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Despite the increased number of publications in the area during the last two decades, there is no unified notation and
systematic framework for chemical production scheduling. In this article, we first develop a framework for the description
of scheduling problems in the chemical industries. While building upon ideas used in discrete manufacturing, the proposed
framework accounts for features such as material handling restrictions which are critical in chemical production
scheduling. Second, we present a classification of the various modeling approaches that have been presented in the process
systems engineering literature. Our classification is broader than previous schemes because it accounts for more attributes,
and it also offers a broader discussion of the modeling of time. We believe that our analysis will enhance the understanding
of chemical production scheduling and lead to further advances in the area. © 2012 American Institute of Chemical

Engineers AIChE J, 58: 1812-1828, 2012
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Introduction

Scheduling finds its application in a variety of fields: ship-
ping, railways, manufacturing, government organizations,
educational institutions, sports, and so forth. In the manufac-
turing sector, scheduling has been practiced since the early
twentieth century, but the first systematic scheduling meth-
ods were published in the early 1950s.'2 Consequently, a
significant body of theoretical results (e.g., regarding com-
plexity hierarchy) as well as a broadly accepted notation and
a general problem classification have been developed for dis-
crete manufacturing scheduling.3’4

In the process industries, scheduling appears in a wide
range of applications: from the oil industry (e.g., transporta-
tion and unloading of crude oil from pipelines) to the pharma-
ceutical and specialty chemical sectors (e.g., batch scheduling
for optimal utilization of shared multiproduct facilities). Most
of the early scheduling papers in the process systems engi-
neering (PSE) literature, which appeared in the late 1970s and
early 1980s, considered batch problems somewhat similar to
discrete manufacturing ones. Specifically, they considered
problems where batches have to be processed in consecutive
stages (with no intermediate mixing or splitting) in the same
way discrete jobs require a number of processing steps or
operations. The scope of chemical production scheduling was
expanded in the early 1990s to include process facilities of ar-
bitrary structure with no material handling (i.e., mixing and
splitting) restrictions, additional resource constraints and vari-
ous processing restrictions. A number of modeling and solu-
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tion methods have been proposed since then to address an
ever-widening set of problems and applications. As a result,
chemical production scheduling has become an important
research subarea of process operations.sfg

Despite the large volume of papers in the field, however,
there is no unified notation and framework for chemical pro-
duction scheduling. This is due to some ambiguity in the
terms and concepts used to describe scheduling approaches,
as well as the lack of a general problem and model classifi-
cation methodology. To give just two examples of the for-
mer: the term multipurpose has been used to describe in
some cases general facilities where batch mixing and split-
ting is allowed, and in some other cases facilities with prod-
uct-specific sequence of operations and no batch mixing/
splitting. Also, the terms order and batch are often used
interchangeably in the context of multistage facilities
although their meaning is different.

Accordingly, the goal of this article is twofold. First, it
presents a framework that attempts to remove some of the
ambiguity in the literature. Second, it presents a general clas-
sification of modeling approaches that considers multiple
modeling attributes simultaneously, rather than hierarchi-
cally.

Our discussion focuses on processes converting a fixed set
of input materials into a fixed set of output materials of con-
stant quality. In other words, we assume that the conversion
coefficients of all tasks are fixed. Thus, we do not consider
blending problems. Also, we do not consider problems
where product quality changes dynamically (e.g., polymer
grades). Furthermore, the emphasis in the modeling approach
classification is on mixed-integer programming (MIP) mod-
els. Nevertheless, the main insights of this article are appli-
cable to all modeling/solution paradigms.
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The article is structured as follows. In the next section, we
review some fundamental concepts, place scheduling in the
context of supply chain management, present a high-level
problem statement, and discuss the major optimization deci-
sions. In “Chemical Production Environments,” we develop
our framework, where special emphasis is given to the pro-
duction environment. In “Modeling Approach Classifica-
tion,” we present a general model classification schema and
briefly comment on the relationship between problem classes
and modeling approaches.

Background

We start with a brief review of scheduling in the PSE lit-
erature. Next, we review some fundamental concepts and
present the traditional notation used in discrete manufactur-
ing and services scheduling. This is important because, as
we will see, the notation for chemical production scheduling
is substantially different even though the problems are in
some cases very similar. Our discussion borrows elements
from Pinedo,'” but offers a broader perspective as well as
some critical insights for our discussion in subsequent sec-
tions. Furthermore, we discuss scheduling in the context of
supply chain management. Specifically, we describe the
interactions of scheduling with other planning functions and
how these interactions determine the class of problem.
Finally, we present a high-level problem statement and intro-
duce the major scheduling decisions. Throughout the article,
we will use lowercase Latin characters for indices, uppercase
Latin bold letters for sets, uppercase Latin bold-italic for
unit and production environments, lowercase Greek letters
for parameters, and uppercase Latin letters for variables.

Scheduling in the PSE literature

Interestingly, one of the most popular early scheduling
methods was developed in the late 1950s what later became
known as the critical path method (CPM).!' CPM, which is a
popular project scheduling method, was used for construction
scheduling at DuPont. However, chemical production schedul-
ing was identified as an important research area only in the
late 1970s.'*7'* The early work in the area focused on sequen-
tial processes which, as we will see in “Basic insight,”” have
similarities with discrete manufacturing facilities.'”>™"® The
first methods to address problems in general chemical facili-
ties, which we will later term network facilities, were devel-
oped in the early 1990s.>"* Since then, the number of publi-
cations in the area has increased dramatically. For example, in
2010, more than 35 papers were published in the PSE litera-
ture with the word “Scheduling” in their title (20 in Industrial
and Engineering Chemistry Research, 11 in Computers and
Chemical Engineering, three in the AIChE Journal, and two in
Chemical Engineering Science). Furthermore, many research-
ers have been working on the integration of scheduling with
other planning functions and problems; e.g., integration of
production planning and scheduling,*~” integration of sched-
uling and control,**® and simultaneous batch process design
and scheduling.?’

In general, scheduling methods have been classified in
terms of process network structure and processing character-
istics.>”* In short, approaches to problems in sequential
facilities rely on the concept of precedences between
batches, whereas approaches to general problems were based
upon the concepts of state-task network (STN)?® or resource-
task network (RTN).22 However, the last few years have
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seen a number of approaches that combine different model-
ing elements. For example: (i) RTN-type models, which
have been traditionally used for general facilities, were used
to address problems in sequential facilities®; (ii) RTN mod-
els, which were typically combined with common grid time
representations, were used with unit-specific time representa-
tions®’; and (iii) batching and scheduling decisions are con-
sidered simultaneously in multistage facilities.>’** The list
of innovative combinations of modeling methods from dif-
ferent schools of thought is expected to grow in the follow-
ing years as researchers develop more sophisticated methods
to address new classes of problems and larger instances.
This will inevitably lead to a diversification of approaches
that will render the existing classification schemata inad-
equate. One of the goals of this article is to address this li-
mitation.

Preliminary concepts

First, we note that the term scheduling was originally used
to describe only the allocation of tasks to resources over
time; that is, it considers only the timing of tasks. Thus,
some of the first books on the subject treated sequencing and
scheduling as two separate functions.**** In contract, in the
PSE literature, scheduling refers to a much wider problem: it
encompasses the determination of the number of tasks, the
assignment of tasks to resources, and the sequencing and/or
timing of tasks.

In discrete manufacturing, the entities to be scheduled are
jobs, i € 1, and the shared resources are machines, j ¢ J. A
job may have to be allocated to a single step (operation) or
it may require a number of steps, k ¢ K. Also, it is most of-
ten assumed that a job is not split or that two jobs are not
mixed into one. Problems are generally posed in the follow-
ing machine environments (see Figure 1):

® Single machine (I1): All jobs have to be processed on
the same machine; this is a special case of all other machine
environments.

® Machines in parallel (P): Each job i can be processed on
exactly one of m parallel machines; there are three classes of
environments with parallel machines, discussed later.

® Flow-shop (F): There are m machines and each job has
to be processed on all m machines; all jobs follow exactly
the same route. Equivalently, each job requires m steps,
where each step can be performed on only one machine.

® Job-shop (J): There are m machines; each job has a pre-
determined route, R;, to follow, where R; is an ordered set
of machines, which may include all or a subset of J, and it
may also include the same machine more than once (recircu-
lation).

