instance (J', B} U Bs)

In this section we mainly study scenario 1 (for an illustration see also Figure 1). Note that scenario
2 can be seen as a special case of scenario 1 where B; = () (see also the discussion at the end of the
section). Let us suppose that B} contains K’ < K bins with capacities ¢; > ¢ > ... > g where
cxr > O0/((K —1)(6 + 1))¢; and that By contains further bins ¢xyq1 > -+ > ¢, with ¢x1 < dcxr
(the other bins in By with smaller size can be neglected). This means that we have a gap between
B and By (see also Figure 1). In the first part of our algorithm we pre-assign the huge jobs with
processing time larger than 0c¢g to the first K’ < K machines. Using the properties above, there
are at most K'¢;/(d¢cg) < K(K —1)(1+0)/6* many such jobs. If there are more jobs, then there is
no feasible solution with makespan 7" and we are done. Here we use also the fact that ¢k, < dcg
and that, therefore, the huge jobs fit only on the first K’ machines.

Now we have to assign the huge jobs to the first K’ machines. Since the number of machines
K' < K = 0O(1/§log(1/§)) and the number of jobs H < K(K — 1)(1+§)/§? < O(1/6*10og(1/6)?)
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Figure 1: Scenario 1.

are both constant (where the values depend on 1/¢), this can be done in constant time f(1/€). A
feasible packing of huge jobs is indicated in Figure 2. In fact the number of possible assignments
can be bounded by (1/8log(1/§))0(1/5 1a(1/9)*) < 90(1/6*108(1/9)%) " Again, if there is no feasible
assignment, then there is no corresponding schedule with makespan 7. As an alternative we compute
an approximate solution with accuracy p for the huge jobs. For this step we either could use the
PTAS for scheduling on uniform machines [24] or an FPTAS for scheduling on unrelated machines
[12]. The running time of the PTAS for uniform machines with a constant number of jobs (as above
calculated) is (1/6*log(1/8)2)00/r*) < 20(1/p*la(1/8)) — 90(1/6%108(1/9)) (yging p = §). On the other
hand, this increases the first K’ bin capacities from ¢; to ¢;(140) fori = 1,..., K" and the makespan
from T'(1 + 6)3 to T(1 + )%

3.1 The ILP formulation

After the assignment for the huge jobs Ji, ..., Jg we have a free area of Sy = Zfil ¢i(1+90) —ZJHZI D
in B} for the remaining jobs with processing time p; < d¢xs. A subset of these remaining jobs will
be placed later in a greedy way on the first A’ machines. But before, we set up an integer linear
program (ILP) for the bins in B,. Suppose that the set of different capacities in By is denoted by
{e1),...,e(L)} = {Cx41,---,Cn} (Wherec(l) > ¢(2) > ... > ¢&(L)). Inthis case ¢(1) = Cxy1 = Cxiq
and ¢(L) = ¢, =¢,,.

Let myq, ..., my be the number of machines (bins) of size ¢(¢) = (1 + )™ for £ =1,..., L. The
my machines of the same speed form a block By of bins with the same capacity ¢(¢). Note that we
specify in the following the capacity of a bin group by ¢(¢). In addition we have ny,...,np of jobs
with size 6(1+6)% for j =1,..., P (all of size > §(1 +§)"* and < §¢g). Notice that jobs with size
within ((1 4 §)™,d¢x) cannot be packed into bins of By. Suppose that the first P* < P job sizes
are larger than (1 4 0)™ = ¢x41. These (non-huge) jobs will be placed later via the ILP into the
first K’ bins or block Bj.
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Figure 2: Packing huge jobs.
In the ILP below we use C\”, .. C,(L? as configurations or multisets with numbers 6(1 + §)! €

[6(1+0)", (1 +§)™] (these are large processing times corresponding to By) where the total sum is
bounded by ¢(¢) = (1 + 0)™ (the capacity of the bins in block By). Let a(J, C’i(e)) be the number of
occurrences of number ¢(1+4)’ in configuration Cl-(e) and let sz’ze(Ci(g)) =>_;alj, C’Z-(Z))d(l—l—é)j < ¢e(0)

)

be the total sum of the numbers in C’i(e). In the ILP below we use an integral variable xf to indicate

the length of the configuration C’i(g).

Furthermore, we have additional variables to place jobs as small ones into other bins. To do
this, for j > P’ let a; € {1,..., L} be the smallest index such that (1 + §)" is at least d(1 4 &)™.
For each block B, with ¢ > a;, the processing time 6(1 + 6)* is large corresponding to the block.
If there is no such index, then the processing time 6(1 + )% < §(1+6)L = §¢,,, and we have a tiny
job. These jobs are removed in the first step of our algorithm and will be added at the end. Note
that a job of size within (6(1 + 6)™, (1 + 6)™] could be placed as a large job in an approximate or
optimal solution into a bin of group B;. In our algorithm we implicitly place such a job as a small
job into one of the first K’ bins. We use variables y,, for £ =0,1,...,a; — 1 to indicate the number
of jobs of size (1 + 6)% placed as a small one in block By. By represents here for simplicity the
block with the first K’ bins. The first P’ job sizes do not fit into the bins in group B,. Therefore,

we use for these job sizes only one variable y; o = n; and set the index a; = 0. We use the following
ILP:

ixy) < my for /=1,...,L
Ze,i a(k;, nge))xl(z) + Z?]:EI Yje = n; for j=P +1,...,P
. Y4 l ) _
zip size(C{N)2) + Y pca 101+ 6)Y < mge(f) for (=1, L
> o1 ¥5,00(1 + 8)% < S



xge) integral >0 for /=1,...,L and i=1,...,hy

yio =y for j=1,..., P
yj e integral >0 for j=P +1,...,P and (=0,...,a; -1

The first L inequalities guarantee that we use only m, bins for each group B,. The next P — P’
equalities are used to cover the n; jobs with processing times 6(1 + §)*. Here a job is either taken

as a large one via the xl(-z) variables or as a small one via the y;, variables. The next L inequalities
bound the total size of all jobs assigned to block By by the area of the m, bins with capacity ¢(¢).
The last inequality corresponds to the small jobs that are assigned via the ;0 variables to block
By. These small jobs must have a total area bounded by the free space Sy in the first K’ bins. This
is described by the last inequality.

Lemma 3.1 Fach feasible packing of the items into the bins of size ¢; corresponds to a feasible
solution for the ILP. On the other hand, each feasible solution for the ILP can be transformed into
a packing where the bin sizes are enlarged to (1 + 20)¢;.

Proof: The first direction is quite obvious. Take out first the items that are small corresponding to
a bin. Then the other items can be grou%)ed according to the packing and to their sizes together into
configurations for each block B,. Let iie) be the number of bins in the packing with configuration
C’i(e) in B,;. Then, the first L inequalities are satisfied automatically. Then, let g;, be the number
of small items with size 6(1 + §)% packed in block B,. Since all items are packed into the bins, the
next P — P’ equalities are also satisfied. In addition the total area of all items packed into block
By is exactly 3, size(C7)#" + D o<y Yied (1 + d)%i and, therefore, is bounded by the total area
mec(f) of block By. Concerning block By, the total area Zj 7;,00(1 + )% of the small jobs packed
into By must be smaller than the free space .

