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Abstract

This paper is concerned with unified frameworks for the description and solution of a
variety of process scheduling problems, including various types of production scheduling for
single plants, maintenance scheduling, and multisite plant scheduling.

Two such unified frameworks are presented, based on representing processes as State-
Task Networks and Resource-Task Networks respectively. The former leads to a number of
Telated mathematical formulations for various process scheduling problems, while the latter
allows the development of a single simple mathematical formulation based on the uniform
characterisation of all available resources.

Keywords

Flexible Plants, Planning, Scheduling, Process Optimisation.

Introduction

The operation of flexible plants involves the satisfaction of a number of production
requirements placing competing demands on a set of limited resources, such as processing
equipm@nt_,msgqragp_cap_acity, utilities, and manpower. The problem of efficient resource utili-

<afion Jeads to a class of scheduling problems which have received considerable attention

over the past couple of decades. A detailed taxonomy of these problems based on the types of
resources taken into account and the operating mode of the plant under consideration has
emerged. The very significant body of literature in this area has recently been reviewed by
Reklaitis (1992) and Rippin (1993).
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Scope of Process Scheduling

Much of the research effort to date has focussed on the scheduling of production for
individual plants situated at a single geographical site and involving a set of batch, semi-
continuous Or even continuous unit operations, As is well known, this is in itself a complex
problem, optimal or even feasible solutions to which are often notoriously difficult to obtain.

Howcvcr it must also be rccogmscd that production schcdulnlg is only one aspect of thc

ations, the co-ordinated plannmg of thc production at a number of distinct geographical loca—
tions, and the management of distribution and supply chains, all icad to important scheduling
problems that interact strongly with production scheduling at individual plants.

Even at the level of single plant operation, recent technological advances in plant
automation now permit, at least in principle, the implementation of much more complex
operating strategies than has been practicable in the past. This development, in tum, opens
the way for the abolition of artificial restrictions, often introduced with the aim of simplifying
plant operation. In the case of batch plants, one such restriction is maintaining integrity of
individual batches throughout the plant when this is not dictated by overriding safety and/or
regulatory considerations. The value of weli-established concepts in the parallel utilisation of
multiple equipment items, such as the ideas of “in-phase” and *“‘out-of-phase™ operation,
also comes under question. Of course, any additional flexibility almost always results in an
increase of the complexity of the underlying production scheduling problem.

Moreover, the operation of flexible plants involving energy-integrated operations —

(e.g., Corominas er al., 1993}, and the emergence of new types of plant, such as the “pipe-
less” plants recently reported in the literawre (Niwa, 1991), have led to different types of
production scheduling problems. :

Finally, the strong interactions between process scheduling on one hand, and the
design of flexible plants on the other, are now well recognised. Thus detailed scheduling con-
siderations are taken into account at the plant design stage (Birewar and Grossmann, 1990).

The Need for Unified Frameworks for Process Scheduling

It could be argued that the complexity and diversity of process scheduling problems
naturally give rise to the need for an equally diverse set of methodologies and techniques for\
their solution. Indeed, to a large extent, this has been the approach followed in much of the
literature.
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However, even for the problem of prdiiucuon scheduling considered in isolation, real-
istic industrial applications rarely fall neatly within the confines of a single type of schedul-
ing problem. In our experience, for instance, the common classification of such problems as
“equipment dominated” with or without intermediate storage capacity, and “resource (ie.
utility) constramed“ (sec Reklaitis, 1992) is vcry often of rather limitcd uscfulncss most real
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and utilities. Furthermore, when the provision of these resources in a plant is finely balanced,
small cRanges in the input data (e.g. production requirements) often cause the bottleneck to
shift from one resource to another.

The above factors, together with the strong interactions between different types of
process scheduling problems, seem to advocate the need for the establishment of general
frameworks for the representation and solution of such problems, thus ultimately opening the
way for the development of truly general-purpose scheduling algorithms and software.

This paper presents and discusses two different unified frameworks for process
scheduling. The first one, based on the State-Task Network (STN) process representation
originated as a mathematical formulation (Kondili et al., 1988, 1993), and solution algorithm
(Shah et al., 1993a), for production scheduling problems over shortplanmngmgggmng The
overall approach has since been extended to other types of production scheduling problems
for conventional batch and semi-continuous plants (Shah er al., 1993b, Crooks et al., 1993).
It has also been applied to pipeless plants (Pantelides et al., 1992), and plants involving heat-

integrated unit operations (Papageorgiou et al., 1993a).

The application of the STN framework to diverse process scheduling problems leads
to a number of different, yet conceptually related, mathematical formulations. The second
unified framework presented in this paper is based on the representation of processes as

Resource-Task Networks (RTNs), in which abstract tasks transform one set of production A%

resources into another, with all resources being handled in a uniform manner. It is shown that

this can lead to a single simple mathematical formulation describing a very wide variety'of

production and other process scheduling problems.

