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1. INTRODUCTION

The problem area we are addressing in this paper
is operation of batch process plants and informa-
tion systems supporting this activity. We adopt
the following definition of plant operation: Plant
operation is all activities coupled to day-to-day
running of a plant [Foss et al., 1995]. Plant oper-
ations, in a modern batch plant, is a complex as-
signment. Operating such a plant includes a wide
range of activities, among others: production plan-
ning, inventory, quality control, management and
on-line changes in the production. These tasks are
of a diverse nature and call for a range of perspec-
tives (views) to be solved efficiently [Foss et al.,
1995]. This introduces a need for coordination and
integration of the various tasks. We address these
needs with an integrated batch information and
control system founded on a conceptual informa-
tion model.

An information model is a "meta” model that
depicts the problem area in terms of 1) functions,
2) domain, and 3) dynamics. The functional model
describe the activities that are performed in batch
plant operation and how these tasks are inter-
connected. The domain model captures the static
structures of a plant by its entities and their
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attributes, and how these entities are connected,
e.g. by pipelines. The functional and the domain
models are complementary as they focus different
aspects of the plant. Dynamic models couples the
two former model types, relating functions with
objects in the domain. All three model aspects
are needed to give an adequate description of the
problem area.

We have implemented an information system pro-
totype to illustrate how the ideas of an informa-
tion model apply to a simulated batch cell sce-
nario. The prototype supports integration of sev-
eral operation activities and provide an architec-
ture for a system that can grow and change. G2, an
object-oriented graphical programming environ-
ment developed by Gensym Corporation, is used
for implementing the prototype as well as the sim-
ulated scenario.

When designing this system, great care is taken
to the new ISA batch-standard called S88.01. This
standard aims at giving a formal definition of the
terminology, models and functionality of a batch
processing cell. The physical model of 588.01
defines the hierarchical relationships between the
physical units involved in batch control. The
procedural model of S88.01 is also hierarchical and



tells how a procedure gradually can be broken
down into smaller pieces. The physical model and
the procedural model are combined to form the
processing functionality. The standard also defines
the different types of recipes that are needed to
produce a batch and their respective contents.

An introduction to batch processing and control is
given in Section 2. This also include a brief sum-
mary of the batch control standard ISA S88.01. In
Section 3 we give an overview of information and
control systems, emphasizing systems for batch
applications. The information model concept is
described in Section 4. Finally, the application of
the information model on a simulated batch sce-
nario is described in Section 5.

2. BATCH PROCESSING AND CONTROL

The batch mode of operation have become more
important in the chemical process industry during
the last decade [Parakrama, 1985]. According
to Rippin [Rippin, 1991] the great majority of
chemicals - by number, and probably by value if
not by volume - are made in batch mode. We will
here give a brief introduction to batch processing
and control in general. Batch processing is a
diverse area as processing in pharmaceuticals, the
food industry, dyestuff or other fine chemicals have
its own culture [Halasz, 1991]. Up to recently,
there has been no general framework to deal
with these diverse batch environments. In 1995,
however, the Instrument Society of America (ISA)
launched their Standard on batch control S88.01
[SP88, 1995] with the aim of setting a standard
for terminology, models and functionality in batch
control. In the end of this section we give an
overview of S88.01.

2.1 Batch processing

In general, batch processes are more economical
for small scale production, as fewer pieces of
process equipment are needed, and intermediate
storage are not very expensive. Batch plants can
be made highly flexible, and thereby well suited
for manufacturing of special products. There are
also processes that are not easily amenable to
continuous operations. Some examples mentioned
by Rosenof and Gosh [Rosenhof and Ghosh, 1987)
are:

1. Processes with feedstocks and/or products
that can not be handled efficiently in a
continuous fashion, such as solids and highly
viscous materials;

2. Processes in which the reactions are slow,
requiring the reactants to be held in process

vessels for a long time (e.g. fermentation for
beer and wine);

3. Processes in which only small quantities of
products and/or different grades of the same
product are required in limited quantities
(e.g. dyestuff and specialty chemicals);

4, Processes that need precise control of raw
materials and production along with de-
tailed historical documentation (e.g. drug
manufacturing).

In the batch operation mode several process steps
are executed in the same piece of equipment,
typically some kind of reactor or vessel. During
execution there is generally no product output.
This in contrast to continuous processing. For
the latter, operational conditions vary only as a
function of geographical location. The opposite is
true for batch processes where process conditions
vary as function of time, while the location is not
changed. When the process steps are completed,
the batch (of intermediate or end-product) is
transported to another process unit for further
processing or storage.

2.2 Baich control

Batch control projects have traditionally been
among the most difficult and complex to im-
plement [ARC, 1996]. Typically, batch control
projects span over a wider scope of functionality
than that required for either continuous or dis-
crete manufacturing processes. With continuous
and discrete processes, a reasonable level of au-
tomation can be attained merely by implementing
basic regulatory or logic control. Batch operations
typically require basic regulatory and logic con-
trol operating under sequential control; which in
turn, is operating under basic recipe management
in order to achieve process automation. The com-
plexity of control within a process cell depend on
the equipment available within the process cell,
the interconnectivity among this equipment, the
degree of freedom of movements of batches trough
this equipment, and the arbitration of the use of
this equipment so that the equipment can be used
most effectively [SP88, 1995].

In the last few years, there have been three major
initiatives with the aim to provide a common view
of the batch process automation problem. Each
has added new insights based on the concepts of
the preceding effort. The first major effort was an
outgrowth of a Purdue University workshop on
batch control in the mid 1980’s, [T.J., 1988]. The
second was made by NAMUR, [NAM, 1992]. The
third major effort is sponsored by the Standards
and Practices division of ISA - the International
Society for Measurement and Control. Part 1



of the standard (S88.01) dealing with models,
terminology, and functionality for batch control
was approved by the main committee of ISA and
ANSI in 1995. Part 2 will deal with data structures
and language guidelines. In addition to the SP88
work in the United States, there is a simultaneous
international standard being prepared under the
sponsorship of the International Electrotechnical
Commission (IEC). It is anticipated that IEC
approval will appear soon without any substantial
changes to S88.01 making it an international
standard.

ISA S88.01 defines a process model and a physi-
cal model representing two orthogonal viewpoints
on batch control: The process view and the equip-
ment view, respectively (cf. Figure 1). To actually
manufacture a batch in a process cell the stan-
dard proposes a gradually refinement of the pro-
cess model based on four types of recipes: Gen-
eral recipe, site recipe, master recipe, and control
recipe.

The general recipe is an enterprise level recipe that
serves as a basis for the other recipes. The general
recipe is created without specific knowledge of
the process cell equipment that will be used
to manufacture the product. The site recipe is
specific to a particular site. The language in which
it is written, the units of measurements and the
raw materials are adjusted to the site. The master
recipe is targeted to a specific process cell. A
master recipe is either derived from a general
recipe or created as a stand-alone entity by people
that have all the information that otherwise would
have been included in the general or the site
recipe.

The four recipe levels, together with equipment
control, constitute the link between the process
model and the physical model, denoted as pro-
cedural control in Figure 1. Procedural control
is a characteristic of batch processes. It directs
equipment-oriented actions to take place in an or-
dered sequence in order to carry out a process-
oriented task.