On the other hand, suppose that there is a feasible solution (z,y) for the ILP. Then use 97;5@)
bins with configuration nge) for each ¢ and ¢. Using this space we can place n; — Z?gl Yje jobs
with processing time d(1 + 6)% (for j = P+ 1,...,P). In addition each block B, gets g, jobs
with size §(1 + )% for each j with ¢ < a;. We can pack these small jobs into the bins of block By
one after another as long as a bin capacity is at most ¢(¢)(1 + ¢). Using the area constraints we
know that these jobs fit together with the long ones into each block By for £ = 1,..., L. In this
procedure we enlarge the capacities of the bins from ¢; to (14 6)¢;. Finally, the small jobs with area
25:1 Y;00(1 + &)% are placed with the same procedure into the K’ enlarged bins. This is possible,
since the total area (via the last inequality of the ILP) is bounded by Sy. As above the capacities
of the first K’ bins are enlarged from ¢;(1 4 0) to at most ¢;(1 4 0) + d¢xr < (1 + 29)¢;. Notice that
we have already increased the first K’ capacities for the huge jobs. O

Note that we could insert the tiny jobs together with the small jobs at the same time without
increasing the capacities a second time. The Lemma above implies that if the ILP has a feasible
integral solution then we obtain a feasible packing into bins of capacity ¢;(1 + 20) < ¢;(1 +20)(1 +
§)3 < ¢;(1+46) and a corresponding schedule of length at most T'(1 + §)°.

The set Bs has a constant number of different capacities using the property ¢paz(B2)/Cmin(B2) <
1/~ (see also Figure 1). This means that (1 +0)"/(1+0)"> < 1/~. Therefore, r; > ... > r, >0,
ri—ry < O(log(1/7)/6), and L <1y —rp+1 < O(log(1/7)/8) < O(1/51og(1/6)) using v = O(5?).
Furthermore, each configuration contains at most 1/§ numbers or jobs with large processing times.
This implies that the number of configurations is also bounded by a constant that depends on 1/4.

Lemma 3.2 The number of variables in the ILP is at most 20((1/9)108(/9) and the number of con-
straints is O((1/0)log(1/d)) (not counting the non-negativity constraints). In addition, the cardi-
nality of each set Py (the number of large job sizes within block By) is at most O(1/61og(1/0)).
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Proof: Let P, ={j € {P'+1,...,P}Hé(1+ )" € (§(14 )™, (1+6)"]} be the indices of job sizes
that are large corresponding to block B, for £ > 1. For 6 < 1/2 we have |P| < |2/dlog(1/§)]. To see
this consider all job sizes §(1+6)" € (6(1+0)¥, (1+4)*]. This is exactly the set {5(1+8)* ... §(1+
§)F=1} with i — 1 elements, where §(1+6)%" > (1+6)* and §(1+ )1 < (14 5)*. Now the first
condition is equivalent to (1 + 8)" > 1/§ or i > logy,5(1/0) = log,(1/8)/logy(1 + d). This implies
that the number of job sizes is at most [log,(1/8)/logy(1 + 6)]. Since logy(1 +§) > § — 6% > §/2
for all 0 > —1/2 and § < 1/2, we get log,(1/6)/log,(1 4 §) < log,(1/0)/(0/2) = 2/ log,(1/9).

The number of configurations in one block B, is bounded by 20(1/6108(1/9) I fact we can
describe a configuration by an assignment f : {1,...,1/6} — P, U{0}. Here f(i) € P, indicates
the ith size or processing time used for ¢ = 1,...,1/§. If a configuration contains less than 1/
sizes, then we can indicate this with f(z) = 0 for some i. The total number of such assignments
is bounded by (| P;| + 1)1/% = 20(1/8log(1/d1og(1/8))) — 20(1/310g(1/3)) ' n total we have L - 20(1/3le(1/9))
plus (L +1)- (P — P’) integral variables (not counting the fixed variables y;o = n; for j =1,..., P’
that can be inserted directly). Since L < O(1/dlog(1/6)), the number of job sizes P — P’ within
the interval [6(1 4+ 6)"F, (1 + §)™] can be bounded also by O(1/dlog(1/J)). To see this bound
calculate the number of elements §(1 + §)* € [§(1 + §)"%, (1 + §)™] and the number of elements
(1 +06) € (6(1+0)™,(1+6)"]. The cardinality of the first set is [{z[(1 + )" € [(1 + )", (1 +
NH <ri—r+1<0(1/5log(1/v)) < O(1/6log(1/6)) and the cardinality of the second set is
P < O(1/6108(1/5)).

Therefore, the total number of integral variables is 20(1/91°2(1/9) and total number of linear (in-)
equalities is 2L+ P — P'+1 = O(1/d§log(1/6)) (not counting the constraints x,@ > 0 and y;¢ > 0).

U

< O(K /%)

B B,

Figure 3: Scenario 2.

In scenario 2 (see also Figure 3) we do not have to consider a separate set By or the first K
bins. Clearly, here we can eliminate all variables y; . Notice that there is no job of size larger than
(1+9)" = ¢(1) = Cmaz(B) U By) (otherwise there is no feasible solution and we are done). We
suppose in the following that k; < r;. We get immediately the following ILP:

10
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T < my for £=1,...,L
i alky, Ca? + 370 g = n for j=1,....P
Zi SZ.ZG(CZ-(K))ZL‘f) + Zj:aj>€ y]agé(l + 5)kj S mgé(é) fOI‘ E = 17 DR L

x(»é)integralZO for /=1,...,L and i=1,...,hy

1

yj e integral >0 for 5=1,...,P and (=1,...,a; —1

Here the largest capacity divided by the smallest capacity ;e (B1UB2)/Cmin(BiUB2) is bounded
by O((K — 1)(6 + 1)/(v6?)) = O(K/(76%)) = O(1/6°log(1/6)) using K = O(1/5log(1/8)) and
v = ©O(6%). This implies that (1 + )" < O(1/8%1log(1/4)), r1 — r,. < O(1/8log(1/6)) and
L<ri—rp+1<0(1/0log(1/d)). The number of job sizes with values in (6(1 + §)"%, (1 + )]
is also bounded by |P| < O(1/§log(1/6)). This implies that the number of integral variables is
20(1/0108(1/9)) and that the number of inequalities is O(1/6log(1/9)).

3.2 How to solve the ILP?

The natural way to solve the ILP with a constant number of variables is to use the classical algorithm
by Lenstra [28]. This approach was also mentioned by Hochbaum and Shmoys [22] and Alon et al
[1] for scheduling on identical machines. This would give running time d°(@)s = 20(@*10s(d) g where
the dimension d = 20(1/91°6(1/9)) and s is the length of the input. Therefore, the running time can

2 2
be bounded by 227" ¢ qoubly exponential in 1/8. A better way is to use the algorithm
by Kannan [27] with running time d°¥s and to use a nice result by Eisenbrand and Shmonin [9]
about integer cones

int —cone(X) ={ Mz + ...+ x|t > 0;21, ..., € X5 A, ..., N\ € Zxo}
where X C IR is a finite set and m corresponds to the number of constraints.

