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Abstract

In this paper we consider a combined production-transportation problem, where n
jobs have to be processed on a single machine at a production site before they are
delivered to a customer. At the production stage, for each job a release date is given; at
the transportation stage, job delivery should be completed not later than a given due
date. The transportation is done by m identical vehicles with limited capacity. It takes
a constant time to deliver a batch of jobs to the customer. The objective is to find a
feasible schedule minimizing the maximum lateness.

After formulating the considered problem as a mixed integer linear program, we
propose different methods to calculate lower bounds. Then we describe a tabu search
algorithm which enumerates promising partial solutions for the production stage. Each
partial solution is complemented with an optimal transportation schedule (calculated
in polynomial time) achieving a coordinated solution to the combined production-
transportation problem. Finally, we present results of computational experiments on
randomly generated data.
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1 Introduction

Traditional scheduling research deals with problems of sequencing jobs on processing ma-
chines without taking into account transportation issues. Recent trends in scheduling involve
extended scheduling models where more practical constraints are included. In particular,
in a typical supply chain system materials and resources are available at some release dates
at the manufacturer’s site; the manufacturer should process them in accordance with tech-
nological constraints; finally, finished goods should be delivered to a customer by given
due dates. In the context of a supply chain, scheduling of production cannot be done in
isolation from scheduling of transportation since a coordinated solution to the integrated
problem may improve the performance of the whole supply chain.

The first stage of our model - production - deals with a single production facility and a set
of n jobs, which should be processed one at a time. The jobs may have different processing



requirements in terms of the production time and may be available at different release
dates. The second stage - transportation - deals with the delivery of n finished goods to
a customer using m transportation vehicles which have the same delivery characteristics:
equal transportation times from the production site to the customer and equal capacities,
i.e., the maximum number of jobs which can be transported by a vehicle in one batch.
The objective is to define a production and a transportation schedule so that the jobs are
delivered to the customer by their due dates. In a more general setting, it is required to
minimize the maximum lateness among the jobs, see Section 2 for a formal definition.

The results related to the problem under consideration are scattered among a broad range
of publications on (A) production-transportation and (B) generalized flow-shop models with
the second stage involving m identical batching machines.

(A): The literature on production-transportation is vast ranging in multiple parameters.
With several survey papers available, e.g., [5, 8, 13, 26], we refer the reader to the most
recent review by Chen [6]. The results related to our study fall in the category of “batch
delivery by direct shipping” discussed in Section 5.1 of the review. Eliminating the non-
relevant models with cost factors (for which it is usually assumed that the number of vehicles
is sufficiently large, m = n, [11, 12, 13, 25]), the models with resource availability constraints
and those with min-sum criteria, we review here the most closely related papers [16] and [28]
with min-max criteria. Their main outcomes can be summarized as follows. If all jobs are
available simultaneously, then the production-transportation problem with the makespan
objective is solvable in O(nlogn) time [16], while the following two generalizations are NP-
hard: the version studied in [16] with two machines at the production site operating as
a flow-shop and the version studied in [28] with an additional transportation stage from
a supplier to the production site which precedes the introduced production-transportation
model. No results are available for the production-transportation model with arbitrary
release dates and due dates.

(B): In the flow-shop model with two machines, each job should be processed on the first
machine and then on the second one. If the second machine operates in a batching mode
(i.e. several jobs can be processed simultaneously) and the batch processing time is a
constant independent of the jobs included in the batch, the corresponding flow-shop model
is equivalent to our production-transportation model with one transportation vehicle. To
the best of our knowledge, the flow-shop problem with a batching machine and unequal
release dates and due dates was not addressed in the literature. The studied models deal
with the following special cases:

e If all jobs have equal release dates and equal due dates, then the corresponding problem
is solvable in O(nlogn) time [1]. Notice that, as discussed in part (A), an algorithm
with the same complexity is also known for the more general case with multiple batch-
ing machines (multiple transportation vehicles) [16].

o If the jobs have arbitrary release dates but equal due dates, then the corresponding
problem is NP-hard in the strong sense [27] and, as shown in the same paper, it can
be solved by a 2-approximation algorithm. Notice that the NP-hardness result is also
proved in a later paper [22], which uses the production-transportation terminology
(A); the same paper presents also a 5/3-approximation algorithm. The most recent
approximation algorithm has a worst-case ratio of 3/2 [21].

Summarizing we observe that there is a lack of research addressing the production-transpor-
tation problem in its general setting when the jobs have unequal release dates and unequal



due dates. Also, as stated in the review paper [6], “the majority of the existing work has
been centered on clarifying complexity of some problems, most of which are, unfortunately,
NP-hard... Therefore it is worthwhile to design fast heuristics or exact branch-and-bound
algorithms for such problems”. In this paper, we pursue this line of research by developing
a tabu search algorithm for the general case of the production-transportation problem. It is
hard to perform a fair comparison of our algorithm with published algorithms since they have
been developed for models which differ too much from the one we consider. For example, the
heuristics for a flow-shop model with batching machines often deal with batches of unequal
size, see, e.g., [17, 18, 20, 23, 24]; the production-transportation papers often consider non-
identical vehicles [29] and take into account the routing issues [9]. Due to this reason, we
also pay special attention to lower bound calculations and estimate the quality of our tabu
search algorithm with respect to the calculated lower bound values.

The remainder of this paper is organized as follows. After defining our problem formally and
discussing known results for it in Section 2, a mixed integer linear programming formulation
is given in Section 3. Section 4 is devoted to different lower bound calculations. In Section 5
a tabu search algorithm is presented. Computational results can be found in Section 6. We
conclude the paper with some remarks in Section 7.

2 Problem formulation

In this paper, we consider a combined production-transportation problem, which can be
described as follows. There are n jobs of a set N = {1,2,...,n} which have to be processed
at a production site before being delivered to a customer by transportation vehicles. The
corresponding stages are called production and transportation, and the two operations of a
job are called production and transportation operations, accordingly.

At the production stage, each job j € N becomes available for processing at its release date
r;j and has to be processed for p; > 0 time units. The production site operates as a single
machine, i.e. it processes at most one job at any time. Additionally, due dates d; for the
jobs j € N are given by the customer with the meaning that job j should be delivered not
later than time d;. We assume that all input data are integer.

After job j has finished processing at the production stage, it becomes available for trans-
portation to the customer. The delivery is performed by m identical vehicles with limited
capacity where any vehicle can carry no more than b jobs at any time. It takes a constant
time 7 to deliver a batch of jobs to the customer. Additionally, we assume that the time
for returning back to the customer is negligible. The overall performance of a schedule is
measured in terms of the maximum lateness L. := max{L; | j € N}, where L; := C; —d;
is the lateness of job j and C; denotes the time where the delivery of job j to the customer
is completed.

Another objective function equivalent to Liay is the extended makespan Cfhax = max{C; +
¢;} where the jobs have tails ¢; instead of due dates dj. A tail ¢; means that after the
completion time C; of job j additionally ¢; time units are needed before the job is finished
(tails of different job can be executed simultaneously). If we set ¢; :== D —d; for all j € N
with a constant D > I;le%c dj;, it is easy to see that C']‘-] =Cj+q¢=0Cj—dj+D=L;+D
holds. Since D is a constant, minimizing L.y is equivalent to minimizing Cihax.

A feasible production-transportation schedule may be completely specified by



e a processing sequence of the jobs on the production machine, and

e a sequence of batches for the transportation stage.

From these two sequences a feasible (left-shifted) schedule, in which every operation starts
as early as possible, may be calculated as follows. At the production stage, each job can
start immediately after it is released and the previous job is completed, i.e. the starting
time Sﬁ-’ of job j on the production machine is S;’ = max{r;, S? + p;}, where i is the job
directly processed before j. The completion time C’f of j on the production machine is
C]p = Sf + pj-

For the transportation stage we have a partitioning of all jobs into a sequence (B, Ba, ..., By)
of batches where o € {[%],...,n} denotes the number of used batches and the sequence of
batches determines their starting order. Since the transportation time 7 is constant and the
objective function is regular, it is sufficient to consider schedules in which the assignment of
the batches to the vehicles is done in a cyclic way such that vehicle v € {1, ..., m} processes
batches By, By4+m, By+2m, etc. In such a schedule the starting time Sp, of batch By, can be
determined as

S — max {C} | j € By}, 1<k<m
Be = max {max {C? | j € By}, Sp,_,, + 7}, m<k<a.

(1)
Furthermore, the completion time Cj of each job j € By, is given by C; = Sp, + 7.

Example 1: Consider an instance with n = 5 jobs, m = 2 vehicles with capacity b = 2,
and delivery time 7 = 4. The job characteristics are defined as follows:

i1 2 3 4 5
510 0 5 3 5
pil1 2 2 1 3
dj |5 10 24 12 16

il 4] [ =]

I I S

M1

1 3 3 10 15 20 24

Figure 1: A feasible schedule for Example 1

With D = d3 = 24 we get the tails ¢ = 19,q2 = 14,93 = 0,q4 = 12,95 = 8. Let us assume
that on the production machine the jobs are processed in the sequence (1,2,4,3,5); in the
transportation stage the batch sequence is ({1}, {2,4},{3},{5}). A corresponding feasible
schedule with Chhax = 24 and Ly.x = 0 (i.e. all due dates are respected) is presented
in Figure 1. Here, the production machine is denoted by MP, the transportation stage is
denoted by M!, and artificial tail-machines M9 are introduced to show the tail operations
q; for the jobs j € N. O



The production-transportation model can be seen as a two-machine flow-shop system with
a discrete machine at the first stage and m parallel batching machines at the second stage
(cf. Ahmadi et al. [1]). It can be naturally decomposed into two subproblems. Relaxing the
transportation stage by setting the transportation time to 7 = 0, the production subproblem
corresponds to the classical single-machine problem 1|r;|Liax, which is known to be strongly
NP-hard, see [19]. Relaxing the production stage by setting p; = 0 for all jobs j, the
transportation subproblem for the vehicles corresponds to the parallel batching problem
Plp-batch,b < n,rj,pj = p|Lmax. In this problem m parallel identical machines with
bounded batch capacity b < n are given which can process up to b jobs simultaneously,
all having the same processing time p (corresponding to the transportation time 7).

