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In this article, we describe a general methodology for operations scheduling in dis-
pensing and counting departments of pharmaceutical manufacturing plants. The
departments are modeled as a multiobjective parallel machines scheduling problem
under a number of both standard and realistic constraints, such as release times, due
dates and deadlines, particular sequence-dependent setup times, machine unavailabil-
ities, and maximum campaign size. Main characteristics of the methodology are the
modularity of the solution algorithms, the adaptability to different objectives and con-
straints to fulfill production requirements, the easiness of implementation, and the abil-
ity of incorporating human experience in the scheduling algorithms. Computational
experience carried out on two case studies from a real pharmaceutical plant shows
the effectiveness of this approach. © 2009 American Institute of Chemical Engineers AIChE J,
55:1161-1170, 2009
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Introduction

The pharmaceutical production systems are called to
improve their production planning and scheduling methods
to strive for better utilization of resources and reduction of
the response time. In fact, declining windows of product
exclusivity, competition from generics, and new market
entrants from third world countries are increasing the com-
petitive pressure on pharmaceutical companies.'? Pharma-
ceutical producers need to increase flexibility, and, at the
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same time, to obtain a noticeable reduction of production
costs preserving the quality of products and processes.

Maintaining high growth rates requires to increase the
number of new products or the internal efficiency of the
organizations. In fact, there are great margins for cost reduc-
tion in facing time-to-market opportunity costs, research and
development inefficiencies, under-developed processes for
matching supply with demand, poor manufacturing cycle
efficiency, and discontinuous workflows. "

In this article, we focus on one of such issues, namely the
optimization methods for production scheduling. Common
features of the production processes are the small size of the
lots, strict requirements on product quality and timing deliv-
ery, and the large variety of constraints arising from the
shop-floor characteristics or from various technological
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issues. Moreover, the quality of a schedule may involve sev-
eral indices, such as the use of shop-floor resources, produc-
tion costs in terms of personnel and energy consumption, the
attainment of production targets, and so on.

Because of the inherent complexity and variety of pharma-
ceutical scheduling problems, a large extent of scheduling
and related issues are still carried out by human schedulers,
who are able to develop feasible schedules based on their
past experience and intuition. Developing and implementing
effective computerized systems for addressing such opera-
tional problems require, therefore, focusing on a number of
aspects that are rarely taken into account jointly in the
scheduling theory. Among others, we recall the need for
general solution algorithms, able to deal with different objec-
tives and constraints to fulfill production requirements, and
automated scheduling systems able to easily embed observa-
tions and suggestions arising from the scheduling practice.

In pharmaceutical manufacturing, the production strongly
depends on the customer demands in terms of products,
quantities, and delivery times. In this context, the automation
of scheduling activities in noncritical areas allows the man-
agement to focalize first on critical areas then propagate sol-
utions and constraints to other areas of the plant. Thus it
allows to enlightening promptly possible infeasibilities under
on overall view of the plant, as noncritical areas often serve
different departments or lines. This contributes to a plant-
wide increase of scheduling responsiveness.

In this article, we move in this direction and focus on a
general methodology to address scheduling problems arising
in noncritical areas of pharmaceutical production systems.
Namely, we apply the method for scheduling the production
in a parallel machine environment, including lot production
with setups, due dates, deadlines, and other realistic con-
straints. Moreover, we report on two case studies detailing
the implementation of the proposed methodology in a real
industrial context. The rationale is developing algorithms
easily adaptable to deal with different constraints and objec-
tives, and suitable for incorporating human experience in the
computerized logic. Such methods are not necessarily based
on strong mathematical properties of the particular problem
to solve. Rather, the search process is guided by several heu-
ristic procedures, called pilot heuristics, so that it is possible
to include new procedures suggested by human experience
and/or to modify the behavior of the system by adding,
removing or modifying the pilot heuristics. At this aim we
apply a metaheuristic strategy known as rollout method* or
pilot method.”® These methodologies for the approximate
solution of discrete optimization problems have been inde-
pendently developed by Duin and Vof>° and Bertsekas et
al.* The main idea of a rollout algorithm is to include one or
more pilot heuristics in a larger framework with the purpose
of improving their performance. We also consider general
local search techniques for improving the quality of the
schedules, and we focus in particular on variable neighbor-
hood descent techniques.”®

The article is organized as follows. The next section intro-
duces the main issues of pharmaceutical manufacturing sys-
tems. In the Section “Problem description” the case studies
are illustrated in detail, and in the Section “Solution meth-
ods” the proposed algorithmic approaches are described,
while the related results are reported and discussed in the
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successive Section “Computational results”. Finally, conclu-
sions are drawn in the last section of the article.