Theorem 3.1 [9] Let X C Z™ be a finite set of integer vectors and let b € int — cone(X). Then
there exists a subset X C X such that b € int — cone(X) and | X| < 2mlog(4mM) where M =
matzex || 7o

In our context t corresponds to the number of variables, A; to the variables and x; to the vectors
with the coefficients of the variables. In the following we show how to apply this result for our (:1:1@))
variables. To do this we need integer coefficients with small size. The first L+ P — P’ constraints have
already this form and the values a(k;, CZ@) are bounded by 1/§. We round now the values sz’ze(q@))

up to the next multiple of §2(1 + §)" = §?¢(¢). The rounded value size’(C’i(z)) < Size(CZ@)(l +9)
using 6¢(f) < size(Ci(é)). Therefore, a feasible solution of our original ILP satisfies

Zszze C’() :EE + Z y;00(146)% < mye()(1 +9).

jra; >4

Furthermore, let us divide the L constraints above by 6%¢(¢) (¢ = 1,..., L). Then, the coefficients
of 2" are now size/(CV)/(626(0)) = a;,02¢(0)/6%E(C) = asy € {1/6,...,1/6% 4+ 1/§}. Using our
assumption that 1/§ is integral, the coefficients are also integral and bounded by 2/4°.
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Notice that increasing the capacity of all bins and dividing all coefficients as above implies also
a feasible solution for the modified ILP. Now let us consider a feasible solution for the modified ILP.
Considering only the 2\ variables we obtain the following system of equalities:

7

iwz@) = My for ¢=1,...,L
Zf,ia(kj7cz(£))xz(€) = ny for =P +1,...,P

> %%a)xg@ = Area({,large) for {=1,... L,

where the values my, n; and Area((,large) are given by the feasible solution. Then, the re-
sult by Eisenbrand and Shmonin [9] implies that there is an integral solution of this system
with at most 2mlog(4mM) < 2(2L + P — P')log(4(2L + P — P')2/6%) < O(1/5(log(1/6))?)
many integral variables with values larger than zero (using m = 2L + P — P’ and L,P — P' <
O(1/81og(1/6)) and maz.ex||z| < 2/6?). Therefore, a feasible solution for the modified ILP con-

tains only O(1/d(log(1/§))?) many integral nonzero variables 2

%

> (. By enumeration we can

choose a subset of size O(1/6(log(1/§)?), set the other x§‘) variables equal to 0 and solve the smaller
ILP instance with the polynomial number of variables. The number of remaining variables in the
small ILP is bounded by (L + 1)(P — P') + O(1/6(log(1/6))?) = O(1/6*(log(1/4))?). This implies

the following result.

Lemma 3.3 If there is a feasible solution for the original ILP, then there is at least one small
ILP instance with a feasible solution. The number of wvariables in each small ILP instance is

O(1/6%1og(1/6)?).
The number of choices or small ILP instances is bounded by

( 90(1/d10g(1/9))
O(1/6(log(1/9))?)

The small ILP has still non-integral coefficients and the running time to solve an ILP depends also
on the size s of the input. Therefore, we will modify the small ILP a second time. We round up the
coefficients size'(C\”) and §(1+6)% to the next multiple of §2(1+48)™=. Let size(C\?) = @; ,6(1+6)=
be the rounded value for the configuration C’Z@ and b;6%(1 + §)™ be the rounded value for the
processing time §(1 + 8)% . Since 6(1 + 6)% and size/(C\”) are both larger than 6(1 + 6)™, we can
replace the inequalities

> size (Ol + 3 y00(1 4 0)% < mee(0)(1+6)

J

) < 90(1/8(10g(1/8))%).

by
> a1+ 0) al? + 3 b0 (14 0) e < mac(D)(1+9)%
g J
Dividing the inequalities by §%(1 + §)", the coefficients

(1+ §)met? 1< (1+6)2

G, < Loy 1 1
M=oyt Ty 82

§4>

+1<0(

and 5(1+6) 11 1
_ +5)m

b, < —— 2  +1 < ——4+1< —).
S By TS5 =0
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Above we have used that (140)™/(140)"" = ¢nae(B2)/Cmin(B2) < 1/7. The same modification
can be used for the area constraint Zle Y;00(1 + 6)% < Sy with new right hand side Sy (here
we round the coefficients also to a multiple b; of 6%(1 + &)™, and set C' = Zil Y;00(1 + 8)ki).
The new constraint is Zf:P,H Y;00;0%(1 4 §)"t + C < Spev. In this case, we have to increase also
the free space Sy to Sp(1 + 9). By increasing the capacities of the first K’ bins, the new free space
Spew = S Ei(l—i—d)Q—Zf:l D; > So(140). Then, the old inequality Zf:P,H Y;00(1+68)"4+C < Sy
implies the constraint with the rounded coefficients and right hand side S§*“. Here we use that
§(1 + 0)k > §¢(L) = 6(1 + §)"t (otherwise the job would be tiny) and that the rounding error
for each job 6%(1 4 6)"* is at most a d-fraction of its processing time. In addition the coefficients
b;0%(1+ )" divided by §%(1+6)" can be bounded by O(1/v-1/6%) = O(1/§*). Furthermore notice
that we can round down the right hand sides to the next integer values. Therefore we obtain the
following statement.

Lemma 3.4 If there is a feasible solution of the original ILP (with bin capacities ¢({)), then there
1s also a feasible solution of at least one modified small ILP instance with the following constraints:

(0)

i L < my for £=1,...,L
Sialky, Ol + S0 e = for j=P +1,...,P
= 4 7 mee(£)(146)2
Zi ai’g.]fl( ) + Zj:ﬁ<aj b]yjyg L%&J)ﬂj fOT g = 17 cee 7L

<
P _ (Snewic)
Zj:P’+1 bjy],o S L ((SJQE(L) J

The ILP instance has only O(1/6%1og(1/6)?) integral variables (xgg),yj,g) with coefficients bounded
by O(1/6%).

Notice that we have increased the capacities of the bins in group By from ¢(£) to now ¢(£)(1+4)?
(for £ > 1) and the bins b; in group By from ¢; to ¢;(1+6)* for i =1,..., K'.

Let us consider the right hand sides of the inequalities more carefully. Notice that the values can
be reduced to O(1/64[Y, 21" + 32, yi.) < O(1/8me + 3, m5]) < O(n/6*) and O(1/6* 3 ys0) <
O(n/d&%), respectively. Therefore, the length s of the ILP instance can be bounded by poly(1/§) log(n)
and the dimension d = O(1/6*1og(1/8)?). Using the algorithm by Kannan [27] the running time to
solve one ILP instance is at most d°@s < 200/0°(8(1/9)°) |og(p). Over all choices of integral vari-

ables, the overall running time for scenario 1 and 2 is bounded by 20/ 62 (log(1/9))?) log(n) + O(n) <
20(1/62 (10g(1/5))3) + poly<n)

The algorithm for scenario 1 works as follows:
given: bin set B = {by,...,bx:} and By = {bgy1,...,bm}.
(0) if Y77, p; > >~ G then assert that there is no solution for the makespan and stop.

(1) remove the tiny jobs with size < §¢,, and try to pack the huge jobs with size > d¢k+ into the
first K’ enlarged bins.

(2) if there is a feasible packing for the huge jobs into the enlarged K’ bins then
(2.1) for each choice with O(1/d1log(1/8)?) integral xlm - variables

(2.1.1) set up the modified small ILP with bounded coefficients,

(2.1.2) apply the algorithm by Kannan to the ILP instance and store a solution (if there
is any),

13
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B B,

(0)

i

Figure 4: Packing jobs using x;’ variables.

(2.2) if there is at least one feasible solution (z,y) then

(2.2.1) pack the large and small jobs according to the solution (Z,y) into the enlarged
bins,
(2.2.2) place the tiny jobs into the free space of the enlarged bins,

(2.2.3) assert that there is a solution with the approximate makespan (and output the
corresponding packing).

otherwise assert that there is no solution for the makespan.

otherwise assert that there is no solution for the makespan.

If there is a schedule of length T', then there is at least one modified ILP instance with a feasible
solution (Z,%). The capacities in this modified ILP are &(¢) = ¢(¢)(1 + §)? for each block B, and
c.=¢;(1+0)*fori =1,..., K’ (in B}). In the first phase of our algorithm we pack the huge jobs into
bins of size ¢;(1+ ). Then, according to the feasible ILP solution we pack first the jobs via the jl@)
values into the bins of block By (see Figure 4). Then using the g;, values we place jobs as small ones
into the corresponding bins that are enlarged here from & (¢) to &(¢)(140). Finally we pack the tiny
jobs in the free space left (but here we do not enlarge the bins a second time). This is possible using
the area argument. In total, this gives us a feasible packing with bin capacities ;(1+6)% < ¢;(1+46)°
and a corresponding schedule of length at most T'(1+6)® < OPT(1+6)" < OPT(1+¢) for 6 < ¢/16
and € < 1.