Due to Condotta et al. [7], problem P|p-batch,b < n,7;,p; = p|Lmax can be solved by the
barrier algorithm. The time complexity of that algorithm is O(n? log? n) for multiple
vehicles and O(n?logn) time for a single vehicle.

The special case where all due dates d; are equal is equivalent to the makespan minimization
problem P|p-batch,b < n,7;,p; = p|Cmax. We claim that it can be solved in O(nlogn) time
by the so-called first-only-empty FOE-strategy initially developed by Ikura and Gimple
[15] for the single-machine version of the problem, 1|p-batch,b < n,7j,p; = p|Cmax. It
considers the jobs in non-descreasing order of their release dates grouping them in full
batches of b jobs, except for the first batch which may contain less jobs, namely n mod b
jobs, if n is not divisible by b. A simple generalization of the FOE-strategy for the case of
multiple batching machines P|p-batch, b < n,r;,p; = p|Cmax groups the jobs in the batches
as described above; their allocation to m vehicles (m parallel machines, equivalently) is a
straightforward task since all batches have the same length 7: whenever a vehicle becomes
available, it starts the transportation of the earliest available batch. The correctness of the
generalized FOE-rule can be justified by the following two properties:

e there exists an optimal schedule in which the jobs are sequenced according to non-
decreasing release dates;

e a schedule which does not satisfy the FOE-grouping (i.e., with some non-full batches
By, k > 2) can be modified into a FOE schedule without increasing batch completion
times by moving the jobs from earlier batches to non-full batches.

Extending the standard three-field scheduling notation we denote our two-stage problem as
(1r;) — (P|p-batch,b < n,t; = T|Lmax) or (1|rj) = (P|p-batch,b < n,t; = 7, ¢j|Chax). In
this notation, the first entry (1|r;) specifies that the production stage consists of a single
machine and that release dates are given for the jobs. The second entry describes the
transportation stage which consists of parallel batching machines with batch capacity b < n.
The delivery times ¢; are all equal to a constant 7. Finally, the last field denotes the objective
function Lyax for the minimization of the maximum lateness or Cf.x for the minimization
of the extended makespan with tails.

We now review results on the two-stage model, which involves both production and trans-
portation under the assumption that the processing times p; at the first stage are arbitrary,
while the transportation times ¢; = 7 in the second stage are the same for all jobs. Special
cases of the corresponding two-machine flow-shop problem with one batching machine (i.e.,
m = 1) were studied by Ahmadi et al. [1] and Sung and Kim [27]. If all jobs are released
simultaneously and have equal due dates (i.e., r; = 0, dj = d for all j € N), then the
two-stage problem (1|r; = 0) — (1|p-batch,b < n,t; = 7,d; = d|Lmax) is equivalent to the



makespan minimization problem 1 — (1|p-batch,b < n,t; = 7|Cax), which can be solved
by the SPT-FOE-rule in O(nlogn) time due to Ahmadi et al. [1]. At the production stage
the jobs are sequenced in SPT-order (shortest processing time first); at the transportation
stage the jobs are sequenced in the same order and combined into batches in accordance
with the FOE-rule.

On the other hand, the general case (1|rj) — (1|p-batch,b < n,t; = 7|Cpax) with arbitrary
release dates is NP-hard in the strong sense as shown by Sung and Kim [27] and also by
Lu et al. [22]. This implies that our problem with m > 1 batching machines and objective
function L,y is also strongly NP-hard. If preemption for the production machine is allowed,
problem (1|rj, pmtn) — (1|p-batch,b < n,t; = 7|Cpax) can be solved by the SRPT-FOE-
rule [22, 27]:

SRPT: At the production stage the jobs are scheduled according to the shortest remaining
processing time (SRPT) rule: at any decision point (given by a release date or the
completion time of a job) schedule an available job with shortest remaining processing
time.

FOE: At the transportation stage the jobs are sequenced according to the FOE-rule.

The described SRPT-FOE-rule can be generalized for multiple vehicles (multiple batching
machines) employing the same SRPT-strategy at the production state and the same FOE-
strategy to combine jobs for transportation. The only difference is in allocating the jobs
to multiple batching machines rather than to one machine: whenever a vehicle becomes
available, it starts the transportation of the earliest available batch.

The optimality of the SRPT-FOE-rule for multiple batching machines follows from the three
properties stated by Sung and Kim [27] for a single machine:

Property 1: there exists an optimal solution with the same order of the jobs at the pro-
duction and the transportation stage;

Property 2: the SRPT-strategy ensures the smallest possible completion time for each
position k =1,2,...,n, of the schedule;

Property 3: the FOE-strategy ensures the smallest possible makespan for scheduling batches
of equal length 7 on multiple machines [15].

Notice that the SRPT production schedule can be constructed in O(nlogn) time if, e.g.,
a priority queue is used and the FOE transportation schedule can be constructed in O(n)
time.

Finally we observe that in prior research the case with m batching machines was stud-
ied only under an assumption of equal release dates and equal due dates: (1|r; = 0) —
(P|p-batch,b < n,t; = 7|Crmax). The O(nlogn)-time algorithm presented by Lee and Chen
[16] can be considered as a generalization of a similar algorithm of Ahmadi et al. [1] with
the same SPT-strategy at the production stage and the same FOE-strategy to create trans-
portation batches.

The discussed results are summarized in Table 1.



Problem Complexity Reference

Transportation stage relaxed
1 |7"j | Linax — NP-hard [19]
Production stage relaxed

- 1|p-batch, b < n,7j,t; = 7|Cax | O(nlogn), FOE [15]

- P|p-batch,b < n,rj,t; = T|Cpax | O(nlogn), FOE this paper

— 1|p-batch,b < n,7j,t; = T|Lmax | O(n?log n) (7]

- Plp-batch, b < n,7j,tj = T|Lmax | O(nlog®n), barrier alg. | [7]
Two-stage problem
(1|7“J =0) — (I|p-batch,b < n,t; = 7|Cmax) | O(nlogn), SPT-FOE | |
( — (1|p-batch, b < n,t; = 7|Crax) | NP-hard 2
(1|rj,pmtn) (1|p-batch, b < n,t; = 7|Cmax) | O(nlogn), SRPT-FOE | [2
( — (
( (

1]

2, 27]

2, 27]
P|p-batch, b < n,t; = 7|Cmax) | O(nlogn), SPT-FOE | [16]
Plp-batch,b < n,t; = 7|Cpax) | O(nlogn), SRPT-FOE | this paper

L|rj, pmtn) —

Table 1: Summary of complexity results

3 A mixed integer linear programming formulation

In this section we describe a mixed integer linear programming formulation (MIP) for prob-
lem (1|r;) — (P|p-batch,b < n,t; = 7, ¢;|Cthax)-

Let @ < n be an upper bound for the number of batches in the transportation stage and let
K :={1,...,a}. For each job j € N we introduce a variable Sf for the starting time on the
production machine, for each £ € K we have a variable Sp, for the starting time of batch
Bj,. Additionally, we have binary variables y;; € {0,1} for i,j € N,i # j and z;, € {0,1}
for j € N,k € K where

o 1, if job i is processed before j on the production machine,
Yig = 0, otherwise;
- { 1, if job j is assigned to batch By,

2 :
Ik 0, otherwise.

Finally, we have a variable ¢ > 0 corresponding to the objective value Cihax. Using all these
variables and three big values M7, My, M3 the problem can be formulated as follows.

min ¢ (2)
st. ¢—Sp, + Mi(1—zj) >7+gq; Vie Nke K (3)
ST > VjEN (4)
Yij + Yji = 1 Vi,j € Nyi#j (5)
SP— S+ My(1 = yij) > pi Vi,j € N;i# j (6)
SBk—Sfﬂ—Mg(l—zjk)ij Vie Nke K (7)
> =1 Vje N (8)
keK
>z <b Vk e K (9)
JEN
SBk_SBk—m >T m<k<a (10)
yi; € {0,1} Vi,j € N;i#j (11)



zjr € {0,1} VjeN,ke K (12)

c>0 (13)
57 >0 VjeN (14)
Sp, >0 Vk e K (15)

The objective function in (2) is to minimize the value ¢ = max{C}+¢;} which is correctly set
due to (3): if job j is assigned to batch By, we have ¢ > Sp, + 7 +¢; = C; +¢;. Constraints
(4) ensure that the production of a job cannot start before its release date. Due to (5) two
jobs cannot be processed simultaneously on the production machine. If 7 is processed before
j on the production machine, we must have Sﬁ-’ > SP + p; according to (6). Constraints
(7) guarantee that a job cannot start its delivery in a batch before it is finished on the
production machine. Due to (8) each job is assigned to exactly one batch, (9) guarantees
that each batch contains at most b jobs. Finally, (10) implies that consecutive batches on
the same vehicle do not overlap. Note that in the MIP no explicit assignment of batches to
vehicles is modeled. As described in the previous section, such an assignment can be done
in a cyclic way such that vehicle v processes batches By, Bytm, By+om, etc.

Additionally, we tried a second MIP based on time-indexed binary variables z;; where x;; = 1
if operation ¢ completes at time ¢. It was much more time-consuming to solve.

4 Calculation of lower bounds

In this section we describe some methods to calculate lower bounds for problem (1|r;) —
(P|p-batch, b < n,t; = 7, q;j|Clhax)-

At first we propose three constructive lower bounds which are based on different relaxations
of the problem.

e LBi: We relax the capacity of the production stage assuming that several jobs may
be processed simultaneously on the production machine. We set the release dates for
the batching machine to 7"; :=r; + p;j and solve the resulting problem P|p-batch,b <
n,r;-,tj = 7,q;|Cthax for the transportation stage by the barrier algorithm from [7]
with time complexity O(n®log?n).

e L. By: We relax the capacity of the transportation stage assuming an unlimited number
of vehicles. Additionally, we allow preemption for the production machine. Setting the
tails for the production machine to q;~ := ¢; + 7, we obtain problem 1|r;, pmtn, q} |Cihax
or equivalently 1|r;, pmtn|Lmax solvable in O(nlogn) time by the preemptive earliest
due date rule (cf. Horn [14]). For the classical Lyax-version of the problem, it schedules
at each decision point (given by a release date or completion time of a job) an available
job with the smallest due date; for the extended makespan version with Cth.x objective,
the rule schedules at each decision point an available job with the largest tail q;-.

e LB3: We relax the tails ¢; and allow preemption for the production machine. The
resulting two-stage problem (1|rj,pmtn) — (P|p-batch,b < n,t; = 7|Cpax) can be
solved in O(nlogn) time by the generalized version of the SRPT-FOE-rule described
in Section 2.