® Open-shop (0): There are m machines and each job has
to be processed on a subset, J;, but there are no restrictions
in the routing of each job (the scheduler decides the route);
that is, J; is not ordered.

® Flexible flow-shop (FF): This is a generalization that
combines the P and F environments. Each job has to visit a
set of steps, k € K, in a predetermined and common among
all jobs sequence, where each step consists of a set of paral-
lel machines j € J;. Note that the routing is in terms of steps,
not machines; and the assignment of jobs to machines is a
scheduler decision.

® Flexible job-shop (FJ): This is a generalization of the P
and J environments. Each job has to go through a number of
steps, where each step can be performed by multiple
machines in parallel. Each job has to visit a different subset
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Figure 1. Machine environments in discrete manufacturing scheduling.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

of steps in a job-specific routing. A machine may belong to
multiple steps and/or different steps for each job. As in J,
the route of a job may include the same step more than once
(recirculation).

® Flexible open-shop (FO): This is the generalization of
the P and O environments.

An important observation is that there are two major ways
in which machine environments are generalized. First, we
have the routing of jobs. Going from I (which has no rout-
ing) to F, we add multiple steps (and therefore routing), but
all routings are (i) predetermined and (ii) identical among all
jobs. Going from F to J, we keep predetermined routings,
but we relax the restriction of identical routings. Finally, in
O we relax both restrictions. This generalization is shown as
horizontal differentiation in Figure 1.

Second, we have the machines comprising the steps of the
environment. In the simplest case each step consists of a sin-
gle machine, which leads to environments I, F, J, and O.
The first generalization is the introduction of parallel
machines for each step, which results in the flexible counter-
parts of the previous four environments: P, FF, FJ, and FO.
At a second level, there are three types of machines in
parallel:

(a) Parallel identical machines (P;): the processing time
of each job i is the same, 7;, in all machines.

(b) Different parallel machines with specified speeds (P):
if v; is the speed of machine j, then, the processing time of
job 7 in machine j is 7;/v;; that is, the speed (effectiveness) of
machines is relatively the same for all jobs.

(c) Unrelated machines (P3): the processing time of job i
in machine j is t;;.

Obviously, Pj is a generalization of P, which is a general-
ization of P;. We also note that in multistep environments
(e.g., FF and FJ) the parallel machines of each step may be
of different type (e.g., step 1 in a FF can be of type Py
while step 2 is of type P3). The generalization of environ-
ments in terms of the machines comprising a step is shown
as vertical differentiation in Figure 1.
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Another important dimension is the suitability of a partic-
ular machine to perform one or more operations of a specific
job. As this aspect is also important in chemical production
scheduling, we will discuss it in detail in the next section.
For now, we note that the typical assumption in F and FF is
that each machine can perform a single operation. In F, this
means that there are as many machines as steps; and in FF,
it means that J, N Jy = @ for k # k', and U Ji = J, that
is, (Jx, k € K) is a partition of J. The same assumption is
most often made in J, but not all jobs have to go through all
machines. In FJ, the simplest case arises when machines
belong to work centers, ¢ ¢ C, and the routings of the jobs
are in terms of work centers; that is, the routing, R;, of job i
is an ordered set of centers. This case is shown in Figure 1g.
However, in FJ more complex situations may arise because
jobs have different routings, which means that the steps
should be determined in terms of jobs. In some case, buffers
between operations are used.

A scheduling problem is traditionally described by a tri-
plet alfly, where o denotes the machine environment, f
describes details of processing characteristics and constraints,
and 7y gives the objective function. Field f may include mul-
tiple entries, such as changeovers, storage/waiting con-
straints, precedence constraints, preemptions, machine-job
suitability, recirculation, and so forth.

We note that there are obvious similarities between dis-
crete manufacturing and some types of chemical production.
Specifically, in chemical production a batch can be viewed
as a job that has to be processed in several stages (e.g., reac-
tion — separation — drying — packing) without splitting
into multiple batches or mixing with other batches. However,
as we will see in the next section, chemical production
facilities can be in some ways more complex than the
machine environments presented in this section.

Scheduling in the context of supply chain management
Production scheduling is only one of the many planning
functions in manufacturing supply chains, which has three

June 2012 Vol. 58, No. 6 AIChE Journal



|
2 Prod M |
l E Plal:l:i?lgn |~I 'E &= g i
[ S m—— - N L.
=
2 =
5 &
E [:} Scheduling <:l %h é =
g E :
] W :
Optimization and Com:rol‘
(Shopfloor Management)

Figure 2. Interactions of scheduling with other plan-
ning functions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

major implications.”>>*® First, the interaction of scheduling
with other planning functions, and production planning in
particular, determines what type of decisions are made by
the scheduler. Second, market considerations (including
demand planning) combined with capacity constraints deter-
mine the production goal and the type of scheduling prob-
lem. Third, input parameters to scheduling (e.g., order data)
are determined by other functions. A simplified diagram of
the interactions of scheduling within the supply chain plan-
ning matrix is shown in Figure 2.

Vertical Integration. While there is no unique distinction
between planning and scheduling decisions, it is generally
accepted that planning provides scheduling with targets (e.g.,
orders with due dates) or fixes some decisions (e.g., number
of batches). In other words, the types of decisions to be
made at the scheduling level depend on the type of produc-
tion planning problem; e.g., if only production targets are
determined at the planning level, then batching, assignment
and sequencing decisions have to be made at the scheduling
level. Furthermore, production planning determines resource
availability through, for example, unit maintenance planning.
In short, the production planning function determines inputs
to scheduling as well as the class of scheduling problem. In
turn, scheduling interacts with optimization and control. It
provides a schedule, which may trigger subsequent setpoint
optimization and/or control, and receives information about
the execution status of the scheduled tasks and the availabil-
ity of resources which are used in rescheduling. A more in-
depth discussion is presented in Harjunkoski et al®.

Horizontal Integration. The volume and variability of
demand often determines the production pattern in a facility.
The production of high-volume products (or intermediates)
with relatively constant demand typically induces periodic
production and therefore cyclic scheduling. For high-volume
products with variable demand but with good demand fore-
casts, short-term scheduling with a stock target (target inven-
tory position) which should be maintained (push or make-to-
stock policy) is required. Products with irregular and/or
small demand (coming directly from customers or the adja-
cent production line) are produced to meet specific orders
(pull or make-to-order policy), which typically means that a
short-term schedule should be generated frequently.’” In all
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cases, demand planning indirectly affects (through distribu-
tion and production planning) production scheduling. At the
other end, procurement planning determines the availability
of feedstocks or the release date of orders, which are also
inputs to scheduling.

Market Environment and Master Planning. Market con-
siderations and capacity constraints determine the overarch-
ing production goal; e.g., if production capacity is barely
sufficient to meet the demand, then the goal is the maximi-
zation of throughput or the minimization of backlogs. How-
ever, this goal may not necessarily translate to a similar
scheduling objective function, because production amounts
can be fixed at the production planning level. We also note
that the scheduling objective can change due to demand fluc-
tuations or contract changes.

Remarks. In summary, the interactions of production
scheduling with the other planning functions determine: (i)
the type of scheduling problem to be solved (cyclic vs.
short-term), (ii) the types of decisions to be made at the
scheduling level, (iii) the scheduling objective, and (iv) input
parameters. The presentation in this article focuses on short-
term scheduling, but most of the concepts and ideas are ap-
plicable to cyclic scheduling as well. In terms of scheduling
decisions, we will consider the most broad case. We assume
that production planning provides only production targets
(orders), so batching (number and size of batches), resource-
task assignments, and task sequencing and timing are all
made at the scheduling level. If some of these decisions are
predetermined, this simply results in a special case of sched-
uling. The proposed framework and model classification are
independent of the scheduling objective function. Finally, we
will assume that shipments of raw materials and/or order
release times (determined from requirements planning), ship-
ments of products and/or orders with due dates (determined
from production and distribution planning), and availability
of resources (determined from production planning and opti-
mization/control) are input parameters. The scope of our
framework is shown in Figure 3.

Problem statement and scheduling decisions

The general chemical production scheduling problem can
be posed as follows. We are given:

(a) Production facility data; e.g., processing and storage
unit capacities, unit connectivity.

(b) Production recipes; e.g., mixing rules, processing
times/rates, utility requirements.