In scenario 2, we do not consider the separate set By. Here Cpq.(B) U Ba)/Cmin(B) U Ba) is
at most (1 + )"~ < O(1/6°1og(1/6)). On the other hand L, P < O(1/§log(1/§)). The same
arguments as above can be applied, only the coefficients in the second modified ILP are bounded
by 1/62(1 4 8)" 2772 < O(1/67log(1/9)).
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B B
Figure 5: Packing of small and tiny jobs.

4 General case with different gaps

In this section we consider now scenarios 3 and 4 (with three bin groups). First, we study scenario 3.
For the huge jobs with processing times > d¢cxs we use the same approach as in the previous section.
If there is no assignment for the H huge jobs into the first K’ enlarged bins of group B}, then there is
no schedule of length 7" and we are done. Otherwise we will find a feasible approximate assignment,
with free space Sy = Zfil ¢G(1+0)— Zf:l p; and use now a mixed integer linear program (MILP)
as described below.

4.1 The MILP relaxation

The set By contains now my bins of size ¢(¢) = (1 +0)™ for ¢ = 1,..., L and Bs m, bins of size
cl) =146 for=L+1,...,L+ N. Note that ¢(1) = ¢x41, ¢(L) = ¢xsq, ¢(L+ 1) = Crigi
and ¢(L + N) = ¢,. Using our assumptions we have a constant number of different capacities in
Bs, Cmaz(B2)/cmin(B2) < 1/7 and a gap of 1/v between ¢, (B1) and c¢pa.(Bs) (see also Figure
6 for an illustration). Furthermore we have n; jobs of size §(1 + 6)% for j = 1,..., P (all with
processing time larger than §¢(L + N) = §(1 + §)"2+~ and smaller than or equal to d¢g). Suppose
(as in the other scenarios) that we have eliminated the tiny jobs Jy;,, with processing times at most
d(1 4 0)"=+~ and that the area constraint for all jobs is satisfied (otherwise we have to increase the
makespan T and the corresponding bin sizes).

Similar to the ILP in the previous section we use as a configuration C’Z-(e) a multiset with numbers
§(14 8)7 € (5(1+68)", (14 6)"] (these are the large processing times). Note that C\” contains at
most 1/6 numbers. Let a(j, C\”) be the number of occurrences of number §(1+6)7 in configuration
' and let size(CY) = > ald, CN5(1+6) < €(¢) be the total sum of the numbers in C”. In the

MILP below we use an integral or fractional variable I’EZ) to indicate the length of the configuration

15
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Bi BQ 63
Figure 6: Scenario 3.

e
For each job size §(1 + §)% < (1 + 4)™, let a; be the smallest index in {1,...,L + N} such
that 6(1 + 6)% > (1 + §)™. If there is no such index, then we have a tiny processing time
§(1+0)% < §(1 + 0)"=+N = §¢&,,. These jobs are removed in the first step of our algorithm and
will be added at the end. In addition for j =1,..., P and £ = 0,...,a; — 1 we use variables v,
to indicate the number of jobs of size §(1 + §)* to be placed as a small job in group B, with bin
sizes ¢(¢) = (1 + 6)™. Again, By is the block with the largest K’ bins. Suppose that the first P’
(non-huge) job sizes (1 + )% are within ((1+4 &)™, dcg]. These job sizes do not fit into the bins in
group By U B;. Therefore we use for these job sizes (as in the ILP) only one variable y; o = n; and
set a; = 0. Furthermore, notice that each processing time for j > P’ 4 1 is small corresponding to
By. We use now the following MILP:

;{;(Z) < my for £:1,7L+N
S alky, Ozl + 570 = n, for j=P +1,...,P
Eisize(Ci(g))mge)+ije<ajyj,g§(1+5)kj < mye(l) for ¢=1,....,L+ N
S U300 (1 4 8)® < S
.CI?Z(Z) integral >0 for /=1,...,L and i=1,...,hy
29 >0 for {=L+1,...,L+N and i=1,... h
yie >0 for j=P +1,...,P and (=0,...,a; —1
Yio =1, for j=1,...,F

Interestingly, the variables y;, (with exception of the fixed variables y;o = n; for j < P’) are
in general fractional variables. In fact we could use the same assumption also in the other two
scenarios 1 and 2 and would obtain also an MILP formulation. But then the algorithms for these
scenarios are more complicated, since we have to round the corresponding values afterwards. For
the MILP relaxation, we can prove the following result.
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Lemma 4.1 Fach feasible packing for the jobs into the bins corresponds to a feasible solution of
the MILP.

Proof: First, we take out all jobs that are small corresponding to a bin. Place the huge jobs
corresponding to the packing into the first block By. Then, the other jobs can be grouped together
as configurations for each block By. Let 5:?) be the number of bins with corresponding configuration
C’i(é) in block By. Then, the first L+ N inequalities are satisfied directly. Then, let ;, be the number
of jobs that are packed as small jobs with size §(1 + §)* in block B,. Since all jobs are packed,
the next P — P’ inequalities are also satisfied. In addition, the total area of all jobs in block B, is
exactly ). size(CNE" + >, Uj.00(1+6)", and this clearly is bounded by the total area m,&(f) of
block B,. Therefore, the next L + N inequalities are also satisfied. The last inequality is true, since
the area . 4;00(1 + §)*i of the small jobs in By must be smaller than the free space Sp. O

Lemma 4.1 implies that the MILP is a relaxation of the packing problem for jobs into bins with
different sizes. Notice that the feasible solution generated above has only integral values. On the
other hand, we show later how to round an MILP solution to obtain a feasible packing with enlarged
capacities.

Lemma 4.2 The number of variables in the MILP is n? + n200/91°8(1/9) " the number of integral
variables is at most 201/919811/9) " and the number of constraints (not counting the non-negativity
constraints) is at most O(n).

Proof: The number of configurations per block By is again bounded by 20(1/9108(1/9)) " The number
L is bounded by O(1/dlog(1/7)) = O(1/dlog(1/4)) using that cmee(Ba)/Cmin(Bs) is at most 1/
and v = ©(02). Thus, the number of integral variables is at most 20(1/21°¢(1/9)) " Since the number m
of machines is bounded by the number n of jobs, the number of blocks including By is L+ N +1 <
n and number of job sizes P < n. This implies that the total number of variables is at most

n? +n 200/018(1/9) and that the number of constraints is at most O(n). |

. ;

I, ;

~ < O(K/v6%)
] —
> 1/y
,,,,,,,,,,,, )
Bll BQ 63

Figure 7: Scenario 4.