Example 2: Consider an instance with n = 6 jobs, m = 2 vehicles with capacity b = 2,
transportation time 7 = 20, and the following data:

jl1l2]3|4]5]6

| 312214
pil12| 7125 |62
g | 9 11| 0 |13] 7|10
58 4 [T T7]6

q;- 29 131120332730

. | 15 \ 53
M \ 2,1 |
——1—
A4
M | > l
| 1 \
[ 5 ]
| : | a :
1 7 15 27 35 47 54
Figure 2: Schedule determining LB; = 54
Mr e 4 ] 2 [ 6] 1 | 5 [3]
| 4 |
l | : 6 ‘ |
M | i \
5 |
\ 3
— i ——t f — e
12 7 13 15 27 33 35 60
Figure 3: Schedule determining LBy = 60
Mvp[B[e6] 5 [ 4 ] 2 | 1 |
! \ 3,6 \ [ 1.2 |
M ‘ e |
1I é &3- é 1‘1 16 2‘3 3‘5 5‘5 "

Figure 4: Schedule determining LB3 = 55

For this data we get LB; = 54, LBy = 60, and LB3s = 55. The corresponding schedules are
illustrated in Figures 2, 3, and 4. O

For the above example we have LBy = 60 > LB3 = 55 > LBy = 54, i.e. LBy provides the
best lower bound. If we only consider a single vehicle and replace the batch capacity by
b =1, we obtain LBy = 126 > LB3 = 124 > LBy = 60, i.e. LB provides the best bound.
There are other examples where L Bs performs best.

In the following we consider some destructive lower bounds where a threshold value T' for
the makespan value Cihax is given. A destructive test may result in one of the following three
outcomes. It can provide a formal proof that for a relaxed problem no feasible schedule with
Chhax < T exists; then T + 1 is a valid lower bound value for the original problem. If the
test fails to prove infeasibility, then in the best case it can provide a proof that T is a valid
lower bound (by demonstrating, e.g., that for some job j its earliest starting time is equal
to its latest starting time defined for the threshold value T'); in the worst case the test may
stop without making a conclusion about a lower bound.



Test 1: From a given threshold value T" we derive deadlines d;- := T —qj — 7 for the jobs on
the production machine and study the feasibility problem 1|r;, C; < d;-|— on the production
machine. We apply the input and output tests originally developed for the job-shop problem
by Carlier and Pinson [3].

In the output test we identify a job 7 and a set of jobs 2 C N which does not contain j such
that condition

/ .
maxd, — min r, < E Py
eQ M vequly
p veQu{j} e}

holds. Then activity j must end last in QU {j}, i.e. we have precedence relations v — j for

all v € Q. This implies that j cannot be started before time 7; := max {r, + > pp}
veld {(heQlr,>r.}

and any job v € Q should be completed before d; —pj. As a consequence, we can update the
release date of job j to max {r;,7;} and the deadline @, for each job v € Q to min {d},, d;—p;}.

Symmetrically, in the input test a job j is identified which has to be processed before a
subset {2, which may lead to a decreased deadline d;- and increased release dates r, for all
ve

If a time window of a job becomes too small (i.e. d; —r; < pj), infeasibility is detected.
Otherwise, the test may have produced increased release dates and decreased deadlines.
The new deadlines may be transformed into increased tails ¢; := T — dg — 7. The input and
output tests can be implemented in such a way that all pairs (j, Q) satisfying the conditions
for the current time windows can be found in O(nlogn) time (cf. [4]). However, in our
implementation we used a more simple version which runs in O(n?) time (cf. [2]). After
time windows have been changed, the test may detect further pairs. Usually, the test is
repeated until no more updates for the time windows are possible.

Test 2: For each job j € N denote by S’j =T — q; — 7 its latest possible starting time at
the transportation stage in a feasible schedule with Cfha.x < T. Furthermore, let

o, ifm=1,
YE 0, ifm> L.

For a fixed test job j we calculate its earliest possible starting time r}- =1, + p; at the

transportation stage and partition the set N of all jobs into three subsets:

e Ny :={ieN|S; < 73}. All these jobs must be processed in a batch (or in several
batches) starting before the batch of job j.

e Ny :={iec N\N | S; < 7% +u} U {j}. All these jobs cannot be processed in a batch
starting later than the batch of job j.

e N3 IZN\(NlUNg).

In the following we relax the batch capacity in the transportation stage and proceed as
follows.

1. Calculate the earliest possible completion time C(Nj) for all jobs in N; on the pro-
duction machine (by solving problem 1|r;|Ciax defined on the set of jobs Ni). Since
all these jobs have to be processed in a batch (or batches) before j, job j cannot be
started at the transportation stage before time C(N;) + u, i.e. we may update 7'9 to
ry = max{r}, C(N1) + u}.
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2. Calculate the earliest possible completion time C(Nj2) for all jobs in N7 U N on the
production machine (by solving problem 1|r;|Cnax defined on the set of jobs NiUN>).
Since all these jobs cannot be processed in a batch starting later than j, job j cannot
be started before time C'(Nj2) on the transportation stage, i.e. we may update rg- to

7 = max{r}, C(Nia)}.

3. Check whether Sj < 7‘; holds. If this inequality holds strictly, obviously, no feasible
schedule exists and the whole procedure can be stopped.

If S’j = 7‘3, then job j should start exactly at time Sj, which implies that its completion

time in a feasible schedule is no less than S'j + 7+ ¢j = T and therefore T' is a valid
lower bound.

If S; > 7% and the value ) has been updated, repeat the procedure with new sets N1, Na

based on the new value 7';-.

For an efficient implementation of the described procedure we use two lists of jobs, one in
non-decreasing order of r;, i € N, and another one in non-decreasing order of S;, i € N.
Given a fixed test job j, there can be up to n iterations of the described procedure. FEach time
the value r; increases and at least one of the sets N7 or Ny gets extra jobs, with exception of
(possibly) the last two iterations when the sets N7 and Ny may remain unchanged resulting
in unchanged 77.

In each iteration, the splitting N1 U No U N3 is obtained in O(n) time, using the ordered list
of Sj-values, and each of the two problems 1|r;|Cpax which emerge in Steps 1 and 2 can be

solved in O(n) time, using the ordered list of r;-values. Thus, the overall time complexity
is O(n?).

Example 3: Consider an instance with n = 5 jobs, a single vehicle with capacity b = 4,
transportation time 7 = 20, threshold T" = 62 and the following data:
jlrl2]3[4]5
ri | 1|3 |7 ]13]|16

pj 4 5 ) 6 6
qj | 32|15 |14 |12 | 10

Due to m = 1 we have u = 7 = 20. For the latest starting times at the transportation stage
we get S1 = 10, So = 27, S5 = 28, Sy = 30, and S5 = 32. We consider j = 2 as a test job
and start with r} = ro + pa = 8.

Iteration 1: We get Ny = (), Ny = {1,2} since S; = 10 < 7 +u = 28, and N3 = {3,4,5}.
We calculate C'(N12) = r1 + p1 + p2 = 10 and update 5 = 10.

L2 O S O I'= 62
Mt ____________l___________?‘_2 ____________ = 3 _i_l_ﬁ __________________________ r__-
ST POy PRy By By B By gy pay gy pay Py i ey ey gy gy gy gy ey gy preay- pay- ey Py s R s ey ey gy gy gy g - By By By Py Py oy By | IS
| 1 |
Vi l : ! 3 ]
7 . |
— S—
l 1 1 | | il 1 | |
| | | | | I | |
1 5 10 20 30 40 50 60

Iteration 2: We get Ny = (), No = {1,2,3} since S3 = 28 < ry +u = 30, and N3 = {4,5}.
We calculate C'(Ni2) = 71 + p1 + p2 + p3 = 15 and update 5 = 15.
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Iteration 3: We get N; = {1} due to S; = 10 < 75, = 15, Ny = {2,3,4,5}, and N3 = 0.
We calculate C(Ny) = r; +p; = 5 and update 75, = 5 + u = 25. We calculate C'(Nj2) =
71+ p1 + p2 + p3 + pa + ps = 27 and update rh = 27.

Mel LT T 2 [ 3 I 4 I <] ] T = 62
V! [ il ] 23,45 i
smsme e o e e e e e e e e e e e e e e e e e e e e e e e e B e e s e s e s ISR
' 1 \ I
3:2 | !
M4 |
) \ :
[ & 7 i
| | | | I | [l | |
T T T I | I 1 1 ==
1 5 10 20 30 40 50 80

Due to S2 = r we can conclude that T = 62 is a valid lower bound.

For this example the constructive lower bounds are LBy = 60, LBy = 57, and LB3 =47. O

Test 3: In this test we calculate for each job j the number of the latest batch in which j
must be delivered in order to satisfy the given threshold T'. For this purpose we determine
an interval [S j,gj] in which j has to start its transportation. The upper value S; can be
calculated as before by S; = T — q; — 7. The lower value S ; is set to the earliest starting

n
time of the first batch. Initially, it is given by miIll{T’j + p;}, afterwards during the test this
j:

value may be increased. The main part of the test is to determine how many jobs (and if
possible, also which jobs) must be processed in the first batch (which influences the starting
time of the first batch). If the number of jobs which have to be started until a certain time
exceeds the total capacity of the batches which can be started until that time, we may state
infeasibility. Furthermore, infeasibility is detected if S; > S, holds.

