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Abstract 
 
This paper presents a Virtual Plant Modeler, VPMOD, which formally characterizes and 

integrates chemical product designs, batch-chemical equipment (plants), the real-time scheduling 

of chemical batches, and the control of the chemical transport through the plant.  These models 

provide a framework for agile batch chemical manufacturing that has the ability to automatically 

reroute and control chemical product flow in a flexible plant subject to unexpected events, such 

as changes in demand patterns and equipment failure. A formal logic model is generated to 

control the actual system events, which are non-deterministic.  A simulation environment in 

VPMOD is used to validate schedules and control logic based on plant models supplied by 

industry.  The formal models have been implemented in an object-oriented language.   
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1.  Introduction 

 

 Manufacturing of chemical products has traditionally followed a continuous process 

dedicated to one or a few products, with each product processed one at a time over a long 

duration.  In the late 1970's and early 1980's the market pressure for greater product variety 

forced a gradual shift from continuous manufacturing to batch manufacturing.  Batch chemical 

manufacturing is characterized by the production of discrete quantities of chemicals on 

multipurpose equipment.  The batch process approach to chemical manufacturing is effective at 

economically elevating product mix and responding to varying product quantities.  However, 

efficient production of a high product mix that can optionally be produced on different 

equipment requires flexible intelligent tools throughout the manufacturing life-cycle embedded 

in an integrated architecture.  Traditional scheduling, planning and integration tools for the 

continuous process industries do not have this flexibility  (Musier and Evans, 1990). 

 More recently, the intense competition in the market place has created a surge of interest 

among leading manufacturers and researchers in "agile manufacturing", which provides for 

further production flexibility and the ability to respond quickly to shifts in demand patterns and 

unexpected events affecting plant-wide operations such as equipment breakdowns.  The next 

expected evolutionary approach to chemical manufacturing is agile manufacturing (Hofman, 

1993).  It is anticipated that this approach will increase productivity by improving equipment 

utilization, reduce waste by providing alternative routes to products which would be subject to 

spoilage due to equipment breakdown, and increase competitiveness by providing the plant with 

the ability to adapt readily to customer demand.  This next evolution necessitates an extension to 

existing theory and the development of new techniques coupled with specialized computer aided 

tools. 

  Most of the recent advances in software engineering and design of complex systems have 

not been exploited in the process industries (McCarthy,1990, Suydam, 1987).  These advances 

have the potential of solving many of the present problems.  Among these tools are high level 

simulation tools (Baudel et. al, 1988) that can be combined with expert systems, knowledge 

based tools, and object oriented techniques to form an integrated, high level software solution to 

the flexibility issue. 

   A set of integrated models in an interactive object oriented environment was developed in 

response to these needs.  These models, hereafter called VPMOD (Virtual Plant Modeler), 



formally characterizes and integrates chemical product designs, batch-chemical equipment 

(plants), the real-time scheduling of these chemicals, and the control of the chemical transport 

through the plant.  VPMOD was developed to exploit the natural flexibility of the batch chemical 

manufacturing process (i.e., alternative equipments) and to operate in a dynamic, on-line 

environment.   

 VPMOD is capable of responding to many real-time system events including the arrival of 

new orders, the modification of existing orders including quantity or priority changes, equipment 

failure, and stochasitic processing times.  Traditional scheduling systems typically assume 

process starting and ending times to be deterministic.  Schedules are determined and act as a 

guide to the actual process.  In reality, processing times are stochasitic.  Changes in the schedule, 

such as re-routing, are complicated by in-process inventory.  VPMOD has the capability of 

reactive, interactive scheduling that includes re-routing while considering in-process inventory.  

VPMOD generates control logic corresponding to the schedule for chemical transport. 

 VPMOD utilizes a simulation mode to demonstrate and validate these capabilities.  The 

user of VPMOD can interactively generate these events or they can be incorporated into the 

simulation architecture.  The plant model is then updated on-line, in real-time with these events, 

which are passed to the scheduler.  The scheduling system then determines the appropriate action 

to take based on specified rules.  The user has the ability to over-ride the changes and implement 

or test other possibilities.  The scheduling decision is passed to the logic control generator, which 

implements the decision into a formal control logic model.   

 

2.  Batch Chemical Manufacturing 

 

 Batch chemical plants are classified as either multiproduct or multipurpose (Rippin, 1983).  