The rest of this paper is organised as follows. The next section reviews the STN pro-
cess representation, already presented in detail elsewhere in the literature, and discusses the
basic assumptions made with regard to plant operation and production resources. It then con-
siders a number of different process scheduling problems, all of which can be accommeodated
within the STN framework. It finishes with a critique of the overall approach, identifying its
strengths and weaknesses. The following section discusses the key ideas and concepts under-
lying the RTN process representation, and demonstrates how these address the weaknesses of
the STN framework. It then presents a simple derivation of a unified mathematical formula-
tion for process scheduling. Some concluding remarks are made in the final section.

The State-Task Network Unified Framework

Process Representation

State-Task networks (Kondili er al., 1988, 1993) represent process recipes as transfor-

mations of material (“states”) effected through a set of processing steps (“tasks™). A typical

STN is shown in Fig, 1, with tasks represented as rectangles, and states as circles.



Figure 1. State-Task Network Process Representation

The STN representation allows the unambiguous description of recipes involving
shared intermediates, multple processing routes to the same intermediate or product, and
material recycles. In order to limit the complexity of the underlying mathematical problem, a
particularly simple model is adopted for the processing tasks. Thus it is assumed that tasks
consume their input states in fixed, given proportions, and produce their output states also in
fixed given proportions. The processing times associated with the various output states of a
task are also fixed and known a priori, but may be different for different states.

Production Resources

The STN is a representation of the process, and does not contain any information
regarding the available resources. However, the latter are associated with either the tasks or
the states in the network. Thus, each item of processing equipment is assumed to be suitable
for a subset of thc tasks in the STN with a glvcn minimum and maximum capaaty for cach
being used repeatedly for different tasks — or even the same one. The need for cleaning
operations may be determined either by the precise sequence of processing tasks performed
in the vessel, or alternatively by the frequency of utlisation of the vessel. Taking account of
such operations is important, not only because they prevent the vessel from carrying out pro-
duction tasks, but also because they may themselves pose demands on utilities, manpower,
and cleaning materials.

Each task may also employ a subset of the available wrilities (e.g. steam, cooling
water, manpower efc.). The amount of each utility consumed may vary over the duration of
the task; the consumption at any given time during the execution of the task may be fixed or
variable (i.e. depending on the batchsize), or a combination of the two.



¥ 4

Given amounts of dedicated storage capacity are assumed to be associated with the
various states representing the raw materials, the intermediates and the end-products in the
process.

A number of features of flexible plant operation can be accommodated simply by
modifying the basic process STN. For instance, resource substitution, i.e. the ability of a task
to be carried out using two or more alternative subsets of utilitics, is easily handled by split-
ting the task into two or more tasks that have the same input and output states as the original
task but make use of different utilities — and possibly differ in other ways (e.g. with respect
to their processing times). Also, multipurpose storage capacity, i.e. the ability of a storage
vessel to be used for storing material in different states at different times can be modelled by
introducing special material “holding”™ tasks operating on the relevant states, and modelling
the vessel as a processing equipment item that is suitable for all or a subset of these new
tasks. The use of processing equipment as temporary storage capacity for material produced
in them following the completion of a task can also be modelled by the introduction of such
holding tasks.

Fig. 2 illustrates a number of such modifications applied to the basic STN of Fig. 1. In
particular, the introduction of a holding task on state S3 allows the use of processing equip-
ment employed for task 2 as temporary storage for this material. Similarly, splitting task 3 of
Fig. 1 into two tasks (denoted as 3 and 3" in Fig. 2) allows the use of alternative sets of utili-
ties by the two tasks while still carrying out the same transformation of materials.

Figure 2. Modelling Resource Substitution and Multipurpose Storage Capacity
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Short-term Production Scheduling

The problem of short-term production scheduling aims to establish the optimal man-
ner of utilising the plant resources over a given time horizon, posstbly sau__fymg a number of
"producuon on requirements for different products at different times during and/or '
‘the’ Q&rmn The availability of processing equipment, and the level of availability ‘and unit

cost of the various utlities over the horizon are assumed to be known, as are the initial
amounts of the various materials held in storage. The objective function to be maximised is

B c;lw A L b

typically an economic performance critetion taking into account the value of the products, |obj¢chvt

the cost of raw materials and utilities, and any penalties incurred because of failure to satisfy
minimum production requirements within given nominal deadlines.

Short-term scheduling is appropriate for flexible plants, the production of which is
geared primarily towards satisfying individual customer orders. This leads to relatively short
time horizons, typically of the order of one day 10 a few weeks. Due to the diversity of the
orders that have to be fulfilled over successive planning horizons, and the small production
amounts typically involved for individual products, no regular production pattern is
established’.

A fundamental issue in the mathematical formulanon of any scheduling problem is
that ofd the representation of Hme. Kondili et al. (1988, 1993) based their formulation on a

“discretisation of the time horizon into a number of time intervals of equal and fixed duration,
All system events (such as the start and the end of task processing, and changes in resource

availability and/or unit costs} are forced to occur at the interval boundaries. This provides a - -

. simple mechanism for ensuring that resource limitations are satisfied at all times by ensuring
that they are satisfied at a finite number of time grid points. On the other hand, obtaining

optimal solutions with this approach may require the use of fine grids, thus leading to large
optimisation problems.