Let rjgl be the earliest possible starting time of the first batch By, initially we have rjgl =
n

mirll{rj + p;}. For a given time value ¢, the maximum number of batches which can be

]:

o
t TBl+1

T

started in the interval [rz ,1] is [ —‘ -m. Hence, each job j must be started at the

— S;—rt +1
latest in the batch with number B(j) := [Jrfﬁ—‘ -m. Let us renumber the jobs according

to non-increasing tails, i.e. g1 > g2 > ... > gn. Then, for i < j we have B(i) < B(j), which
implies that in any feasible schedule the jobs 1,...,j should be contained in the batches
By, ... ,BE( ) together with possibly some other jobs. In the following we calculate a lower
bound z; for the number of jobs which have to be processed in the first batch. Furthermore,
in the case m = 1 we also find a subset of jobs F; which should belong to the first batch in
any feasible schedule, |F}| < z;.

For each job j we distinguish the following five cases.
1. If B(j) <0 holds, then S; < T, < 9;, i.e. we may state infeasibility.

2. If B(j)-b < j holds, then the capacity of the batches By, ..., BE(
processing the jobs 1,..., 7, i.e. also infeasibility is detected.

§) is too small for

12



3. If B(j) - b= j holds, then in each of the batches By, ... ,Bg(j) exactly b jobs have to
be started. In particular, the first batch must contain b jobs, i.e. we may set z; := b.

4. If B(j) = m holds, then in the batches Bj,..., B,, at least j jobs must be started.
Since in the batches Bs, ..., By, at most b(m —1) jobs can be started, in the first batch
at least z; := j — b(m — 1) jobs must be contained. In the special case m = 1 we know
that j must be contained in Bj, i.e. we may add j to the set F}.

5. If (B(j) —1)b < j holds, then the first B(j) — 1 batches do not have sufficient capacity
for the jobs 1,...,7. Then the smallest number of jobs in batch Bj is j mod b, which
may happen only if each of the subsequent batches Ba, ... ,B§( J) is full (i.e. contains
b jobs). Thus, we conclude that z; > j mod b.

The last three cases are not mutually exclusive. We set z; to the largest value which may
be derived from these considerations.

It remains to describe how the value z; (and additionally the set Fj in the case m = 1)
can be used to update the value rjgl. In the case m > 1 we determine the earliest time
on the production machine when z; (arbitrary) jobs can be completed. In the case m =1
we determine the earliest time on the production machine when z; jobs, among them the
jobs from the set Fj, can be completed. Both cases can be solved using the (preemptive)
SRPT-rule.

e If m > 1, we schedule at each decision point (given by a release date or the completion
time of a job) an available job with the shortest remaining processing time. The
scheduling process is stopped as soon as z; jobs are completed. The validity of this
procedure follows from Property 2 formulated in Section 2: the completion time of
the last scheduled job is a lower bound for the completion time of any non-preemptive
schedule consisting of z; jobs.

e If m = 1, we allocate first all jobs from F} starting them at their earliest starting times;
after that we proceed with the SRPT-rule adding new jobs to the partial schedule until
exactly z1 —|F}| jobs are fully allocated. Time intervals used by the jobs Fj are treated
as infeasible time intervals for z; — | Fi| jobs. Clearly, allocating compulsory jobs Fj as
early as possible leaves more flexibility for allocating the remaining jobs in comparison
with later allocation of Fi; allocating z; — |F1| jobs by the SRPT-rule ensures that
the last scheduled job is completed as early as possible, subject to forbidden intervals
used by jobs Fi.

The time complexity of test 3 applied for all jobs j = 1,2,...,n is O(nlogn): it takes
O(nlogn) time to perform pre-processing, O(1) time to check the conditions of the five
cases for each fixed j, and O(nlogn) time to apply the SRPT-rule with z; < n jobs. In our
implementation, whenever an update is done, the test is restarted from the beginning with
j=1,2,...,n.

Example 4: Consider an instance with n = 7 jobs, a single vehicle with capacity b = 2,
transportation time 7 = 20, threshold T" = 95 and the following data:
jli)2|3]4]5]6]7

r; | 8 119]22]10 {12 |3 |20

pi| 5|5 1|16 |75

qj | 47128 (2422|157 2
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Initially, we have rz = 76 + ps = 10, which implies B(1) = [%2(?—10“] = 1. Hence,

job 1 must be started in the first batch and we update rjgl to 1 + p1 = 13. After a restart
we get B(1) = [$] =1, B(2) = [23] =2, B(3) = [22] = 2. Thus, at least 3 jobs must be
contained in the first two batches. Due to the capacity b = 2 at least one job must be started
in the first batch (we already know that it is job 1). We continue with B(4) = [3] = 3,
B(5) = [33] = 3, B(6) = [53] = 3. Thus, at least 6 jobs must be contained in the first
three batches, i.e. according to the third case we must have exactly two jobs in each batch.
If we apply the SRPT-rule with the set F; = {1} and z; = 2, we get the sequence (1,4) on
the production machine. Since this sequence cannot complete before time r1 + p; +pg = 14,
we may update rp = 14.

After starting again with job 1, we get B(1) = [$5] =1, B(2) = [35] =2, B(3) = [33] = 2,
B(4)=[3]=2,B(5)=[35] =3, B(6) = [32| =3, B(7) = [53] = 3. We have the second
case: 7 jobs must be started in 3 batches, which is impossible due to b = 2. Thus, T = 95
is infeasible and 1"+ 1 = 96 is a valid lower bound value. For comparison, the constructive
lower bounds are LBy = 94, LBy = 80, and LBg = 91. O

All three tests can be used together in a destructive lower bound calculation. We are given a
threshold value T for the objective function Cthax and try to prove that no feasible schedule
with Chax < T exists. At first test 1 is applied. If it does not detect infeasibility, it may
have produced increased release dates and tails for the jobs. Afterwards, test 2 is applied
with each job j = 1,2,...,n selected as a test job. Finally, test 3 is performed for all
jobs 7 =1,2,...,n. By trying different T-values in a binary search procedure, the largest
infeasible T is calculated. Then T + 1 is the destructive lower bound value.

5 A tabu search algorithm

In this section we describe a tabu search algorithm to find heuristic solutions for prob-
lem (1|r;) — (P|p-batch,b < n,t; = 7,q;|Cihax). We decompose the problem into the
two subproblems of production and transportation. First a solution to the production
subproblem is defined as a sequence of all jobs on the production machine. Then the
resulting subproblem for the transportation stage becomes the parallel batching problem
P|p-batch,b < n, r;-, p; = p|Chax where the release dates r;- correspond to the completion
times Cf at the production stage and the processing times are equal to the delivery time 7.
An optimal solution to the latter problem can be found in O(n?log?n) time by the barrier
algorithm from Condotta et al. [7].

Thus, it is sufficient to represent a solution by a production sequence (ji,...,J,). In order
to reduce the search space we take precedence relations into account. If we know that a job
1 has to precede another job j, we only consider sequences in which 7 is placed before j. As
mentioned in Section 4, test 1 may produce precedences ¢ — j for certain pairs of jobs ¢, j.
In every iteration where a new best solution is found, we start the input and output test
based on the new upper bound T and store all precedences which can be derived by test 1.

In order to find a good production sequence, we first construct a starting solution by a
priority-based heuristic, afterwards we try to improve this solution by tabu search. To
calculate an initial production sequence we use one of the following four rules:

Rule 1: Sort the jobs according to non-decreasing release dates ;.
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Rule 2: Sort the jobs according to non-increasing tails g;.

Rule 3: At any decision point (given by a release date or the completion time of a job)
schedule an available job with the largest tail.

Rule 4: Calculate a preemptive schedule by using the SRPT-rule. Remove the preemptions
by scheduling the jobs without preemption according to increasing starting times in
the preemptive schedule.

The production schedules generated by the four rules are then complemented by optimal
transportation schedules obtained by the barrier algorithm [7]. The resulting four schedules
are used as initial solutions for the tabu search algorithm described below.

We consider the following two neighborhoods for a production sequence: in the swap-
neighborhood Njyep we interchange two jobs in the sequence, in the shift-neighborhood
Nani ft we move one job to another position. We tested different attributes for characteriz-
ing solutions to be tabu. It turned out that the following two criteria performed best:

e Ifin the swap-neighborhood Ny,qp we interchange two jobs jy, j, at the positions A <
in the sequence (j1,...,Jx;---,Jus- - Jn), We store the pair (jx, A). The corresponding
swap-operation is denoted by swapy ,. As long as the pair (jx, A) is contained in the
tabu list, we forbid all solutions in which job jy is swapped to a position v < A.

e If in the shift-neighborhood Nypifr we move the job jy from position A to another
position u, we simply store the job jx. The corresponding shift-operation is denoted
by shifty,. As long job j is contained in the tabu list, it is forbidden to shift job jy
again.

We use a first-fit strategy where at first the swap-neighborhood and then the shift-neighbor-
hood is searched for an improving solution. In our implementation, in order to reduce the
size of the neighborhood, we restrict both operators swap) , and shift, , to positions A, u
with |u — A| < d for a fixed integer d > 0. Additionally, to speed up neighbor generation,
for both operators we only consider jobs j, which are processed before a so-called “critical”
job at the production stage. Notice that the idea of re-structuring a “critical” part of a
schedule is often employed in neighbor generation for many scheduling models (e.g. the
job-shop problem).

Here, we call a job j critical if it defines the overall makespan of the schedule, i.e. if
Chax =Cj+q; =S5+ 7+,

where S; is the starting time of j at the transportation stage. If there are several jobs with
this property, we select the earliest one. It is easy to see that if B is the batch in which job
j is delivered, in a solution with a smaller Ctax-value batch B must be started earlier. We
try to achieve this by restricting the operators swapy , and shifty , to move only jobs j\
satisfying C’i < S;-. However, as discussed in appendix A, a decrease in the objective value
may also be achieved by other moves.