Multiproduct batch chemical plants are analogous to flow shops in discrete manufacturing where 

all products follow the same sequence of operations (a single process path).  Multipurpose batch 

chemical plants are analogous to job shops with alternative routing in discrete manufacturing 

where products may follow different process paths.  The focus of this paper is on multipurpose 

batch chemical plants.  A configuration of a multipurpose batch chemical process plant is shown 

in Figure 1.  This configuration is a hybrid of actual plants produced by Honeywell for 

experimentation.  The configuration allows the manufacture of multiple chemical consumer 

goods using the same equipment resources.  The main objective is to blend  multiple ingredients 



from a set of input tanks to produce an end product.  In this example there are four input tanks 

coupled through one header (junction) to four mixers.  The mixers are coupled to four reactors 

and the reactors are coupled to output storage tanks. 

 

  ( ****** Insert Figure 1 here ******) 

 

 There are several unique features of batch chemical manufacturing.  First, it is possible and 

often desirable to split or merge batches to make effective use of equipment resources.  This 

provides flexibility in processing orders of various sizes, since larger orders may be divided into 

smaller batches, and smaller orders of the same product may be combined into larger batches.  

Second, the batch processing time is typically independent of the batch size, accordingly 

estimates of processing times can be made before batch sizes are determined.  Third, there are 

many alternative operations that can manufacture a particular chemical type, and a specific 

operation can be processed by alternative equipment sets.  Routing these batches through 

batteries of multipurpose machines allows the production of greater varieties of product mixes in 

different quantities, meeting the market needs for greater product variety, but adds to the 

complexity of scheduling production. 

 

3.  Related Work 

3.1 Plant Models 

 

 Several authors discuss the need to develop virtual manufacturing environments in order to 

achieve agile manufacturing (McGehee et al ., 1994, Parks et al., 1994, Witzerman and Nof, 

1995, Cho et al., 1996) .  Virtual manufacturing environments can assist the company in its 

efforts to rapidly and effectively react to changes in market conditions and technology. 

 McGehee, Hebley, and Mahaffey (1994) present a framework, Microelectronics 

Manufacturing Science and Technology (MMST), for the semiconductor industry to support the 

transition from high volume production to low volume part specialization.  MMST is based on 

an open distributed system and object-oriented technologies.  The major applications of MMST 

are: factory manager, factory planner, factory scheduler, factory simulator, specification 

manager, generic equipment model, machine control, and process control.  MMST is 

implemented in Smalltalk. 



 Parks et al.(1994) propose an Integrated Manufacturing Design Environment (IMDE) 

which unifies the various design tools and models to support concurrency in the design life 

cycle.  The major components of IMDE are: data model which represents the entities of the 

system, intelligent interfaces which permit local tools to understand formats from other tools, 

link manager which establishes the communication between the different tools, message board 

which posts any unresolved errors, and synchronization interface which provides for dynamic 

integration between the tools. 

 Witzerman and Nof (1995) present a graphical approach for the development and testing of 

cell control programs.  Also, peripheral device models have been included to create and analyze 

manufacturing cells. 

 Cho, Jung, and Kim (1996) present a virtual manufacturing paradigm which includes the 

following modules: communication media, remote product design system, production planner, 

generic shop floor control system, remote control and monitoring system.  The authors also 

present several examples of agile manufacturing in Korea, namely in the semiconductor and 

textile industries, and automotive service.   

 Other examples of research related to building virtual manufacturing environments include 

Rockwell's Noumenon architecture (Pierson et al., 1992) and the MKS environment (Glickman et 

al., 1991).  One intent of Noumenon was the design and validation of control software using 

discrete event simulation.  The Noumenon approach to modeling the physical factory is based on 

an object-oriented graphical model with underlying sequential function charts to represent 

process behavior.  The physical process model in Noumenon depicts the material flow and/or 

transformation of the process, and the behavior of the sensors and actuators.  Noumenon is 

implemented in Smalltalk-80. 

 Furthermore, one of the key components of virtual manufacturing is the virtual plant which 

is a software representation of the physical system.  Several authors have discussed the benefits 

of developing an object-oriented map of an actual processing plant (Stephanopoulos, 1990, 

Roberts et al., 1991, Rosenberg et al., 1992, Barton and Pantelides, 1993).  Although the 

Instrument Society of America SP88 standard (1993)  for batch control systems, models 

(equipment, recipe, and scheduling), and terminology may provide a foundation for model 

development, there is no approach for integrating these models.  The major benefit of integrating 

models into a virtual plant is that the physical system components ( i.e., equipment, materials, 

etc.), conceptual system components (i.e., process plans, equipment schedules, etc.), and 



associated characteristics can be easily and naturally represented through the creation of virtual 

plant entities emulating their structure and function.  Thus, the physical and conceptual system 

entities can be added to and removed from the virtual plant as necessary with minimal impact on 

the other data in the system. 