Kondili er al. (1993) showed that it is possible to formulate the general short-term
production scheduling problem taking into account a wide variety of the problem features as
a mixed integer linear programme (MILP). The key variables in the formulation relate to the
utilisation of the various resources over the time horizon. Specifically they characterise (a)
the task for which each item of processing equipment is being used over any given time inter-
val if it is not idle, and the associated batchsize, (b) the amount of material of each state held
in dedicated storage over each interval, and (c) the amount of each utility being used over
each interval.

For realistic applications, the MILP resulting from the above formulation may involve
several thousands of binary decision variables. Shah er al. (1993a) presented a number of
measures aiming both at reducing the integrality gap of the mathematical formulation, and at
accelerating the solution procedure using a modified branch-and-bound method. Overall,
these techniques allow relatively large problems to be solved with reasonable computational

! Such plants are sometimes referred 10 in the literature as operating in a *short production
campaign™ mode. However, as observed by Reklaitis (1992), no real campaign structure
exists in this case, and analogies with campaign mode operation are not particularly useful,
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effort.

One of the deficiencies of the original Kondili er al. formulation was the way in
which sequence-dependent cleaning requirements were expressed mathematically, with the
number of necessary constraints being of O(H?), where H is the number of discretisation
intervals over the entire time horizon of interest. This problem was addressed by the later
work of Crooks er al. (1993) who introduced the notion of the unit State-Task Network
(USTN). This is a network representation of the different states in which an item of process-
ing equipment can exist (e.g. “clean™, “dirty”, “cold”, “hot"” erc.), and the way in which its
state changes when the vessel is used to carry out a task. Only allowable state transitions are
included in the network. For instance, Fig. 3 shows the USTN describing the operation of a
vessel that may be used for the manufacture of cither a dark or a light dye. At any given time,
the vessel can exist in one of three states: clean, dark-soiled, and light-soiled. As can be seen,
a vessel in the light-soiled condition may be used to produce a dark dye without any clean-
ing, but the opposite is not true. _

Figure 3. Example of Unit State Task Network

Crooks er al. introduced a new set of variables characterising the state of a vessel over
the time horizon, and a set of constraints that ensure that changes in this state are correctly
accounted for. This allows the modelling not only of sequence-dependent cleaning require-
ments, but also of more general task pre-conditions for unit utilisation, such as, for instance,



the need for heating up a reactor vessel before the introduction of the reactants.
. WUQ{'L&‘M

The exploitation of g‘gcrgy integration in the operation and design of flexible plants is
a relatively new area of research (see, e.g., Vaselenak et al., 1986; Corominas et al., 1993). In
practice, because of the 7éla£ivc1y high value of the products produced in many multipurpose
plants, and the paramount importance of other factors (such as maintaining high levels of
customer service through the timely satisfaction of orders), energy conservation is rarely a
primary scheduling objective. Furthermore, the energy that can be recovered from many
batch operations is often of too low a grade to be useful. Nevertheless, potential for energy
integration does exist in some cases, especially in such areas as brewing and other biotechno-
logical processes.

The use of heat integrated operations interacts strongly with the production schedul-
ing as a certain degree of synchronisation with respect to time must be introduced between
the tasks producing energy and those consuming it. Papageorgiou er al. (1993a) demonstrate
that, in fact, this can be achieved relatively easily within the context of the STN framework.
They consider both direct energy integration in which the operations exchanging heat must
overlap in time, and indirect integration in which a heat transfer medium (HTM) may be used
to store energy over limited periods of time. In either case, there is normally the additional
flexibility of running each of the heat-integrated operations independently, relying wholly on
external utilities. By introducing the cost of such utilities in the scheduling objective func-
tion, the overall most economical solution that satisfies the production requirements and
other constraints can be determined.

In the indirect energy integration case, the heat transfer fluid at different temperatures
is treated as different states of material in the STN. This is illustrated by the simple example
of Fig. 4. The original STN (Fig. 4a) involves a batch exothermic reaction forming a liquid
mixture and a solid sediment. Following filtration to remove the sediment, the liquid mixture
is separated in a batch distillation step. Potential for heat integration exists between the reac-
tion and the distillaton tasks, and this is to be realised through a heat transfer medium. How-
ever, the two tasks can also take place in a *“stand-alone™ fashion, if necessary. The required
STN modification is shown in Fig. 4b. Additionally, a new class of constraints may have to
be introduced in the scheduling formulation to describe the limited storage lifetime of hot
HTM.