(c) Equipment unit — task compatibility.

(d) Production costs; e.g., raw materials, utilities, change-
over.

(e) Material availability; e.g., deliveries (amount and date)
of raw materials.

(f) Resource availability; e.g., maintenance
resource allocation from planning.

(g) Production targets or orders with due dates.

Item (a) above describes the scheduling hardware, item
(b) describes how this hardware is going to be used, and
item (c) is defined by the interaction of (a) and (b). Unless
there is a retrofit or capacity expansion project or a major
change in the product portfolio, items (a)—(c) can be thought
to remain the same in all scheduling instances in a given fa-
cility. The same is true for some production costs (e.g.,
changeovers). However, costs such as raw materials and util-
ities (e.g., electricity) can vary. Finally, items (e)—(g) are

schedule,
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Figure 3. Information flow to scheduling and definition
of inputs and scheduling decisions.

[Color figure can be viewed in the online issue, which is
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inputs to scheduling which are typically outputs of other
planning functions and therefore are expected to change over
time. Fixed inputs (i.e., items a—c) are depicted in Figure 3
via the red arrow, while variable inputs (items d-g) are
shown as gray arrows (see Novas and Henning®®).

Our goal is to find a least cost schedule that meets produc-
tion targets (or orders) while satisfying resource constraints.
For given production targets, alternative objective functions
are the minimization of tardiness or lateness, which can be
viewed as minimization of backlog cost; or the minimization
of earliness, which can be viewed as minimization of inven-
tory cost. If production beyond the given targets/orders is
allowed or desired, then the maximization of profit or
throughput can also be considered.

In the general problem, we consider in this article, we
seek to optimize our objective by making four types of deci-
sions (see Figure 4):

(a) Selection and sizing of tasks/batches to be carried out
(batching).

(b) Assignment of tasks to processing/storage units or
general resources.

(c) Sequencing of tasks on processing/storage units.

(d) Timing of tasks.

In the next two sections, we will further discuss how these
decisions shape the proposed framework and model classifi-
cation. Until then, we remark on the following. First, while

there is a subtle difference in the way tasks are defined, both
batch and continuous scheduling problems involve essen-
tially the same type of decisions.

Second, when two tasks, i and i/, are executed on a
resource j that can perform at most one task at a time (unary
resource), then they cannot be simultaneously processed.
This means that any feasible solution should satisfy

{ss >si+upV{si>si+w} Vil el M

where I; is the set of tasks to be scheduled on resource j. In
some approaches, the condition in Eq. 1 is satisfied through
sequencing (variables and constraints), while in others through
the timing of tasks; that is, the mapping of tasks on a time
reference grid. Eq. 1 does not have to be necessarily satisfied
by tasks scheduled on resources that can process more than
one tasks simultaneously.

Third, there is an inherent hierarchy in the aforementioned
decisions. Specifically, a decision-maker has to first decide
how many tasks have to be carried out (batching); the
selected tasks have then to be assigned to units (assignment);
next, tasks assigned to the same unit have to be sequenced;
and last, starting times have to be determined. Finally, we
note that timing in the aforementioned hierarchy is equiva-
lent to scheduling in the early literature (see ‘“Preliminary
concepts™).

Chemical Production Environments

In the previous section, we saw that the machine environ-
ment plays an important role in defining the discrete manu-
facturing problem classes. In this section, we develop a simi-
lar framework for chemical production scheduling. In “Basic
insights,” we show that it is the constraints regarding the
handling of the (typically fluid) materials, rather than the
structure of the manufacturing facility, that determine the
type of production environment. Next, we present what we
consider to be the three broad types of chemical processing,
and then we discuss other processing characteristics and con-
straints. Finally, we discuss how chemical production sched-
uling problem classes can be defined. In the remainder of
the article, we will use the term ‘“‘production environment”
instead of “machine environment.”

Basic insights

A key aspect in the basic framework we presented in
“Preliminary concepts,” was that the tasks to be scheduled
correspond to specific jobs. For example, in a FF with three

Task selection (batching) Task-resource Assignment Sequencing (for unary resources)
How many tasks/batches? What resources each task requires? In what sequence are tasks processed?
What size? I
| %
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Figure 4. Major decisions in chemical production scheduling.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 5. Examples of production environments.

(a) Network processing in a facility with seemingly sequential unit structure. (b) Sequential type of processing in facility with an
arborescence-like unit structure. (¢) Sequential processing (no splitting/mixing of I) combined with material mixing. (d) Sequential
processing (no splitting/mixing of I) combined with production of multiple materials. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

jobs, I = {A, B, C} and two operations, K = {1, 2}, each
one consisting of two machines, J; = {Ml1, M2} and J, =
{M3, M4}, there are six tasks to be scheduled: A-1 (job A
in operation 1), A-2, B-1, B-2, C-1, and C-2. This type of
sequential processing is found in chemical production sched-
uling problems where the identity of a batch has to be main-
tained through a series of operations and some additional
restrictions are present. These problems can be classified and
addressed for the most part using the concepts presented in
“Preliminary concepts.”” However, in problems without these
restrictions, this sequential structure is not present and the
notion of a batch going through multiple operations is not
defined. Therefore, a different representation is needed.

We will illustrate the basic concepts using the examples
shown in Figure 5. Before we do so, we note the following
in relation to the traditional notation discussed in “‘Prelimi-
nary concepts’’:

(a) We will use the term unit, instead of machine, to
describe a resource that can perform at most one task at a
time (unary resource). Units can be further grouped into
processing units and storage units (vessels).

(b) In our discussion of sequential processes, we will use
the term stage, instead of operation, to denote a distinct
processing step in a facility (e.g., fermentation, centrifuga-
tion, etc).

(c) We will use the term batch, instead of job, to denote
the entity that has to be processed in different stages.

The first crucial insight is that the type of production envi-
ronment is not determined by the structure of the facility
(i.e., the units and their interconnections). Figure 5a shows a
facility where a single product is produced following a per-
fectly linear pattern, where each stage consists of a single
dedicated unit and each task consumes and produces a single
material. Nevertheless, the concept of a batch is not defined
if there are no mixing and splitting restrictions, as illustrated
by the two Gantt charts shown in Figure 5a. To further illus-
trate the point, we consider the facility in Figure 5b, where a
single unit is used to convert a raw material to a single inter-
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mediate which is then converted to three different products
in three different units. The key restriction here is that the
intermediate has to be transferred into a single unit to be
converted to a final product; that is, a batch of I cannot be
mixed with other bathes nor split toward multiple batches in
units Ul, U2, and U3. Thus, this is a sequential process,
which interestingly can be viewed as a flexible flowshop
with two operations (one machine in the first and three
machines in the second) and three jobs (assuming one batch
per product). These two examples show that it is the material
handling restrictions (mixing and splitting of batches) rather
than the structure of the facility that determines what type of
processing we have, and therefore, what types of representa-
tions and models are necessary. This issue, which was first
raised in Ref. *°, is further discussed in Appendix A.

Second, the type of processing is not necessarily deter-
mined by the number of materials used as input or output.
Consider the process shown in Figure 5c, where two final
products, P1 and P2, are produced by mixing intermediate I
and additive A. The key in this process is that a batch of I
has to be consumed by a single batch of T2 (to produce P1)
or a single batch of T3 (to produce P2); it cannot be mixed
with other batches of I nor split towards many batches of T2
and/or T3. This implies that we have sequential type of proc-
essing although a task consumes two materials. However, a
batch of additive A, which is produced in the same unit as
intermediate I, can be stored and used in multiple batches of
T2 and/or T3. This implies that additive A should be treated
as a material used in network-like processing.

Alternatively, consider the process shown in Figure 5d,
where task T1 is a reaction resulting in a pure intermediate
I, to be converted into final product P1 by task T2, and a
mix U which consists of unreacted feed F and waste W. The
amount of intermediate I produced by one batch of T1 has
to be consumed by exactly one batch of T2. Neither mixing
(with other batches of T1) nor splitting (toward multiple
batches of T2) is allowed, which implies sequential process-
ing although there are two output materials. At the same
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time, U from multiple batches of T1 can be stored and when
enough material is accumulated sent to separation T3 which
yields pure F and waste stream W. In this case, a batch of
T1 yields two output materials with different material
restrictions.