 

3.2 Multipurpose Plant Scheduling 

 

 Numerous authors have developed solution procedures for the scheduling of multipurpose 

batch plants (Patsidou and  Kantor, 1991, Kondili et al.,  1993, Dessouky et al., 1996).  The 

disadvantage of all the above approaches to batch chemical scheduling is that they are developed 

for a static environment.  In a static environment orders arrive simultaneously, in contrast to the 

real-life dynamic environment where orders arrive in sequence, mostly a random one.  Applying 

the static assumption in a dynamic environment, schedules are updated periodically, rather than 

continuously, with arrival of new orders and the occurrence of changes in the system state 

occurring during the period.  By lumping events that occur over a period of time into one instant 

the schedule loses some of its realism and effectiveness.   

 There is a significant amount of work in on-line dynamic scheduling of discrete-parts 

manufacturing.  Harmonosky and Robohn (1991) and Suresh and Chaudhuri (1993)  present an 

excellent review of this work.  The authors state that artificial intelligence, math programming, 

simulation and heuristics are the primary techniques used for real-time dynamic scheduling.  

However, the literature on discrete-parts manufacturing does not take into consideration the 

unique characteristics of batch chemical processes.  There has been limited work on dynamic 

scheduling in batch chemical manufacturing.  Ishii and Muraki( Ishii and. Muraki, 1996) present a 

heuristic approach for multiproduct batch plants.  In this environment, all products follow the 

same sequence of operation.  Goodall and Roy ( 1996) present a methodology to dynamically 

reconfigure a batch plant when changes in the schedule occur.   

  

3.3  Logic Control 

 

 A real-time control specification is a formal characterization of the requirements and 

desired behavior of the system to be controlled.  A robust specification is important because it 

provides a standard mechanism for communication of the intended product.  Verification is the 



demonstration that the designed logic will perform as intended.  If performed after or during 

implementation, verification has been shown to consume almost 50% of the entire development 

cost (Halang and. Sacha, 1992). 

 There are several specification methodologies that take an aggregate view of the system, 

using device interactions, typically in terms of system or device states and events, that are useful 

for logic verification and validation.  These methodologies are sufficiently robust for actual 

control.  Such methodologies include petri nets and statecharts.  Petri nets have been widely used 

to model the real-time logic of manufacturing systems (Sacha, 1993).  Statecharts, which were 

developed to offset the drawbacks of the finite state machines, have also been demonstrated to be 

a robust logic specification tool ( Harel, 1990).  Both techniques have been used for logic 

control.  

 After a specification has been developed and verified, the control logic must be 

implemented.  Most specifications are translated to a vendor specific language.  Some authors 

suggest that the specification should be used for both design and control without major 

modification(Halang and. Sacha, 1992).  While these methodologies can be mapped to an 

implementation, it is not common practice. 

 The international standard for PLC programming ( IEC, 1992)  includes Sequential 

Function Charts (SFC) and Function Blocks (FB) that can be used as function-based design 

tools.  These standards are based loosely on petri net theory.  

 

4.  Overview of VPMOD 

 

 We begin our discussion with an overview of VPMOD.  Later sections discuss in detail the 

models that comprise VPMOD.   

 VPMOD consists of the following integrated distributed models: plant, product, order, 

logic controller, and simulation.  These models communicate through the model supervisor.  

Figure 2 shows the information flow and linkage between the various models.  The purpose of 

these models is to represent system states, system events, and predicted future system behavior 

more accurately and promptly for real-time factory control and scheduling.  The models are 

implemented in an object-oriented environment.   

 

  ( ****** Insert Figure 2 here ******) 



 

 The plant model is a software representation of the physical system.  It consists of the 

process equipment (reactors, columns, pipes, sensors, etc.), the states of the process equipment, 

and the current state of any product in the process equipment.  The plant model states are 

updated through connection to the simulation model, which acts as the actual physical system.  

The product model consists of the process recipe(s) for each product to be produced.  The 

process recipe defines the sequence and parameters of the operations necessary to produce the 

product.  The order model consists of product type, quantity, due date, and priority.   

 The simulation model represents the operation of the plant and is used to generate many of 

the system events.  User initiated events are also captured by the simulation model.  These 

system events include sensor inputs, equipment breakdowns, and input from other models such 

as predicted process times.  Other system events can come from dynamic user interaction with 

the model.   