Pharmaceutical Manufacturing Systems

The pharmaceutical industrial production mainly consists
of at least two manufacturing stages: primary and secondary
manufacturing.3’9 The former is dedicated to the production
of active ingredients and other basic components and pro-
duction is typically a push process (driven by forecast
demand) organized in long campaigns to reduce the impact
of long cleaning and setup times that are necessary to ensure
quality and to avoid cross-contamination. Primary manufac-
turing is therefore not very sensitive to short-term fluctua-
tions of the customers demand, and the main issue is a
careful lot sizing to avoid shortages of active ingredients in
successive production steps.”” Secondary manufacturing pro-
duction is usually a pull process, driven by wholesalers’
orders, in which active ingredients and other components are
dispensed, processed and packed to compose the final prod-
ucts.

In this article, we focus on secondary manufacturing sys-
tems only, which consist of a set of multi-purpose produc-
tion facilities that produce a variety of intermediate and fin-
ished products through multi-stage production processes.
Facilities are linked by supplier-customer relations, and each
of them may interact with other external (e.g. suppliers) or
internal (e.g. warehouses) entities. The production processes
are commonly devoted to produce solid, liquid, aerosol or
powdered items according to a family of similar recipes.’
They are typically organized with three or four main depart-
ments (Figure 1). These departments, to a certain extent, can
operate independently from each other because intermediate
products can be stored in sealed bins.

The preliminary activities of materials preparation are per-
formed in the dispensing department.” These operations
attain to weighing, dosage and preparation of each ingredient
in a recipe and represent one of the most important steps in

Primary Manufacturing

Secondary
Manufacturing Dispensing
Manufacturing
Packaging l
materials *» Counting —® Packaging

L

Market

Figure 1. The main production phases in the secondary
pharmaceutical manufacturing.
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the pharmaceutical process. All recipes must be strictly
observed and only approved materials can be used in the
operation.

Weighing materials is a time consuming operation requiring
workers to pay particular attention for: containment and sepa-
ration of product from operators; possible cross-contamina-
tion; cleaning of booth and equipment and gowning and wash-
ing for the operators and separation from the other areas. The
main function of the dispensing department is to test materials
and release them to production lines. The essential require-
ment is that material released has been tested and approved by
quality controllers for production purposes, and that only this
material is used for manufacturing products. The dispensary
handles several different classes of material some of which
require particular care in the preparation because of their
active or dangerous properties. In addition, material may also
have to be passed back to the warehouse when only a partial
quantity is required from a large container. Finally, the dis-
pensing department provides records that enable a complete
audit trail of all the materials dispensed.

The specific production process activities, such as binder
preparation, bulk materials granulation and blending, tablet
or capsule production, are performed in the manufacturing
department, whereas activities of counting and packaging are
in charge of the packaging department.'” However, when
counting activities are relevant, counting and packaging
activities are performed in different departments. This situa-
tion frequently arises in Europe because of the many differ-
ent national specific rules and languages requiring to handle
a huge number of different packages in the same plant.1’3’9

Problem Description

In this article, we report our experience with a practical
implementation of a scheduling system at a pharmaceutical
production plant located in Italy. We consider the production
scheduling of two departments: dispensing and counting.
They are the simplest and least critical (from a scheduling
point of view) departments in secondary pharmaceutical
manufacturing. The plant supplies different European coun-
tries and the production flow is organized with the four main
phases of Figure 1. However, although there is only one dis-
pensing and one counting department in the plant, manufac-
turing and packaging activities are organized with several
departments. Late and urgent orders are managed as orders
with strict deadlines, to be processed as soon as possible.
Clearly, deadlines make it difficult to organize long cam-
paigns, and therefore tend to reduce the actual capacity of
the departments. This reduction may cause, in turn, late
deliveries at the end of the week and such negative effects
may propagate over several weeks. All these problems moti-
vate the need for more coordination among the departments
and with the planner.

Dispensing department

In the dispensing department the availability of all raw
materials required by each recipe is checked.

Raw materials, picked up from a warehouse, are weighed
and prepared in sealed bins which are sent to buffers waiting
for processing in the manufacturing department. The exceed-
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ing raw materials, if any, are sent back to the warehouse
unless the following job requires the same components. The
weighing operations are performed in two independent
rooms in parallel.

Cross-contamination issues require one product at a time
being processed in a room and the room cleaned when
switching from one product to another. Minor cleaning is
sufficient when two consecutive products need the same raw
materials. The production is organized in groups of products
requiring the same raw materials to be scheduled consecu-
tively, which are called campaigns. Major cleaning is, how-
ever, necessary after a maximum number of products of the
same type, called the size of a campaign.

From the scheduling point of view each room acts as a
single machine with sequence-dependent setup times and
campaigns. For each production order there may be a release
time and a due date or a deadline, when there is a risk of
stock-out for customers. There may be planned temporary
room unavailability, mainly due to lack of personnel, which
must be taken into account when scheduling the production.
Note that, while a setup operation can start before unavail-
ability and complete after the interruption, ordinary process-
ing operations cannot be interrupted.

A discussion with the plant managers led to the following
objectives. Feasibility is considered in pharmaceutical indus-
try as the first priority because avoiding stock-outs at final
customers is of the utter importance. A schedule is consid-
ered feasible by the dispatchers when all the deadlines, if
any, are respected. The main objective for a feasible sched-
ule is the minimization of the maximum lateness, i.e., the
maximum over all products of the difference between the
product completion time and its due date. The maximum
lateness minimization aims to avoid economical and legal
implications of late deliveries. Among these solutions they
look for schedules having smaller values of the makespan
(in order to grant an higher utilization of the plant) and, in
case of further ties, they prefer schedules minimizing the
number of late jobs (so to reduce perturbations in the other
departments of the plant).