Equipment control is a logical reference to the
equipment and its associated capabilities. *The
concept of equipment capabilities and usage of
these capabilities to accomplish processing tasks
is a major point of this standard” (ISA S88.01
p.31). Processing functionality described in the
process model can thereby be provided through
the mapping of procedural control with individual
equipment entities, enabled by the procedural
control capability of equipment entities.

However, S88.01 part 1 has some short comings
as pointed out by Niels Haxthausen [McFarlane,
1996]: It does not model the plant (e.g. connec-
tions) or a batch. What is it, and what happens to
it? This and other aspects of batch process control

are addressed by SP88 and several work groups
within the European Batch Forum (EBF).

3. PLANT INFORMATION AND CONTROL
SYSTEMS

The proposed information model is closely related
to plant information and control systems. We
therefore include a brief introduction to this area,
emphasizing systems for integrated batch control.
Within the context of this paper an information
system should be taken to mean the information
and mechanisms used to manage, control and
execute the specific function for which it exists
[Keeling, 1995].

In the 1980’s, the computer integrated manufac-
turing (CIM) pyramid symbolized the layers of
technology utilized within manufacturing. This
pyramid represented everything from business sys-
tems to real-time devices at the process level.
According to Tony Friscia (Advanced Manufac-
turing Research; Boston, Mass.), the CIM pyra-
mid is hierarchical, while most manufacturers are
attending "flat” organizations and distribution
of authority; it is hardware oriented, while to-
day’s systems driver is software. Neither was the
model flexible enough to meet the varying re-
quirements within the batch industries. Hence, the
hardware-based CIM pyramid is obsolete. Instead,
it is being consolidated into a three layer soft-
ware model: 1) The strategic level include busi-
ness functions such as finance, sales, and manu-
facturing resources planning (MRP); 2) The tac-
tical level contain plant management functions
such as process-, quality-, resource-, and mainte-
nance management; 3) The operational level typ-
ically encompass process and manufacturing con-
trol functions. This ” 3-Level CIM model” is shown
in Figure 2.

Strategic
Planning

Tactical
Execution

Operational
Control

Fig. 2 3-Level CIM model
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Fig. 1 588.01 Batch Control Models and Terminology. After Haxthausen et al (1995)

The philosophy behind the creation of the ”3 Level
CIM” concept is that the information architecture
should reflect and support the modern business
architecture and insights. That is, a reduced num-
ber of management layers and empowerment of
the middle management layer. The latter means
providing the middle management with the right
directives, information and authority to make de-
cisions to influence their environment to improve
quality, productivity and safety.

Traditionally, there have been two enterprise cul-
tures that have operated independently of one an-
other, utilizing different types of systems. Transac-
tion based solutions, like Material Resource Plan-
ning (MRP) systems or the newer Enterprise Re-
source Planning (ERP) systems, for business plan-
ning at the strategic level and real-time systems
for manufacturing and process control at the op-
erational level. Manufacturing Execution Systems
(MES), corresponding to the tactical level, is the
"missing link” between the two domains. MES is
not new, but a lot of customization used to be
necessary to implement it, resulting in inflexible
and expensive solutions. The term Manufacturing
Execution System was coined by Advanced Man-
ufacturing Research (AMR) in 1990 to describe
the future of enterprise-wide information manage-
ment. Other industry watch groups may use dif-
ferent names, but MES has become the industry
standard term to describe this kind of system.

The term MES does not immediately convey a
definition of the type or scope of systems which
are included. By their very nature, the systems
surrounding the immediate manufacturing process
are heavily inter-related and it can be difficult to

draw boundaries around specific manufacturing
systems. Typically, the applications in the MES
domain act as information brokers to exchange
the information between applications at various
levels of the MES-model; cf. Figure 3. Up to
recently, MES has mainly received attention from
information system vendors, while ISA S88.01 has
received mainly the attention of control system
vendors [SP88, 1994]. Yet, the full benefits of
integration can only be obtained if the concepts in
$88.01 are applied at all levels of the MES model.
In this context we should mention the European
Batch Forum’s Work Group 1 with the objective
to define "batch control” and MES integration.
This effort will be continued within an EC project
named BATCIME.

Business
Management

Engineering
Juowogeue i
Aend

Production Management
& Control

Fig. 3 AMR’s MES model



Today’s big debate is whether a MES needs to
be supplied by independent software vendors,
or whether it fits better as an extension of a
process control system, or the corporate-wide
ERP [Basta, 1995b]. The best way to achieve
this linkage is being hotly debated. One option
is using a specialized MES. Another is to extend
ERP systems, which manage production, financial
data and product distribution, down to the plant
floor. Process control systems can also be extended
upwards by adding functions to connect control
systems with ERPs. A final possibility is an all-
encompassing system that cover all three levels of
the MES-model.

"In deciding whether computer systems integra-
tion should proceed from the top down or the bot-
tom up, the bottom up approach seems to work
best,” said Pat Shaw, an industry analyst from
AMR. ”That’s where the information comes from”
[Basta, 1995a). While such a factory-floor orienta-
tion to managing the flow of information is desir-
able to most engineers, the demands of business
may ultimately force the alternative.

Several DCS suppliers have launched products
based on the bottom up approach, e.g., the To-
talPlant Solution from Honeywell and Advant
OCS from ABB. These systems make possible
data exchange with various (general) software ap-
plications to provide MES functionality. However,
true integration involves more than moving data
back and forth! Another "problem” is that DCS
vendors put a lot of effort into obtaining com-
patibility with their earlier products. This is of
course fortunate for customers that want to up-
grade their old systems, but it seems to restrain
development and the utilization of "new” tech-
nologies like Knowledge Based Systems. What is
missing is:

1. An architecture which provides a united
view and control of the plant, across func-
tional boundaries;

2. An overall structure which can encompass
all data into contexts useful for the various
functional areas within the plant;

3. A flexible model which can grow and ad-
just as operational and technological needs
change;

4. A model representation that aids better un-
derstanding of the totality and complexities
of the plant;

5. A model representation that supports quick
and effective problem solving as well as
confident decision making.

These are the short-comings that we address with
our information model. However, organizational

matters are heavily involved as well as technical.
Real benefits are only obtained when people in
the plant organization WANT, NEED and ACT
upon information offered by the system. Qur aim
is to use Information Technology as an enabler to
"re-integrate functionality which has been decom-
posed according to Taylorism” [Loos, 1995]. Not
just for automation of old processes or technical
support for new or reengineered processes.

4., INFORMATION MODEL

Information modeling originated within the
database community where it is concerned with
modeling data structures for databases. Wester-
berg [Westerberg, 1995] describe this approach
to information modeling as "pattern first, then
instances”. The mind set behind the creation of
the World Wide Web, without the ability to ex-
tract patterns, illustrates an other approach to
information modeling, namely "instances first,
then patterns”. Westerberg argue that the dif-
ference between the two approaches ”is as subtle
and important as the distinction between class-
based and prototype-based inheritance in object
oriented systems”. We try to combine the two ap-
proaches as they both are useful. Patterns first”
for dealing with complexity and ”instances first”
for capturing details.