 The model supervisor is a constraint-based scheduling model that can aggregate inputs 

from many types of models (i.e., plant, product, and simulation).  The model supervisor defines 

and manages the rules to support the overall operational objectives of minimizing time and/or 

cost and rules for individual batch priorities that can supersede the overall operational objectives.  

Strategies for batch sizing, batch splitting, batch merging, clean-out processes, maintainability, 

and variation in batch processes is incorporated in the model supervisor.   

  One of the responsibilities of the model supervisor is to dynamically modify the formal 

logic controller as current events (breakdowns, new orders, process terminations) and anticipated 

future events (scheduled maintenance and predicted process terminations) occur.  This approach 

provides a feedback and a feed-forward control strategy.  The feed-forward strategy is important 

because there are time horizon issues in the link between the formal logic controller and the 

model supervisor.  The model supervisor is also the user interface for interactive schedule 

modification. 

 The formal logic controller model represents the sequence control of the headers and 

processes in the plant.  It also represents a generic analog of a vendor-specific logic control 

system.  The control model is a control interpreted petri net, which specifies state transitions 

(control actions) based on system states and events.  The logic controller model is sufficiently 

generalized to be translatable in the diverse syntax of commercial control systems. 

 



5.  Plant Model 

 

 The plant model is a grouping of process equipment entities (tanks, reactors, separators, 

mixers, heat exchangers, etc.) that are physically or logically linked.  The most common links 

between equipment entities are physical links such as headers comprised of pumps, valves, and 

pipes.  It is useful to view the plant model as a directed graph, or network, where pipes are arcs 

between process equipment or nodes.  With this distributed configuration, any piece of 

equipment has access to the other equipment instances through the pipes. 

 Each node maintains information pertaining to its physical or static condition.  This 

includes vessel name, capacity, material composition, and connected equipment.  Each node also 

maintains information pertaining to its dynamic condition.  This includes chemical content, 

associated order,  pressure, temperature, volume, and its current process function.  The schedule 

is also distributed in the network.  There are numerous classes and variables that are used to 

implement the plant model.  We now discuss the most salient plant elements.   

 The plant model, P,  can be depicted as the three tuple:  

   P = {U, J, O} where  

   U denotes the set of processing units,  

   J  specifies the set of junctions, and  

   O represents the set of orders.  

In this section sets U and J are described. The order element O is discussed in the next section.  

An instance of set U is an associated set of equipment usually related to one process, such as a 

mixer that has one or more pumps, valves, sensors and actuators.  This is represented as:    U i =  {Ei ,Ci , S

   Ei is the set of equipment in unit i,  

   Ci is the set of input and output pipes to unit i,  

   Si  is the schedule for unit i, and   

   ψ is the current function of the unit. 

Each equipment set, Ei, may contain several machines.  Thus, Ei = {e1, e2, ..., en} and   ...  eα= {β,

   eα is an individual equipment,  

   α  is the index of the equipment,   

   β  is the equipment name,  



   γ   is the equipment type, 

   δ   is the set of equipment characteristics (eg. glass or steel 
reactor), 

   ε is the equipment states (volume, temperature and pressure) and  

   θ  is the current order and batch being processed.   
 
The set of input and output pipes to an unit is Ci = {Ii, Ki} where Ii is the set of input pipes and 

Ki is the set of output pipes.  Each unit contains its own schedule, which is represented as a four 

tuple: 

  S i =  {κ,  τ,  υ,  ω} where  

   κ  is the list of scheduled batches for the unit,   

   τ  is the list of batch sizes, 

   υ  is the list of scheduled start times for each batch, and 

   ω is the list of scheduled stop times for each batch. 

The unit function ψ is one of the following values:  transferring,  processing or waiting. 

 The set of junctions J is a special case of the equipment type eα.  Junctions are also called 

headers.  This equipment type is a switch for many input and output pipes where only one 

concurrent interconnect is possible.  

 Many functions, or methods, have been created to assist in the development of plant 

models.  Most of these functions aid in rendering and maintaining model links.  In the object 

oriented implementation the elements in sets (U, J, O, E, C, S, K, I) are implemented as classes.  

The values represented by the greek characters are implemented as instance variables of an 

instantiated class.  This convention is used throughout this discussion.  The plant model 

development interface is shown in Figure 3 for the process plant in Figure 1. 

 

  ( ****** Insert Figure 3 here ******) 

 

In Figure 3 the pallet of process units, junctions and pipes used to create the plant model 

elements are shown.  Elements are selected and placed in the plant modeling area of the screen.  

Pipes are connected to the units and junctions by selecting the pipe icon and then selecting both 



of the connecting units or junctions.  The user can move a unit by dragging it to a new location.  