These examples show that it is the material handling con-
straints that determine the production environment. They
also show that the major difference between chemical pro-
duction and discrete manufacturing scheduling is that tasks
consume and produce fluids which can be mixed or split.
Interestingly, material handling constraints (no mixing/split-
ting) that remove this fluidity make chemical production sim-
ilar to discrete manufacturing. Not surprisingly, it is these
constraints that lead to sequential processing, which as we
will see in the next subsection can be viewed through the
lenses of the framework presented in ‘“Preliminary con-
cepts.”

We close with two final remarks. First, we note that most
chemical facilities consist of multiple types of processes. For
example, it is common to have sequential processes (e.g.,
fermentation) followed by network processes (e.g., mixing
with different additives), followed by continuous processing
(e.g. drying or packing). Second, it is common to have mate-
rials that have to be produced in a single batch, but can then
be used in multiple lots, which means that mixing (blending)
is not allowed but splitting is. As a facility may include dif-
ferent types of subsystems, it is more appropriate to talk
about types of processing rather than facilities of a single
type of environment.*® Finally, based on the insights in this
subsection, we propose three types of processing: sequential
(Figure 5b), network (Figure 5a), and hybrid (Figures 5c,d).

Sequential processing

A process is sequential if it produces/consumes a single
material and batch mixing and splitting are not allowed for
both the input and output materials. A process can also be
considered sequential if it consumes materials that can be
coming from multiple batches (batch mixing) or produces
materials that can be used in multiple downstream batches
(batch splitting), but these materials do not have to be
accounted for; e.g., they are always available if they are
inputs or can always be disposed/stored if they are outputs
(see discussion in “Hybrid processing’). The key issue here
is that these processes can be modeled via batches (jobs) and
stages (operations), using the framework discussed in “Pre-
liminary concepts.” Open-shops are not relevant because
chemical transformations have to be carried out in a given
sequence. Hence, we will focus our discussion on two multi-
product environments that are similar to the FF and FJ
environments.

The first is the so-called multistage facility, where each
batch of each product has to be processed in a number of
stages, each stage consists of one or more parallel processing
units, and a unit belongs to a single stage. A batch cannot be
mixed or split and all products go through the stages in the
same sequence, unless a product is not processed in a given
stage. The scheduling of these facilities is similar to the
scheduling of FFs. The second is what in this paper we call
multipurpose facility. It is a facility where batches cannot be
mixed or split and have to go again through multiple stages,
but the sequence of stages is product-specific. Also, a proc-
essing unit may belong to different stages depending on the
product, and/or a unit may belong to multiple stages.
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First, we remark that the general problem is posed in
terms of facility (e.g., unit capacities) and product (e.g., rec-
ipes) data, as well as raw material and resource availability,
and product demand (see problem statement). It is not
expressed in terms of batches. If the batching problem is
solved independently, then scheduling can be expressed in
terms of batches. In this case, and if there are no utility and
storage constraints, then problems in multistage and multi-
purpose facilities are practically equivalent to FFs and FJs,
respectively. The majority of approaches to these two prob-
lems in the process engineering literature have considered
this narrow case. The introduction of storage and/or utility
considerations preserves the batch/stage-based representation,
but introduces additional features and constraints. However,
if batching decisions are considered at the scheduling level,
then the problem cannot be viewed as a flexible flowshop or
jobshop because there is no fixed number of jobs. Maravelias
and coworkers have addressed the general problem in se-
quential facilities.!3>40

Second, we build upon the ideas presented in “‘Prelimi-
nary concepts” to represent the general scheduling problem
in sequential production environments. Specifically, in addi-
tion to routing restrictions (horizontal differentiation in Fig-
ure 1) and different levels of operation complexity (vertical
differentiation), we consider the suitability of a unit to per-
form a task of a given product as a third dimension.

We start with the multistage problem. The simplest case
arises when all products go through all the stages and all
units are compatible with all products (see Figure 6a). In
this case, we only need to define the set of stages, k ¢ K,
and the units in each stage, j € J;. The first generalization
results when a product, i € I, does not have to be processed
in one or more stages (see Figure 6b). In this case, which
can also be viewed as multipurpose, we have to define prod-
uct-specific routings, R; < K, to correctly enforce sequenc-
ing. Note that, in the absence of preemption, this case is not
equivalent to the previous one with some processing times
being equal to zero. The second generalization is obtained
from product-unit compatibility constraints (Figure 6c). To
represent this, we introduce subsets J;;, which include the
units in stage k that are suitable for product i.

In multipurpose facilities, we have product-dependent
routings, R;. The simplest case arises when units belong to
the same work center (Figure 6d). If work centers are
viewed as independent stages, then, this case is modeled by
defining routings R; and J, (Figure 1g shows the same case
with routings defined in terms of centers). A first extension
arises when we have routings with reentries; that is, units
belong to multiple stages for the same product. If the reen-
tering product undergoes the same type of operation, then
we simply add the same stage more than once in the routing
of the product; that is, R; is an ordered multiset (Figure 6e).
If the re-entering product undergoes a different operation,
then we add a new stage in the routing R;, and represent
processing times in terms of stages. To illustrate, we con-
sider an environment with two units, Ul and U2, and prod-
uct P which has to go through three operations Ol in Ul —
02 in U2 — O3 in Ul. This problem can be modeled by
defining routing Rp = {1, 2, 3} with Jp; = {Ul}, Jp, =
{U2}, and Jp3 = {Ul}, and the associated processing times
Tp1, Tpo, and tp3. The most general case results when units
belong to different stages depending on the product they pro-
cess (Figure 6f). This case can be represented using subsets
Jir where stage numbers depend on products. Note that all
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sequential facilities can be viewed as special cases of multi-
purpose with reentries, and unit suitability constraints that
depend on product and stage.

To summarize, the structure of any sequential facility can
be stated in terms of product routings, R;, and product/stage-
unit suitability information, J;;. If the batching problem is
solved independently, then we can simply replace products
with batches; that is, routings and unit suitability are defined
for batches (which means that multiple batches may have
identical R; and J; ).

Network processing

Network processing arises when there are no restrictions
in the way all input and output materials are handled; that is,
multiple batches of the same task can be mixed or material
produced by a single batch can be consumed by multiple
batches. As illustrated in “Basic insights” network process-
ing can arise in facilities of almost any structure. In the ab-
sence of other processing restrictions (e.g., storage, unit con-
nectivity, transfer equipment, etc), network processing basi-
cally means that materials can flow freely from storage
vessels (suitable for their storage) to processing units where
they are consumed, and from processing units where they
are produced to storage vessels.

First, we note that the notion of a batch of a product
going through different stages is irrelevant in networks
because there is no requirement for a batch to maintain its
identity. Similarly, processing stages are not typically used
because products can be produced in different ways which
further implies that batching decisions have to be made.
Clearly, since the number of tasks to be scheduled is vari-
able, the framework in presented in the previous subsection,
which relies on fixed products (or batches) and stages, is
inadequate to address these problems.

Second, the types of tasks are typically defined in terms
of input and output materials. In other words, a task is iden-
tified by the materials it consumes and produces and the cor-
responding conversion coefficients, rather than a product and
a stage (as in sequential processes). Conceptually, tasks can
be defined using a matrix where tasks correspond to col-
umns, materials to rows, and the matrix elements are the
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corresponding coefficients. It is typically assumed that a task
has a unique set of conversion coefficients. The two most
widely used representations of network processes, the
STN?°2! and RTN,?” rely on the consumption/production of
materials (modeled either as states in STN or resources in
RTN) by tasks. STN and RTN type approaches have been
used to address problems with a wide range of additional
characteristics, such as utilities, material transfer, and stor-
age. However, these characteristics are not specific to net-
work processing.