Operation of a modern batch plant is a complex
matter and, hence, modeling of it requires various
modeling perspectives. Qur information model
is a model of several aspects of batch plant
operation. The rationale for developing the model
is to gain understanding of the problem area
and to identify generic mechanisms and concepts
needed to describe it. Such knowledge is valuable
when developing information systems; relevant for
knowledge representation as well as development
of plant databases. The need for an information
model with a broader scope than just process
control is also identified by the European Batch
Forum [Delhez, 1994].

A single uniform all-knowledge representation
technique covering all aspects of a process plant
does not exist, as knowledge representation and
use cannot be completely separated [Arzén, 1993).
An information model is a *meta” model that de-
picts the problem area in terms of 1) functions,
2) domain, and 3) dynamics, cf. Figure 4. The
functional model describe the activities that are
performed in batch plant operation and how these
tasks are connected (by information flows). The
domain model captures the static structures of
a plant by its entities and their attributes, and
how these entities are connected, e.g. by pipes.
The functional and the domain models are com-
plementary as they focus on different aspects



of the plant. Dynamic models couple the two
former model types, relating functions with ob-
jects in the domain. In addition dynamic models
show temporal relationships between objects, and
changes in object states. A reactor, e.g. may have
the states {unreserved, batch, cleaning, mainte-
nance}. Hence, all three model aspects are needed
to give an adequate description of batch plant op-
eration. In this section we will further describe
these three model types and the modeling mecha-
nisms in them.

Information
Model
{
Functional Domain Dynamic
Model Model Models

Fig. 4 Information Model Structure

The chosen approach based on three types of sub-
models have some evident parallels to other mod-
eling frameworks, e.g. the Object Modeling Tech-
nique (OMT) methodology for object-oriented de-
velopment presented by Rumbaugh et al [Rum-
baugh et al., 1991]. The OMT methodology uses
also three kinds of models to describe a system:
the object model, describing the objects in the sys-
tem and their relationship; the dynamic model, de-
scribing the interactions among objects in the sys-
tem; and the functional model, describing the data
transformations of the system. However, these
similarities are not mysterious in any way because
functions, domain, and dynamics are general as-
pects that apply to any system.

4.1 Functional models

A manufacturing plant is an artifact constructed
for some purpose or function. Usually, this is to
fulfill some customers needs by making products
through plant operation. This entire task could be
regarded as one large integrated function. How-
ever, it is probably more valid to think of it as
a number of interconnected sub-functions, each
one carries out a specific function. Such decom-
position of function correspond to a systems the-
ory approach characterized by a clear definition
of boundaries, an emphasis on function instead of
substance, and of internal structure. The latter in-
clude the (main) routes of information interchange
among functions such as the control recipe sta-
tus to the scheduling activity. The exact structure,
inter-relationship and importance of functions will
vary from plant to plant. According to this point
of view, the quality of plant operation is deter-

mined by: 1) How well each separate function is
performed, and 2) The interactions between these
functions, as a process plant is a tightly coupled
system [Foss et al., 1995], the importance of this
should not be underestimated.

For our investigation of functions the comprehen-
sive functional framework proposed by Rijnsdorp
[Rijnsdorp, 1991] served as a starting point. This
framework applies to process plants in general and
distinguish between six types of operational func-
tions (that are clusters of activities which together
make up process and production control): logis-
tic functions, desired operation, process control,
process supervision, measurement and reporting.
Further, we have investigated how this general
framework can be mapped onto the Control Ac-
tivity Model as defined in ISA S88.01. As with
the functional framework of Rijnsdorp, the major-
ity of MES functionalities (ref. Section 3) can be
mapped onto the 588.01’s Control activity model.
The MES-model do, however, not only focus upon
batch systems. MES is more general and applies
to continuous, discrete as well as batch systems.

There exist other frameworks for functional mod-
eling than those mentioned here, e.g. Multilevel
Flow Modeling (MFM) [Lind, 1987]. Different
functional frameworks may overlap, as Rijnsdorp’s
approach and the control activity model, or they
may be complementary as illustrated by MFM and
the control activity model. However, all functional
models are normative.

Because 588.01 is a standard within batch control
we have chosen to use the Control activity model
as a starting point for our functional model. How-
ever, the model had to be extended as the scope of
plant operation is wider than just (batch) control.
One of the most obvious extensions is engineering
activities such as maintenance which are closely
related to, but still outside, batch control. Vari-
ous maintenance functions to keep process equip-
ment, instrumentation, software, knowledge and
skills in good shape is essential for all the other op-
erational functions [Rijnsdorp, 1991}, creating an
important foundation for safe and effective plant
operation. Another important issue in plant oper-
ation is inter-departmental coordination, such as
production vs support service. We have included
organization information as another extension of
the control activity model to illustrate these as-
pects. Hence, we have expanded the boundaries
of the S88.01 control activity model. In Figure 5
the modified control activity model is shown, the
extensions are represented by dashed rectangles.
There are other crucial functions to plant opera-
tion that are not included in this functional model,
such as inventory and quality control, process and
product development, customer service support,
and regulatory reporting and process validation.



To limit our scope, somehow, we define these func-
tions to be outside the boundaries of the func-
tional model (and thereby, erroneously, outside
the scope of batch plant operation).
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Fig. 5 The Extended Control Activity model

In the following we give a brief summary of the
original components in the control activity model
(those represented by solid lines in figure 5) as
described in S88.01 Section 6, Batch control ac-
tivities and functions. The main process control
structure is represented by the control hierarchy
made up of Process planning and scheduling, pro-
cess management, unit supervision, and process
control activities. We start with introducing the
latter.

Process control:  This control activity encom-
passes procedural and basic control, including se-
quential, regulatory, and discrete control, in ad-
dition to gathering and displaying data. Process
control will be distributed among several equip-
ment entities, including units, equipment modules
and control modules. Process control can be dis-
cussed in terms of three control functions: Execute
equipment phases, execute basic control, and col-
lect data represented by the white boxes in Fig-
ure 6. The figure illustrates the interactions among
these three control functions within the process
control activity, and also how they interact with
other activities (the grey boxes) in the control ac-
tivity model.

Unil supervision: This is the control activity
that ties the recipe to equipment control via
process control. There are three main control
functions within this control activity: 1) Acquiring
and executing procedural elements, 2) managing
unit resources, and 3) collecting batch and unit
information.

Process Control (508,01}
“Uni
]| Supervision® m-
Commands and
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—
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Fhases" Dala
Caommands nd Data
St Infarmation

Fig. 8 The Process Control Activity

Process management: The domain of process
management is the process cell. Within this con-
trol activity, control recipes are created from mas-
ter recipes, each batch is defined as an entity, in-
dividual batches are initiated and supervised, re-
sources within the the process cell are managed
to resolve conflicts for their use and process cell
and batch data are collected. The successful execu-
tion of a control recipe makes a batch, and process
management is finished with the batch when the
control recipe is complete. Process management
can be discussed in terms of the following three
control functions: 1) Manage batches, 2) Manage
process cell resources, 3) Collect batch and process
cell information.