Pipe connections are maintained during drag operations. Instance variables are entered by 

selecting the appropriate unit or equipment from the modeling area where an input screen will 

appear for the equipment variables. 

 The physical plant models are maintained as an object.  This permits the creation and 

maintenance of many concurrent plant models.  The main objective of the plant model is to 

simulate the function of the actual plant.  The plant model states are updated through connection 

to the simulation model or ideally through the actual physical system.  We next discuss the 

product and order models.  

 

6.  Order and Product Models 

 

 An order model contains attributes that pertain to a customer order.  Let O={O1, O2, ..., 

Om} be the set of orders.  Each order, Ok, in set O is represetned as a four tuple:  

  Ok =  {η,  λ,  µ,  π}where 

   η is the product name, 

   λ  is the order due date, 

   µ  is the order quantity and 

   π  is the order priority. 

 A product model represents the high-level recipes of the product (ie., ammonia, margarine) 

that is to be manufactured.  The product model of type l, Rl, is represented as the tuple: 

  R l =  {H l ,  Ql}where 

   Hl is the set of input chemicals, and 

   Ql is the ordered set of process steps. 

The high-level recipe defines the required input chemicals as the tuple: 

  H l =  {ρ l ,  σ l} where 

   ρ l  is a list of input chemical types and 

   σ l  is a list of input chemical quantities. 

The high-level recipe defines the required process steps as an ordered sequence: 



  Ql = {q1 , q2 ,  ... ,  qn } where q 0 U ∗

 

   U ∗
is a type of unit that exist in the plant model. 

It is not necessary to populate all of the instance variables for U
∗
.  Instance variables that are not 

populated imply that any instance variable is acceptable for the process step.  Most frequently 

the instance variable δ 0 eα is defined to distinguish between processes and units.  For example, 

some of the reactors are glass lined and some are steel lined for the example plant.  If the 

reaction process step required a special type of reactor such as a glass lined reactor, δ  would be 

entered. 

 There may be more than one recipe for a particular product.  Process recipes are 

constructed in a multi-level fashion, therefore, a particular process recipe contains an ordered set 

of sub-processes that can be used to produce a particular chemical batch. Figure 4 depicts the 

graphical depiction for one developed recipe for the example plant. 

 

  ( ****** Insert Figure 4 here ******) 

 

In this figure there are two input chemicals where the recipe calls for a 60% concentration of 

chemical A mixed with a 40% concentration of chemical B.  The mixing time for each chemical 

is 5 minutes.  The reaction is to take place in a glass reactor.  An approximate reaction time of 30 

minutes is specified for the reaction process.  The actual reaction process ending time is 

stochastic event. The instance variables that are populated in the high-level recipe are shown 

below the process step icon.  

  

 

7. Logic Control Model 

 

 Schedules are insufficient for actual transport control of a plant since schedules represent 

deterministic process times and real system performance is stochastic.  Thus as process variation 

occurs a schedule becomes unsychronized with the actual process.  Transport of the chemicals in 

the process plant is performed by a logic controller that is typically part of the entire process 

control system, which is also responsible for unit control where setpoints are maintained. 

Although control logic is generally implemented in a vendor specific language, we use a control 



interpreted petri net (David and Alla, 1992) as a generic discrete event logic model that can be 

mapped to vendor specific languages.  The current IEC 1131 standard for programmable logic 

control (IEC, 1992)  specifies several options for discrete event control logic development, 

including a Sequential Function Chart (SFC), which is a variant of a petri net.  The general 

functioning principle of a petri net is that places or nodes contain tokens that pass through 

connected transitions to other nodes when the transition is enabled.  

 The logic control model, L, can be represented as the eight tuple: 

  L= {A, T, Pre, Post, Γ, Λ, Σ, Ω}  where 

   A is a set of places (nodes), A = {A
1
, A

2
, ... , A

r
}, 

   T is a set of transitions, T = {T
1
, T

2
, ... , T

p
}, 

   Pre: A x T 6 {0,1}where 1 means A is an input to T 

   Post: A x T 6 {0,1}where 1 means T is an input to A 

   Γ i   is a the timing associated with a place Ai 

   Λ i   is the operation to be preformed at Ai 

   Σ j   is the event at Tj that enables the transition and 

   Ω
j is the condition at Tj that enables the transition. 

 

 In this specification the nodes, A,  also called places are the states in the system, including 

processing and transferring activities.  A token moves through a transition if the conditions, Ω, 

are satisfied and when the event, Σ i  , transpires.  There may be no conditions or no event 

specified, which relieves this requirement.  Upon arriving at a new place the operations, Λ, are 

carried out.  The token is then available for further processing after waiting for the timing delay, 

Γ. 