Periodic Production Scheduling

The short-term production scheduling problem considered above is relevant to plants
driven primarily by the need to satisfy individual customer orders, with little similarity in
either product demands or plant operation from one planning period to the next. In contrast,
periodic scheduling is more appropriate for plants operating under more stable demand con-
ditions over relatively long planning horizons, typically ranging from one month to a year.
This allows considerable simplification of plant operation which now involves the same
sequence of tasks exccuted repeatedly at a fixed frequency. A periodic (cyclic) operating
mode is thus established. T
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(b) Modified State-Task Network

Figure 4. STN Modifications for Indirect Energy Integration

The periodic production scheduling problem has received extensive attention in the
process engineering literature, mainly in the context of campaign-mode plant operation
(Mauderli and Rippin, 1979; Wellons and Reklaitis, 1989a,b, 1991a,b). The latter involves
the division of the planning horizon into a number of production campaigns, with all avail-
able plant resources being dedicated to the production of a small subset (possibly one) of the
plant final products and stable intermediates. As campaigns are relatively long, a periodic
operating mode is established over each one of them. Thus the associated production plan-
ning problem involves the determination of both the campaign structure (i.e, the number,
duration and product mix of the campaigns), and a detailed operating periodic schedule for
each.

A key concept in periodic production scheduling is that of the cycle time. For plants
producing identical batches of a product, this can be defined as the average elapsed time
between the production of successive batches. Alternatively, if the size of different batches
of the same product varies depending on the path followed in the plant, then 2 “cycle” may
be defined in terms of the production of exactly one batch along each of the paths considered,
with the cycle time being the shortest possible time between the start of successive cycles
(Wellons and Reklaitis, 1989a). If more than one product is produced simultaneously in the
plant, a different cycle time is defined for each.
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The extension of the STN framework to the periodic scheduling of multipurpose
plants was considered by Shah et al. (1993b). They note that the above cycle time definitions
are not always satisfactory for general multipurpose plants in which different products may
be coupled through shared intermediates, and batch identity is not necessarily preserved.
Instead, they observe that the cycle time is directly related to the complexity of the periodic
operating pattern for a given plant. Longer cycle timcs simply ailow more complex
sequences of operations to be carried out. In fact, it could be argued that, in genersl, the
“optimal” operating schedule for a plant from a narrow cconomic point of view is one which
is not periodic at all. However, such “optimality™ has to be balanced against the underlying
complexity of operation and also the ability of currently available algorithms to derive opti-
mal non-periodic schedules for very long time horizons. Consequently, the acceptable level
of operating complexity provides an upper bound on the length of each cycle, but the latter is
otherwise free 1o be determined together with the detailed set of operations to be performed.

As demonstrated by Shah et al. (1993b), the mathematical formulation of the short-
term scheduling problem can be extended to the periodic scheduling problem in a relatively
straightforward fashion. They show how the problem can be formulated in its entirety by
focussing on operations over a single cycle of a given duration despite the existence of tasks
that span more than one consecutive cycle. This is achieved by considering tasks extending
beyond the end of one cycle as notionally “wrapping aroun * to the start of the cycle. The
optimal cycle duration can be obtained by iterating between given lower and upper limits,
solving a sequence of fixed cycle time problems. An alternative single-level formulation
treating cycle time as an unknown determined simultaneously with the optimal periodic
schedule has been presented by Shah (1992). -

An interesting result shown by Shah er al. (1993b) is that, even for very simple linear
STNs involving as few as three processing tasks leading to a single product, the optimal
schedules violate many of the largely artificial operating restrictions imposed on the udlisa-
tion of processing equipment by much of the earlier literature. Thus, in some cases it 1§
advantageous to use parallel equipment both in-phase and out-of-phase over the same cycle.
In other cases, the optimal solution involves using the same item of equipment for more than
one different task during a cycle even when this gives rise to some sequence-dependent
cleaning requirements.

Campaign Planning and Scheduling

As already noted, periodic production scheduling occurs as an important sub-problem
within the context of the overall campaign planning and scheduling problem. Earlier
approaches (Mauderli and Rippin, 1979; Wellons and Reklaitis, 1989a,b, 1991a,b) advocated
a hierarchical approach in which a set of dominant campaigns was identified, cach involving
a complete periodic schedule for the production of a subset of the products and stable inter-
mediates of the plant. A campaign planning step is then undertaken to allocate the available
production time among the various campaigns.
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A large variety of campaign planning and scheduling problems may be solved using
the hierarchical approaches described above. However, as observed by Reklaitis (1992),
these suffer from a number of limitations when applied to general multpurpose plants. The
key restriction arises from the need to identify all dominant campaigns a priori irrespective
of which campaigns will actually be used by the final plan. Reklaitis (1992) notes that, for a
plant with P products, the identification of the dominant campaigns could involve the solu-
tion of 2” separate multiple campaign problems, and that the number is even greater for cases
involving utilities that can, in principle, be used for multiple products. In the latter case, one
would have to decide a priori the distribution of the utility among the various products in the
campaign, thus leading to even more distinct combinations to be considered.

In fact, a more fundamental problem arises when the same resource is allowed to be
used for more than one product at different times within the same campaign. In such circum-
stances, the possible distributions of the resource are difficult to enumerate, let alone assess.
In fact, even the formulation of an appropriate objective function for the periodic scheduling
problem in any single campaign is in itself problematic. This is due to the interactions
between the various products involved, and the complex relationship between the objective
of the single campaign and that of the overall campaign planning problem.