Counting department

The counting department prepares materials required for
packaging. Packages, labels and information leaflets are
taken from a warehouse, counted and prepared for the subse-
quent packaging operations. This department typically deals
with a much larger number of lots with respect to the dis-
pensing department, because of the number of different
packages that must be used in different countries and the
presence of different packaging departments of the plant.

The counting department is composed of three independ-
ent rooms, although a room may be temporarily unavailable,
and there is no significant setup between two consecutive
operations.

Also in the counting department there are release times
(when the packages become available), deadlines and due
dates (propagated backward from the packaging departments).

As in the dispensing department the main goal is the
deadline constraints satisfation and the objectives are in lexi-
cographic order minimizing maximum lateness, makespan
and number of late jobs.
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Scheduling models

The scheduling environment of interest in both depart-
ments is the parallel machines case, i.e., the problem is to
decide when to start an operation and on which machine
under a number of realistic constraints. In this context,
industrial examples can be found in Ovacik and Uzsoy
(1997),'" whereas a survey on the parallel machine schedul-
ing research is available in Cheng and Sin (1990).'* The par-
allel machine scheduling problem with multiple objectives is
discussed by T’kindt and Billaut (2002)."* The version of
the problem with sequence dependent setup times is
addressed by Lee and Pinedo (1997)'* and Tang (1990)"
which considers also the case with minor and major setups.
The latter case is particularly frequent in the pharmaceutical
industry in which minor setups are related to successive
processing of jobs belonging to the same family, while major
setups occur when the families of two successive jobs are
different and a more accurate and time/work consuming
changeover operation is required.

A formal model for these scheduling problems can be for-
mulated adopting the three fields («Ifly) classification scheme
of Graham et al.,16 where o indicates the scheduling environ-
ment, f§ describes the job characteristics or restrictive
requirements, and 7y defines the objective function to be
minimized.

With this notation, the dispensing department can be clas-
sified as

P>|ri, di, D;, s;5, MCS, unavail|Lex (Lmax, Cmax, U),

in which, P, indicates identical parallel machines production
environment with 2 machines; r;, d;, and D; indicate that jobs
have release times, due dates, and deadlines, respectively; s;;
indicates the presence of sequence-dependent setup times;
MCS represents the constraints on the maximum campaign
size; unavail represents the possible room unavailability
constraint; the objectives are in lexicographic order: L.
minimization of maximum lateness, C,,.x, makespan mini-
mization, U, minimization of the number of tardy jobs.
Similarly, the counting department can be described as:

P3|l’,‘, d,‘,D,‘, unavail|Lex(Lmax7 Cmam U)

We notice that, although the dispensing and counting
departments are considered simple departments from the
operations practice point of view, because they are not criti-
cal and by far less complicated than manufacturing and
packaging departments, the resulting scheduling problems
are considered quite difficult NP-hard problems in the sched-
uling literature.'”'® Moreover, some constraints as the maxi-
mum size of a campaign or the particular machine unavail-
ability that allows to resume only cleaning operations are
not frequently addressed in the scheduling literature.”

Solution Methods

In this section we describe a general approach to design
scheduling algorithms that are easily adaptable, modular and
suitable for incorporating human experience in the computer-
ized methods. Simple heuristics are more easily accepted
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Modified Jackson Schedule (MJS)
Input: a set P of production orders;
t=min{r;:i€ P}, S=8
repeat

R={icP:ri<t}

if there is a job in K subject to s deadline constraint then
select a job j € K with the amallest deadline
in case of ties, select a job with the smallest setup
else  if there is & job in / subject to a due date constraint then
select a job j € B with the smallest due date
in case of ties, select a job with the smallest setup
else t =min{r,:ic P}, R={ie P:r; <t}
if a job has been selected then
assign j to the machine able to complete it first, taking into account (if any)
setups, campaigns and machine availability, § = Su {j}. P = P\ {j}
update ¢ to the smallest completion time of all available machines
until P =@

Figure 2. Algorithmic scheme of the Modified Jackson
Schedule.

and trusted by the human schedulers, who can understand
their principles and suggest modifications to improve per-
formance over time. In these methods, the search process is
performed by several heuristic procedures guided by a gen-
eral optimization strategy. The method is applied to the
cases under study, and the following subsections are devoted
to describe in detail the characteristics of the considered
algorithms.

Constructive algorithms for dispensing and counting

We focus on greedy algorithms to produce a solution.
Greedy algorithms typically sort the operations according to
a given criterion and then, starting from the empty solution,
build a complete schedule by adding to the partial schedule
one operation at a time, according to the order induced by
the adopted criterion.