In scenario 4, the set B} UB, (and also B; UBs) has a constant range of capacities, i.e. Cpq.(BjU
Bs) /cmin(BLUBy) < (K —1)(6+1)/(v6%). Furthermore, there is a gap of 1/ between ¢,;,,(B1) and

17



Cmaz(B3). Therefore we can use a similar approach as in scenario 3 with blocks By, ..., By within
Bi U B,. Here we obtain an MILP with integral configuration variables for By U By and fractional
configuration variables for B;. The number of integral variables here is again 20(1/91e(1/9) “and the
value L < O(1/8log((K — 1)/(v6?))) = O(1/51log(1/5)). As above the number of constraints is at
most O(n) and the number of all variables is at most n? 4 n20(1/9108(1/9)),

4.2 How to solve the MILP?

For the MILP we use the same argument via the integer cone for the (xz@) variables. In addition
we round the sizes or processing times of large items or jobs to solve later the corresponding LP in
the underlying algorithm of Lenstra and Kannan more efficiently. Each large size 6(1 + §)% € C’i(e)
is rounded up to the next multiple of §2(1 + &)™ for £ = 1,..., L. Let round,5(1 + 6)*] be
the rounded number in block By,. This generates also modified configurations with total size at
most ¢(£)(1 + &) = (1 + 6)"™!, since at most 1/§ items in each configuration are rounded up.
Notice that rounding up different numbers (1 + 6)" € (6(1 + )", (1 + 6)™] up to round[§(1 + §)’]
generates different rounded numbers. Suppose by contradiction that two rounded numbers are
equal round,[6(1 + 6)""] = round,[6(1 + §)’]. Then the distance between the original numbers
S(1+0)" —6(1+06)" = 6%(1+6)" is at most 62(1+ )", and this is possible only if i < r,. But this
is a contradiction, since ¢ should be larger than r,.

Let C_‘fz), ce C_*;Li) be the sequence of all configuration or partitions of ¢(¢)(1+4) into the rounded
numbers {round,[6(1 + ) ]|6(1+0)% € (5(1+6)™, (14 6)™]}. Then, the equality for each job size
j€{P +1,..., P} has now the form

aj—l

> a(k, C{Nx + 3 "y =y,
=0

¢izround[s(14-6)*i)ec”

where a(k;, C’i(é)) is the number of occurrences of the rounded value round[d(1 + §)*] in C’l@. In
addition we have as new constraints

> size(C)al + > (14 6) < mee()(1 +0)

J

for/ =1,...,L and

P
> yid(1+6)M < S

j=1
Clearly, if there is a feasible solution for the original MILP, then there is also a feasible solution

for the MILP with modified coefficients. Now, the values sz’ze(@i@)) are multiples of 6*(1 + §)™ and

bounded by (1 + §)"*!. By dividing the corresponding constraints by §2(1 + §)"¢, the coefficients
Q)

i

are again integral and bounded by 2/%. Therefore, using the same argument as for the ILP
(with a system of equalities for the (a:z@) variables) each feasible integral solution of MILP has at
most O(1/6(log(1/6))?) integral variables with values larger than zero. Let P(Bs) be indices of the
large job sizes corresponding to a block B, € By (i.e. P(By) = {j|6(1+0)% € (5(1+0)"E, (1+5)]}).
The cardinality of P(Bs) can be bounded by O(1/d1log(1/§)) (see also Lemma 3.2).

£)

of ¢

To prove the bound for the number of integral variables consider for the xg variables of the
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blocks B, € B, the following system of equalities:

ixlm = my for ¢=1,...,L
Ypialk;, Ol = for j € P(By)
7size(C_'-M)) 0)
> 5y i = Area(l,large) for £=1,... L,

where the values my, n; and Area(?,large) are given by the feasible solution. Then, the result
by Eisenbrand and Shmonin [9] implies that there is an integral solution of this system with at
most 2mlog(4mM) = 2(2L + |P(By)|) log(4(2L + |P(B2)])2/6%) < O(1/6(log(1/§))?) integral vari-
ables with values larger than zero (using m = 2L + |P(By)|, and L, |P(Bs)| < O(1/dlog(1/9))
and mazex||z|]| < 2/6%). Therefore, a feasible solution of the modified MILP contains only
O(1/6(log(1/8))?) integral nonzero variables xz(»e) >0 with £ € {1,...,L}.

For each choice with O(1/5(log(1 + §))?) such variables, we obtain a restricted MILP instance
with only few integral variables. The number of choices or small instances is again bounded by

90(1/6105(1/5))
(0(1/5(10g(1/5))2)

Lemma 4.3 If there is a feasible solution for the original MILP, then there is a feasible solution
for at least one of the restricted MILP instances with modified coefficients. The number of in-
stances is 200/5 1061/ qnd the number of integral variables in each MILP instance is at most

O(1/61og(1/5)?).

) < 90(1/8*10g(1/8)°)

In order to solve such MILP instances, we round the coefficients a second time (similar to
what we did to the ILP). We round here the coefficient size(C_’i(e)) for ¢ =1,...,L, Size(q@) for
(= L+1,...,L+N and the values §(1+)* for bin group By to next multiple of §/(2n)(1+45)™, i.e.
to @;¢0/(2n)(1+6)" and to b;,6/(2n)(1+ )™, Since >, 1'2(-@ <my<mnand )y <> ;n;<n,a
feasible solution of . size(@fz))xge) +>,;0(1 +6) iy 0 < mee(£)(1+6) implies a solution of the form
S @ied/ (2n) (1 + 8)al? + 32558/ (2n) (1 + 8)eys0 < mee(€)(1 + 26) for £ = 1,..., L. A similar
implication can be proved for the inequalities corresponding to the groups By for ¢ = L+1,..., L+N.
Here we have to increase the bin capacities to ¢(¢)(1 + 20) for ¢ =1,..., L+ N.

For the area constraint with Sy we round the coefficients of y; (for j > P’ + 1) to the next
multiples of 6/(2n)(1 4 6)"™. Then, a feasible solution of

P
Z (5(1 + (5)kjyj70 S 50

j=P'+1

with Sy = (S — Efll n;6(1 + &)%) implies

(8/(20)) (L +8)™ 325 pry bioyjo < So + (n)8/(2n)(1 +8)™ < Sy + (6/2)e(1).

By increasing the capacities of the first K’ bins to ¢;(1 + §)?, the free space Sy = Zfil Gi(l+9) —
Zle p; can be enlarged to S = EZI ci(1+0)*— Z]I.ilﬁj = S0+ Zfil ci(0 4 6%) > Sy + dcgr >
So + d¢(1). Here we have to increase the capacities to ¢, = ¢;(1+38) > ¢;(1+d6)? fori=1,..., K’

This implies that Syew = (Sgew — Zf; n;6(1+ §)k) > Sy + de(1).
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Finally, after dividing the constraints above by d/(2n)(1+6)" and 6/(2n)(1449)™, the coefficients
a;¢ and b;, are all integral and bounded by O(n/d) for j > P’ + 1. To see this we use that the
rounded values

a;00/(2n)(14+0)" < e)(1+20)=(1+0)*(14+20) for{=1,...,L+ N
bj0/(2n)(1 + ) < é(é) 5(1 +5) for{=1,...,L+N

Here we use also the fact that the y, variables are replaced by their fixed values n; for j =
1,..., P" and that their coefficients are not rounded. Furthermore notice that we can round down
the right hand sides of the inequalities to the next integer value. For each choice of O(1/5(log(1/6))?)
integral variables we have now to solve a small modified MILP instance.

Lemma 4.4 If a restricted MILP instance has a feasible solution, then the modified MILP with the
following constraints has also a feasible solution.

(0

i L < my for t=1,..., L+ N
_ y .
Zh (7%70 )()+Z£oyjé = ny for j=P +1,...,P
> azﬂ +ng<a bjeYje < LMJ for £=1,....L+ N
P Sncw(zn)
z]‘:p/+1 bj,Oy],O < L 066(1) J

The new MILP has d = O(1/6log(1/5)?) integral variables, at most n? 4 n200/91080/9) frqctional
variables, O(n) constraints (not counting the constraints xl@ > 0 and yj, > 0), and coefficients

bounded by O(n/§).