 Figure 5 depicts a segment of a logic model for the example plant for batch flow control 

between tank A2 and mixer M3 from Figure 1.  Note on Figure 1 that there are variables 

associated with the valves that are controlled in Figure 5.  These are represented as v1, v2 and so 

on.  The token in place P1 will move when event E3 occurs (request for batch loading).  The 

token (represented by the darkened circle in Figure 5)  will move to P3 if valves v3,v4,v5,v8, 

and v10 are closed.  This is to prevent flow of the chemical into other pipes.  If any of these 



valves are open then the token moves to place P2 where an error notification is given.  Event E9 

is an operator input that clears the system for retry.  If the token moves to place P3 then a control 

action is taken to open valves  is sent to valves v2, v6, v7, and v11.  The token is then delayed 

for two seconds (d2=2s).  If the valves have successfully opened the token will move to P5 

where mixer 3 (M3) will be turned on.  If the valves have not responded the token will flow to 

P4 where an error notification is generated. 

 

  (***** Figure 5 here *****) 

 

 The logic control model is a formal representation of the sequential logic that is used to 

control the transfer of products through a batch plant.  The model is integrated with the 

simulation and plant models.  The simulation calendar also includes control events.  Thus, when 

an event transpires, the logic control model is executed to determine future events.  These events 

then are placed on the simulation calendar.  The structure and parameters of the logic control 

model are dynamically changed by the model supervisor. 

  

8.  Simulation Model 

 

  Inputs to the simulation model come from the formal logic controller model and simulation 

model parameters that represent operation times, state equations, breakdowns and order arrival.    

In a high-level perspective of the simulation model,   physical objects such as products and 

equipment from the plant model are connected to the simulator.  The simulation experiment 

objects represent the parameters for one experiment for the products, the equipment, and the 

behavior of the virtual plant.  These can be changed for each simulation.  Simulation controller 

objects coordinate the execution of time, events, and input/output to the simulation from an 

external source.  At initialization, the data from the experiment objects are transferred to their 

corresponding physical objects.  During the simulation execution, the simulation objects use the 

data from the external inputs to drive the simulation model in the physical objects.  Data is 

transferred between the physical and simulation objects.   

 The simulation experiment object holds the information for the entire simulation 

experiment.  Let n be the number of individual pieces of equipment defined in the experiment, 



and let m be the number of products defined in the experiment. The simulation experiment object 

is represented as the tuple: 

  Xs = {Ys, Zs} where 

   Ys is the set of individual equipment defined in the experiment 

     (Ys= {e1, e2,....,en}), and 

   Zs is the set of products defined in the experiment  

    (Zs= {R1, R2,....,Rm}). 

Each individual piece of equipment,eα, and product, Rl, has a set of state variables, W, 

where W = {w1,w2,w3,...wp). 

 Each state variable  w∆, where  ∆ is the index for the state variable, changes its value over 

time. The state variable has the following attributes {γ , ξ, φ , ϖ , ϕ} where 

  γ   is the state variable name, 

  ξ   is the process equation which models the behavior of the variable, 

  φ   is the integration algorithm used to integrate the process equation, 

  ϖ   is the local step size used to update the state variable, and 

  ϕ    is the set of parameters that define the state-event (eg.  

        tolerance,direction). 

   

 The simulation controller object controls the execution of the simulation and in most cases 

the communication between the other models. An instance of the simulation controller is created 

for a simulation run. This instance is a global variable. Thus, every object in the simulation has 

access to the simulation controller object. The simulation  controller object is represented as the 

tuple: 

  F = {K,M,N} where 

   K is the set of parameters that define a simulation calendar (eg.  current  time, g

   M is the set of parameters which permit communication with  .... external syst

   N is the random variable generator (eg., normal, uniform, 

 exponential). 

 

 The simulator uses a next event approach where events are placed on a centralized 

calendar.   Difference and differential equations are also updated at discrete intervals.  When the 



event is triggered those state equations that should be updated are.  If these equations trigger 

other events they are also placed on the calendar.   

  A major benefit of this  simulation environment  is the distributed nature of the objects.  In 

traditional  simulation languages  the equations for the state variables are all located in one 

centralized subroutine.  In those cases, the user is restricted to a single step size and integration 

algorithm for all the state variables.  Code reuse is limited in this case because any change to the 

model requires a new subroutine to be written.  A complete discussion of this simulation 

modelling approach can be found in Dessouky et al. (1995) .  