We introduce two greedy algorithms developed for sched-
uling the production in the dispensing and counting depart-
ments. We developed a modified version of the Jackson
Schedule'? algorithm and we refer to it as MJS. Details on
the MJS algorithm are illustrated in Figure 2. The heuristic
criterion sorts all the jobs that are available to be scheduled
first according to their priority (i.e., the presence of a dead-
line) and second by the smallest due date value. The dis-
patching rule assigns the selected job to the machine which
is able to complete it first. Clearly, the completion time of a
job takes into account the presence of sequence-dependent
setup times, campaigns and machine unavailabilities. We
observed that, the schedules produced by hand in the count-
ing department were quite similar to that of the MJS
algorithm.

Algorithm Delta extends the MJS algorithm by decompos-
ing the processing horizon into intervals of length A, and by
replacing the due dates (and deadlines) in the interval [kA,
(k+1)A] with kA. Then, it schedules jobs according to the
MIS algorithm. This means that in the preprocessing step
the production orders having similar due dates are grouped
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Algorithm Delta (A)

Input: a set P of production orders;
Forall jobs ¢ € P compute modified due dates and deadlines: o _%|.}._ D= | J_—.H.l
t=min{r: i€ P}, S=0
repeat
R={ieP:r <t}
if there is a job in & subject to a deadline constraint then
select a job j € B with the smallest modified deadline,
in ease of ties, select a job with the smallest setup
else  if there is a job in & subject to a due date constraint then
select o job § € B with the somllest modified doe date,
i case of thes, select a job with smallest the setup
else t = min{r;:ic P}, R={ie P:r; <t}
if a job has been selected then
assign J to the machine able to complete it first, taking into account setups,
campaigns and machine availability, § = Su {j}, P= P\ {j}
update £ to the smallest completion time of all available machines
until P =§

Figure 3. The scheme of the algorithm Delta.

together. Hence, a larger value of A favors the formation of
larger campaigns, whereas setting A = 0O corresponds to the
MIS algorithm. In Figure 3 we show the details of the algo-
rithm Delta.

Algorithm Delta surrogates the schedules produced by
hand in the dispensing department. In fact, in the dispensing
department the schedulers strive to obtain large campaigns
other than respecting the due dates.

The results of MJS and Delta heuristics were considered
feasible, although not particularly performing, by the schedu-
lers. We used the rollout method of Figure 4 to improve the
performance of these basic heuristics. It is well known that
greedy heuristics may exhibit an erratic behavior, possibly
because (i) locally promising decisions may not lead to good
global solutions, and (if) wrong choices can not be changed
anymore in the solution process. The main idea of the Roll-
out algorithm4’2° or Pilot method®?' is to overcome or, at

Algorithm Pilot/Rollout
begin
for k=1,...,|J| do
begin
pljo) = +o0
for all j € .J do
if (p(j) = H(Sk-1,7)) < p(jo) then jo = j
Sk = {Sk-1UJgo}, J = J\ {jo}
end

end

Figure 4. Algorithmic scheme of Pilot/Rollout

AIChE Journal May 2009 Vol. 55, No. 5§

Published on behalf of the AIChE

least, mitigate these limitations by means of a look-ahead
strategy. More specifically, the partial solution is iteratively
enlarged by using one or more greedy algorithms as a look-
ahead strategy. This approach can be viewed also as an
approximated dynamic programming method.”*** These
algorithms have been applied to different problems, such as
stochastic vehicle routing problems,* test sequencing for
fault diagnosis applications, general versions of job shop
scheduling problems.*®

We next illustrate the rollout/pilot method for a parallel
machine scheduling problem. A solution § is a schedule of
m machines and n jobs. Starting from the empty solution
(with no fixed components), the k-th iteration consists in
evaluating a scoring function p(j) for each job j which can
be added to the current partial solution S;_; and choosing the
one having the smallest scoring function. The iteration is
repeated, for k = 1 to n, when a complete solution is found.
Given a partial solution S;_;, and let j be a possible job to be
added to the schedule, a pilot heuristic H(-) is a constructive
algorithm that, starting from the partial solution S; in which
job j has been added according to the heuristic dispatching
rule, produces a complete solution with objective function
value p(j) = H(S;.1,j). At the end of the k-th iteration the job
Jo associated to the smallest H(S;.;,/) is permanently added
to the partial solution. Figure 4 shows a sketch of the rollout
algorithm using a single pilot heuristic applied to the prob-
lem of sequencing a set J of jobs and m machines.

Local search procedures

Another well known technique to improve a given solu-
tion is based on the local search principle. Local search
algorithms are based on a neighborhood structure N. More
specifically, we consider three neighborhood structures asso-
ciated with the following moves, aiming at improving the
single machine schedules independently from each other.

e SWAP: Two adjacent jobs assigned on the same
machine M,, say j; and j.,, are swapped. The rest of the
schedule remains unchanged.

® INSERT: A job j, is removed from its current position
in the schedule of M, and it is inserted on the same machine,
before or after another operation j.

e EXCHANGE: Two (nonadjacent) jobs assigned on the
same machine M, say j, and j,, are swapped, i.e., j, replaces
Jjr and vice versa. The swap move is therefore a particular
exchange move.