Process planning and scheduling: A number of
different types of plans and schedules are typically
needed within an enterprise, corresponding to
various levels in the Physical model of S88.01.
Only the scheduling needs at the process cell level,
the batch schedule, are described in the standard.
It identifies which batches are to be made, their
order, and the equipment to be used based on
the specific resources and requirements of the
process cell. In addition, it deals with issues such
as personne! requirements, raw material options,
and packaging requirements. The batch schedule
is provided as input to the Process management.
During the actual manufacturing of a batch, real
time information is going in the opposite direction
so that schedules can be updated within a short
horizon.

Scheduling is an important activity within a plant.
However, finding a good feasible schedule by which
costs and lead times can be reduced, is often
a very complex and difficult task. Methods and
tools for production planning and scheduling focus
mainly on the needs of discrete manufacturing
industries. Real world problems in the process



industries tend to be more complex and general
concepts for production planning and scheduling
are hard to find [Allweyer et al., 1996], with some
exceptions [Terpstra, 1996].

Recipe management:  Recipe management is
made up of the control functions that create, store,
and maintain general, site, and master recipes.
The overall output of this control activity is a mas-
ter recipe that is made available to process man-
agement, which uses it to create a control recipe.

Production information management: Produc-
tion information management is the control activ-
ity that is involved in collecting, storing, process-
ing, and reporting production information.

All static information related to the functional
model can be found in the domain model as
described in the following section.

4.2 Domain model

The purpose of the domain model is to orga-
nize and represent the information related to the
real world entities in a process plant. The do-
main model captures the static structures of a
plant by representing the entities in it, the in-
formation related to these entities, and how dif-
ferent entities are connected. Examples of typical
plant domain models are traditional piping and
instrumentation diagrams (P&IDs) and the Phys-
ical model of S88.01 which represent a hierarchical
decomposition of the physical assets of an enter-
prise (in terms of enterprise, site, area, process
cell, unit, equipment module, and control mod-
ule). The lower part of this model is shown in Fig-
ure 1.

It is generally accepted that object-oriented (o-
o) techniques is better suited to describe a ”real
world” domain than a functional approach as ”ob-
ject orientation offers a corresponding data struc-
ture for every physical object and thereby models
the real world directly in the problem domain”
[van de Ree and Vingerhoeds, 1994]. This make
the o-o approach suitable as a framework for the
domain model. Generally, an object-oriented ap-
proach are characterized by the following four as-
pects: identity, classification, polymorphism, and
inheritance [Rumbaugh et al., 1991]. Neither of
these concepts are new. What makes o0-o powerful
is the synergy obtained when combining them.

Previously, we argued that a modern batch plant
is a complex system. Simon points out "the fact
that many complex systems have a nearly decom-
posable, hierarchic structure is a major facilitat-
ing factor enabling us to understand, describe, and
even ’see’ such systems and their parts” [Simon,
1982]. The discovery of common abstractions and

mechanisms greatly facilitates our understanding
of complex systems. Four structuring mechanisms
are used for the domain models part of the infor-
mation model: objects, hierarchical objects, sys-
tems, and views. [Arzén, 1993] describe how these
mechanisms are utilized for implementing a multi-
view plant database for Steritherm, a continuous
flow process for Ultra High Temperature steriliza-
tion. Here, we apply the same structuring mecha-
nisms in a batch environment.

Objects:  Objects are the primary structuring
mechanism used in the domain model. ” An object
represent an individual, identifiable item, unit, or
entity, either real or abstract, with a well-defined
role in the problem domain” [Smith and Tockey,
1988]. A major strength of objects is that they rep-
resent a concept (e.g. a physical component) with
its associated characteristics as a single entity. In
the information model the standard object model
is applied with class definitions, inheritance, at-
tributes, and methods. The characteristic proper-
ties of an object, e.g. 'Name’ which gives the ob-
ject an identity, are represented by attributes. An
object may have an associated graphical represen-
tation, i.e., an icon. Objects may serve two pur-
poses: Firstly, as basic building blocks for model
development and secondly, as a practical basis for
computer implementation. In this section we focus
upon the first property.

Simensen and Foss [Simensen and Foss, 1996] iden-
tify three types of fundamental building blocks for
describing a batch plant: 1) Batch objects; 2) Re-
source objects (i.e. process equipment); 3) Con-
trol objects (i.e. recipes). Resource objects are the
main building blocks in the domain model, while
batch and control objects are related to time vary-
ing aspects and, hence, belong in dynamic models.
Resources can be divided into: Process equipment,
support equipment, control equipment, and raw
materials.

Raw materials are crucial for making any product
in the process industries. Here, we will not go
deeper into this. This is a natural consequence of
not including inventory control in the extended
control activity model (see Figure 5).

Control equipment are temperature and pressure
transmitters, control valves, PID-controllers, etc.
Support equipment are components in support
systems such as the steam system, cooling-water
system, and the system for pressurized-air sup-
Ply. Process equipment are typically pumps, reac-
tors, mixers, buffer tanks, and pipelines which are
directly used for the processing, transporting or
storing of batches. Such equipment will normally
have to be cleaned after use, before it can be uti-
lized by a new batch. Generally, process equip-
ment are exclusive resources while support equip-



ment can be utilized by several clients at the same
time, limited by capacity, though.

Our choice of equipment objects correspond to the
above description of equipment items. An equip-
ment object contains two main types of infor-
mation on the equipment item. Firstly, hardware
specifications like capacity and construction mate-
rials. Secondly, operation related information like
references to operation procedures, statistical in-
formation, e.g. the process yield for a reactor, and
equipment state.

Objects may also have relations to other objects.
A relationship is a logical binding between objects.
There are three types of relationships: associa-
tion, aggregation and generalization [Blaha et al.,
1989]. Association is the most general type of rela-
tionship. An association relates two or more inde-
pendent objects. For instance, a tank object can
have associations to other objects such as pipes,
valves and transmitters. The relations may also
have graphical representation. i.e., they are drawn
as connections between the objects. Connections
may represent physical connections, e.g., pipes or
wires, or abstract relations.

Class:  An object class describe a group of ob-
jects with similar properties, common behavior,
common relationships to other classes, and com-
mon semantics [Rumbaugh et al., 1991]. But, why
bother with classes when the concept of object is
the fundamental one to modeling? Organizing ob-
jects into classes is a relationship for generaliza-
tion. This is a powerful mechanism for managing
complexity that is useful both for modeling and
implementation. During modeling, generalization
allows the modeler to group objects in a hierarchi-
cal class structure based on their similarities and
differences. This represents an ”is a” hierarchy. For
example, a reactor with a steam-jacket is a special
kind of reactor. If the reactor is equipped with an
agitator, then it is a specific kind of reactor with
steam-jacket, see Figure 7

This far, we have focused on the strong points
of o0-o modeling. However, it has its weak points
too. A problem with class-based o-o modeling is
that knowledge of a specific object may be spread
out in the class hierarchy. This can to a certain
degree be addressed during the modeling process
by avoiding many levels in the class hierarchy. An
object oriented structure is also highly application
dependent leading to another problem; Knowledge
of a real world entity may be spread out in
several class hierarchies, because different objects
represent various model perspectives of the same
entity.