Example 5: Consider an instance with n = 7 jobs, m = 1 vehicle with capacity b = 2 and
delivery time 7 = 6. The job characteristics are defined as follows:
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Figure 5: Neighbor generation of a schedule

i1 2 3 4 5 6

50 1 9 12 3 6 20
pi|1 5 5 1 3 2 1
g |30 23 6 4 22 18 7

A schedule corresponding to the production sequence (1,2,6,5,4,3,7) is shown in the upper
part of Figure 5. The only critical job is job 6 since there is no other job defining the
makespan. Job 6 is delivered in batch Bj starting at time S5 = 17. The jobs j satisfying
Cf < 8% =17 (i.e., completing on the production machine before the start of Bs) are the
jobs 1,2,6,5,4. In accordance with the formulated rules for neighbor generation, one of
this jobs is selected as j) and moved elsewhere. If we swap jobs 6 and 5 in the production
sequence, we get the schedule shown in the lower part of the figure. It has the improved
objective value Cthax = 39. O

In preliminary computational experiments we tested different variants and parameters for
the tabu search algorithm. It turned out that the following settings performed quite well
on average. We run the tabu search procedure four times with different initial solutions
generated by Rules 1-4 and stop each run after 3 non-improving iterations, when a time
limit is reached or when a solution is found which is verified to be optimal by our common
lower bound. We use a tabu list of fixed length 5. The parameter d restricting the range of
the operators is set to d € {[n/2], [n/3],[n/4]|} depending on n € {50,100, 200}.
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6 Computational results

In this section we describe some computational results for the proposed methods dealing
with the production-transportation problem. We implemented all algorithms in Java and
tested them on a computer with a 2.8 GHz-processor and 2 GB main storage.

As test data, we generated random instances similarly to the experiments of Sung and Kim
[27]. We consider various combinations of the following parameters: the number of jobs
n € {50,100,200}, the number of vehicles m € {1,2,5}, the delivery time 7 € {40, 100, 500},
and the vehicle capacity b € {5,10,15}. Furthermore, the release dates r; are uniformly
distributed from an interval [1,10 -6 - n] with 8 € {0.1,0.5,1}, the processing times p; are
uniformly distributed from [1, 10] or [1,100], and the due dates d; are uniformly distributed
from [rj+p;+7, (r;+p;+7)d] with § € {1.2,1.5,1.8}. For each combination of n, 7,b, 0, § and
a processing time interval we generated 10 instances, i.e., in total we have 3-3-3-3-3-2-10 =
4860 instances. Each of these instances can be tested with m = 1,2, 5 vehicles.

At first we calculated the six individual lower bounds LB;, LBy, LB3, LBp1, LBro,
LByps and the common bound LB = max{LB, LBy, LB3, LBp1, LBys, LBps}. In order
to estimate their quality, we determine for each lower bound LB, the relative deviation
A, = % from the best lower bound and count how often LB, = LB holds. In Tables
5 to 10 in appendix B individual results for all lower bounds and all instances are reported.

In Table 2 aggregated results are shown where each row averages over 4860 instances and the
best results are written in bold. The first section corresponds to instances with small pro-
cessing times p; € [1,10] with a summary in the fourth row; the second section corresponds
to large processing times p; € [1,100], also with a summary in the fourth row. The last row
summarizes the results for all instances. For each lower bound LB, the relative deviation
A, (in percent) and the number of occurrences LB, = LB are reported. In the last column
the average and maximum computation times (in seconds) to calculate the common lower
bound can be found.

m LBl LBQ LB3 LBTl LBT2 LBT3 time
1 3.0 902 | 35.1 184 14.8 86 | 35.1 184 | 38.1 466 2.9 | 1163 1.7 4.5
2 7.1 | 1147 | 189 859 19.5 205 | 18.9 884 | 30.2 181 7.8 624 2.0 15.8
5 12.5 1062 5.0 1586 | 24.4 273 5.0 | 1675 | 17.7 636 | 13.6 328 2.4 26.7
7.5 | 3111 | 19.7 2629 19.6 564 | 19.7 2743 | 28.7 | 1283 8.1 2115 2.0
1 53.6 7 5.1 | 2105 0.5 | 1537 5.1 | 2105 | 67.8 0| 53.1 325 8.0 | 116.8
2 65.1 2 0.1 2372 0.4 | 1719 0.1 | 2373 | 70.0 0| 65.1 56 8.5 | 108.9
5 75.3 0 0.0 2429 0.3 | 1747 | 0.0 | 2430 | 69.9 0 | 75.6 0 | 10.3 | 106.8
64.7 9 1.7 | 6906 0.4 | 5003 1.7 | 6908 | 69.2 0| 64.4 381 8.9
[36.1 | 3120 | 10.7 | 9535 | 10.0 | 5567 | 10.7 | 9651 | 49.0 | 1283 | 36.4 | 2496 | 5.5 |

Table 2: Comparison of lower bounds

As it can be seen there is no clear dominance of one lower bound on all instances. Depending
on the characteristics of the instances the following conclusions can be drawn:

e [ Bj is mainly based on the transportation stage and provides better results when this
stage is dominant (i.e. for smaller processing times on the production machine and
larger 7). For instances with m = 2 and p; € [1,10] this bound is on average the best
bound. On the other hand, for instances with p; € [1,100] and m = 2,5 the bound
L Bj has very large deviations.
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e LBy and LBy are mainly based on the production stage and provide very similar (of-
ten even identical) results. While for LBy the preemptive problem 1|pmtn, 7, ¢;|Cthax
is solved, for LB7q the non-preemptive feasibility problem 1|r;, C; < d;|— is consid-
ered, sometimes leading to slightly better results. Both bounds are very suitable for
instances with a dominating production stage (i.e. large processing times p;). For
instances with p; € [1,100] they are the best bounds, also for p; € [1,10] and m =5
they perform best.

e L B3 is based on the two-stage problem (1|r;, pmtn) — (P|p-batch,b < n,t; = 7|Cpax)
and provides good results for instances where both stages have a similar impact. For
p; € [1,100] it provides better results than for p; € [1,10]. For m =1 and p; € [1, 100]
it achieves the smallest average deviation from the best known lower bound. Although
almost for every instance L B3 is dominated by another bound, on average it provides
quite good results.

e L Bpo and LBrs are mainly based on the transportation stage which is also confirmed
by the results. These two bounds provide better results for smaller processing times
and m = 1.

Due to the fact that the bounds behave very differently for different instances and the
computation times are small for most instances, it can be concluded that all bounds should
be calculated to get the best result.

In order to estimate the quality of the tabu search algorithm we compared it with the MIP
formulation (solved by CPLEX 12) described in Section 3. Both algorithms were run on
1800 instances with the same time limit (10 or 15 minutes). More specifically, we used the
following three classes of test instances:

(I) m =1,n = 50,p; € [1,10], 810 instances, 467 of them could be solved to optimality
by the MIP formulation within a time limit of 10 minutes

(I) m = 1,n = 50,p; € [1,100], 810 instances, 49 could be solved to optimality by the
MIP formulation within a time limit of 10 minutes

(IIT) m = 1,n = 100, p; € [1,100], 90 instances, none of them could be solved to optimality
by the MIP formulation within a time limit of 15 minutes

In Table 3 aggregated results are shown for these instances. In the first three columns we
show the number of instances for which the tabu search produces better, equal or worse
results compared with the MIP. In the next four columns the heuristic results of tabu search
and the MIP are compared with respect to the best known lower bounds. We report the
number of instances for which the heuristic upper bounds could be verified to be optimal
by the lower bound values and show the average relative deviations of tabu search solutions
and MIP solutions from the lower bound values: A%g = % and A]LWBIP = W
(in percent). Finally, in the last two columns the average computation times (in seconds)
can be found.

It can clearly be seen that the MIP is outperformed by the tabu search (especially for larger
instances). For all 90 instances in (III) the tabu search obtained better results than the
MIP formulation and the average relative deviation A:E]g is much smaller than A%BIP . For
the instances in (I) and (II) on average tabu search produces better solutions in a smaller
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TS< [ TS=[TS> [[UBT™ =LB [ UBMP = LB [| ATZ | APIT [ time TS [ time MIP
@O 268 519 23 456 334 0.4 1.2 269 300
(In) 751 53 6 374 49 11 5.7 387 575
(I1D) 90 0 0 0 0 2.2 53.2 900 900

Table 3: Comparison of tabu search and MIP

amount of time. Notice that for half of these instances optimal solutions with UBT® = LB
were found and the computation time was smaller than the time limit.

Afterwards we tried to solve the MIP formulation for instances with m > 1. For all instances
tested (90 instances with m = 2,n = 200,p; € [1,100]) even a feasible solution could not
be found within a time limit of 20 minutes. Thus, MIP cannot be used for these instances,
and therefore we compare the tabu search results only with lower bound values.

In Table 4 aggregated results are shown for all instances with m = 2 and m = 5. For
m = 2 each row summarizes the results of 810 instances, for m = 5 each row corresponds
to 3 - 810 = 2430 instances. The tabu search procedure was executed with a time limit
of 15 minutes. We report the number of instances for which the heuristic upper bounds
(best initial upper bound value UB° and tabu search value UB”*) could be verified to be
optimal by the lower bound values and present the average relative deviations from the
lower bounds: A[L]go = UBzigLB and AT = % (in percent). In the next column
we show how often the tabu search improves UB°. Finally, in the last column the average
computation times (in seconds) can be found. Notice that the latter values are less than the
time limit of 15 minutes since in 25%-97% of cases provable optimal solutions were obtained
before that time.

UB°=LB | UBTS = LB || AVB" [ ATS [ UBTS <UB® | time
m=2,[1,10],n = 50 198 204 || 1.29 | 0.01 203 || 564
m = 2,[1,10],n = 100 177 248 || 0.79 | 0.59 289 || 618
m =2,[1,10],n = 200 156 205 || 0.47 | 0.40 261 || 675
m = 2,[1,100], n = 50 565 573 || 0.59 | 0.46 64 | 264
m = 2,[1,100],n = 100 570 580 || 042 | 0.29 68 || 261
m = 2,[1,100], n = 200 547 550 || 0.25 | 0.20 54 || 313
m =5, 1,10] 1214 1430 || 0.66 | 055 639 || 374
m = 5,[1,100] 2357 2359 || 001 | 0.01 3] 4

Table 4: Comparison of tabu search results with lower bounds

The computational results show that the average relative deviations between lower and upper
bounds are quite small, i.e. both, the lower bound algorithm and the tabu search procedure
provide good results in a relatively small amount of time. It turns out that the instances
with m = 5 become easier to solve. This observation is in agreement with a statement by
Gupta and Tunc [10] who studied a related flow-shop problem with parallel machines at
the second stage and noticed that “the availability of a large number of machines at second
stage increases the chances of obtaining a minimum makespan schedule”.