Figure 5 provides an illustration of the proposed moves.

SWAP [ [ den T & | oy | o ] =" %]

ﬁ
o [ & b [ % T[]

.

R I S ™

Figure 5. An illustration of the three moves.
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Variable Neighborhood Descent (VIND)

Input: a set of neighborhoods: {N7.. . Ni}, and an initial solution;
§ =]
repeat
search for a profitable move in Aj
if an improving move is found then
apply the move
i = 1
elsei:=i+1
until ¢ > k&

Figure 6. Algorithmic scheme of Variable Neighbor-
hood Descent (VND).

Local search algorithms converge to a local minimum,
which may be of poor quality. To contrast this drawback, a
variety of strategies have been proposed to escape from local
minima. The Variable Neighborhood Descent (VND) is a
local search technique focused on systematic neighborhood
changes.”® Tt is based on the observation that a local mini-
mum for a given neighborhood is not necessarily a local
minimum when other neighborhoods are considered. More
specifically, let {N; ... Ny} be a set of neighborhood struc-
tures. The VND starts the search process from an initial so-
lution in the first neighborhood i = 1, i.e., N;. In the generic
iteration, the algorithm scans the i-neighborhood looking for
an improving move; once an improving move is detected it
is performed and the VND starts searching again in the first
neighborhood (N;). If no such improving move exists, the
algorithm starts searching in the (i41)-neighborhood. The
search process terminates when no improving moves are
available in all the considered neighborhoods. The sketch of
the algorithm is given in Figure 6.

In our implementation the three neighborhoods are ordered
according to their size, i.e., SWAP, INSERT and EXCHANGE.

Computational Results

In what follows, we study four different algorithms
obtained by combining the three building blocks previously
described:

e Algorithm H consists in the application of a simple
greedy heuristic, either MJS or Delta.

e Algorithm RH is the rollout algorithm using H as pilot
heuristic.

e Algorithm H+LS corresponds to improving the solution
of the greedy algorithm by applying the VND procedure.

e Finally, we call RH+LS the rollout algorithm in which
the final solution is used as initial solution by the VND
algorithm.

For each department these algorithms have been tested on 6
sets of 15 randomly generated realistic instances, each
instance representing 2 weeks of planned production. The
instances have been generated respecting a typical production
mix of the plant. Each test instance in the dispensing depart-
ment has a number of jobs ranging from 40 to 60. The number
of jobs in the counting department, for each instance, ranges
from 400 to 480. These sizes represent the typical number of
jobs produced in the two departments in a two-week produc-
tion horizon. The instances can be grouped according to the
presence of only one or more machine planned unavailabilities
in the planning horizon. Note that these interruptions are
known in advance. For each group we consider three sets of
15 instances having different number of jobs with higher prior-
ity, i.e., having a deadline. More specifically, we consider
instances (i) having no deadline, (ii) in which 20% of the jobs
have a deadline constraint, and (iii) the most constrained set in
which 40% of the jobs have a deadline. All the remaining jobs
have a due date. The time in which a given job must be com-
pleted, i.e., the difference between due date (deadline) and
release time d;—r;, ranges from one to three production time
shifts (each production time shift is set to 16 consecutive
hours). All the algorithms are written in C and run on a AMD
X2 processor with 2.2 GHz with Linux operating system.

In Tables 1-4 (5-8), we present the results of the experi-
mental campaign on the dispensing (counting) department,
respectively. Each row of the tables represents the results
obtained by applying a different greedy heuristic. Namely,
we report on the results of MJS (which corresponds to set-
ting A = 0 in the Delta algorithm), and two versions of the
Delta algorithm obtained by setting A equal to 8 hours (i.e.,
half time shift) and to the average processing time of all the
jobs in the instance. We refer to them as Ag, and A,,,
respectively. For each algorithm we present the computation
time (Time) in seconds, the objective functions values (max-
imum lateness L.y, makespan Cp.x and number of tardy
jobs U) and the percentage of feasible instances (%feas), i.e.,
instances in which the deadline constraints are not violated.
All the values in each row of the tables are the average over
15 instances all having the same amount of deadline

Table 1. Dispensing Department: Single Interruption (H and H+LS)

H H+LS
Heuristic %Deadline Time Linax Cnax U Yofeas Time Linax Cmax U Yoteas
MIJS 0.0 <0.01 3742.13 20,672.47 10.47 1.00 <0.01 3664.87 20,595.20 9.67 1.00
Agn 0.0 <0.01 3762.60 20,692.93 10.67 1.00 <0.01 3685.33 20,615.67 9.80 1.00
ave 0.0 <0.01 3762.60 20,692.93 10.67 1.00 <0.01 3685.33 20,615.67 9.80 1.00
MIJS 0.2 <0.01 4313.87 20,813.53 14.47 1.00 <0.01 4134.47 20,725.40 12.13 1.00
Agn 0.2 <0.01 3965.47 20,794.87 11.60 0.67 <0.01 3799.87 20,643.93 8.47 0.73
Agve 0.2 <0.01 3965.47 20,794.87 11.60 0.67 <0.01 3799.87 20,643.93 8.47 0.73
MIS 0.4 <0.01 4292.13 20,684.00 16.53 1.00 <0.01 3977.80 20,556.87 14.20 1.00
Agn 0.4 <0.01 3789.00 20,667.20 8.20 0.73 <0.01 3672.20 20,561.20 7.06 0.73
ave 0.4 <0.01 3789.00 20,667.20 8.20 0.73 <0.01 3672.20 20,561.20 7.06 0.73
1166 DOI 10.1002/aic Published on behalf of the AIChE May 2009 Vol. 55, No. 5 AIChE Journal