Let us consider the right hand sides more carefully. Notice that the values my(1 + 2§)(2n)/§ <
O(n?/d) and 3~ bjoyio < (2n/0) >, Yjo < 2n?/8. Therefore, the length s of the MILP instance can
be bounded roughly by (n? + n20(1/‘”°g 9 nlog(n/d) = poly(n,1/8) + n?log(n)201/01e(1/o) s
ing further arguments about the xz@) variables, the length s can be bounded also by poly(n,1/d) +
nlog(n)200/°1e(1/9)  Kannan’s algorithm [27] has running time d°@poly(s), where the polyno-
mial depends on the running time to solve the underlying linear program. In our case, d =
O(1/61og(1/6)?) and poly(s) can be bounded by 20(1/910s(1/9) poly(n) This implies that the to-
tal running time for one MILP instance is at most 20(/818(1/6)°)01y (p).

Lenstra’s and Kannan’s algorithms [28, 27] use as a subroutine an algorithm to solve a linear
program with an objective function that depends only on the integral variables and a subroutine to
decide whether a given vector y € IR? belongs to the transformed set 7/, where 7 is a linear non-
singular transformation of RY, K = {(z1,...,x4)| there exist z4:1,...,2n € IR such that Az < b}
and N is the total number of variables. This decision problem above can be solved using a linear
feasibility program with the N — d fractional variables (see also [28]). In the following we show that
the linear program above can be solved in time polynomial in n and 1/6. The feasibility test can
be solved in a similar way.

Lemma 4.5 The linear program with the constraints above, variables xl@, yje > 0 and an objective
function that depends only on the d = O(1/810g(1/8)?) integral variables of the corresponding MILP
can be solved in time polynomial in n and 1/0.

Proof: Suppose that the y; are replaced by their values n; for j < P’. Next we insert additional
positive slack variables to obtain O(n) equality constraints and consider the dual linear program.
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Since all variables are positive and the primal linear program has only equality constraints, we obtain
dual constraints of the form I17 A; < ¢; with non-restricted variables IT = 0, where ¢ = (cy, ..., cy)
is the objective function of the primal problem and A; is the j.th column vector of the matrix. To
solve the dual and also primal linear program, let us consider the strong separation problem for the
corresponding dual polyhedron P: given a vector p € IR", decide whether p € P, and if not, find a
hyperplane that separates p from P, i.e. a vector a € IR" such that a’p > max{a’z|z € P}. In
our case we have O(n) variables and n? 4 n 20(1/9108(1/9)) linear constraints. First we test all dual
inequalities corresponding to the primal integral variables, the primal variables y, ; and the primal
slack variables. The time to check one constraint is bounded by O(n). Since the number of these
constraints is bounded by O(n?+1/§(log(1/§))?), this can be done in time polynomial in n and 1/4.
The only critical dual constraints correspond to the Q:EE) variables, since here we have 20(1/9108(1/9))
variables per block B,. For each configuration @(é), we have a constraint of the form

~( size(CY)
M, + 35 aky, VM awyssp + s ey (popryse < 0

where %(q@) is the rounded size of size(C’Z@ ) to the next multiple of 6/(2n)(1 + 6)"™. Notice
that the right hand sides of the constraints have the same value 0, since the objective function of
the primal linear program does not depend on the corresponding variables. The separation problem
for B, and vector p is now (note that the £.th coefficient p, is constant over all constraints):

~ (¢ size(CY
max,_y 5, 32, a(ky, Cipranyrj—pr + WP(HNH(P—P')M < —pe.

This is a special type of a knapsack problem with a constant number of different sizes
Sy = {round[d(1 4 6)%]|6(1 4 6)% € (5(1 +6)", (1 +6)"]}.

Using the analysis above, |S;| = O(1/dlog(1/§)). In our knapsack problem we have a set I of
items with these sizes s;, a capacity C' = (14 60)™ (1 + 2J) and arbitrary profits ¢;. We can choose
z; items of size s;, but only (1 + 26)/§ many of them, since round[d(1 + §)*] > (1 + ). The
knapsack problem has the following form:

max Zje[ Tjq; + f(ZjeI ;5;)q
s.t. Zje[ Iij S C
xj integral > 0,

where f(s) is the smallest multiple of §/(2n)(1+ 6)" such that f(s)d/(2n)(1+ )™ is larger than s,
and where ¢; and g corresponds to p(r4n)4j—p and p(r4n)+(p—pr)+e, Tespectively. Since the sizes are
all multiples of 6%(1+4)", this knapsack problem can be solved optimally by dynamic programming:
storing for each number i = 1,...,|S,| and each size a € {1,..., (1 +2§)/6?} a maximum profitable
subset (if there is any) with only the first 4 sizes and total size ad?(1 + 6)™. Notice that each item
size can be chosen at most 1/6(1 + 25) = O(1/6) times (i.e. z; € {0,...,(1+25)/0}).

After |S,| iterations, we have computed a sequence of subsets Dy, ..., D, with maximum profit
profit(D;), where the total size size(D;) is a multiple of §*(1 + )" for j = 1,...,g and where
g < (1+426)/6%. Then, the best solution of our knapsack problem is one of the sets where the value
profit(D;) + f(size(D;))q is maximized. The running time of the algorithm can be bounded by
O(IS4[1/6%) = O(1 /5 log(1/)).

If the profit of this subset is smaller than or equal to —p,, then the corresponding vector is
feasible for all B, constraints. If the profit is larger than —p,, then the computed set D; with
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maximum profit corresponds directly to the separating inequality or hyperplane. Therefore, we can
solve the separation problem for By in time polynomial in 1/4.

Since the polyhedron P corresponding to the dual constraints has facet-complexity (that is the
encoding of each inequality in the linear system) bounded by O(n + 1/6log(n/d)) and the strong
separation problem is solvable in oracle-polynomial time, the strong optimization problem for P
(the dual linear program) can be solved in time polynomial in n and 1/9 (see [21] Theorem 6.4.9).
Since the number of inequalities that are outputs of the separation oracle is bounded also by a
polynomial in n and 1/6, there is a polynomial time algorithm in n and 1/ that finds a basic
optimal solution of the primal problem, or asserts that the primal problem is unbounded or has no
solution (see [21] Lemma 6.5.15). In our case, the primal problem is always bounded. Therefore,
we either obtain an optimal solution of the primal problem or know that the primal problem has
no solution. O

Using Kannan’s algorithm for each MILP instance with d = O(1/§(log(1/6))?) integral variables,
we can compute in time 20(1/9(os(1/ 9)%) poly(n) a feasible solution of the MILP instance or assert
that there is no solution. Among all choices we obtain in 200/9*108(1/0)*) poly(n) time a feasible
solution of one of the MILP instances, if there is a schedule with makespan T for the original
problem. If there is such a schedule, we obtain a feasible solution (Z,y) of the original MILP where
the capacities of the bins in group By are enlarged to & (¢) = ¢(¢)(1+26) for ¢ =1,..., L+ N. Notice
that the first K’ largest bins are enlarged to ¢ = ¢;(1 +39) (for i =1,..., K’). By considering two
cases with poly(n) < 200/6°((1/6)%) anq 2001/6*(2(1/6)*) < poly(n), the running time also can be
bounded by 20(1/5°(a(1/9)*) 4 poly(n). This nice argument was used also by Downey et al. [8] for
FPT algorithms.