 

9.  Model Supervisor 

 

 The model supervisor is the link between all of the models.  Its primary function is to  

monitor system events and to transform information from the system events and each of the 

models into new or updated models. There are several system events that can induce model 

changes.  These include user requests, change or arrival of a new order, completion of operation 

processing, completion of batch transfer, batch failure, equipment failure, and process attribute 

updates.  In this prototype system the simulation model and the user generate all of these events.  

Actual plant sensors and actuators would ultimately replace many of the simulation model 

functions.  Figure 6 shows the user interface to the supervisor.  The user interface requests are 

shown in the figure.  These include Order for creating orders, Initial for generating the initial 

schedule, Proposed Schedule for generating reactive schedules and replacing the current 

schedule, Control Setup for generating and assigning control logic, Simulation for simulating the 

plant, and Output for generating results.   

 

  ****  (Insert Figure 6 here) 

 

9.1  Generate Process Routings 

 The primary link between the plant model and the product model is a supervisor function 

that provides the ability to match products to processes.  This is represented as the mapping of 

the recipe onto the plant: 

 M:(R l  x P) 6 Vl  where M is a mapping fundtion and Vl is the set of possible process 

routings for recipe Rl.  The purpose of this mapping function (also called the matcher) is to 



identify all possible routings and equipment that can be used to make the product.  A 

specification of the units that can satisfy each operation in a product's process recipe is referred 

to as a process route.  The matcher views the plant model as a network where the pipes are the 

arcs in the network and the other process equipment are the nodes.  The network can be traversed 

through the input and output connectors that are the attributes of an equipment entity.  The 

matcher equates the equipment type from the process recipe to specific units from the plant 

model.  When a match for one unit type is found it is identified and stored as a process chain.  

The mapping function then searches for the next sequential process step in the recipe by looking 

at all connecting nodes to the chain in the network.  If a match is found then the equipment is 

added to the process chain.  When the entire network has been traversed, incomplete chains are 

discarded.  It is possible to have the matcher return many, one or no matching chains.  These 

chains are used for scheduling and dispatching functions.   

 

9.2   Generation of a Schedule 

 The schedule is important because it provides the basis for control of the plant.  Schedules 

are generated at the beginning of plant operation and then again when system events occur that 

make a new schedule more favorable.  Such events include change or arrival of a new order, 

batch failure, equipment failure and a significant departure between the predicted schedule and 

the actual plant operation. 

 The inherent flexibility of multipurpose batch chemical plants (i.e., alternative equipment 

routings) offers the possibility of dynamically changing the schedule and correspondingly, the 

process routings.  A new schedule must consider in process batches and the consequences of re-

routing these batches.  Some chemical products have strict waiting and post reaction time 

constraints.  Re-routing might also necessitate equipment cleanout depending on the prior 

product in the equipment.  The model supervisor is responsible for selecting the appropriate 

manufacturing alternative based on the current state of the equipment sets in the factory and the 

location of the batches. Strategies for batch splitting, batch merging and clean-out have been 

incorporated into the supervisor. 

 The generation of a schedule is a mapping: 

  M:(V(Oy ) x (Û v  Ĵ)) 6 S y , ú y where 

   V(Oy ) is the process routings for chemical order y, 



   Û  is the set of available units, 

   Ĵ  is the set of available junctions and 

   Sy is the schedule of batches for order y. 

 

  The scheduling approach taken in VPMOD is applicable to multipurpose batch chemical 

plants.  In these plants, all product types may not necessarily follow the same sequence of 

operations.  VPMOD produces a deterministic schedule from which control logic is developed.  

The control logic follows the sequence of batch assignments to control product release and flow.  

However, the logic is designed for the stochasitic nature of the actual process operation.  The 

actual transfer times and process times will not exactly match the deterministic schedule.  When 

the departure between the deterministic schedule and the actual operation reaches a predefined 

limit, or at the user discretion, a new schedule is created.  By comparing schedule metrics of 

lateness, equipment utilization, and/or production cost the new schedule can be implemented by 

generating new control logic.  This is also the case for equipment breakdown. 

 In VPMOD, the schedule is developed to take into consideration the special characteristics 

of this environment such as continuous entity, batch sizing, and waiting time limit.  Additionally 

scheduling rules determine the batch sizes and the timing of the release of new batches. This 

approach minimizes any possible waiting time violations due to potential plant congestion, and 

hence reduces the risk of spoilage. 