In view of the above problems, Papageorgiou and Pantelides (1993) proposed a sim-
ple hierarchical procedure that aims to improve campaign plans derived using other algo-
rithms. The approach followed is to take each campaign in the production plan and apply 1o it
the optimal periodic scheduling algorithm of Shah ef al. (1993b). Because of the additional
flexibility in the utilisation of resources allowed by the latter, this may well lead to improved
throughput for individual campaigns. A final campaign re-timing step aiming to extract maxi-
mum advantage of the increased throughput is then undertaken. This is similar to the cam-
paign planning step employed by other hierarchical algorithms.

Of course, approaches such as the above cannot be guaranteed to obtain optimal
schedules, although they do tend to improve existing ones in many cases. In principle, true
optimality can be assured by considering the entire campaign planning and scheduling prob-
lem in a single-level mathematical formulation that simultaneously determines both the cam-
paign structure and the optimal periodic schedule for each campaign. This approach has sev-
eral advantages. First, it automatically determines how the production of a product may be
subdivided into the production of several stable intermediates taking place in different
campaigns®. Secondly, the optimal campaigns arc formed without the need for selecting
them out of a large set of a priori identified candidates. Thirdly, only an overall economic
criterion for the entire production (similar to that used at the campaign planning step of hier-
archical approaches) is utilised, without the need for formulating artificial objectives for indi-
vidual campaigns. Finally, the incorporation of general periodic scheduling formulatons
allows extensive flexibility in processing structure and resource utilisation. Of course, for
problems involving large number of products and/or many campaigns, the size of the result-
ing mathematical programming problem may be prohibitively large, and the use of mathe-
matical decomposition techniques may be inevitable.

? Reklaitis (1992) ideatifies the failure of existing algorithms to do this as one of their key
limiations.



Maintenance Scheduling

The problem of maintenance scheduling is concerned with the determination of the
timing of one¢ or more maintenance activities to be carried out on a given plant. These may
include both preventive maintenance operations performed on equipment that is still func-
tioning properly, and operations involving the repair of process equipment that is currently
inactive because of an earlier malfunction,

Maintenance planning in itself often leads to interesting scheduling problems aiming
to determine the best utilisation of limited resources such as maintenance crews. Moreover,
there are invariably strong interactions between maintenance and production planning, as
preventive maintenance temporarily takes functioning processing equipment away from pro-
duction, while repairs are a necessary prerequisite for equipment to be returned to normal
production activities.

Dedopoulos and Shah (1993) have recently extended the basic STN framework to
cover combined short-term scheduling of maintenance and production in multipurpose
plants. They consider a set of maintenance crews with a variety of skills, and a set of mainte-

may operate without interruption), Statutory rest periods, crew call-out charges, job prece-
dence relations erc. are also taken into account. The resulting mathematical formulation of
the problem as a MILP is an extension of that of Kondili er al. (1993) incorporating addi-
tional variables to characterise crew utilisation and the timing of the maintenance tasks, —

Other Process Scheduling Problems

guided vehicles (AGVs) for their movements.

Pipeless plants are useful for processes involving solids or slurries that are difficult to
ransport in pipes. They are also particularly advantageous for processes with extensive
cleaning requirements: most of the cleaning in pipeless plants is associated with the transfer-
able vessels and can therefore be carried out at specialised cleaning stations, thus minimising
the effect on the availability and productivity of processing stations.

Production scheduling for pipeless plants is similar to that for conventional plants
except that the utilisation of some additional production resources has to be characterised.
These include the transferable vessels and, where appropriate, the AGVs. Pantelides e al,
(1992) extended the concept of the STN to pipeless plants by using different states to model



different types of material temporarily stored in transferable vessels as well as material stored
in dedicated storage vessels. Explicit charging and discharging tasks corresponding to the
transfer of material between the two types of vessels are also introduced. Empty vessels,
either soiled or clean, are modelled as states, and cleaning tasks are used to transform the for-
mer into the latter. The resulting MILP formulation includes additional variables describing
the movement of vessels (either loaded or empty) from one location to another, as well as the
numbers of vessels waiting at various allowable locations in the plant

Multsite production scheduling involves the co-ordinated operation of & number of
plants situated at distinct geographical locations. Typically the plants are related through
shared raw materials or common products. In some cases, one or more products of one plant
may be used as raw materials for another. In its wider form, the scheduling problem also
includes the management of the acquisition of raw materials from suppliers, and the distribu-
tion of the end products to customers.

In any case, the often significant geographical distances between the different sites of
interest render the characterisation of transfers of material particularly important in this type
of scheduling problem. Specifically in the context of the STN framework, the same type of
material existing at two different locations can be modelied as two different states, possibly
linked by one or more different transfer tasks. The latter typically share limited amounts of
transfer resources, such as lorries, whose location and movement during the time horizon of
interest must also be characterised. Lorries moving from one location to another may carry
mixed loads involving material of more than one type, although some load combinations may

be prohibited. Similarly, large warehousing facilities at the various locations may be shared -

among a number of different types of material.