4.3 Rounding the MILP solution

In this section we show how to round the MILP solution (Z, 7) and to pack the jobs into the enlarged
bins. First, we round the (:UZ(Z)) variables for each block B, where { =1,...,L + N. For bins in By

that belong to the second group B,, the values of the variables fge) are all integral. Let us study
now a block B, that belongs to Bs. Notice that again only a subset P, = {j € P|§(1 + §)* €
(0(1+6)™, (1 4+ 0)™]} of job sizes that are large corresponding to By have to be considered and
that || can be bounded as before by |2/d1og(1/d)]. We denote with m, the fractional number of

bins assigned to By, i.e. my, = Z.:zz(."). In addition, let ny) be the fractional number of jobs of size
6(1+ 6)" assigned to block By, i.e. Y, a(k;, C_’Z-(E)) igg) = ny). The total scaled area covered by the

configurations is Area(large,l) =) . a;y :El@). The generated solution (fl(-é)) of our MILP instance
satisfies the following constraints:

(0)

i Lq = My
ziawj,gf“)x?) = n for j e P,
Zi&i’gxl() = Area(large,?)

{ > 0 for i=1,...,h.

This is a system with |Py| +2 < O(1/0log(1/0)) linear equalities where all variables xﬁz) should

be positive. The number ¢ of variables :Ey) > 0 is at most 20(1/918(1/9) for each block By, but
can be rounded down to |FP| + 2 without violating the linear constraints. To do this, consider a
system with all || 4 2 linear constraints, but with a subset X of only |F| 4+ 3 configurations with
corresponding strictly positive values:
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Z@(DEX’ZZ@ =0
ZC,_(Z)GXCL(/{?j,C_(i(Z))ZZ@) = 0 for jEPg

2 i di,g ZZ(E) =0

Since we have more variables than constraints, there is a non-trivial vector Z # 0 such that the
system BZ = 0, where B is the matrix describing the linear system above. We can eliminate at least
one positive variable a’:l@) corresponding to one of the | P,|+3 variables, i.e. by using z = Z+ 20 where
Z is the vector of dimension ¢ that corresponds to Z with additional zeros and ¢ is appropriately
chosen. Each round of eliminating one component can be done in O(M(|P| + 3)) time, where
M(n) is the time to solve a set of n simultaneous linear equalities with n variables. Notice that the
coefficients in the system above are all integral and bounded by O(n/d). The number of rounds is
at most ¢ < 20(1/9108(1/9)) = After this rounding step, we can replace the rounded configuration C’fo
by their original ones CZ-(K). Finally we obtain a system of |P;| 4+ 2 linear equalities with a set X, of
| P;| + 2 configurations corresponding to the variables ige) > 0:

2cex, ) = my
Yeoey, alky, C0) &0 = for j € P
D0y, Qi fiz@) = Area(large,?).

For each configuration C’Z-(é) € X, we round down the fractional value :%EZ)
value L:@“)J > :EZ(-Z) —1. Then we use for the bin group By exactly Lil@J configurations of the type C’i(é)
and place jobs of size §(1+6)% for j € P, according to the multiset into the corresponding bins. For
EE) we need one additional bin to cover all ng»é) jobs
of size §(1+9)% for j € P,. For block By let J; be a collection with Zcf“eXZ:azy)non—z‘ntegml a(k;, Ci(@))

jobs of size §(1+ )% for j € P,. This set of jobs will be executed later on the K fastest machines.
Using the rounding we have immediately:

to the next integral

each configuration C’Z»(Z) € X, with non-integral z

Z(j@@exe L‘%EE)J < my,
Yoy, alky, GOV [ET = )] for j € P,
ZC.(%X@ Qi Lif)j < Area(large,?).

The nice properties of the rounded solution are that we use less than or equal to m, bins and have
a total area bounded by the fractional solution. Notice that the solution maybe covers more jobs
than the fractional solution, i.e. it covers an integral number of at least [ng-% > ng-é) jobs of size
§(1+ ). Thus, we have proved the following result.

Lemma 4.6 We can round in time polynomial in n and 1/6 a feasible solution (z,y) of the MILP
into another solution (Z,y) such that the following constraints are satisfied:

Sl < my for 6=1,... L+N
Zé,i a(k;, Cim) Wrﬁol + ZZLBI Yje = 1Nj for j=P +1,....P
Y WEZ)J + Zj:kaj by Uje < LMJ for £=1,....L+N
Zf:P’Jrl BJ,OZ?J}O < S(n%()l()mj )

where igz) > 0 and y;, > 0. Furthermore, the number of strictly positive values ii

O(1/d1og(1/6)) for each block By in Bs.

2 > 0 78 at most
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Notice that the number of strictly positive values @(“) = :EEZ) for all blocks in Bj is at most

O(1/61og(1/6)?) (due to the choice in the MILP instance and since we have not rounded these
values).

The next step is to round the (y;,) values of the MILP over all bin groups B, and job sizes
j e {P +1,...,P}. Since the values y;, = n; are integral for each j < P’, we have to round
only the other variables y;, with j > P’. Let N; be the fractional total number of jobs assigned
as a small job of size 6(1 + §)% to the blocks (i.e. N; = Zzgl yjo for j =P +1,...,P). In
addition let Area(small, ) be the corresponding total scaled area of small jobs in bin group By

(i.e. Area(small,l) =" bjeGse for £=1,... L+ N). For group By (these are the first K or

K’ bins) we denote with Area(small,0) the total scaled area of the assigned jobs Zf: pr1 050 Tjo-
Then our values (y;) satisfy the following system of (in-)equalities:

jil<a;

ZZLBlyl,e = N; for j=P' +1,...,P,

D ji<a; Uieyie = Area(small,l) for £=1,...,L+N,

Zf:P,H bjoyio = Area(small,0)

Yje > 0 forj=P +1,...,P and ¢=0,...,L+ N.

If Area(small, ) = 0, then we can simply remove the corresponding inequality and the variables.
Since the index a; > 0 for all j = P’ +1,..., P and a; = 0 for all j = 1,..., P, the equality for

block By can be written as Zj:0<aj bjoyjo = Area(small,0). Notice that we can reduce our ;.
values such that they satisfy also the following system:

S Ui = N for j=P +1,...,P,
D ji<a; Uik Yie < Area(small, l) for £=0,....L+ N,
Yjt > 0 forj=P +1,...,P and ¢(=0,...,L+ N.

Since we have rounded up for each block B, and size p € P, the nge) values of the configurations

and obtained ), fngg)] jobs of size (1 +§)* (for each j > P'+1), it is sufficient to cover only | N, ]
jobs of the same size in this step. Therefore, our rounded solution will cover all n; jobs. Now set
Y0 = Yje/ | N;] and obtain the following linear system:

T = 1 for j=P +1,...,P,
N;|b;
> tca, Ty, <1 for £=0,...,L+N,
Yie > 0 forj=P+1,...,P and ¢=0,...,L+N.

This system of (in-)equalities can be interpreted as a scheduling problem on (L+ N+ 1) unrelated
machines with makespan 1, and the solution can be rounded into another solution (y,,) such that
all constraints are still satisfied and that each machine ¢ gets at most one fractional job with
g0 € (0,1) [29, 32]. Here we round each fractional scaled value Area(small,?) to the next integer
Aread'(small, l) < Area(small,l) + 1. After this rounding, the coefficients in the inequalities above
are all rational numbers with nominator and denominator bounded by a polynomial in n and 1/4.
Then the rounding step in the scheduling algorithm [29, 32] can be done in time polynomial in n
and 1/9.

