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Abstract 

In this paper we present a general framework for modeling manufacturing systems. Our interests are in 
knowledge-based scheduling and simulation of large-scale manufacturing environments, and these 
interests have significantly influenced the approach to modeling we have taken. The modeling framework 
is developed using object programming and frame-based representation techniques. It provides an 
extensible set of modeling primitives that emphasizes (1) specification of the full range of constraints that 
influence production management and control decisions, (2) the development and use of hierarchical 
models of manufacturing processes and required resources, and (3) a clear separation of control 
knowledge relating to resource allocation and manufacturing process management. The framework 
enables the construction of models that reflect the full complexity of actual manufacturing environments 
and are interpretable from both scheduling and simulation perspectives. 
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1. Introduction 
In this paper we present a framework for modeling manufacturing systems. Our interests are in 

knowledge-based simulation and scheduling of large-scale manufacturing environments, and these 
interests have significantly influenced the approach to modeling we have taken. Specifically, the 
modeling framework emphasizes: 

the development of models that reflect the reality of the manufacturing environment - The 
framework defines representational primitives that enable detaiied modeling of the full range 
of constraints that influence scheduling and control decisions. 

the developmeni and use of hierarch&/ d e k s  of manufacturing processes and required 
resources. The simulation and coordination of largeacale manufacturing systems requires 
the flexibility to selectively and dynamically vary the level of detail at which resource 
allocation decisions are considered. 

a clear separation of w n c e m  of resourcB allocation and wncerm related to management of 
the products being manufactured. Resource allocation policies are associated with 
resources; product management policies are associated with control activities. 

the definition of extensible primitives. Reliance on object programming and frame-based 
representation techniques enaMes the framework to be straightforwardly customized to 
model the important idiosynchracies of a given manufacturing environment. 

This paper is written with two objectives in mind. First, it is intended to present a general knowledge- 
based modeling perspective and examine basic alternatives vis a vis the definition of various aspects of a 
knowledge-based modeling framework. Second, it is intended to serve as an implementation-level 
reference of the specific modeling framework we have defined. Thus, representational issues and the 
modeling framework are discussed in terms of its implementation language, CRL[4]. The reader is 
referred to [5] for a description of a sirnulation kernel that operates on modeis defined by this framework. 
The framework generalizes and extends the modeling primitives underlying the OPlS factory scheduling 
system (81. 

1.1. Overview of the Approach 
Generally speaking, we advocate a dedarative approach to modeling manufacturing systems. A model 

is specified in terms of five basic types of entities, operations, resources, products, demands and 
production unlts, and the modeling framework defines knowledge structuring primitives relative to each. 
These primitives provide an extensible framework for representing relevant aspects of the manufacturing 
system to be modeled. a relational organization that reflects appropriate interdependencies amng the 
manufacturing system entities that are modeled, and a model semantics relative to scheduling and control 
decisbn-making. 

In more detail, the basic model building components consist of the following: 
operatlons - Operations are desaiptions of specific activities that are performed within the 
manufacturing system. Generally speaking, an operation is a specification of the set of 
constraints that define a particular activity (e.g. resource requirements, duration constraints, 
precedence relations relative to other activities, process related mntrol policies, e t , ) .  
Operations are organized hierarchically to describe manufacturing processes at different 
levels of detail. Descriptions of manufacturing processes (or production plans) are 
instantiated to represent the activities actually taking place (or planned to take place) on the 
factory floor. 

resources - Resources are descriptions of the various resources that are required to perform 
manufacturing activities. Resource descriptions encode resource allocation constraints and 
policies at different levels of abstraction, providing the basis for hierarchical definitions of 
manufacturing processes. 
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products - Products are descriptions of the materlals that are manufactured by the 
manufacturing system. Products specify the mnslraints on their manufacture (e.g. the 
production plan that must be executed. the quantLy in which they are produced, material 
requirements, etc.). 

*demands - Demands are descriptions of the obligations for product delivery thal the 
manufacturing system has undertaken. Demands specify requests for specific quantities of 
products within specific time constraints. as well as clientdependent priority information. 