7 Concluding remarks

In this paper we studied a combined production-transportation problem where the pro-
duction stage consists of a single machine and the transportation stage consists of vehicles
with limited capacity. This NP-hard problem appears to be computationally challenging, as
shown in our experiments with the MIP formulation presented in Section 3. Therefore, in
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our study we focus mainly on heuristic algorithms and on special techniques for improving
their performance.

In our algorithms we essentially make use of our earlier result [7] which allows us to construct
efficiently an optimal solution to the transportation subproblem based on a given solution
to the production subproblem. The implications of this result are twofold:

e our approach ensures that production and transportation schedules are coordinated
in the best possible way;

e based on [7], we introduce a compact representation of solutions enumerated by tabu
search limiting the search space to production sequences only.

The neighbor generation strategy for the production-transportation is not a trivial task. As
we show in the appendix, a decrease in the objective function may be achieved not only
by removing the jobs from the part of the production sequence preceding the critical job,
but also by re-allocated jobs from the later part of the production sequence moving them
in front of the critical job. To the best of our knowledge, this phenomenon has not been
observed in the past for traditional scheduling problems.

In addition to tabu search, we develop several algorithms for lower bound calculation. While
the primary goal is to perform a more accurate evaluation of tabu search, a systematic
study of lower bounds leads to further advancements in the tabu search design. Some of
our procedures for lower bound calculation provide additional information for tabu search
making it possible to fix precedence relations in an optimal way and to speed up the search.
We strongly believe that the computational effort spent on lower bound calculation should
bring a pay off for other solution methods as well. In particular, our study of lower bounds
will be most useful in the design of branch-and-bound algorithms.

Our computational results show that the average relative deviations between lower and
upper bounds are quite small, i.e. both, the lower bound algorithm and the tabu search
procedure provide good results in a relatively small amount of time. For the tested instances
with m = 1 the gap is 1.2% on average, for all instances with m = 2 it is 0.48 % and for
instances with m = 5 (which appear to be easier to solve) it is only 0.28%.

The outcomes of our study may be useful for addressing more general models. For example,
the production stage may have parallel machines rather than a single machine, as assumed in
our study. A more complicated supply chain model may include an additional transportation
stage before production (transportation from a supplier) followed by another transportation
stage (transportation to customers).

APPENDIX A

Example 6: Consider an instance with n = 6 jobs and one vehicle with capacity b = 2 and
delivery time 7 = 6. The job characteristics are defined as follows:

i1 2 3 4 5 6
;| 0 1 2 8 10
pi| 1 42 2 1
g |13 7 2 8 1

1
1
1

For the production sequence (1,2,3,4,5,6) the optimal transportation sequence found by
the barrier algorithm is ({1, 2}, {3,4}, {5,6}) resulting in Cihax = 25. In this solution (cf. the
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Figure 6: Moving a job processed in the production sequence after a critical job

upper schedule in Figure 6), job 4 determines the objective value and is the only critical job
according to our definition from Section 5. A critical path (in the common sense) consists
of the sequence (1,2) on MP, the batches {1,2},{3,4} on M! and the tail of job 4.

Typically, restructuring the schedule after a critical job or moving new jobs in front of
a critical job cannot reduce the completion time of the critical job. Contrary to other
scheduling problems, this property does not hold for our problem. If we move job 6
scheduled after the critical job 4 to the second position, we get the production sequence
(1,6,2,3,4,5). The corresponding optimal transportation sequence found by the barrier
algorithm is ({1,6},{2,4},{3,5}) resulting in a smaller objective value of Chax = 24 (cf.
the lower schedule in Figure 6).

This example shows that unlike the classical job-shop problem, moving new jobs in front of
a critical job can reduce the completion time of the critical job. There are other examples
which show that changing the order of jobs not belonging to a critical path may also decrease
the makespan value. O

APPENDIX B

In Tables 5 to 10 the individual results for all lower bounds are summarized. In each row we
have fixed values n, 7, and b, we varied 6 and 9, i.e. always the average over 90 = 10-3 - 3
instances is taken. For each lower bound LB, the relative deviation A, = % (in
percent) and the number of occurences LB, = LB (from 90) are reported. Additionally, we
state the deviation Aggo = UBZ% (in percent) from the best upper bound UB° of the

four initial heuristic solutions.
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n | b ] AUZ LB, LB, LBy LB, LBrs LBrs
50 | 40 5 0.81 | 0.6 ] 40 | 15.2 0194 0152 0221 [ 17| 07 50
50 | 40 [ 10 190 | 89| 18| 24| 30 [ 272 [ 17| 24| 30 [11.7 | 54 | 75 13
50 | 40 [ 15 161 | 145 | 14 | 23| 30 | 283 [ 19 | 23 | 30 [ 122 | 53 | 13.6 1
50 [ 100 [ 5 042 | 0.3 [ 38 [ 494 0] 68] 0]493 0 | 47.1 0] 06 54
50 | 100 [ 10 1.66 | 1.1 | 36 | 222 0191 ] 0221 0187 [ 11] 07 54
50 | 100 [ 15 122 [ 14| 29 ] 126 0|277] 0126 0] 91 ] 33] 08 54
50 [ 500 [ 5 0.11 | 0.1 | 35 786 0] 1.9] 0] 786 0] 734 0] 01 58
50 | 500 | 10 039 | 02| 43 60.0 0] 63 ] 0]60.0 0 [ 503 0] 05 49
50 | 500 [ 15 056 | 0.4 [ 41 [ 497 0] 67 ] 0]497 0 [ 377 0] 038 53
100 [ 40 [ 5 040 [ 03] 39 [ 153 0[184 ] 0]153 0] 257 9] 03 50
100 | 40 [ 10 1.04 [ 92 ] 23 [ 13 30289 |14 [ 13| 30 [ 158 ] 52| 89 2
100 | 40 [ 15 1.03 [ 159 | 19 [ 12 31 [ 277 [16 [ 12| 31 [ 157 [ 53| 152 11
100 | 100 | 5 0.19 | 0.1 [ 36 [ 529 0] 48] 0]529 0 | 54.4 0] 03 55
100 | 100 | 10 0.89 | 0.6 | 39 [ 239 0161 ] 0239 0]273] 10] 05 55
100 | 100 | 15 123 ] 09| 42 ] 102 0]260] 0]102 0154 ] 18] 05 48
100 [ 500 [ 5 0.05 | 0.0 ] 35| 8438 0] 1.2 ] 08438 0] 814 0] 0.1 55
100 | 500 | 10 021 ] 0.1 ] 36 708 0] 38| 0] 708 0 [ 64.0 0] 03 56
100 | 500 | 15 034 | 02| 38595 0] 60 0595 0 [ 502 0] 05 51
200 [ 40 5 018 ] 02 32161 2186 ] 0] 16.1 2281 ] 15 01 55
200 [ 40 [ 10 070 | 89 [ 25 06| 31 [ 283 |10 06| 31 [176 | 55| 86 7
200 [ 40 [ 15 066 | 162 | 18 [ 0.6 | 30 [ 285 |10 | 0.6 | 30 [ 17.7 [ 58 | 16.0 7
200 [ 100 | 5 0.10 | 0.1 | 35 [ 543 0] 39 0]543 0579 0] 02 57
200 [ 100 | 10 046 | 0.3 | 36 [ 24.8 0] 143 ] 02438 0] 318 9] 02 53
200 [ 100 | 15 057 | 05 ] 36| 94 0]245] 0] 94 0197 ] 19] 03 54
200 | 500 | 5 0.03 | 0.0 | 36| 87.8 0] 08 01878 0865 0] 00 56
200 | 500 | 10 011 | 01| 41 | 762 0] 24| 0762 0] 738 0] 01 51
200 | 500 | 15 019 | 0.1 ] 42662 0] 29 01662 0] 6238 0] 03 48
[ 063 ] 30902351184 [ 148 [ 86 [ 351 [ 184 [ 38.1 [ 466 | 2.9 [ 1163 |
Table 5: Lower bounds for m =1, p; € [1, 10]
n T b AggO LBy LBy LBs LB LBrps LBrs
50 | 40 [ 5 1.04 [ 94 38 | 02] 67 259[ 20 027 69173 ] 15 | 10.3 1
50 | 40 [ 10 1.03 [ 17.2 38 ] 02 69257 [ 17 ] 02 70 [ 168 | 18 | 184 0
50 | 40 [ 15 0.92 | 19.3 37 | 01 ] 66268 [ 19 01 ] 69173 | 16 | 21.2 2
50 [ 100 [ 5 1.63 [ 04 47 1189 4 ]16.6 2 [ 188 4] 278 4] 12] 43
50 | 100 [ 10 258 | 2.7 59 | 21 [ 28[265 | 12| 21| 28] 144 2| 48 7
50 | 100 | 15 227 | 8.9 55 | 1.7 ] 38 [267 | 14| 16| 38| 14.0 3| 11.6 0
50 | 500 | & 030 [ 0.1 38 | 59.3 0] 51 0593 0 [ 60.0 0] 02 54
50 | 500 | 10 062 | 03 44 | 36.9 0] 95 0 | 368 0[3738 0] 06 46
50 | 500 | 15 130 | 0.6 49 | 20.2 0 [ 181 0] 202 0 [ 214 0] 20 41
100] 40 5 061 [ 9.7 38 [ 01 ] 73[273[ 12 01 ] 74[ 186 20 [ 10.1 0
100 | 40 | 10 0.55 | 19.4 37 | 01 64 281 [ 14| 01 [ 67 [ 186 | 13 | 19.7 2
100 | 40 [ 15 0.56 | 21.8 36 | 01 66269 [ 16 01 | 71 [ 184 | 15 | 226 0
100 | 100 | 5 072 | 0.2 43 | 22.3 3 | 14.5 1] 223 3] 321 3] 07 ] 49
100 | 100 | 10 180 | 41 56 | 0.9 | 37 [270 | 13| 09 | 37| 1638 3] 5.0 1
100 | 100 | 15 1.55 | 10.1 53 | 09| 39 [273 ] 12| 09 | 39| 166 2 [ 117 0
100 | 500 | 5 0.14 [ 0.1 36 | 70.8 0] 34 0] 708 0] 720 0] 02 54
100 | 500 | 10 0.66 | 0.2 38 | 46.7 0] 87 0 | 46.7 0] 49.1 0] 05 54
100 | 500 | 15 058 | 0.3 40 | 33.6 0] 10.1 0] 336 0]365 0] 07 ] 52
200 [ 40 [ 5 033 [ 9.3 31 ] 00 72280 [ 13] 00] 78[194] 17 ] 96 2
200 | 40 [ 10 0.36 | 19.8 36 | 00 74 |279] 10] 0.0 77 [19.0 | 22200 1
200 | 40 [ 15 0.35 | 22.9 38 ] 00| 74282 10| 0.0 | 75| 191 | 22 | 234 1
200 | 100 [ 5 033 [ 0.1 41 | 236 2 [ 136 0] 236 2 [ 342 2| 03] 51
200 | 100 [ 10 1.08 | 34 51 | 04 | 40 [ 280 | 11 | 04 | 40 | 183 1] 38 3
200 | 100 | 15 0.89 | 116 50 | 0.4 | 43 ] 283 9 04| 43181 3123 0
200 | 500 [ 5 0.07 | 0.0 37 [ 761 0] 22 0] 76.1 0] 779 0] 01 55
200 | 500 [ 10 0.31 | 0.1 40 | 55.4 0] 6.0 0] 554 0 [ 58.9 0] 03] 52
200 | 500 [ 15 051 | 0.2 41 ]39.2 0] 89 0] 39.2 0] 443 0] 05 50
[ 085 ] 7.1 1147 [ 18.9 [ 859 | 19.5 [ 205 [ 18.9 [ 884 [ 30.2 | 181 | 7.8 | 624 |