Hybrid processing

We use the term hybrid to describe processing that is not
sequential nor network. For example, a process is hybrid if
(i) a task consumes multiple materials or produces multiple
materials and some of them have mixing/splitting restric-
tions; or (ii) a proper subset of materials produced or con-
sumed by a task have mixing or splitting restrictions. In
“Basic insight,” we considered two simple examples of such
processes in Figures 5c,d. The example in Figure Sc is repre-
sentative of problems where a task consumes multiple mate-
rials (i.e., we have material mixing), but mixing of batches
of the same material is not allowed for at least one input
material. Although not discussed in the literature, this type
of processing is not uncommon in the process industries. For
example, in the production of emulsifiers in the food indus-
try, an additive is added to a batch before spray tower proc-
essing. We remark here the fine distinction between mixing
of batches (of the same material) and mixing of materials.
The former refers to the case where the output of two
batches of the same task is mixed, which if allowed leads to
network processing even if a task produces a single material
and this material is consumed by a single task (see top Gantt
chart in Figure 5a). The latter refers to the case where a task
requires two inputs which therefore have to be mixed. The
difference between the two is not fully understood in the lit-
erature, where it is often incorrectly assumed that network
processing is caused by material mixing.

The example in Figure 5d illustrates situations where the
main product of a task should be processed, without being
mixed or split, by a downstream task, but a byproduct also has
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to be handled. For example, centrifugation of a batch coming
from fermentation results in a liquid concentrate that has to be
processed (without mixing or splitting) further, and a byprod-
uct aqueous stream that has to be treated. Also, in fermentation
processes (e.g., beer production) it is common to remove yeast
before the end of the batch, which is going to be used in multi-
ple subsequent fermentations. In this case, we note the differ-
ence between batch splitting and a batch producing multiple
materials. The former arises when the output of the same batch
is consumed in multiple subsequent batches. This leads to net-
work processing even if only one material is produced (see bot-
tom Gantt chart in Figure 5a). The latter situation arises when
a task produces multiple outputs. As we illustrated in Figure
5d, production of multiple materials can be combined with no
mixing/splitting restrictions.

The key insight here is that there exist processes where
batch identity has to be tracked and preserved for some
materials (e.g., intermediate to be processed further down-
stream), while other materials (additives, promoters, byprod-
ucts, etc.) can be handled more freely. We propose the term
hybrid processing to describe this type of environment. We
note that the use of word hybrid in this article is not the
same as in Sundaramoorthy and Maravelias. Here, we use
it to describe a general type of processing which is inde-
pendent of the representation or modeling of the process.
Sundaramoorthy and Maravelias used it to define a type of
material in their representation. Note that in hybrid proc-
esses, as well as in most sequential processes, the size of the
batch changes as it moves along the various stages.

Finally, we note that in some cases, hybrid processing can
be treated as sequential processing. The example in Figure
5c can be modeled as a sequential process if the additive
will always be available (e.g., if produced in a dedicated
unit with excess capacity) and thus does need to be modeled.
The example in Figure 5d can be simplified by ignoring the
byproduct if it does not require any further treatment or the
resources for this treatment will always be available. While
similar simplifications can be applied to many problems of
this type, in the general case we need methods that preserve
batch integrity while monitoring inventory levels. Interest-
ingly, this general class of problems has received no atten-
tion in the literature and cannot be addressed by existing
methods. Some special cases can be modeled using the
UOPSS framework proposed by Kelly and Mann,*' while
the modeling approach of Sundaramoorthy and Maravelias®
can potentially be extended to account for these types of
processing restrictions.

Other processing characteristics and constraints

Chemical production facilities often exhibit special proc-
essing characteristics, such as auxiliary equipment, utilities,
labor, unit setups, and changeovers between batches, storage
and transfer constraints, and so forth. It is important to note
that all processing constraints can, in principle, be present in
any type of facility (sequential, network, or hybrid), although
most of them have been studied in the context of network
problems only. A thorough discussion can be found in Men-
dez et al.® Here we briefly review the major characteristics.

General Resource Constraints. Our discussion thus far
has focused on task-unit assignments and task—task sequenc-
ing decisions because it is assumed that the major type of
shared resources are the processing units. However, chemical
production often requires a wide range of resources such as
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auxiliary units (e.g., piping and storage vessels) and utilities
[e.g., steam, water, cleaning-in-place (CIP)]. Resources can
be discrete (e.g. labor) or continuous (e.g. steam). We note
that in RTN, materials are also viewed as resources con-
sumed (inputs) and produced (outputs) by tasks.

Switchovers. There are two types of switchovers:
sequence-independent, henceforth referred to as setups; and
sequence-dependent, henceforth referred to as changeovers.
In batch processing, they are typically activities that have to
be carried out before a processing activity starts (e.g., unit
cleaning). In continuous processes, they typically represent
transitions between steady states (e.g., grade transition in
polymer manufacturing).*> They lead to down-time and
sometimes to costs. Switchovers may require shared resour-
ces, such as CIP, which means that they are resource-con-
strained as are the processing tasks.*?

Material Handling and Storage. As we have already
seen, material handling constraints are very important
because they lead to different types of problems. It is impor-
tant to make a distinction here between what, in the schedul-
ing literature, is called “storage constraints” and what, in
this article, we term ‘“‘material handling constraints.” The
former refer to (i) storage capacity constraints (number and
size of storage vessels), and (ii) constraints on the duration a
material can be stored (in a processing unit or storage ves-
sel). The combination of these two aspects is often referred
to as storage policy (see Ref. *!). The latter refers to an at-
tribute of a material, which is typically specified by the pro-
duction recipe or quality control requirements. Material han-
dling restrictions are thought to be independent of the spe-
cific storage and transfer units of a facility.

Material Transfer. Transfer operations play an important
role in the process industries. In a few applications, such as
pipeline and crude oil scheduling, the major operations to be
scheduled are transfer operations rather than production
ones. In other cases, where transfer operations are highly
constrained (e.g., transfers using cranes in metallurgical
facilities), they should be scheduled simultaneously with pro-
duction. Finally, most problems involve charging and with-
drawing operations which, if resource-constrained, should be
modeled because they may lead to connectivity restrictions.
Furthermore, transfer operations are linked with storage lev-
els; e.g., a withdrawing operation cannot start unless the in-
ventory is above a threshold level.*'*** Finally, we note that
material storage and transfer constraints when coupled with
unit capacity constraints may induce a type of processing.

Problem classes

In “Preliminary concepts,” we saw that a scheduling
problem is traditionally defined in terms of a triplet o/f}/y.
Following the same convention, we can define a class of
chemical production scheduling problem in terms of triplet
o/p/y where (see Figure 7):

® ¢ denotes the production (rather than machine) environ-
ment. The main production environments are sequential-multi-
stage (SS), sequential-multipurpose (SP), network (N), and
hybrid (H). Sequential production environments can be further
divided into the ones shown in Figure 6. As different types of
processing can be present in the same facility, the choices of
production environment also include combinations of the three
processing types; that is, « may include multiple entries.

e 3 denotes the processing restrictions and characteristics.
Some are similar to those in discrete manufacturing, e.g. set-
ups, changeovers, release/due times; while some are specific
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Figure 7. Problem classes in chemical production
scheduling.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com] Partial list of proc-
essing characteristics and restrictions (f), and objective
functions (y) are shown.

to chemical production, e.g., storage constraints, material
transfers, and so forth. Moreover, multiple processing char-
acteristics and restrictions can be present simultaneously;
that is, f may include multiple entries (see Figure 3 in Men-
dez et al.%).

® 7y denotes the objective function; e.g., makespan minimi-
zation (M ,.x), production cost minimization (C,,), weighted
lateness minimization (X w;L;), and so forth.

Modeling Approach Classification

The goal of this section is to present a classification of
modeling approaches. Before we delve into the details of the
proposed schema, we briefly discuss three closely related
concepts, which, in this article, we term problem, problem
representation, and modeling approach. A scheduler in a
plant is faced with a problem. Problems can be posed in a
myriad of different ways, depending on the production envi-
ronment, the interaction of the scheduling function with the
other planning functions, the tools, and even the culture of
the company. To address it, the problem has to be converted
into a standardized form that can be used in software tools
and understood by the people who will be using the solution.
This is what we term ‘“problem representation.” Although it
often depends on the problem and the method that will be
used to address it, the problem representation is, in principle,
independent of those two. Also, the problem representation
can be simpler than the actual problem because noncritical
activities or nonbinding constraints are often ignored (e.g.,
small setup times, auxiliary materials that can be assumed to
be always available, etc). The development of a general
problem representation for chemical production scheduling
remains an open question, primarily due to the lack of uni-
fied notation (see Appendix B). A first attempt to address
this challenge can be found in Novas and Henning.38 Also,
Hai et al.¥ propose an ontology-based approach for process
modeling which can be used toward the development of a
general problem representation. For a given a problem repre-
sentation, one can use different modeling approaches. For
example, problems in a multistage process represented using
the concepts of products, stages, and units presented in ““Se-
quential processing,” can be addressed using different mod-
eling approaches as we will see in “Modeling of time.”
Finally, there is a subtle distinction, which we will not dis-
cuss here in detail, between models and formulations. Spe-
cifically, multiple formulations can be developed for the
same model. For example, there are different ways in which
assignment constraints can be expressed in STN models;
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e.g., Eq. 1 in Ref. ?° vs. Eq. 9 in Ref. ?'. The focus of this
section is on modeling approaches, and MIP-based
approaches in particular.