Table 2. Dispensing Department: Single Interruption (RH and RH+LS)

RH RH + LS
Heuristic %Deadline Time Linax Cnax U Yofeas Time Linax Cinax U Yofeas
MIJS 0.0 0.53 2625.27 19,568.07 5.27 1.00 0.53 2625.27 19,568.07 5.27 1.00
Agn 0.0 0.54 2708.93 19,651.73 6.67 1.00 0.54 2708.93 19,651.73 6.07 1.00
Agve 0.0 0.54 2708.93 19,651.73 6.67 1.00 0.54 2708.93 19,651.73 6.07 1.00
MIS 0.2 0.53 3192.53 19,878.40 7.20 1.00 0.53 3140.13 19,878.40 6.73 1.00
Agn 0.2 0.54 2972.13 19,879.73 4.73 1.00 0.54 2972.13 19,879.73 4.67 1.00
ave 0.2 0.53 2972.13 19,879.73 473 1.00 0.53 2972.13 19,879.73 4.67 1.00
MIJS 0.4 0.51 3082.80 19,758.33 9.26 1.00 0.51 3050.13 19,779.60 9.00 1.00
Agp 0.4 0.51 3047.60 19,895.06 5.26 0.80 0.51 3044.00 19,902.80 5.20 0.80
Agve 0.4 0.56 3047.60 19,895.06 5.26 0.80 0.56 3044.00 19,902.80 5.20 0.80
Table 3. Dispensing Department: Multiple Interruptions (H and H+LS)
H H+LS

Heuristic %Deadline Time Linax Crax U Yofeas Time Linax Crax U Yofeas
MIJS 0.0 <0.01 3336.73 20,296.40 15.80 1.00 <0.01 3258.27 20,224.07 13.80 1.00
Agn 0.0 <0.01 3336.73 20,296.40 15.80 1.00 <0.01 3258.27 20,224.07 13.80 1.00
Auve 0.0 <0.01 3336.73 20,296.40 15.80 1.00 <0.01 3258.27 20,224.07 13.80 1.00
MIJS 0.2 <0.01 3796.53 20,124.53 16.00 0.93 <0.01 3438.20 20,061.33 13.60 1.00
Agp, 0.2 <0.01 3297.33 19,984.53 9.80 0.73 <0.01 3240.33 19,911.46 8.46 0.73
Agve 0.2 <0.01 3297.33 19,984.53 9.80 0.73 <0.01 3240.33 19,911.46 8.46 0.73
MIJS 0.4 <0.01 4765.33 20,297.46 19.80 0.93 <0.01 4311.40 20,224.40 17.60 0.93
Agn 0.4 <0.01 3350.06 20,280.40 14.13 0.33 <0.01 3253.00 20,173.20 11.53 0.40
Auve 0.4 <0.01 3350.07 20,280.40 14.13 0.33 <0.01 3253.00 20,173.20 11.53 0.40

constraints, as indicated in the second column (%Deadline)

of the Tables.

In Tables 1-4, we show the results of the proposed algo-

rithms on the test instances for the dispensing department.
The computation time never exceeds one second when a
rollout algorithm is applied, and it is negligible when H and
H+LS algorithms are applied. As far as the solution quality
is concerned, we can see that MJS heuristic performs worse
than Delta variants when deadlines are present, although
tends to find more feasible solutions. We observe that when
the Delta heuristic is used it is able to obtain better results
than MJS and the two variants (Ag, and A,,) yield exactly
to the same solutions. However, when studying the effects of
the different algorithmic schemes the performance indicators
obtained by RH+LS are greatly improved: The maximum
lateness and the makespan are reduced of about 1000
minutes, the number of late jobs is also significantly
reduced. A feasible solution is always found by RH and
RH+LS algorithms with the only exception of the more con-

strained instances, i.e., having 40% of jobs with deadline
and multiple interruptions. From results reported in Tables 2
and 4 it is clear that the main contribution to these improve-
ments is due to the rollout algorithm.