Table 6: Lower bounds for m = 2, p; € [1,10]
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n | b ] AU LB LB, LB; LB, LBrs LBrs
50 | 40 [ 5 0.09 [ 19.8 26 | 0.0 84 [ 258 ] 20 | 00 90 [ 171 ] 28 [ 212 3
50 | 40 [ 10 0.07 [ 202 29 | 00 85 | 256 | 17 | 0.0 90 | 16.7 | 32 [ 218 0
50 | 40 [ 15 0.06 | 20.8 25 | 0.0 83 [ 268 | 19 [ 00 90 [ 172 | 27 [ 225 2
50 [ 100 [ 5 0.46 | 10.2 42 [ 0.0 82 [ 256 [ 15[ 0.0 86 | 128 | 38 [ 11.5 2
50 [ 100 [ 10 0.37 [ 14.0 38| 0.0 79 [ 254 [ 13 ] 0.0 86 | 12.5 | 34 [ 155 3
50 | 100 | 15 0.39 | 14.2 41 [ 0.0 84 [ 25.7 [ 14 ] 0.0 87 | 123 | 37 [ 16.9 4
50 [ 500 [ 5 128 | 0.3 51 [ 19.0 0153 6 [ 19.0 0]205 0[] 13 36
50 | 500 | 10 1.59 [ 21 53 | 1.4 30 | 25.7 5] 14 32| 33| 15[ 38 22
50 | 500 | 15 1.02 [ 1.8 69 | 1.0 44 | 258 6] 1.0 45 | 27 ] 25| 54 1
100 [ 40 [ 5 0.04 [ 21.8 30 [ 0.0 88 [273 ] 12 [ 00 90 [ 18.6 | 33 [ 223 2
100 | 40 | 10 0.05 | 22.7 29 | 0.0 83 [ 281 [ 14 ] 0.0 90 | 185 | 29 [ 23.6 2
100 | 40 [ 15 0.06 | 22.9 29 | 0.0 81 [ 269 [ 16 [ 0.0 90 | 18.4 | 29 [ 23.9 1
100 | 100 | 5 029 | 9.2 44 ] 00 80 [ 26.8 [ 10 [ 0.0 83 | 15.8 | 37 [ 10.0 1
100 | 100 | 10 0.24 | 17.5 39 | 0.0 84 [ 266 [ 13 ] 0.0 85 | 15.9 | 36 | 18.5 2
100 | 100 | 15 0.30 | 18.3 41 [ 0.0 81 [ 268 [ 12 [ 0.0 85 | 15.8 | 36 | 19.9 0
100 | 500 | 5 081 | 0.1 40 | 36.5 0] 10.3 1]365 0]395 0[ 04 50
100 | 500 | 10 323 | 0.5 51 | 7.6 1[213] 10| 76 1] 129 1] 17] 30
100 [ 500 | 15 1.96 | 04 54 | 40 4] 254 1] 40 4] 93 3] 20 35
200 [ 40 5 0.03 | 22.4 26 | 0.0 83 [ 280 [ 13] 0.0 90 [ 19.3 [ 27 [ 22.7 1
200 | 40 [ 10 0.03 | 23.6 27 | 0.0 84 [ 279 10 ] 0.0 90 [ 19.0 | 29 | 24.1 2
200 | 40 [ 15 0.04 | 23.8 31| 0.0 87 [ 282 [ 10 ] 0.0 90 | 19.1 | 33 [ 24.3 3
200 | 100 [ 5 0.19 | 9.4 34| 0.0 84 [ 275 9] 00 89 [ 179 | 33 [ 98 2
200 | 100 [ 10 0.15 | 19.0 33| 0.0 81 [ 278 [ 11 [ 0.0 87 | 178 | 31 [ 19.3 0
200 | 100 | 15 0.17 | 21.2 41 [ 0.0 84 | 28.1 9] 00 85 | 17.7 | 36 | 22.1 1
200 | 500 | 5 038 [ 0.1 38 | 45.9 0] 76 0459 0 [ 503 0] 01 ] 52
200 | 500 | 10 185 | 0.3 45 | 15.7 3179 4157 3| 237 3 o7 43
200 | 500 | 15 274 | 03 56 | 3.2 7 [ 250 3] 32 7 [ 140 4] 147 28
[ 066 [ 125 [ 1062 [ 5.0 [ 1586 | 24.4 [ 273 [ 5.0 [ 1675 [ 17.7 | 636 | 13.6 | 328 |
Table 7: Lower bounds for m =5, p; € [1, 10]
n T b Aggo LBy LB» LBs LB LBrs LBrps
50 | 40 [ 5 0.0L [ 757 ] 0] 00 90 [ 0.2 77 0.0 90 [ 69.7 ] 0 | 75.9 0
50 | 40 [ 10 0.04 [ 783 [0 ] 00 90 [ 0.3 71 00 90 [ 694 | 0 | 785 0
50 | 40 [ 15 0.02 [ 795 [0 ] 00 90 [ 0.2 76 [ 0.0 90 [ 70.3 | 0 | 79.8 0
50 [ 100 | 5 0.45 [ 55.7 [0 | 0.0 90 [ 0.3 71 [ 00 90 | 65.3 | 0 | 55.0 0
50 | 100 | 10 052 [ 71.0 [0 [ 00 90 [ 0.2 77 [ 00 90 | 65.6 | 0 | 70.3 0
50 | 100 | 15 055 [ 732 [ 0] 00 90 [ 0.2 78 [ 0.0 90 | 652 | 0 | 72.9 0
50 | 500 [ 5 150 | 0.6 [ 4] 412 021 0412 0[648 0| 0.0 90
50 | 500 | 10 556 | 89 [0 [ 04 79 [ 09 63 | 04 79 [401 [0 61 11
50 | 500 | 15 494 [ 265 [ 0] 00 90 | 04 68 | 0.0 90 [ 394 [ 0| 237 0
100 40 5 0.02 [ 777 J0] 00 90 [ 0.3 66 [ 0.0 90 [ 733 [0 [ 777 0
100 | 40 | 10 0.01 | 80.8 [0 ]| 0.0 90 [ 0.1 72 [ 0.0 90 [ 731 | 0 | 80.9 0
100 | 40 | 15 0.02 | 815 [ 0] 00 90 [ 0.3 64 | 0.0 90 [ 731 | 0 | 81.6 0
100 | 100 | 5 028 [ 575 [0 ] 00 90 | 04 60 | 0.0 90 | 708 | 0 | 75.2 0
100 | 100 | 10 023 [ 737 [0 ] 00 90 | 0.1 72 [ 0.0 90 [ 70.9 [ 0 | 735 0
100 [ 100 | 15 0.30 [ 770 [0 | 00 90 [ 0.3 69 | 0.0 90 [ 708 | 0 | 76.8 0
100 | 500 | 5 078 | 03[ 1] 4538 012 0 [ 4538 0[762 0] 00 90
100 | 500 | 10 320 | 57[0] 08 67 | 1.0 471 0.8 67 [ 572 [ 0] 43 ] 23
100 | 500 | 15 2.80 [ 314 [0 ] 0.0 90 | 0.4 62 | 0.0 90 [ 57.0 | 0 | 29.6 0
200 [ 40 5 0.0L [ 785 0] 00 90 [ 04 60 [ 0.0 90 [ 749 [0 ] 785 0
200 | 40 [ 10 001 | 820][0] 00 90 [ 0.3 61 | 0.0 90 | 749 | 0 | 82.0 0
200 | 40 [ 15 0.02 [ 827 [0 | 00 90 [ 05 57 | 0.0 90 [ 747 [ 0 | 827 0
200 | 100 [ 5 0.16 [ 585 [0 | 0.0 90 [ 0.3 53 | 0.0 90 | 73.6 | 0 | 584 0
200 | 100 | 10 0.15 [ 750 [0 | 00 90 [ 0.3 53 | 0.0 90 | 734 | 0 | 748 0
200 | 100 | 15 0.14 [ 788 [0 | 00 90 [ 0.3 61 | 0.0 90 | 735 | 0 | 788 0
200 [ 500 [ 5 042 ] 0.1 [2]476 007 0] 476 0]822[0] 00] 9
200 | 500 [ 10 192 38 [0 05 69 | 0.7 421 05 69 [ 665 [ 0] 31| 21
200 [ 500 [ 15 1.66 | 3.4 [ 0| 0.0 90 [ 0.4 57 | 0.0 90 | 66.2 | 0 | 30.6 0
[ 096 [536 [ 7] 51 [ 2105 05 [ 1537 | 5.1 | 2105 [ 67.8 | 0 | 53.1 | 325 |