The proposed classification is based on three attributes:
major scheduling decisions, modeling elements, and model-
ing of time. The first two, which are intimately interrelated,
are discussed in “Scheduling Decisions and Modeling Ele-
ment,” while the third one in “Modeling of time.” In “Mod-
eling approach space,” we present the proposed classification
schema, and in ‘““Relationship between problem classes and
modeling approaches,” we briefly discuss the relationship
between problem classes and modeling approaches.

Scheduling Decisions and Modeling Elements

Our discussion of optimization decisions here focuses on
the decisions that are necessary to model the allocation of
processing units, assumed to be the primary resources, to
tasks. Furthermore, we note that the type of decisions made
at the scheduling level are often determined externally. For
example, as discussed in “Preliminary concepts,” some of
the decisions we consider to be scheduling decisions can be
made at the production planning level and therefore are
inputs to the scheduling function. However, the decision-
maker often has the flexibility to use a range of solution
approaches, each with different sets of decisions. For
instance, for a problem that involves all levels of decisions,
one could use heuristic methods to determine the number
and size of batches followed by a scheduling approach that
involves only assignment and sequencing decisions.

At the one extreme, we have approaches that consider
only sequencing and timing of tasks. Single-unit problems
with changeovers, which often lead to the famous travelling
salesman problem, are such examples. In the middle of the
spectrum, we have approaches that are concerned with task-
unit assignment and task sequencing. In “Sequential process-
ing,” we saw that most approaches to problems in sequential
environments are concerned with these two decisions. At the
other extreme, we have methods that account for batching,
assignment, and sequencing/timing decisions. Material-based
approaches for problems in network environments are such
examples. Recent approaches for the scheduling of sequen-
tial processes also fall in this group.*®*"=!

The type of decisions considered often determines the sec-
ond major modeling attribute which is the selection of the
entity modeled to enforce resource constraints. If batching
decisions are fixed, then the resulting problems are modeled
using what we term batch-based approaches, while material-
based approaches are most often used to address problems
where batching decisions are considered (see Sundaramoor-
thy and Maravelias® for a more thorough discussion).

In batch-based approaches with fixed number of batches,
variables are defined for batches, assignment constraints are
expressed for every batch in every stage, and sequencing
constraints are expressed for every pair of batches as well as
for the same batch between two consecutive stages. In other
words, the modeling of the scheduling problem is based on
the notion of a batch; material types and amounts are not
defined. Interestingly, RTN-based approaches that were
recently proposed to address such problems treat batches
(and not materials) as resources that are consumed and pro-
duced at different stages; that is, they also rely on the mod-
eling of batches.”

In material-based approaches, the number and size of
batches are optimized. Furthermore, sequencing is
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accomplished through material balances: a task can start
only if the intermediate materials consumed by it are avail-
able, which means that the tasks producing these materials
should have already been performed (assuming that we start
from zero intermediate inventories). We note that the
sequencing through materials is advantageous because the
notion of precedence cannot be defined in network processes
due to the existence of initial intermediate inventories and
recycle streams. We also point out that tasks are still mod-
eled (using binary variables); linked to batchsizes (typically
using variable bound constraints); and, used to enforce other
types of restrictions.

A high-level classification of existing approaches in terms
of scheduling decisions and modeling elements is shown in
Figure 8. We close with three remarks. First, we note that
our discussion in this subsection focused on the elements
used to enforce resource constraints on processing units
(unary resources). Of course, there is a wide range of other
resources (e.g., utilities), but all these entities can in princi-
ple be combined with the two primary elements, materials
and batches, discussed here. Second, the use of batches or
materials is not exclusive. Maravelias and coworkers pre-
sented models which, while not including material balances,
implicitly accounted for materials through batching decisions
and batch size constraints.***>3! Third, we note that what
we presented in this subsection is only a first attempt to clas-
sify existing modeling approaches in terms of decisions and
major modeling elements. As new scheduling methods are
likely to emerge, we will have to expand the scope of these
attributes.

Modeling of time

The modeling attribute that has received the most atten-
tion in the PSE literature is arguably the so-called time rep-
resentation, which is, for the most part, understood as a
selection between discrete and continuous time representa-
tion. In this article, we offer a broader discussion of the
issue of modeling of time, of which the distinction between
discrete and continuous representation is only one facet. In
particular, we propose that there are four components (or
levels) in the modeling of time:

(1) Selection between precedence-based and time-grid-
based approach.

(2) Selection of type of precedence relations (local vs.
global) or type of time grid approach (unit-specific vs. com-
mon).

(3) Specific assumptions.

(4) Selection between discrete and continuous time.

Precedence vs. Time Grid. In general, there are two
ways to sequence and/or time tasks. The first is through the
enforcement of binary precedence relationships between
tasks executed on the same unit. Regardless of the specifics
of the formulation, this approach requires the expression of
constraints between pairs of tasks. In MIP formulations, this
is accomplished via the introduction of sequencing binaries
for pairs of batches, and the expression of sequencing con-
straints. Variables representing time may be used, but they
represent times specific to a batch (e.g., starting times in a
stage) and appear, again, in constraints involving pairs of
batches or stages of the same batch; they are not related to
any external time frame. Also, if the number of batches, and
therefore the tasks to be scheduled, is known then the size
of the formulation is fixed.
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The second approach uses one (or more) time grid onto
which events (e.g., the beginning of a task) are mapped.
This time frame is independent of the specific tasks sched-
uled to take place; it has a given number of (fixed or vari-
able) time points which do not necessarily correspond to
task-specific time variables, which are defined separately and
matched with points of the time grid. Also, what makes this
approach different from the previous one is that (some attrib-
utes of) the time grid(s), which determine the size of the for-
mulation, have to be defined by the modeler before optimi-
zation. For example, the modeler has to decide how many
time points the time grid will have.

Interestingly, the majority of methods developed to
address problems in sequential processing adopt a prece-
dence-based approach, while all approaches to network proc-
esses adopt a time grid approach. A third option, which will
not be included in our discussion because it is primarily
used in production planning, is a lot-sizing-type of represen-
tation. This representation is often used when scheduling of
sequential processes is integrated with production planning,
and there are no sequence-dependent changeovers.“g_50 It is
also used, in conjunction with one of the previous represen-
tations, in decomposition methods where an approximation
or relaxation of the scheduling problem is considered.”!

Type of Precedence/Time-Grid and Specific Assump-

tions. The selection of a precedence-based or time-grid-
based approach is the first level of time modeling. Once this
decision is made, the next level concerns the manner in
which sequencing constraints are expressed in the former,
and time matching between the time grid and the tasks is
performed in the latter.
(1) Precedence-based modeling. In general, there are two
broad approaches: one where precedence relationships are
established between all pairs of tasks assigned to the same
unit (global precedence), and one where they are established
only between pairs of tasks processed consecutively on the
same unit (local precedence). The basic difference between
the two approaches is illustrated in Figure 9a. Given the
type of precedence, the user can then decide to use different
types of timing variables (e.g., start time vs. end time) and
different assumptions (see Figure 9b). Most assumptions can
be used within both global and local approaches although
the corresponding MIP constraints can be different.
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Local precedence relations (L)
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(a) Level Zmodeling:
Local vs. global precedecnes

Figure 9. lllustration of the two major precedence-based approaches and corresponding assumptions.