=production Unlt8 - Production units are descriptions of the actual entities that are 
manipulated by the manufacturing system. Each represents a a given set (or quantity) of 
products to be manufactured. Production units are cfeated in response to demands for 
Specific types of products, and share mdels (through relational inheritance) with specific 
demand and product descriptions. 

1.2. Organization of the Paper 
The remainder of the paper is organized as follows. In Section 2, we make specific assumptiins 

regarding the representation of temporal constraints and define a set of basic temporal primitives for use 
in subsequent sections. In Section 3, we consider issues related to the representation of manufacturing 
activities. This is folbwed in Section 4 by a similar treatment of the issues related to modeling the 
resources that must be allocated to support marufacturing actiiities. Finally, In Sadion 5, we address 
issues related to modeling products that are produced by the manufacturing system, demands for these 
products, and the production units that are actually manipulated by the manufacturing system. 

2. Basic Temporal Primitives 
Fundamental to the modeling, simulation, and scheduling of manufacturing systems is a framework for 

representing and reasoning about temporally constrained activities. Production demands have requested 
start times and deadlines, work shifts in different areas of the factoly span specified time periods, there 
are precedence relatiins between various manufacturing operations, operations are carried out over 
specific time intervals, etc. An adequate set of temporal primitives must support both relative and absolute 
specification of temporal constraints. The intent of ths section is simply to introduce the set of basic 
temporal objects that wlll be needed in subsequent sections, and sketch the approach that is taken to 
reasoning about temporally constrained activities. 

2.1. Representlng Absolute Temporal Constralnts 
Given our need to represent and reason extensively about absolute time constraints, we adopt a point- 

based framework for modeling time. Of course. we are typically interested in the persistence of various 
facts over time (e.g. when a given manufacturing operation takes places or is planned to take place), and 
accordingly define the tlme-lntewal (see Figure 2-1 as the basic time object. Characteristics of the time 
points delineating a given time interval are defined by associating each interval with a specific tlme-llne. 
This association is made through the dated-by relation (see Figure 2-2). which is defined as an 
inheritance relation.’ Thus, we assume thal the START-TIME and END-TIME attributes of a given time 
interval designate specific points on a given time line (as opposed to time points being represented as 
objects whose values are canstrained lo a specifii set of points on the time line). This assumption has 
implications with respect to the management of absolute temporal constraints which we will briefly 
consider below. 

‘Conceptualiy. we muld amsociala all time point manipulation funclions wim tl-m associalad lime line. Pragmatically. mi6 will be 
expensive, and we will m&ad rdy on the line-inmrual ac=esser 8)  know what type d interval it is manipulating. We illu6bate 
concspt by specifying lwo inheritable properties in thu d e f i n i h  of l l ~ l l n e ,  a memod oulpllting immd star~ am and points 
(prinl-poinr) and a miNTwmumRIw amihm. 



3 

({tlme-Interval 
ISA: tlrne-object 
START-TIME : 
END-TIME: 
DURATION: 
DATED-BY: }) 

{(time-llne 
IS-A: the-oblect 
DATES: 
POINT-GRANULARITY: 
print-point )) 

Flgure 2-1: The tlmelnterval and tlrnellne definitions 

{(dated-by 
ISA: IBlat lOn 
DOMAIN: (TYPE is-a tlme-Interval) 
RANGE: (TYPE is-a tlmsline) 

INCLUSION: (instance lncluslon-spec 
INVERSE: dates 

TYPE: slot 
SLOT-RESTRICTION: (NOT dates is-a instance) ) )) 

{{dates 
S A :  IBlatlOn 
DOMAIN: (TYPE is-a tlmeline) 
AANGE: (SET (TYPE is-a time-Interval)) 
INVERSE: dates I} 

Figure 2-2: The date4by/dates relalions 

Intervals and time lines are respectively specialized into three associated subtypes (see Fgures 2-3, 
24, 2-5). Calendar-Intervals provide the primary means lor specifying absolute time constraints on 
actwiies as well as recording actual activity execution intervals. Days-of-week-Intervals and 
hours-of-day-Intervals will be used later in devebping work s h i  specifications. 