Hierarchical objects:  Aggregation is a form of
relationship in which a hierarchical, or composite,
object is made of components. The aggregate is
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Fig. 7 Class hierarchy for a reactor

semantically an extended object that is treated as
a unit in many operations, although physically it
is made of several components. A hierarchical ob-
ject has an internal structure of, usually intercon-
nected, objects representing the components of the
object. For example, basic equipment objects such
as vessel, valve, pipe, and measurement transmit-
ter can be aggregated to form a complete process
unit such as a reactor with temperature control ca-
pabilities. The composite object may have an icon
and may be connected to other objects. When,
however, the composite object is zoomed in upon
or "opened” the internal structure of the object is
shown as illustrated in Figure 8.

\
Reactor "

Fig. 8 Hierarchicel reactor object

Most interesting systems do not embody a single
hierarchy; instead, we find that many different hi-
erarchies are usually present within the same com-
plex system. For example, a process cell may be
studied by decomposing it into various systems
such as process system, control system, steam and
cooling water system. This decomposition repre-
sents a structural, or ”part of” hierarchy and is
orthogonal to the class hierarchy. According to
Booch [Booch, 1991] ”it is essential to view a sys-
tem from both perspectives, studying its ”is a” hi-
erarchy as well as its "part of” hierarchy. We call



these hierarchies the class structure and the ob-
ject structure, respectively. Collectively, we speak
of the class and object structure of a system as
its architecture. The object structure is important
because it illustrates how different objects collabo-
rate with one another through patterns of interac-
tion that we call mechanisms. The class structure
is equally important, because it highlights com-
mon structure and behavior within a system”,

Systems: The term ‘system’ is used to denote
entities that are implicated to a flow of material,
energy, or information. All plants contain a num-
ber of systems. In a multi-purpose batch plant
examples of systems could be the product sys-
tem, the electrical system, the cleaning system,
the pneumatical system, the water system, the
control system, etc. The main system is the prod-
uct system and the other systems can be consid-
ered as help systems that are needed for the main
system to operate. Structuring plant information
according to systems has many advantages. It well
reflects the situation of today in the process in-
dustry. Different user groups work with different
systems in the process. For example, the main sys-
tem, the electrical systems, and the control system
are the responsibility of the operators and process
engineers, electricians, and the instrument engi-
neers, respectively. Furthermore, different systems
are normally documented separately.

A system can be represented by a composite ob-
ject. The internal structure of the object consists
of the objects that are a part of this system. It is
unusual that, e.g., a process component is a part
of only one system. For example, a pump may be
a part of the main system. However, the pump
has a power supply and is therefore also a part of
the electrical system. Furthermore, the pump may
be water-cooled and, hence, a part of the cooling
water system.

Views: Abstraction is the selective examination
of certain aspects of a problem or domain with the
goal to isolate those aspects that are important
for some purposes and suppress those aspects that
are unimportant. Abstraction must always be for
some purpose, because the purpose determines
what is and is not important [Rumbaugh et al.,
1991]. Many different abstractions or views of the
same thing are possible, depending on the purpose
for which they are made.

A view of an object represents a certain context
in which the object participate and where it
is necessary to represent information about the
object. For example, a process component that
belongs to different systems may need to have
different information attached to it in the different
systems, i.e., in the different views. In the database
community views are mostly used in connection

with how information is presented to different
users of the system. Using this approach there
is only one representation for an object and
this representation contain all the information
about the object. The different views of the
object are generated by “filtering” the information
contained in the object, i.e., hiding information
or transforming information. Another word for
these views are presentation views or user views.
Views can also be used in connection with how
information is represented. Here, each view of
an object is represented as a separate object in
the domain model. Views of this type are called
representation views. In our approach both types
of views are used.

We have already pointed out some weak points in
the object-oriented modeling framework. In addi-
tion, it is not well suited for modeling problems
such as multiple classification hierarchies based
on orthogonal properties, unanticipated changes
in the classification, and changes in classification
over time [Krogh et al., 1996]. In Section 4.3 we
introduce the concept for dynamic inheritance ad-
dressing the latter problem, while the implemen-
tation mechanism of multi-view objects (cf. sec-
tion 5) address the problem with knowledge re-
lated to one real-world entity distributed in sev-
eral objects, according to the class hierarchy.

4.3 Dynamic models

We have chosen to separate the static aspects of
the batch plant and those that are concerned with
time and changes. The former aspects are repre-
sented in the domain model described above, while
the latter are described by dynamic models. Re-
call that we approach modeling from an opera-
tional point of view, not from a design perspec-
tive as engineers often do. Obviously, there exist
a whole range of dynamic models in the opera-
tional sense. We organize these dynamic models
into two main categories; normative models and
descriptive models. Normative models, or control
models, represent how things are supposed to op-
erate; how they are planned or designed. Typi-
cal examples are recipes, State Transition Net-
works [Kondili et al., 1993], and Petri nets [David
and Alla, 1992]. Descriptive models on the other
hand describe what actually happened, i.e. batch-
histories and equipment logs. The classification
into normative and descriptive dynamic models is
not unique/unambiguous. For instance, a Petri net
may represent a planned sequence of events as well
as an actual series of events.

A dynamic view of the domain model focus upon
how it changes. This include temporal relations
among real world entities that can be represented
by associations, i.e. the temporal connection of
two vessels by a pipe; Transitions applying to



an entity, i.e. a batch may change from ”be-
ing” a scheduled order to a control recipe; Fi-
nally, changes to the internal conditions of an en-
tity may occur. The notion of states was intro-
duced to object modeling to represent dynamic
aspects [de Carteret and Vidgen, 1995], e.g. how
class instances change over time. For instance,
process equipment state can be defined by the
set {unreserved, batch, cleaning, maintenance}.
These states can be modeled using attributes.

There is a direct, static coupling of the functional
model and the domain model. The process man-
agement activity, for example, have a direct link
to a process cell. Changes in the domain model,
though, will normally appear as a consequence of
some event, caused by some function, or as a di-
rect result of some function itself. However, the
initiation and accomplishment of a function is de-
termined by a dynamic model such as a control
recipe. In this sense, the normative dynamic mod-
els describe the dynamic control structure in a
plant. By relating functions and objects, the dy-
namic models represent the dynamic coupling of
the functional model and the domain model as il-
lustrated with Figure 9. In addition dynamic mod-
els describe the interactions among objects in the
domain model.

Domain Models
(e.g. SP88 Physical Model,
Piping & Instrumentation Diagrams (P&ID),
Plant Topology Models)

N

Dynamic Models
(State Task Networks (STN),
Petri Nets,
Recipes)

Static
Relnions

Functional Models
(e.g. Control Activity Model,
Mulilevel Flow Modeling (MFM),
SP88 Process Model)

Fig. 8 Model Relationships

Dynamic models encompass a wide range of mod-
els and representations. In the following we de-
scribe some of the major building blocks for build-
ing these models. These objects are batch objects,
recipe objects, unit models, and historical logs.

Baich objects: As mentioned earlier, the batch
is an important building block in our information
model. In ISA S88.01 a batch is defined as both:
1) The material that is being produced or that
has been produced by a single execution of a
batch process; 2) An entity that represents the
production of a material at any point in the
process. In the first meaning, a batch can be
modeled as an object representing the volume of

material or product that constitutes the batch.
In the latter ’production’ sense, a batch can be
viewed as a uniquely identified object ’floating’
through the plant equipment according to a recipe.
However, production is just a part of the batch’s
lifecycle.