(b) Level 3 modeling:

Specific precedence assumptions

For simplicity, assumptions in (b) are shown to be common between local and global approaches. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com]

(2) Time-grid-based modeling. The generation of models
using time grids has been traditionally viewed in terms of:
(i) the selection of discrete or continuous time representa-
tion, (ii) the selection of a common or (multiple) unit-spe-
cific time grids, and (iii) time grid assumptions. Here, we
suggest that the selection between discrete and continuous
time is relevant for all types of modeling approaches, so we
discuss it separately in the next paragraph. Also, items (ii)
and (iii) have been thought to be relevant only to continuous-
time formulations, but in principle they can be studied in the
context of discrete-time models as well. In fact, the mixed-
time representation of Maravelias®* can be viewed as a dis-
crete-time model (since the grid is fixed) with different
assumptions regarding the duration of processing times. The
difference between common and unit-specific approaches is
shown in Figure 10a. In addition to the grid type selection
(i.e., the second level), there are multiple ways to model the
relationship between the time grid(s) and the (beginning and
end of) tasks, which is illustrated in Figure 10b. The specifics

of the various combinations of assumptions proposed in the
literature are not discussed here.

Discrete vs. Continuous Representation. Time representa-
tion has been studied only in relation to approaches that use
time grids, because precedence-based approaches have been
thought to be, by default, continuous-time approaches. How-
ever, any precedence-based approach (where time variables
are continuous) can be converted into a discrete-time
approach by simply adding integrality constraints on the
time variables. In fact, constraint programming models con-
structed using modeling environments (e.g., OPL Studio®)
are often precedence-based models combined with discrete-
time representation. More generally, any approach is a dis-
crete-time approach if the timing variables are integers,
which means that any time-grid-based MIP formulation with
time matching constraints becomes a discrete-time approach
(albeit rather inefficient) if timing variables are constrained
to be integers. In other words, the selection of the time grid
and the assumptions regarding the grid (modeling levels 2

Unit-specific time grids (U) |  (U1) Tasks shouldstartand  (U2) Tasks should start (but (U3) Tasks should startand (U4 ...
finish at a time point; they not finish) at a ime point; finish at a ime point; they
s T3 7 Ty should span one time period they should span one period can span multiple periods
Ul i A | i
- o e . 7 B WET
i P > (C1) Tasks should start and (C2) Tasks should start (butnot (C3) Tasks do nothave to (C4) ...
E— (giﬂbﬂ.l} ca gﬂd © finish at a time point necessarily fimsh) at a ime point  necessarily start nor finish
Ty T Mo at a time point

vl| BRI T
U2| o

I [C

-BHh BTLHRh B

BT T T 5. e Ty . T T -
(&

e > ) %; e —

(a) Level 2 modeling:
Unit-specific vs. common grid

(b) Level 3 modeling:

Specific time grid assumptions

Figure 10. lllustration of second (unit-specific vs. common time grid) and third (specific assumptions) levels of
modeling of time in time-grid-based approaches.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Levels Modeling of time
]

1. Precedence vs. time grid Precedenlce-based

1
Time-grid-based

2. Type of precedence/grid Togal Gibal Unitsiesne o

3. Specific representation
assumptions
4. Time representation

Discrete vs. Continuous

Figure 11. Components (levels) for the modeling of
time.

and 3) are decoupled from the discrete vs. continuous selec-
tion. Of course, from a computational point of view, one
would like to exploit knowledge about the nature of time
variables to develop a more effective formulation. Finally,
we note that, although viewed from a different angle, the
notion that a discrete-time model can be obtained as a spe-
cial case of a continuous-time model was first discussed in
Maravelias and Grossmann.>

Hierarchy of Time Modeling. Based on the four compo-
nents discussed above, we can construct the hierarchy shown
in Figure 11, which includes a wide range of models. Of
course, some of these models are expected to be less effi-
cient than others, so they have not been and are unlikely to
be studied in the future. However, this treatment allow us to
better understand what decisions go into the modeling of
time.

Modeling approach space

The proposed classification can be viewed as follows: the
universe of modeling approaches to chemical production
scheduling is a three-dimensional (3-D) space where each
dimension corresponds to a key attribute:

(a) Optimization decisions: the major decisions are batch-
ing, assignment, and sequencing/timing; all approaches
involve a subset of these three.

(b) Major modeling elements: these typically include
batches (or orders), materials, or both batches and materials.

(c) Modeling of time: this includes the four levels dis-
cussed above.

The coordinates of an approach are basically its classifi-
cation. They also yield the modeling techniques that were
employed. For example, approaches with variable number
of tasks include batching decisions which means that mate-
rials, and their corresponding amounts, have to be modeled,;
and conversely, models with fixed number of batches,

Decisions
L e TS R STN (Kondili o al,, 1993)
Assignment & i * Decisions:
&qmcmy‘h:nm; rirl Batching, assignment & timing
# ; + Modeling element:
" Precedence Time-grid m‘ -
Assignment & 1=~~~ _pased -— based =, of time:
: 1 ! 1
- - 3 & B ot - 1. Time-grid-based
3 Local Glnbltl Unit-specific Common 2 ¢ wid
Ry 3. Tasks start/finish @ time pts
Seencing/timing- L1 L2.. GI 62... Ul U2.. €1 C2... & Diisorabe-time
1 | :
! LID LIC... .. . CID.. CIC €C..
' L L i 1 L L
+—4 + i
Batches | Madeling of Time
' i
o ey

Modeling Elements

Figure 12. Graphic illustration of the classification of
modeling approaches.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]
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require no batching decisions and thus materials should not
necessarily be included. A graphic illustration of the pro-
posed classification is shown in Figure 12, where the dis-
crete-time STN model® is positioned in the aforementioned
3-D space.

Relationship between problem classes and modeling
approaches

The selection of modeling elements, optimization deci-
sions, and modeling of time determine the modeling
approach. Thus, they are attributes of the model not neces-
sarily defined by the specific facility or problem being mod-
eled. Given a modeling approach, the actual model should
be suitable for the given production environment and
account for specific process characteristics and constraints.
In other words, the scheduling model is determined by the
(user selected) modeling approach and the (externally speci-
fied) problem class.

The two aspects are, naturally, interrelated. Most notably,
the selection of the modeling approach often depends on the
problem at hand. However, a problem can be modeled using
multiple modeling approaches; for example, problems in a
given sequential facility with changeovers can be addressed
using different types of batch-based models with different
types of precedence variables and constraints, while a prob-
lem in a network facility can be addressed using a wide
range of models. At the same time, a modeling approach can
be used to address different problems in different types of
facilities. For example, the STN model of Kondili et al.*
was extended to account for semibatch pI‘OCCSSCSZI; RTN
and STN type models can be amended to account for mate-
rial transfers®*>; the STN-type model of Ierapetritou and
Floudas®® was expanded to account for continuous and semi-
continuous processes.”’

Conclusions

In this article, we first presented a framework for chemi-
cal production scheduling. The notion of production envi-
ronment is introduced to allow us to define the various
classes of problems. We identify three main types of chemi-
cal production environments: sequential, network, and
hybrid. Methods to address problems in the first and second
environments have been available since the late 1970s and
early 1990s, respectively. However, there are no methods
available for problems in hybrid environment. It is also sug-
gested that chemical production scheduling problem classes
can be defined in terms of production environment(s), proc-
essing characteristics and constraints, and objective func-
tion.

Our analysis also offered a number of novel insights:

(a) The production environment, and therefore the prob-
lem class, depends primarily on the way materials are
handled, rather than on the structure of the facility (as in dis-
crete manufacturing).

(b) Sequential processing is in some ways similar to dis-
crete manufacturing, whereas network and hybrid processing
have different requirements and therefore require different
methods.

(c) There are two subtypes of sequential production envi-
ronments: multistage and multipurpose. Problems in both of
them can be expressed in terms of products (or batches), i € I,
stages, k € K, units, j € J, product routings, R;, and unit-(prod-
uct/stage) compatibility information expressed by sets J, ;.
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(d) Material mixing and batch mixing are two different
concepts. The former describes the consumption of multiple
materials by one task; and it can be present in sequential
processing. The latter describes the mixing of two or more
batches of the same material (produced by the same or dif-
ferent tasks); and it implies network processing.

(e) Batch splitting is not equivalent to a task having more
than one outputs. The former describes the situation where
the material coming from the same batch is used as input in
multiple downstream tasks; it implies network processing.
The latter simply means that a task produces multiple mate-
rials, some of which may be subject to no splitting/mixing
restrictions (i.e., sequential processing).