Clearly, the material transfer issues described above also interact with the production
taking place at individual sites. In principle, it is possible to model the detailed ‘operation of
both the production plants a.nd thc transfer nctwork in terms, of g smglc Smg_l:lmo,wc\rcr,
obtmmng ooperating . schcdulcs using the kind of tochmqucs already described is probably both
difficult (due to the si F?f the méinancal problcm) and undcsmblc (duc o thc ggctg"g:mc

ccntrahéauon of decxsmn ‘making | that' such an actnnty wou]d unply) _Thus a major challcngc
in this area is the dcchOpmcnt of appmprmtc aggregate productxon modcls for individual

A Critique of the STN Framework

The STN framework clearly covers a very wide variety of process scheduling prob-
lems, leading to the development of a set of related mathematical formulations which are
able to take detailed account of many of the features of industrial applications. The use of
discrete representations of time certainly gives rise to large mixed integer optimisation prob-
lems involving thousands of binary decision variables. However, with careful formulation of
the constraints and exploitation of the underlying mathematical structure (Shah et al., 1993a),
it has been possible to solve realistic problems, a number of which have been reported in the
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literature. Areas of application to date have included industrial additives (Shah er al., 1993a),
paints (Rapacoulias ez al., 1991), lubricants (Shah and Pantelides, 1991), polymers (Shah er
al., 1993b), dairy products (Crooks et al., 1992) and others involving pharmaceutical,
biotechnological and nuclear processes, and detergent manufacture.

The generality of the STN process description makes it a good basis for the develop-
ment of gencral process scheduling software. In particular, Papageorgiou ef al. (1992,
1993b) describe a prototype software system for the specification and solution of a varicety of
process scheduling and design problems for multipurpose plants.

However, the STN model of plant operation is rather restrictive in some cases. Thus,
a task is always assumed to involve a transformation of material from one set of states to
another, and to take place in a single item of processing equipmeat, with the possible use of
utilities. Whilst this model is adequate for simple production scheduling applications, in more
general cases, some tasks (such as cleaning operations in conventional or pipeless plants) are
not necessarily associated with states of material, while others (such as movements of trans-
ferable vessels in pipeless plants, or lorries between plants) do not involve items of process-
ing equipment. On the other hand, some tasks (such as heat-integrated operations) may
involve more than one processing equipment item. Dealing with such complications requires
various extensions of the basic STN concepts, as already described in this paper.

Another feature of the STN approach is that each item of processing equipment is
treated as a distinct entity. However, characterising the utilisation of each item separately
over the time horizon of interest tends to be inefficient in plants involving many identical
iterns of equipment. In such cases, a more aggregate description of the processing equipment
resource, similar to that used for other resources (e.g. utilities) would be more desirable.

Overall, the STN framework treats the various resources (such as material, processing
equipment, storage capacity, utilities, and material transfer and transport devices) in a non-
uniform manner. This non-uniformity has several important consequences. First, a relatively
large number of different classes of constraints must be introduced in order to describe
resource utilisation {¢f. the basic formulation of Kondili er al., 1988, 1993). Secondly, taking
account of the features of novel types of process scheduling problems often necessitates the
formulaton of specialised constraints (¢f. Pantelides et al., 1992). Thirdly, establishing alter-
native or extended mathematical formulations (e.g. employing more detailed models of the
operation of individual processing tasks, or describing uncertainty in resource availability) is
rendered problematic by the need to take account of many different special cases.

The Resource-Task Network (RTN) framework described in the following section
represents a systematic attempt to address the above issues.



The Resource-Task Network Unified Framework

Resowrces and Tasks

In his recent review of process scheduling, Reklaitis (1992) employs the term
“resources” to include raw materials, utilities and manpower, but to exclude processing and

Storagc cqmpmcnt, plpc connections and transfer units. He further classifies resources into

“renewabl¢” and “non-rencwable” types, depending on whether or not their availability is
restored to the original level ‘after usage by a task.

The main characteristic of the RTN framework is the entirely uniform description and
characterisation of the available resources, with no distinction between equipment of any
type and other resources. Furthermore, all resources are allowed to be produced as well as be
consumed by tasks at any time during their execution. This has a number of implications:

. all types of material in the process (and not just raw matcnals) can be treated as
resources;

. processing equipment items are treated as if they were “consumed”™ by processing
tasks at the start of processing and “produced™ at the end;

. some tasks may result in the generation of utilities (such as hot water or steam), either

as the main output or as a by-product of their operation.
It should be noted that Reklaitis’ renewable resources can be viewed as a special case of the
general resources considered here, with a certain amount being consumed at the start of the
task, and an equal amount being produced at the end. -

The two fundamental concepts in the framework being established here are those of
resources and tasks. A task is an abstract operation that consumes and/or produccs a specific
‘resources ( (e g a 10te rcactor vessel instead of a 15te one) is always represented by two dis-
tinct tasks even if the same transformation of material is involved. The interactions between
tasks and resources leads to the idea of the Resource-Task Network, a bxparmc "directed graph
of the form illustrated in Fig. 5.