Typically, the batch lifecycle start as an order for
some product, cf. Figure 10. The order is then
scheduled, meaning it is partitioned into one or
several batches. Both the order and the scheduled
batch has a relation to a general procedure for
making the product. This general procedure is de-
noted a master recipe. During initialization the
batch is assigned a unique batch number and re-
sources that will be used for processing the batch.
The batch is now best represented as an initial
control recipe. However, during manufacturing it
i very likely that this recipe will be modified lead-
ing to an actual control recipe. Upon completion,
the actual control recipe is included as a part of
the batch history. The latter is a model of what
actually happened during processing of our batch,
and is important for traceability and regulatory
reasons. The somewhat simplified lifecycle is illus-
trated in figure 10. The rounded boxes illustrate
various stages in the batch lifecycle, arrows rep-
resent functions, while dotted lines illustrate rela-
tions. Hence, the lifecycle model is an example of
how the functional model and the domain model
is coupled by a dynamic model.
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Fig. 10 Simplified Batch Lifecycle

At any time a batch instance is in, at least, one
state of the lifecycle. Different aspects of the batch
are important in different states. Also, a batch can
be in several states at the same time, e.g. actual
control recipe and batch history. How should this
dynamic and multi-view aspects of a batch be
modeled within an o-o framework?

A possibility is to design a "super” object capable
of representing all the various views of the batch.



This approach can be realized by a correspond-
ing "super” class. Another solution is to estab-
lish a single class for each relevant view of the
batch (i.e. order, control recipe, batch history) and
utilize them when creating batch objects through
multiple-inheritance. Within both these alterna-
tives, attributes can be used to represent the dy-
namic properties of the batch. However, neither
of these solutions seems to model the batch lifecy-
cle very well, as structural information is hidden
in the model structure and the notion of object
state is simply not powerful enough to represent
the dynamic aspects. Class-based, object-oriented
modeling simply do not provide suitable mecha-
nisms for representing the batch lifecycle.

A better solution is to consider a batch as belong-
ing to different classes over time. This concept of
dynamic inheritance have earlier been introduced
at the programming language level [Ungar and
Smith, 1991] and in o0-o modeling [Krogh et al.,
1996]. It is not similar to multiple inheritance as,
e.g., a batch cannot be a scheduled batch and an
actual control recipe at the same time. Dynamic
inheritance is suitable to represent the dynamic
aspects of a batch. In Section 5 we discuss an im-
plementation mechanism addressing the problem
of representing multiple views, called multi-view
objects. The two concepts of dynamic inheritance
and multi-view objects together seems to be capa-
ble of representing a batch in a convenient way.

Recipes: A recipe is an entity that provides a
way to describe products and how those products
are produced. Recipes are needed for various pur-
poses within a company. Therefore various types
of recipes may exist (cf. Figure 1), including dif-
ferent information in varying degrees of specificity.
The notion of master recipe and control recipe
may illustrate this. A master recipe is a generic
recipe used for tasks such as batch scheduling in a
process cell, while a control recipe is uniquely con-
nected to a single batch and the manufacturing
process for this specific batch. Within the infor-
mation model context recipes are dynamic models
which we choose to represent by dynamic objects.

We have already shown how a model of the batch
lifecycle couples the functional model and the
domain model. In the Batch Control Standard
(ISA $88.01) this coupling is performed in another
way. We briefly describe this approach (see also
Section 2.2) and sketch how we can realize this
coupling approach in the information model.

Processing functionality described in the process
model is provided through the mapping of proce-
dural control with individual equipment entities.
This is enabled by the procedural control capa-
bility of equipment entities. The tricky problem
then is how to link the recipe procedure with the
equipment control procedure. In S88.01 there are

several alternatives: " The procedural control may
be entirely defined as part of equipment control, or
it may be based on procedural information passed
on to the equipment entity from the recipe” (ISA
S588.01 p.31). This can easily be represented within
an o-o framework, where equipment entities and
their capabilities are represented as objects and
their methods. [Arzen and Johnsson, 1996] de-
scribe in detail various ways to realize this link
within an object-oriented framework.

Related to the information model, procedural con-
trol can be looked upon as the coupling of a func-
tional model (the process model) and a domain
model (the physical model), where the equipment
objects in the domain model have some processing
capabilities. Hence, recipe-based procedural con-
trol as described in ISA $88.01 corresponds to a
dynamic model in the information model frame-
work.

Historicallogs:  Several historical logs are needed
to keep trace of production which is of overall im-
portance in the pharmaceutical and special chem-
icals industries. It is of crucial importance to en-
sure documentation and traceability on the pro-
cess equipment side, as well as on the product side.
Equipment related examples are equipment logs
that keep references to all batches processed by a
particular piece of equipment, and maintenance
logs describing when a piece of equipment has
gone through maintenance, what has been done
by whom and the planned time for the next main-
tenance operation. Batch histories, on the other
hand, are product related and keeps a record of
the total processing of a batch. All information on
discrete events, like time-stamps for start and stop
of process stages, results from laboratory analy-
sis, and product related information such as vol-
umes and references to raw materials, are included
in the batch history. Process data from continu-
ous processing is also included. The various types
of historical logs are in fact what we denote as
descriptive dynamic models. In the information
model, we represent them by dynamic objects.

Unit models: Dynamic models of unit processes
are also represented as dynamic objects in the
information model. A typical unit model example
is a reactor model, either based on ”1. principles”
modeling or black-box techniques. Such models
can be utilized for control purposes, simulation,
optimization, etc., and they are well known within
the process systems engineering community. We
will therefore not discuss these any further.

State- Task-Networks: A convenient representa-
tion of process and recipe information is the State
Task Network (STN) proposed by [Kondili et al.,
1993]. This is a general framework that apply to



continuous processing as well as batch process-
ing. Within STN task nodes (rectangles) repre-
sent process operations and state nodes (circles)
represent process material, e.g. raw materials, in-
termediates, and product. The physical plant is
represented as a set of equipment units capable of
performing the operations defined by the tasks in
the STN. Examples of such process tasks are 'mix’,
’heat’, ’store’, ’crystallize’, 'react’, etc. The rela-
tionship between processing units and tasks can
be many-to-many. The process sequence is illus-
trated by arcs between state and task nodes as
illustrated in Figure 11.
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Fig. 11 State-Task-Network

STN can be used for both recipe/process design
and scheduling. In the original version STN is a
fairly coarse process description as, for instance,
transfers of materials are assumed to be instanta-
neously. In many processes, though, transfer op-
erations take a considerable portion of the total
(production) cycle time. Barbosa and Macchietto
(1994) have discussed how this problem may be
solved by introducing extra tasks and nodes in the
STN model.

5. A PROTOTYPE IMPLEMENTATION

An information system founded on an information
mode! should support all functions described by
the functional model, all static information should
be represented in the domain model, and finally,
temporal and transient aspects should be dealt
with as described by the dynamic models. We have
implemented an information system prototype to
illustrate how the ideas of an information model
apply to a simulated batch cell scenario. The ex-
tended control activity model is used as a nav-
igation metaphor in the prototype. The domain
model is established by combining the concepts
described in section 4.2 and implementation mech-
anisms such as multi-view objects. The domain
model structure is used both for structuring the
plant database (representation view) and as user
interface. Dynamic models, such as the batch life-
cycle and procedural control, form the basis for
integration of the functional model and the do-

main model, and thereby also for batch control.
The information model based prototype supports
integration of several operation activities and pro-
vide an architecture for a system that can grow
and change. The prototype is implemented in G2,
an object-oriented graphical programming envi-
ronment, developed by Gensym Corporation.