In Tables 5 and 6, we show the results obtained for the
counting department when a single interruption is present,
whereas in Tables 7 and 8, we report on the results for
instances with multiple interruptions. When used as stand-
alone heuristic (see Tables 5 and 7) A,,, is the heuristic able
to produce better results. However, when tackling instances
without deadlines MJS attains similar results. In the counting
department, the algorithms are able to find always a solution
respecting the deadline constraints. Regarding computation
times, we note that more than half an hour is needed to ter-
minate the rollout procedure. This is clearly due to the larger
number of jobs in these instances. However, such computa-
tion time does not affect the applicability of this approach
because the amount of time in which a solution should be
produced by the automated scheduling system is usually

Table 4. Dispensing Department: Multiple Interruptions (RH and RH+LS)

RH RH + LS
Heuristic %Deadline Time Linax Crnax U Yofeas Time Linax Cnax U Yofeas
MIJS 0.0 0.51 2852.27 19,852.20 9.87 1.00 0.51 2851.93 19,851.87 9.80 1.00
Agn 0.0 0.51 2852.27 19,852.20 9.87 1.00 0.51 2851.93 19,851.87 9.80 1.00
Agve 0.0 0.51 2852.27 19,852.20 9.87 1.00 0.51 2851.93 19,851.87 9.80 1.00
MJS 0.2 0.51 2670.46 19,576.06 8.73 1.00 0.51 2664.26 19,575.73 8.40 1.00
Agpy 0.2 0.51 2643.60 19,591.40 5.60 1.00 0.51 2643.60 19,591.40 5.60 1.00
ave 0.2 0.56 2643.60 19,591.40 5.60 1.00 0.56 2643.60 19,591.40 5.60 1.00
MIJS 0.4 0.45 3413.13 19,562.93 11.87 0.93 0.45 3370.13 19,555.13 11.53 0.93
Agn 0.4 0.51 2910.93 19,854.60 9.27 0.51 0.60 2908.47 19,852.13 9.20 0.60
Agve 0.4 0.57 2910.93 19,854.06 9.27 0.57 0.67 2908.47 19,852.13 9.20 0.60
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Table 5. Counting Department: Single Interruption (H and H+LS)

H H+LS
Heuristic %Deadline Time Linax Cnax U Yofeas Time Linax Cinax U Yofeas
MIJS 0.0 0.04 924.47 17,779.67 5.40 1.00 0.04 924.07 17,779.27 5.40 1.00
Agn 0.0 0.04 1014.13 17,786.20 6.20 1.00 0.04 1010.80 17,782.87 6.07 1.00
Agve 0.0 0.04 924.73 17,779.93 5.27 1.00 0.04 924.33 17,779.53 5.13 1.00
MIS 0.2 0.04 527.93 17,312.73 3.00 1.00 0.07 509.80 17,312.67 3.00 1.00
Agn 0.2 0.04 526.27 17,310.47 4.07 1.00 0.06 526.27 17,310.47 4.07 1.00
ave 0.2 0.04 447.00 17,319.13 3.27 1.00 0.06 446.93 17,319.07 3.00 1.00
MIJS 0.4 0.03 1064.66 17.549.86 9.73 1.00 0.09 1045.80 17,549.33 9.20 1.00
Agp 0.4 0.04 763.33 17,553.33 4.46 1.00 0.07 763.33 17,553.33 4.46 1.00
Agve 0.4 0.04 668.66 17,559.00 3.00 1.00 0.07 665.53 17,555.86 2.86 1.00
Table 6. Counting Department: Single Interruption (RH and RH+LS)
RH RH + LS

Heuristic 9%Deadline Time Linax Crax U Yofeas Time Linax Crax U Yofeas
MIJS 0.0 2214.80 605.13 17,571.40 2.40 1.00 2214.80 605.13 17,571.40 2.40 1.00
Agn 0.0 2176.31 716.73 17,510.80 3.80 1.00 2176.31 716.73 17,510.80 3.80 1.00
Auve 0.0 2163.06 605.13 17,571.40 2.40 1.00 2163.07 605.13 17,571.40 2.40 1.00
MIJS 0.2 2148.28 459.13 17,257.53 1.80 1.00 2148.31 457.87 17,257.53 1.80 1.00
Agp, 0.2 2208.72 453.33 17,256.07 2.67 1.00 2208.74 453.33 17,256.07 2.60 1.00
Agve 0.2 2230.41 358.13 17,280.60 1.40 1.00 2230.43 358.13 17,280.60 1.40 1.00
MIJS 0.4 2160.33 507.40 17,057.00 4.93 1.00 2160.62 499.80 17,057.00 4.8 1.00
Agn 0.4 2291.77 241.13 17,056.80 1.66 1.00 2291.80 241.13 17,056.80 1.66 1.00
Auve 0.4 2282.13 139.20 17,089.86 1.13 1.00 2282.16 139.20 17,089.86 1.13 1.00

larger. Moreover, we observe that the LS phase requires
always a very short time. On the other hand, the solution
quality of the rollout algorithms is significant better than the
H+LS. We also observe that a small difference arises when
comparing RH and RH+LS, whereas a more significative
effect is due to the use of different pilot heuristics.