For a given plant, it is easy to identify the resources available, and the way in which
they can be used for carrying out processing tasks. A more fundamenta! question is what pre-
cisely constitutes a distinct resource type. The key to classifying the available resources into
the smallest possible number of distinct types is functional equivalence, which, in tumn,
depends on the detail of modelling employed. For instance, in simple production scheduling
problems, two items of processing equipment belong to the same resource type if they have
the same capacity, and are suitable for exactly the same set of tasks. On the other hand, if
detailed consideration of plant connectivity is important (see, e.g. Crooks er al., 1993), the
two items will only be considered as parts of the same resource type if they have exactly the
same connectivity. And if sequence-dependent cleaning requirements are important, the two
items belong to the same resource only if and when they are in the same condition (e.g.,

“clean™ or “soiled”). Thus, the set of attributes which do or do not characterise a resource
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Figure 5. Resource-Task Network Process Representation

A further illustration of the issues arising in the categorisation of resources into
resource types is provided by two amounts of material being held in two separate storage
vessels. In the context of the STN framework, these would normally belong to the same
“state” if their thermodynamic state is identical — although this may be unnecessarily
restrictive if the relevant tasks in the process can tolerate small variations in composition and
temperature. On the other hand, even if the thermodynarmic state of the two amounts is iden-
tical, location may be an important distinguishing attribute in some applications such as mul-
tisite plant scheduling.

Task Extents and Resource Utilisation
The use of the RTN process representation permits the development of simple and

elegant mathematical formulations. Furthermore, because of the general characterisation of
resources, a single RTN formulation can describe a range of process scheduling problems.

We demonstrate this point by presenting one such simple formulation based on a uniform,

%d representation.of time,.

We assume that each task & has a fixed duration 7,. Resources are produced and con-
sumed at a finite set of discrete times during the execution of the task.
s txj;abmu’l

Two variables, one integer and one continuous, are inn‘oduc\g_dmtg_ _q_iaractcrisc _the
‘operation of a task k starting at time 7. We denote these variables by N, and &, respectively.
The extenr of the task is defined as the pair (N, £y) and determines the demands that the
task places on the various resources. Specifically, the amount of resource r produced at time
8 relative to the start of task k at time ¢ is assumed to be related to the extent through a rela-

tionship of the form
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HogNyg + VireS ke (1

where sgg, vie, 6 =0,.., 7, are known constants. Negative values for these constants indi-
cate consumption, rather than production, of the resource.

Consider, for instance, an exothermic batch reaction task £ with a duration of $ hours
converting material A to material j" The reaction can be carried out in 10¢e glass-lined reac-
tor vesseld It uses 0.25 kg/s of steanil per tonne of material being processed during the first
hour of its operation. After this initial period, the reaction reaches its normal operating tem-
perature, and is kept there for the rest of the processing time by external cooling requiring 2
kgls of M&ﬁﬁmﬁw tonne of material being processed.

From the viewpoint of the RTN framework, it is clear that the task interacts with five
distinct resource types, namely materials A and B, 10te glass-lined reactors, steam and cool-
ing water. At the start of its operation, the reaction can be viewed as “consuming’*? an
amount of A, one or more reactor vessels, and an amount of steamn utility. One hour later, the

_ task “produces” an amount of steam utility and “consumes” an amount of cooling water
4 utility. Finally, at the end of its operation, the task “produces” an amount of material B, a,
number of reactor vessels, and an amount of cooling water utility. %«

In this case, we can interpret the extent variables N,, and ¢y as the number of reac-
tion batches starting in different reactor vessels simultaneously at time ¢, and their combined )
batchsize respectively. Assuming a time discretisation interval of 1 hour, the constants char- ‘
acterising this task are:

. Task duration 7, = 5;
. Resource r = 1 (Material A) o
}1“5-':0,“’9:“0:‘...,45‘\', Vo =-1.0, Vite =0,8=1,...,5;

. Resource 7 = 2 (Material B)
bre=0,6=0,...,5v5,=0,6=0,...,4,vps =+ 1.0;
. Resource r = 3 (10te glass-lined reactors) -
Hiwg=— 1,/1‘..33 =0, 6= 1...,4, ﬂkgsl‘—_'}‘l; Vize =0, 8=0,...,5;
4 . Resource r = 4 (steam) : R L e
Hrao=0,0=0,...,5 v ==0.25 vy =+0.25,v,4,=0,8 =2,....5,
. Resource r = 5 (cooling water)

Hise=0,8=0,...,5 V51 ==2.0,vp55=+2.0,v,5,=0,0# 1, §.

As usual with discrete time formulations, changes to the resource utilisation can only
occur at time interval boundaries. We define an additional set of variables, R, to denote the
amount of excess resource r over time interval ¢, i.e. the amount of r which is not being used
by tasks that are active over this interval.