The prototype is based on a single information
repository (or plant knowledge base). Such a stor-
age may be actual, in the form of a data ware-
house, or virtual, in the sense that different servers
in a computer network make information avail-
able as if they were part of an overall repository.
In a real time application area the latter solu-
tion is to prefer as it give better control system
performance. Multi-view objects is a mechanism
that support the implementation of a virtual data
warehouse [Arzén, 1993] as described in the fol-
lowing.

As explained in section "Domain model” the
interesting properties of an object will vary in
different contexts. Properties that are not relevant
to the task at hand should not be visible in a user
view as they will be regarded as "noise”. On the
other hand, all information on an object should be
grouped together to structure the plant knowledge
base and to avoid duplication of data and the
consistence problems that follows. A multi-view
object act as a handle on all the “ordinary” objects
that represent the same physical or abstract entity
in different contexts.

5.1 A Batch Scenario

In the prototype implementation the information
model is applied to a scenario consisting of a flex-
ible multi-purpose batch cell. The cell consists of
raw material tanks, mixers, buffers, batch reac-
tors, and product tanks. The units are intercon-
nected through valve batteries. A schematic of the
batch cell is shown in Figure 12.

A real-time simulation of the batch cell is used
instead of a “real” batch cell. The simulator con-
tains mass balance models, energy balance mod-
els and chemical reaction models. The simulator
uses three reactants: A, B and C, and two differ-
ent products, D and E, can be produced.

A control system structured according to the pro-
posed information model implements the different
layers of the control activity model, see Section
4.1, and the different domain and dynamic mod-
els used in the different layers. The control system
is connected to the batch cell through a simulated
I/0O interface.

The scenario was originally developed in the
Grafchart project. There High-Level Grafchart,
an Grafcet model extended with concepts from
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object-oriented programming and high-level
(coloured) Petri nets [Jensen and Rozenberg,
1991], has been defined and implemented [Arzén,
1996] in G2. The scenario was developed to show
how High-Level Grafchart can be used for recipe
representation, recipe execution, and resource
allocation, [Arzen and Johnsson, 1996], [Johns-
son and Arzén, 1994], and [Johnsson and Arzen,
1996], according to the ISA S88.01 models. This
approach is used for the recipe representation also
in the information model.

The information model is structured using ob-
jects, views, and systems according to the previ-
ous chapter. Both user views and representation
views are used. One user has been defined, who
can be viewed as a “super-user” that performs all
the tasks that in a real plant would be divided
between operators, process engineers, production
engineers, maintenance personnel, etc. The differ-
ent interfaces that the user has available constitute
the different user views in the systems.

5.2 User views

Plant operation, in a modern batch plant, is a
complex "task” (cf. the functional model). Minsky
(1968) argue that in such a complex problem area,
human beings can never cope with many details
at once. At each moment one must work within a
reasonable simple framework. Any problem that a
person can solve is worked out in a small context
and the key operations in problem solving are con-
cerned with finding or constructing these working
environments. A batch plant information system
based on this philosophy would offer different sup-
port for various operational functions in form of
user views. A user view is a context dependent

system interface that give access to both the in-
formation and the functional tools needed to per-
form the various tasks included in an operational
function. The information presented in views may
be of various nature, i.e. dynamic/static, detail vs
overview, functional vs descriptive, etc.

The user views are organized according to the con-
trol activity model, see Figure 13. Each activity
corresponds to one main user view. This user view
presents the information and interaction objects
necessary for performing the activity. The con-
trol activity model also is used as a navigation
metaphor. The user switches user view by clicking
on the corresponding activity in a control activity
model icon.
*Scheduling” ! J

| “Recipe
Management”

Management”

“Process
A

* Unit
Supervision”

“Process
Contral®

|

“Engineering”

'prmnlsmlgn

[ “Personne! lnd-!

protection”

Fig. 183 The extended control activity model

Recipe Management:  When selecting ”Recipe
Management” in the control activity model a win-
dow pops up showing the hierarchical relationship
between the different recipe types. If e.g. the Mas-
ter Recipe is chosen a window pops up showing all
existing master recipes, see Figure 14. Each prod-
uct, i.e. product D or E, can be produced in four
different way, each one giving a certain product-
quality.

The master recipe is a unique specification of how
to produce a product, by selecting a master recipe
the detailed description of the recipe can be seen.
Apart from the production-procedure each master
recipe also contains administrative information,
formula information and equipment requirements,
see Figure 15.

From this window it is also possible to create a
new master recipe and to see the State-Transition-
Network (STN) for the different products.

Production Planning and Scheduling: Produc-
tion planning and Scheduling is the control activ-
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ity where planning and scheduling of batches take
place.

In the current implementation all planning and
scheduling is done in a very simple manner i.e.
FIFO. When selecting ”Production Planning and
Scheduling” a window pops up allowing the opera-
tor to chose between schedule, orders, new D, new
E or STN. Selecting "New D” or "New E” allows
the operator to make a new order of product D or
E respectively, see Figure 16. The operator types
in the desired amount of the product, the name of
the customer and the due-date.

If selecting ”Schedule” a list of the scheduled
batches shows up. The order made in Figure 16 is
scheduled and shown in Figure 17. As can be seen
the order is broken down into four batches and
equipment has been pre-assigned to each batch.

If selecting " Orders” a list of the not yet scheduled
but ordered batches shows up and selecting ” STN”
allows the operator to see the State-Transition-
Net for each product.
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Fig. 17 List of scheduled batches.

Production Information Management: When se-
lection the Production Information Management
a window pops up giving the operator the choice
to see either a list of the batches currently un-
der production, a list of the history for completed
batches or the equipment histories. In Figure 18
the batch named "D1-1”, created in Figure 17, is
ready and the history of this batch is shown. In the
batch history there is information about the mas-
ter recipe, the initial control recipe and the actual
control recipe, i.e. the initial recipe plus changes
made under production. There is also an event list
including logs.

Process Managemeni: In the Process Manage-
ment activity the schematic of the batch cell is
shown together with a state chart showing the
state of the scheduled batches. A batch can be
either ”"Ready-to-start”, "In-process” or ”Com-
pleted”. In the state chart a batch is represented
by a token. The color of the token depends on the
product that will be produced. Substance D is rep-
resented with a green token and substance E with
a red. Batches that are scheduled can get started
by clicking on the "Init-batch” button placed next
to the state chart. By clicking on a token the op-
erator can define the name of the batch, the con-
trol recipe, and the position of the batch in the
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Fig. 18 Information view

plant. In Figure 19 the batch cell is shown to-
gether with the state chart. As can be seen in the
state chart there is one batch currently in process
and one batch that has been completed. From the
schematic of the batch cell one can see that the
completed batch is located in product-tank D and
the batch currently in process is located in one of
the mixers.
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Fig. 19 Process management view

Unit Supervision: In the Unit Supervision ac-
tivity the operator can get information about the
different operations that a unit can perform, i.e
the different methods assigned to a unit. A mixer
can e.g perform the following operations: charge,
agitate and discharge. The operator can also get
information about the batch currently using a unit
and the corresponding control recipe.