Table 8: Lower bounds for m =1, p; € [1,100]
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n ] o[ AVB" ] LB LB, LB; LB, LBy LBrs
50 | 40 | 5 0.00 | 79.0 [ 0 | 0.0 90 | 0.2 77 | 0.0 90 | 7120|795 0
50 | 40 | 10 0.00 | 79.3 [ 0 | 0.0 90 | 0.3 71 [ 0.0 90 | 709 [0 | 799 | 0
50 | 40 | 15 0.00 | 80.1 | 0 | 0.0 90 | 0.2 76 | 0.0 90 | 71.9 [ 0| 80.7 | 0
50 | 100 [ 5 001 [ 71.6 [ 0 [ 0.0 90 [ 0.3 71 [ 0.0 90 [69.1]0[718] 0
50 | 100 [ 10 004 [ 75.9 [0 ][00 90 [ 0.2 77 [ 0.0 90 [ 694 0[769] 0
50 | 100 [ 15 0.02 [ 76.1 [0 [ 00 90 [ 0.2 78 [ 0.0 90 [69.1]0[ 771 ] 0
50 | 500 [ 5 302 102105 79 [ 0.8 62 | 05 80 [ 564 [0 92 9
50 | 500 [ 10 1.18 | 416 | 0 | 0.0 90 [ 0.5 67 | 0.0 90 [ 56.2 [ 0] 408 | 0
50 | 500 [ 15 1.18 | 527 | 0 | 0.0 90 | 0.4 68 | 0.0 90 [ 56.0 [0 [ 519 ] 0
100 | 40 | 5 0.00 [ 8.2 [ 0 | 0.0 90 | 0.3 66 | 0.0 90 [ 741 0] 814 0
100 [ 40 | 10 0.00 [ 821 [0 [ 00 90 [ 0.1 72 [ 0.0 90 [ 738 [0 [824] 0
100 [ 40 | 15 0.00 [ 821 [0 ][00 90 [ 0.3 64 | 0.0 90 [ 7390 [825] 0
100 [ 100 | 5 001 [ 7410 ]00 90 | 0.4 60 | 0.0 90 [ 728 [0 [ 743 ] 0
100 | 100 | 10 001 [ 791 [0 ]00 90 [ 0.1 72 1 0.0 90 [ 728 [0 [ 794 ] 0
100 | 100 | 15 001 [ 79.7 [0 [ 00 90 | 0.3 69 | 0.0 90 [ 7270 [802] 0
100 [ 500 | 5 227 [ 56 [0]08 70 [ 0.9 49 [ 0.8 70 [ 654 [0 ] 5.0 [ 21
100 | 500 | 10 0.80 | 47.7 [ 0 [ 0.0 90 | 0.4 60 | 0.0 90 [ 65.7 [ 0] 464 | 0
100 | 500 | 15 0.73 | 58.1 | 0 | 0.0 90 | 0.4 62 | 0.0 90 | 659 [0 | 575 | 0
200 40 5 0.00 [ 8210700 90 [ 0.4 60 [ 0.0 90 [752]0[822] 0
200 | 40 [ 10 0.00 [ 833 [0 [ 00 90 [ 0.3 61 | 0.0 90 [ 753 ] 0[834] 0
200 | 40 [ 15 0.00 [ 834 [0 [00 90 [ 0.5 57 [ 0.0 90 [ 751 ] 0[836 ] 0
200 | 100 [ 5 0.01 [ 755 [0 ][00 90 | 0.3 53 | 0.0 90 [ 746 [0 [ 756 | 0
200 | 100 [ 10 0.01 [ 80.5 [ 0 [ 0.0 90 [ 0.3 53 | 0.0 90 [ 743 [0 [ 807 0
200 | 100 | 15 0.01 [ 81.6 [ 0 | 0.0 90 | 0.3 61 | 0.0 90 [ 745 [ 0] 818 0
200 | 500 | 5 133 33108 63 | 0.7 45 | 0.8 63 | 709 [ 0| 31| 26
200 | 500 | 10 0.45 | 488 [ 0 | 0.0 90 | 0.4 51 | 0.0 90 | 71.0 [0 | 482 | 0
200 | 500 | 15 0.44 | 622 [ 0 | 0.0 90 | 0.4 57 | 0.0 90 | 709 [0 | 61.7 | 0
[ 043651 [2]01]2372 041719 [ 0.1 [2373 [ 700 [ 0 [ 65.1 [ 56 |
Table 9: Lower bounds for m = 2, p; € [1,100]
n T b AggO LB, LBy LBs LB LBrs LBrps
50 | 40 [ 5 0.00 [ 79.7 T 0 [ 00 90 | 0.2 77 1 0.0 90 [ 71.2 0.0 [ 8020
50 | 40 [ 10 0.00 [ 794 [0 ]00 90 | 0.3 71 1 0.0 90 [ 709 [ 0.0 [ 799 [ O
50 | 40 [ 15 0.00 [ 80.3 [ 0 [ 0.0 90 [ 0.2 76 | 0.0 90 [ 71.9 0.0 [80.7 [ O
50 | 100 [ 5 0.00 [ 76.7 [ 0 [ 0.0 90 | 0.3 71 1 0.0 90 [ 69.1 00 [ 774 [0
50 | 100 | 10 0.00 [ 77.3 [0 ][00 90 | 0.2 77 1 0.0 90 [ 69.4 [ 0.0 [ 782 [ 0
50 | 100 | 15 0.00 | 76.9 [ 0 [ 0.0 90 | 0.2 78 | 0.0 90 | 69.1 | 0.0 [ 77.6 [ O
50 | 500 | 5 0.02 | 53.6 | 0 | 0.0 89 | 0.4 68 | 0.0 90 | 56.1 | 0.0 | 53.2 | O
50 | 500 | 10 0.02 | 60.8 | 0 | 0.0 90 | 0.5 67 | 0.0 90 | 56.2 | 0.0 | 60.9 | O
50 | 500 | 15 0.02 [ 60.6 | 0 | 0.0 90 | 0.4 68 | 0.0 90 | 56.0 | 0.0 | 62.5 | O
100 [ 40 5 0.00 [ 8240700 90 [ 0.3 66 [ 0.0 90 [ 741 ]0.0[82.7]0
100 [ 40 | 10 0.00 [ 823 [0 [ 0.0 90 [ 0.1 72 1 0.0 90 [ 73.8 1 0.0 [ 825 [0
100 | 40 | 15 0.00 [ 822 [0 [ 00 90 | 0.3 64 | 0.0 90 [ 739 0.0 [ 825 [0
100 | 100 | 5 0.00 | 79.9 [ 0 [ 0.0 90 | 0.4 60 | 0.0 90 | 72.8 1 0.0 [ 80.2 [ O
100 | 100 | 10 0.00 | 80.9 | 0 | 0.0 90 | 0.1 72 [ 0.0 90 | 72.8 | 0.0 | 8.3 | O
100 | 100 | 15 0.00 | 80.7 | 0 | 0.0 90 | 0.3 69 | 0.0 90 | 727 | 0.0 | 81.1 | O
100 | 500 | 5 0.03 | 56.0 | 0 | 0.0 90 | 0.4 57 | 0.0 90 | 65.0 | 0.0 | 55.7 | O
100 | 500 | 10 0.02 | 69.2 [0 0.0 90 | 04 60 | 0.0 90 [ 65.7 0.0 [693 [0
100 | 500 | 15 0.02 [ 70.3 [0 [ 00 90 | 04 62 [ 0.0 90 [ 65.9 00 [ 712 [0
200 40 5 0.00 [ 8340700 90 [ 0.4 60 [ 0.0 90 [ 752 0.0 [ 836 [ O
200 | 40 | 10 0.00 | 83.6 [ 0 [ 0.0 90 | 0.3 61 | 0.0 90 | 75.3 ] 0.0 [ 83.7 [ O
200 | 40 | 15 0.00 | 835 | 0 | 0.0 90 | 0.5 57 | 0.0 90 | 75.1 | 0.0 | 83.6 | O
200 | 100 | 5 0.00 | 81.5 | 0 | 0.0 90 | 0.3 53 | 0.0 90 | 74.6 | 0.0 | 81.7 | O
200 | 100 | 10 0.00 | 824 | 0 | 0.0 90 | 0.3 53 | 0.0 90 | 74.3 ] 0.0 | 82.6 | O
200 | 100 | 15 0.00 | 82.7 [ 0 | 0.0 90 | 0.3 61 | 0.0 90 | 745 | 0.0 | 82.9 | O
200 | 500 [ 5 0.01 [ 574 [ 0] 00 90 | 04 59 [ 0.0 90 [ 70.6 [ 0.0 [ 57.3 [ 0
200 | 500 [ 10 002 [ 729 [0 [ 00 90 | 04 51 [ 0.0 90 [ 71.0 [ 00 [ 729 [ O
200 | 500 [ 15 001 [ 75.7 [0 ]00 90 | 0.4 57 [ 0.0 90 [ 709 [ 0.0 [ 76.1 [ O
[ 001 [ 753 [ 0]0.0 2429 [ 03] 1747 [ 0.0 [ 2430 [ 699 ] 0 [ 756 [ 0
Table 10: Lower bounds for m =5, p; € [1,100]
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