 Rules are also developed to determine which batch is processed next when an equipment 

set becomes idle.  VPMOD uses the least-slack dispatching rule to determine which customer 

order is processed next, where the slack is defined to be the difference between the expected 

completion time of the order and the due date of the order, in order to minimize the total 

tardiness.  The least slack rule is used because this rule gives highest priority to an order which 

has the shortest time remaining to the due date (Morton and  Pentico, 1993) .  Other heuristics 

were tested such as first come first serve, earliest due date, and shortest processing.  However, 

these rules were poor performers in minimizing total tardiness.  These results are not surprising 

because none of these rules take into account the time required to complete the finished product 

or the due date of each order during the scheduling process.   

 After using the least slack rule to determine which customer order is scheduled next, 

VPMOD schedules the batches that will satisfy the demand for that order on the machines that 



will complete processing it the earliest based on the current factory status.  The batch size is then 

set to the smallest capacity of any machine in its sequence of operations. A complete discussion 

of these scheduling priority rules can be found in Dessouky et al. (1996).  VPMOD produces a 

Gantt chart of the process function across the equipment.  This is shown in Figure 7.  VPMOD 

optionally produces a scheduling view by batches, which is particularly useful for batch tracing. 

 

  ( ***** Figure 7 *******) 

 

 Another scheduling feature permits the user to force changes in the generated schedule by 

dragging a batch icon from one location on the Gantt chart to another.  Functions have been 

developed that verify the appropriateness of the move and recalculate the processing times based 

on unit capacity. The remainder of the schedule is modified using a deviation propagation tree 

that identifies conflicts (ie., overlapping batch processes and transfers).  The tree identifies the 

first conflict and reschedules the overlapping batch, which in turn can produce additional 

conflicts.  This procedure continues until all conflicts are resolved.   A complete discussion of 

this approach can be found in Lee (1996). 

   

9.3  Generation of Control Logic 

 Formal logic control models are generated based on the schedule found in the plant model.   

The control logic generation includes parameter as well as structural changes in the model.  Our 

approach to the logic controller model generation identifies primitives from the control net that 

map to batch control actions.  A rule-based system is used to construct higher-level sets of the 

primitives that compose the sub-control networks, such as transfer from one location to the next 

that might involve several headers, pumps, and pipes.   

 The control logic is derived from the sets of scheduled batches, S,  determined by the 

scheduling function.  Inherent in the scheduled batches is the sequence of the batches and the 

equipment that the batch will use.  While the schedule is deterministic, the actual control must be 

able to accommodate stochastic process and transfer times.  The control logic maintains the 

predetermined sequence and uses events instead of time for flow control. The generation of 

control logic is a mapping: 

  M:(S  x T ) 6 L  where T   is the real stochastic operating space. 



Recall that L is the logic model which consists of nodes A, transitions T, operations defining 

relations between the nodes and transitions Pre and Post,  timing Γ , operations Λ , events Σ , and 

conditions Ω . 

 Timing, Γ , is used when it is necessary to delay an operation.  Operations, Λ , represent the 

connection between the control model, L, and the actuators on the physical equipment.  These 

are all considered to be discrete.  Some of the operations include start process, end process, open 

valve, close valve, turn on pump, turn off pump. Events, Σ , represent the input from the 

equipment to the control model.  Some of the events include operation complete, operation 

started, valve closed, valve opened, pump on, pump off.  Conditions, Ω , represent the interlocks 

between the equipment.  Conditions are essentially states or variables that govern operations.  An 

example of a condition for turn on pump is: If Valve is Open.  

 The control logic operates in real time if connected to equipment or simulated time if 

connected to the simulation.  During operation an operator would choose to reschedule when a 

proposed schedule produced better operational statistics (produced by the Stat button).  When 

this is done the operator must also generate new control logic and assign the logic before the new 

logic functions.  Safeguards have been placed in the assign function that prevent assignment 

during a transfer. There is no output view of the control logic since it is text based.  Graphics are 

planned for future work. 

 

10.  Conclusion 

 We have presented a VIRTUAL PLANT MODELER, VPMOD, for design and control of 

batch chemical product flow.  VPMOD consists of several integrated formal models. These 

models include a plant design model, a chemical recipe model, a schedule, a logic control model, 

and a simulation model.  These models provide a framework for agile batch chemical 

manufacturing that have the ability to automatically reroute and control chemical product flow in 

a flexible plant subject to unexpected events and varying demand patterns.  The models have 

been integrated in an object-oriented paradigm and tested on an industry provided flexible batch 

plant. 
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Figure 1.  Configuration of a Test Batch Chemical Plant 
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Figure 2. The Model Supervisor Coordinates Model 
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Figure 5  Logic Control Model for Mixer Filling Operation from the Virtual Plant 



 