Process Control: In the Process Control activity
the schematic of the batch cell is shown. As the
batch travels through the plant its actual position
is high-lighted. By clicking on any of the units the
internal structure of this unit shows up. Each unit
has on-off valves at the inlets and the outlet. The
operator can open and close these valves manually,
also pumps can be turned on and off manually.

The units all have sensors for measuring level,
temperature and pressure. When clicking on any
of the sensors a trend curve of the measured signal
is shown, see Figure 20. Some of the sensor are
connected to PID-controllers. The controllers are
used to control e.g. the level or the temperature
in a unit.
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Fig. 20 Process control view

Organization Information: The organization in-
formation is not included in the control activity
model of S88.01. However, it has been added in
this batch plant information model since it is an
important source of information. Here, the oper-
ator can find out e.g. the name and the skills of
different persons working at the batch plant, see
Figure 21.
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Fig. 21 Organization view

Personal and Environmental Protection: The
personal and environmental protection model is
outside the scope of SP88.01 and of our informa-
tion model.

Engineering: In the engineering view informa-
tion about the maintenance of the units and differ-
ent support systems such as electrical, steam and
clean-in-place (CIP). The CIP system is organized
in the same way as the plant except that the stor-
age and product tanks are not included since these



units do not use the CIP system. In Figure 22 the
schematic of the CIP system is shown.
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Fig. 22 CIP system part of engineering view.

5.3 Recipe representation and ezecution

The recipe representation and execution is based
on Grafchart and High-Level Grafchart. The main
difference between a Grafchart function chart and
a High-Level Grafchart function chart concerns
the nature of the tokens that indicate whether
a step is active or not. In Grafchart the token
is a boolean indicator that simply indicates that
the step is active in the same way as in ordinary
Grafcet. In High-Level Grafchart the tokens are
objects that contain information. Also the tokens
may themselves contain function charts.

The master recipes are represented as Grafchart
function chart objects. The procedure of the
recipe is represented graphically by interconnected
Grafchart objects (steps, transitions, macro steps,
procedure steps, etc). In the current implementa-
tion the recipe is decomposed into recipe phases.
Each recipe phase is represented by a procedure
step that calls a corresponding equipment phase
in the unit process where that part of the recipe
eventually will execute. The equipment and for-
mula information of the recipe is stored as at-
tributes of the function chart object. The values
of these attributes can be accessed from the steps
and transitions of the recipe procedure.

When a batch is created a control recipe for that
batch is created by copying the associated master
recipe. The equipment that has been assigned to
the batch becomes the values of the equipment
attributes of the control recipe function chart.

When a batch is started the control recipe func-
tion chart for that recipe is initiated, i.e., the ini-
tial step of the control recipe is activated. When
a control recipe phase becomes active a call is
made to the corresponding equipment phase in
the unit process where that recipe phase should
execute. The equipment phase is represented by
a Grafchart method of the unit process. The
Grafchart method consists of a step/transition
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Fig. 24 High-Level Grafchart for process supervision.

sequence. In the steps control actions are per-
formed, e.g., valves are opened or closed, pumps
are started or stopped, and regulator setpoints are
changed. The execution of a control recipe phase
is finished when the call to the equipment phase
returns. Then the execution of the control recipe
continues. The situation is shown in Figure 23.
The control recipe is shown to the left. The con-
trol recipe phase Charge calls the charge method
of reactor R1. This reactor is the value of the reac-
tor attribute of the recipe and is accessed through
the sup.reactor reference.

High-Level Grafchart is used to indicate the status
of the process units in the cell. A process unit
can be unreserved, reserved by a batch, in CIP,
or taken out of service due to maintenance. In
the high-level function chart in Figure 24, each
process unit is represented by a token object. The
step that the process unit is contained in shows
the status of the process unit. When a process unit
has been used by a batch, CIP must be performed.
In the CIP procedure step the CIP method of the
process unit is called.
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5.4 Representation views

The aim of the user views is to present information
contained in the database to users in an optimal
way with respect to the tasks that the users should
fulfill. The aim of the representation views is
to structure the information within the database
in a “natural” way. There may or may not be
a one-to-one mapping between user views and
representation views. An example where there is
a one-to-one mapping is shown in Figure 25. The
navigation metaphor is shown in the upper left
corner of the user view.

Each physical (or abstract) entity is represented
by a number of database objects. Each of these
database objects constitutes one view of the phys-
ical entity, i.e., it represents the entity in a cer-
tain context. The different views of a physical en-
tity may have different attributes, different inter-
nal structure, and different relationships to other
entities. The different views of the same physical
entity are held together by a multi-view object.
This acts as a handle that contains links to all
the different views of the object. It also defines
the views of the object and the attributes that
are common to all views of the object. G2 does
not directly support multi-view objects. The de-
sired functionality is mimiced using ordinary ob-
jects and relationships between objects.

The different contexts that a physical object is a
part of are often decided by the different systems
in which the object participates. In the prototype
only two systems have been modeled: the product
system and the CIP system. Additional systems
could be the electrical system, the water system,
the steam system, etc.

Multi-view objects are used in the information

Balch Cell
Multi-view object

/%) A

T T Ri
-b é‘ Mulii-view abject

Fig. 26 Batch cell multi-view object with product view
and CIP view.

model in different ways. The entire batch cell is
modeled as a multi-view object. The different unit
processes are also modeled as multi-view objects.
The batch cell multi-view object has three views:
the product view, the CIP view and the mainte-
nance view. The product view of the batch cell
is an hierarchical object that internally consists
of objects representing the product view of the
unit processes of the cell, i.e., the product view
of the batch cell resembles the process diagram
of the cell. The product views of the unit pro-
cesses are objects that contains the control mod-
ules of the unit processes as attributes. For exam-
ple, the product view of one of the batch reactors
has object attributes representing the inlet valve,
outlet valve, pump, PID-controllers, and sensors.
The view also contains the equipment phases of
the reactor, e.g., charge, heat, cool, discharge, etc,
represented as Grafchart method attributes.

The CIP view of the cell is also an hierarchical
object. It contains the CIP specific process equip-
ment (the CIP tank unit) and the CIP views of
the unit processes of the cell. These CIP views
contain the CIP valves of the units and the CIP
phases of the units. The maintenance view of the
cell contains maintenance information related to
entire cell. It also contains the maintenance view
of each unit process in the cell. These views con-
tains maintenance information pertaining to the
individual unit, e.g., operation counter for each
control equipment of the unit, information about
when maintenance last was performed, etc.

The batch cell multi-view object is shown in
Figure 26. The multi-view object representing
reactor R1 is also shown.

6. CONCLUSION

An information model for batch processing has
been proposed. The model is decomposed into



functional, domain, and dynamic models. The pro-
posed modeling mechanisms represent the various
aspects of the problem area in a natural way. The
model also conforms with the ISA S$88.01 stan-
dard. A prototype of an information system based
on the model has been implemented in G2. The

system runs against a real-time simulation of a
flexible batch cell.
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