> The term “consume™ can also be interpreted as “engage™ or “reserve”.
* The term *“produce™ can also be interpreted as “disengage™ or “release”,




A Unified Mathematical Formulation for Process Scheduling

The process scheduling formulation based on the RTN concept as introduced above

involves only three different classes of constraints in terms of the three _types of vanablcs,r_

namcly Nn, fh, Bnd R

Excess Resource Balances

These express the fact that the amount of excess resource of a given type changes
from one time interval to the next due to the interactions of this resource type both with
active tasks and with the environment. They are of the form:

T
R, = Rr,r~1 + ? o% (ﬂme,r-—c + vaft..f-l)*‘ I, ¥r¢ (2)
where I1,, is the amount of resource 7 made available from external sources at time ¢. A neg-
ative value would denote an amount removed from the plant at time 7. The quantity R,q cor-

responds to the amount of resource r that is available initially, and is assumed to be given.

Excess Resource Capacity Constraints

The amount of excess resource at any given time cannot be negative. There may also
be an upper bound on the amount of resource that can be stored over any interval (e .g. for
material resources, hot water etc.). This leads to the bounds constraints:

0SSR, <R™ ¥Yr ¢ "(3)

Operational Constraints

]

These may be used to impose certain restrictions on the feasible operation of a task,
e.g. by limiting the relative magnitudes of the discrete and continuous extents. One common
constraint of this type is that of minimum and maximum batch size with respect to processing
equipment capacity, which can simply be wrirten as:

VEmNhsghSVEHNH Vk,f,rePEk (4)

where PE, is the set of processing equipment resources used by task &, with V" and Vo
being the corresponding minimum and maximum useful equipment capacities.

Finally, the objective function will typically be a linear combination of the variables

Ny, Eu, and Ry,.
oty

e
-




Comparison with STN-based Formulations

The simple formulation presented above covers entirely all features of the short-term
scheduling problem as studied by Kondili et al. ( 1993). In particular, the resource balance
constraints (2) replace the constraints expressing processing unit allocation, material balance
and utility utilisation in the STN-based formulation presented by Kondili et al.

It is also interesting to note that the two formulations are entirely equivalent mathe-
matically under certain conditions. The main binary variables in the STN formulation are
denoted by W, and take a value of 1 if the STN task i starts being performed in processing
unit j at time 7. Now consider the case in which each equipment item is treated as a distinct
resource type in the RTN, with each RTN task k corresponding to a task/unit pair (i, /) in the
STN. Then the integer variables N,, can only take binary values since o more than one
instance of any task k can start at any given time. Moreover, the number of such variables in
the RTN formulation is exactly the same as the number of W, variables in the STN one.

Furthermore, it can be shown that the equipment allocation constraints in the STN
formulation, expressed as (Shah et al., 1993a):

f,"-l

>y Wi,esl ¥Yjt (5)
[ w0

where 7; is the duration of STN task i, can, in fact, be transformed through a sequence of
simple manipulations to the RTN constraints (2). Thus, by introducing a slack variable Woy
in (5), we convert it to an equality:

1

Z E Wcj.r—e + Wﬂjl =1 v f.’ ¢ (6)
1 @0
Now, subtracting (6) written at time (¢ — 1) from its Counterpart at ime ¢, we obtain:
Wop=Wojm+ 2 Wy, o= T W, Yt 7
IGIJ' l'Elj

which is exactly in the form of the RTN resource balance constraint (2), with the slack W, i
acting as the excess resource variable.

Similar manipulations may be used to transform the STN atility utilisation constraints
to the balance form (2), while the STN mass balance constraints are already in this form.
Hence, overall the two formulations are equivalent mathematically in the sense that they have

the same number of binary variables, the same linear programming relaxations and the same
integrality gap. - -

In the case of production scheduling, the main computational advantage of the RTN
formulation over its STN counterpart arises in problems involving many identical processing
equipment itemns. Here, the RTN formulation introduces a single integer variable instead of
the multiple binary variables used by the STN formulation, and this results both in smaller
linear programming relaxations, and in reduced integer degeneracy in the solution of the
MILP. A second, albeit smaller, computational advantage arises in cases involving long




Processing tasks, in which the balance constraints (2) are often much sparser than their STN
counterparts (cf. constraint (5)).

Concluding Remarks

This paper has argued that the establishment of unified frameworks for treating a
wide variety of process scheduling problems is both desirable and feasible, Two such frame-
works, respectively based on the State-Task Network and Resource-Task Network process

The STN framework has evolved over several years and has been extended to pro-
duce a number of formulations covering many process scheduling problems. The size of the

description impossible with carlier techniques — are already well within the scope of the
approach. Continuing advances in computer hardware and in linear and mixed integer linear
Programming algorithms will further enhance its applicability,

The RTN framework is a much more recent development. For the case of simple pro-
duction scheduling problems, it leads to formulations that can be shown to be mathematically

Another major consequence of the simplicity of the RTN framework is the relative
ease with which it can be extended to allow the use of more complex descriptions of process

ey
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scheduling: in this case, each element of the continuous extent vector £, would correspond
to a different material being transported within the same lorry. The operational constraint (4)
would have to be modified to ensure that the total lorry capacity is not exceeded.

More fundamentally, the unified treatment of all resources by the RTN framework
could facilitate the development of alternative mathematical formulations, such as for

instance, formulations based on continuous representations of time, or incorporating descrip-
tions of uncertainty in the availability of resources.
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