In Figures 7 and 8, we plot the improvements over the ba-
sic stand-alone heuristics due to the proposed improvement
schemes for the dispensing and counting department, respec-
tively. The percentage improvement is obtained as follows:
1—(x'/xt,), where i €{Lmax, Cimaxr U}, v {H+LS, RH,
RH+LS} and x is the solution quality according to the

Table 7. Counting department: Multiple Interruption (H and H+LS)

H H+LS
Heuristic %Deadline Time Linax Crnax U Yofeas Time Linax Crnax U Yofeas
MIS 0.0 0.04 962.93 17,897.20 8.73 1.00 0.04 961.80 17,896.07 8.53 1.00
Ogh 0.0 0.04 1056.20 17,869.33 9.27 1.00 0.04 1055.00 17,868.13 9.27 1.00
ave 0.0 0.04 962.93 17,897.20 8.73 1.00 0.04 961.80 17,896.07 8.53 1.00
MIJS 0.2 0.03 1242.06 18,136.80 18.40 1.00 0.06 1239.73 18,136.00 18.26 1.00
Ogh 0.2 0.04 1319.13 18,136.13 13.13 1.00 0.05 1319.13 18,136.13 12.80 1.00
Oave 0.2 0.04 1188.73 18,135.40 11.60 0.86 0.05 1188.06 18,134.73 11.33 0.86
MIJS 0.4 0.04 2124.60 18,610.27 40.13 1.00 0.09 2087.40 18,608.93 39.53 1.00
Ogh 0.4 0.04 2214.67 19,029.73 9.00 1.00 0.07 2212.07 19,027.13 8.87 1.00
ave 0.4 0.04 1635.20 18,599.67 5.80 0.93 0.07 1631.13 18,595.60 5.53 0.93
Table 8. Counting Department: Multiple Interruptions (RH and RH+LS)
RH RH+LS
Heuristic %Deadline Time Linax Cinax U Yofeas Time Linax Cinax U Yofeas
MIS 0.0 2162.51 873.93 17,847.47 5.80 1.00 2162.52 873.93 17,847.47 5.80 1.00
Agp, 0.0 2227.34 990.60 17,807.40 6.67 1.00 2227.34 990.60 17,807.40 6.67 1.00
avg 0.0 2232.61 873.93 17,847.47 5.80 1.00 2232.61 873.93 17,847.47 5.80 1.00
MIJS 0.2 2156.50 962.06 17,841.33 11.60 1.00 2156.52 959.73 17,841.33 11.60 1.00
Agn 0.2 2276.41 1014.13 17,828.33 8.73 1.00 2276.43 1014.13 17,828.33 8.73 1.00
Agve 0.2 2254.65 895.13 17,864.06 7.93 0.93 2254.67 895.06 17,864.06 7.86 0.93
MIS 0.4 2159.68 1482.87 17,420.80 27.13 1.00 2159.72 1475.13 17,420.80 26.87 1.00
Agn 0.4 2289.84 612.73 17,427.73 3.53 1.00 2289.87 612.73 17,427.73 3.47 1.00
avg 0.4 2296.64 658.47 17,633.53 2.20 1.00 2296.67 658.47 17,633.53 2.20 1.00
1168 DOI 10.1002/aic Published on behalf of the AIChE May 2009 Vol. 55, No. 5 AIChE Journal



objective function i obtained by algorithm v. Hence, percent-
age improvement on L., possibly gets values >100%
when, starting from L;,x > 0, a new solution with L;,x < 0
is obtained. In the dispensing department, the main contribu-
tion is given by the application of the rollout algorithm,
although the use of a VND allows to slightly improve the
solution quality without increasing significantly the computa-
tion time. For both departments, the algorithms are able to
obtain relevant improvements in L,.« and U objectives.
More specifically, L.x is improved up to 36% on average,
and U is improved of more than 40%, whereas the C,.x
objective improves only up to 3%.

The lack of detailed information on the performance of
the previous scheduling process does not allow a direct and
complete comparison with the new system. As far as the dis-
pensing and the counting departments are concerned, the
assessment of the new system was based on the feedback
from the department managers. Specifically, the solutions
provided by the stand-alone greedy algorithms were consid-
ered not satisfactory, because it was simple for the users to
improve the solutions with frequent and tedious local
changes in the schedules. On the other hand, the schedules
obtained after the rollout and VND phases were rarely
improved by users. The increase of capacity for the dispens-
ing department has been estimated up to one hour in a day
by the department manager, which approximately corre-
sponds up to the 2% of productivity increase. Similar results
were obtained for the counting department.

Conclusions

In this article, we described a production scheduling prob-
lem arising in secondary pharmaceutical manufacturing.
More specifically, we addressed the automation of the sched-
uling process for the dispensing and counting departments.
Although these departments are conceived as noncritical by
the plant managers they result in a quite complex scheduling
problem involving both standard and complex uncommon
constraints. Any improvement in these departments is
directly translated into a relaxation of the timing constraints
for more critical departments. We proposed an algorithmic
technique that can be effectively used to rapidly automate
the production scheduling process, and we presented a prac-
tical implementation in a pharmaceutical manufacturing
plant. Results are encouraging and show a substantial
improvement over simple heuristic techniques surrogating
the schedules produced by hand by the plant schedulers.
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