(f) Facilities typically consist of subsets of units/tasks of
different processing types. This means that the overwhelm-
ing majority of existing methods, which were developed to
address problems in a single environment, cannot address
these problems. A first attempt to address problems in facili-
ties that combine sequential and network environments was
proposed by Sundaramoorthy and Maravelias.>

Second, we developed a systematic classification of mod-
eling approaches, which considers three attributes: schedul-
ing decisions, modeling elements, and modeling of time. The
development of the proposed classification resulted in the
following critical insights:

(a) Most approaches to sequential problems rely on the
modeling of batches, thus called batch-based. In most of
them it is assumed that the batching problem has already
been solved, which implies that no batching decisions are
made and thus discrete batches need to be assigned to units
and sequenced. If it is also assumed that there are no storage
and utility constraints, then these problems become similar
to discrete manufacturing problems.

(b) Approaches to network problems rely on the modeling
of materials through material balances, and they involve all
types of decisions (batching, assignment, and timing). They
are termed material-based.

(c) The modeling of time involves four levels. The selection
of discrete or continuous representation is only one of them.

(d) At the first level, we decide between a precedence-
based and time-grid-based approach. The former is used
exclusively in batch-based approaches for problems in se-
quential environments, while the latter is used in both batch-
based and material-based approaches.

(e) The second and third levels concern the selection of
type of precedence-based (global vs. local precedence) and
time-grid-based (common vs. unit specific grid) approach,
and the specific assumptions.

(f) The selection between discrete- and continuous-time is
the fourth level, and it is independent from the other three lev-
els. For example, all precedence-based approaches, which have
been thought to be inherently continuous-time, can become dis-
crete by simply introducing integrality constraints on the timing
variables. The same is true for any time-grid-based approach.

The major contribution of this article, we believe, is the
identification of the limitations of the existing notation, the
clarification of some common misconceptions, and the intro-
duction of some new ideas (e.g., hybrid processing) that
would allow us to systematize our knowledge in this area. It
is also a first attempt to critically review our past efforts in
developing modeling and solution methods, understand what
problems they address, what are their limitations, and how
they can be improved. The development of the general
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framework and modeling approach classification, while more
general and systematic than all previous attempts, were just
the means to this end. We hope that this article will foster
further research in the area.
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Notation

Machine environments

1 = single machine
P = machines in parallel

F = flow-shop
J = job-shop
O = open-shop

FF = flexible flow-shop
FJ = flexible job-shop
FO = flexible open-shop

Production environments

SS = sequential multistage
SP = sequential multipurpose
N = network
H = hybrid

Indices and sets

i ¢ I = job/batch/product
J € J = machine/unit
k € K = operation(step)/stage

Subsets

I; = tasks can be executed on unit j

J = machine/unit
Jix = units suitable to process product (batch) i in stage k
R; = routing of product (batch) i

Greek letters

o = unit/production environment
processing characteristics and constraints

objective function
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Appendix A: Facility Structure vs. Type of
Processing

To illustrate that the facility does not necessarily determine
the type of processing, we revisit the example shown in Figure
5b. The facility at hand consists of one reactor, UO, in the first
stage (for task T1), and reactors U1, U2, and U3, in the second
stage (dedicated to tasks, T1, T2, and T3, respectively) as
shown in Figure Al. The facility has also dedicated storage
vessels, for feedstock F, final products, P1, P2, and P3, as well
as vessel IV for intermediate I. Reactor U1 is connected to ves-
sel IV through valve VO, and IV is connected to all second stage
reactors via valves V1, V2, and V3, as shown in Figure Al.

If two or more batches of I cannot be mixed into IV (no
mixing), and each batch of I has to be consumed by a single
second stage task (no splitting), then the operation of the fa-
cility should essentially follow two rules: (i) open valve VO
only if tank IV is empty; and (ii) only one valve, among V1,
V2, and V3, can be used to discharge IV, and when opened
it has to completely empty IV. The first rule enforces the no
mixing restriction, whereas the second enforces the no split-
ting restriction. A schedule satisfying these two rules is
shown in Figure A2a.
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Figure A1. Processing units, storage vessels, and inter-
connections.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]

However, exactly the same facility can be used for other
types of processing. For example, if batch mixing is allowed
for I, but not batch splitting, then every feasible schedule
should follow rule (ii) only (see schedule in Figure A2b). If
batch mixing is not allowed, but a batch of I can be used in
multiple downstream tasks, then only rule (i) should be fol-
lowed (see schedules in Figures A2c,d). If none of the rules
is followed, the same facility can be used to carry out net-
work processing (see schedule in Figure A2e).

Finally, note that in the schedules shown in Figures A2b—e,
tank I'V can be viewed as a mixer or splitter. Despite the pres-
ence of this unit, however, different types of processing, includ-
ing sequential processing, can be carried out in this facility.

Appendix B: Remarks on Existing Notation

The reader might have noticed that we used the terms
batch and task almost interchangeably, although they were
used in different context. This somewhat confusing use of
these two terms, as well as many others, are due to the lack
of a common notation for chemical production scheduling,
which often leads to either multiple terms being used for the
same concept or the same term being used to describe differ-
ent concepts. In general, there are mismatches between: (i)
the notation used in different (mostly academic) modeling
approaches, and (ii) the notation used in modeling
approaches and the standards used to develop software prod-
ucts (and used by other communities). Our discussion
focuses on the first type of mismatch.

As we have discussed, existing modeling approaches can
be classified into two general groups, following the dichot-
omy between sequential and network processes: (i) batch-
based approaches, developed to address problems in the for-

mer, and (ii) material-based approaches, developed to
address problems in the latter. As we discussed in “Schedul-
ing Decisions and Modeling Elements,” most batch-based
approaches assume that batching decisions are made inde-
pendently from assignment and sequencing decisions, which
implies that the number of batches as well as their batchsizes
and processing times are fixed. Thus, it is assumed that prob-
lems are defined in terms of: (i) the processing stages, (ii)
the parallel units comprising each stage, and (iii) the (fixed
number of) batches to be processed. Whereas multipurpose
facilities may require some additional information, the main
elements are the same. The major implication of this struc-
ture is that the schedule concerns the assignment of batches
to units and the sequencing of batches. Conversely, material-
based approaches are based on the notions of (i) tasks and
(i1) materials (modeled either are states in RTN or resources
in RTN). Tasks play a key role because they trigger all
changes in inventory levels (through material consumption
and production), and resource utilization levels.

Based on this analysis we note the following. In batch-
based approaches:

(a) Tasks are not explicitly defined (recall that a task in
scheduling is an activity to be scheduled.). A task can be
indirectly defined as the processing of a batch at (a unit of)
a given stage.

(b) Batches are defined as the entities that move intact
through the various processing stages (equivalent to jobs in
the OR problems). Hence, one batch is associated with mul-
tiple tasks.

Also, the terms batch and order are often used inconsis-
tently. In some papers, the two terms are used interchange-
ably, assuming that each order always comprises a single
batch. In other papers, orders are treated as input data (e.g.,
orders placed by customers with amounts and due dates),
while batches are the result of the scheduling exercise. The
decision-maker converts orders into batches — in some cases
an order may correspond to one batch, but in the general
case an order can be satisfied by multiple batches and/or a
batch can be used to satisfy multiple orders.

In material-based approaches:

(a) The term task is used but in a manner which is incon-
sistent with traditional scheduling notation (e.g., in FF, the
processing of a job in an operation is a task; if we have to
schedule five jobs in three operations, then there are 15 tasks
to be scheduled). In most material-based approaches a task
is a type of processing activity, which means that a task may
be executed multiple times.
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Figure A2. Different ways to operate the same facility.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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(b) Each execution of a task i, is often referred to as a
batch of task i, which is obviously a very different use of
the term batch when compared to sequential processes.

In summary, the term task is not used in batch-based
approaches (although it can be defined as a combination of a
batch and a stage) while its use in material-based approaches
is inconsistent with the traditional use of the term. The term
batch is used to describe two different concepts.

The mismatches between academic approaches and stand-
ards are equally striking. For example, in ISA-88, a standard

originally developed for batch process control, the terms pro-
cedure, unit procedure, operation, and phase are used to
describe different levels of detail of the same task. In aca-
demic approaches, this distinction is not made and thus these
terms cannot be represented in the models that have been
developed.
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