If a value g;, € {0,1} is in the solution, then the corresponding value 3, , = [NV, ]9;, is either 0
or | N;|. Now there are two cases depending on whether there is a fractional variable g; , assigned to
block By or not. In the first case let 9,0 € (0, 1) for a job size with b;, > 1. Here the corresponding
value g;,, € (0,[N;]|). We round now these values (at most one for each machine or block By)
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to the next integral value |g;, ] and place [7;, ] many jobs of size §(1 + §)*ie into bin group By.
This implies that > ;[ 7;,]b;0 < Area(small, (). In the second case we have only integral variables

assigned to group By and the sum »; §;¢[ N;|b; ¢ could be equal to Area’(small, £). If this happens

for any machine or block By, we take out one job of size §(1 + §)"¢ where §;,, = |N;,] > 1 and
bj,« > 1. Since the rounded scaled area Area’(small,¢) > 1, there always exists such a job. After
that we reduce the corresponding value g, » to |N;,| —1/2. Let Jg be a collection with one job of
size §(1 + )% for each fractional variable §;,. These jobs are executed later as additional jobs on
one of the machines in group B,. Furthermore, the following constraints are satisfied:

Zj i) bje < Area(small,l) for £=0,...,L+ N,
Zﬁigl(y},ﬂ > | N for j=P +1,...,P.

After both rounding phases and replacing the rounded job sizes by their original ones we obtain:

Lemma 4.7 We can round a feasible solution (z,y) of the MILP into another solution (Z,y) such
that the following holds:

>l < my for £=1,...,L+N
> e alk;, Cfe))(:?ry)W + 2261 [Fj.e] > n; for j=P +1,....P
> size(CENED |+ Y e, [Hie) 61 +6)5 < mye(€)(1420) for £=1,...,L+N
Zf:P’+1 [950) 0(1 4 0)* < S5,

where &Y > 0 and Uje > 0. Furthermore, \{z]xgé) > 0} < O(1/6log(1/0)) for each block By in Bs.

i

Furthermore, for each block By with £ € {0, ..., L+ N} there is at most one fractional variable ;.

4.4 Packing the jobs via the rounded MILP solution

As in the special case before (see Section 3), we place in a first phase the jobs as large ones according

to the configurations and @@J values and in a second phase the jobs as small ones according to the
|7;.¢] values in slightly enlarged bins. In the third phase we place the tiny jobs in Jyn, in the free
space of the bins. This can be done due to the rounding phases and the area constraints. In the
placement phases of the small and tiny jobs we have to enlarge the capacities &(¢) = ¢(¢)(1 + 20)
of the bins to ¢ (¢)(1 + 0) for each bin in By. In addition, we have to enlarge the capacities of the
first K’ bins to &(1+ ). After this step we place the set Jp on the machines: for each non-integral
value g; , we place a job of size §(1+6) on one machine in group By. Since for each group B, there
is at most one job size j € {FP’,..., P} with 7, , non-integral and this size is small corresponding
to the group By, this increases the size of one bin in B, from & (¢)(1 + 6) to & (¢)(1 + 29). Since we
could have also one job size for group By, the size of one of the largest K bins is also increased to
(1 +26).

Finally, we bound the total execution time of the non-placed jobs in U,J,. For each block
By in By with ¢ = L+ 1,...,L + N we obtain |P| +2 = |2/dlog(1/d)] + 2 additional bins of
size () = ¢(£)(1 +20) < (1 + 6)™*2. These bins or the corresponding jobs are placed later
on the first K machines. In this step we use also the machines K’ + 1,..., K. Let us specify
K :=[2/6log(1/d)] + 2. Now take one bin per group and estimate the total size of these bins
among all groups £ = L+ 1,..., L+ N. Using the order rp, 1 > rp19 > ... > rp.n, the inequality
T(L+1)+¢ < T(r+1) — £, and the geometric series, we obtain

o o) = X (L0 < SN 0 = (L4 0) 0 3y ey
< (L4 0) 2 ity = (L 0)5+ /(L= 1/(§ + 1)) = (L4 8)r+1/6.
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Therefore, the sum of the enlarged bin sizes ZEL:J“L]\J[FI e(0)(1+6)% < (14 d)ant3/5. Now we
have (1 + )" 2+1%3/§ < §cj, if and only if (1 + 6)"2+1 < §2/(1 + 6)*cj. Note that (1 + 0)"L+1 =
E(L + 1) = CK+G+1 = C,K+G+1 = Cmax(83)7 C/K = Cmin(Bl) and Cmax<63) < ’chin(Bl) using the gap
construction in Section 2. The property above is satisfied for v < §2/(1+§)3. Therefore, we specify
v :=6%/(1 4 §)3. In this case the sum of the capacities above is bounded by § times the minimum
capacity among bins in By. In other words, we can take one bin per group B, among all groups in Bs
and the corresponding jobs and place them on one of the K machines. Since the total size of these
jobs is at most dc, this enlarges the size of the ith bin from ¢&,(1+26) to &(1+25)+dcy < &(1+39)
fori=1,...,K. Using &(¢) =c¢({)(14+25) for ¢ =1,..., L+ N and & = ¢;(14+35) fori =1,..., K,
we obtain the following result:

Lemma 4.8 If there is a feasible solution of an MILP instance with bin capacities ¢(€) for blocks
By € BoUB3 and capacities ¢; for the first K largest bins, then the entire job set J can be packed into
bins with enlarged capacities c¢(€)(1+208)* for blocks By € By UBs and enlarged capacities ¢;(1+ 36)?
for the first K bins.

The main algorithm for scenario 3 works as follows:

given: bin set B] = {b1,...,bx'}, B \ B} = {bgr11,...,bk}, Bo = {bgs1,...,bxrc} and By =
{bK+G+17 s 7bm}

(0) if =7, pj > > i~ & then assert that there is no solution for the makespan and stop.

(1) remove the tiny jobs with size < §¢,, and try to pack the huge jobs with size > d¢k+ into the
first K’ enlarged bins in Bj.

2) if there is a feasible packing for the huge jobs into the enlarged K’ bins then
(2) packing ge ] g

(2.1) for each choice with O(1/61og(1/§)?) integral :EEZ) - variables in B
(2.1.1) set up the modified small MILP with bounded coefficients,
(2.1.2) apply the algorithm by Kannan to the MILP instance with the separation oracle
and store a solution (if there is any),

(2.2) if there is at least one feasible solution (Z, %) then

(2.2.1) round the fractional (z\”)) values as described in Section 4.3 to (Z\”) with less

components, round down these values to the next integral values and store J, for
(=L+1,...,L+ N,
(2.2.2) round the (g;,) values as described in Section 4.3 to (;,) and store Jp,

(2.2.3) pack the jobs via the rounded |7\”| values for ¢ = L+ 1,...,L + N and the
original integral fgz) values for £ =1,..., L as large items,

(2.2.4) pack the jobs via the rounded |y;,| values for £ = 0,...,L + N and the tiny
jobs as small items into the enlarged bins,

(2.2.5) pack the sets Jp and U, J; as described in Section 4.4, and assert that there is
a solution with the approximate makespan (and output the corresponding packing).

otherwise assert that there is no solution for the makespan.

otherwise assert that there is no solution for the makespan.
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If there is a schedule with makespan at most T (and with corresponding bin sizes ¢;), then the
Lemma above implies a packing into bins of size at most ¢;(1 + 6)*>(1 + 3d)? and a corresponding
schedule of length T'(1 +6)*(1 +36)* < OPT(14 6)*(1+36)> < OPT(1+ 166) < OPT(1 +¢) for
d <€/16 and € < 1. We simply set § = W and obtain § < €/16, § > €/(16 +¢€) > €¢/(16 4+ 1) and
that 1/6 = [16/¢] is integral.

The algorithm for scenario 4 works in a similar way (again we can use an MILP relaxation, but
do not need the huge jobs). For this case there are only two groups of bins B} U By and Bs. The
first group has a constant number of different capacities such that we get again a small constant
number of integral variables. For the rounding step we use again the property that there is a gap
of 1/ between ¢, (B1) and ¢a.(Bs).

Acknowledgments. The author thanks Fritz Eisenbrand and Roberto Solis-Oba for many helpful
discussions.
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