{(calendar-Interval 
ISA: tlmelnterval 
DATEDBY: calendar )) 

IS-A: tfme-lhe 
DATES: calendar-Interval 
print-point pbdate }} 

({calendar 

Figure 2-3: calendar-Interval and calendar definitions 
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((days-of-week-Interval 
IS-A: the-Interval 
DATEDBY: days-of-week I] 

((dayssf-week 
SA: tlme-llne 

pht-point ptday )I 
DATES: daysof-week-interval 

Flgure 2-6: dayssf-week-Interval and dayssf-week definitions 

((hoursof-day-Interval 
ISA: time-interval 
DATEDBY: hwrS-Of-dw )) 

((hourssfday 
ISA: time-llne 

print-point: ptzhour }] 
DATES: hourssf-day-Interval 

Flgure 2-5: houraof-day-interval and hours-of-day definaiins 

2.2. Representlng Relatlve Temporal Constralnts 
With regards to expression of relative temporal constraints, we presume a basic set of symbolic 

relations (e.g. the s u e x s s o r / p r e ~ s s o f  relations defined in Section 3.2) whose semantics dictate 
specific consequences with respect to the absolute time constraints assodated with the related entities. 
These relations will be introduced and discussed in subsequent sections in the context of the speclic 
types of entities they are defined to relate. 

Let us, however, return mmentarily to the issue of 'constam" vs "variable" representations of time 
points and the management of absolute time constraints (an important issue in the context of scheduling). 
Our assumption of a constant time-point representation implies an underlying constraint propagation 
mechanism that embeds the temporal semantics of various symbolic relatiins and uses this knowledge to 
properly maintain the earliest start and latest end times of the time intervals associated with various 
entities in the system.' The disadvantage here is the special purpose nature of the propagation 
mechanism (and the complexity of its implementation). The introduction of a variable representation of 
time points (in the manner of [2]), wherein time points are explicitly represented and related to one 
another via disfance constraints, provides a framework for specification of a simple general propagation 
mechanism. Under this alternative approach, the introduction of a specific symbolic relation (e.g. the 
introduction of a successor relatbn during instantiation of an actual manufacturing operation to be 
performed - see Section 3.2) results in the introdllction of additional distance constraints between relevant 
time points (the specific constraints being a function of the semantics of the symbolic relation) which are 
interpreted by the general propagation machinery. The choice between these two approaches to 
representing and maintaining absolute time constraints has little impact on the material presented in the 

%is is tho appmach taken in the cutrent OPE scheduler [6]. 
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remainder of this document. We only note that a future version of this document and the implementation 
of the modeling framewolk it describes will assume the latter approach identified above3. 

3. Modeling Manufacturing Activities 
Of concern in this section is representation of the activities that must be modeled within a 

manufacturing system. This, of course, includes specification of various manufacturing operations and 
their organization into production plans. It alw includes activities not directly related to production of 
products, such as machine mainlenance and repair. All manufacturing activities are modeled within the 
framework as OperettlonS. In the subsections below, we first consider various aspects of their 
representation independently, and then consider their complete definition. 

3.1. Hlerarchlcal Descrlptlons of Manufacturlng Actlvltles 
Since we are interested in hierarchical descriptions of manufacturing operations, we first define a set of 

relations for describing compsitionldecompositiin of manufacturing operations. Here and bebw we 
distinguish between hierarchically organized prototype descriptions and the hierarchically organized 
instances of these prototype descriptions that are created to represent the specific operations that are 
taking place within the manufacturing system. Hierarchically organized prototype descriptions provide 
representations of generic manufacturing processes at different levels of precision (e.g. production plans) 
and provide a basis for instanlialingthe actual operations that must be performed. 

basic forms of process abstractions: 
For purposes of constructing hierarchical descriptions of manufacturing operations. we distinguish two 

conjunctive abstractions - operations defined as conjunctive abstractions decompose Into a 

disjundive abstractions - operations defined as disjunctiie abstractions decompose into a set 

Within thfl representation. manufacturing activities at all levels of description are modeled as operatlons. 
An operation has a PIPE, whose value distinguishes the operation as either a conjunctive/dlsjunclive 
abstraction or an atomic activity in the model (see Section 3.6 below). Hierarchical descriptions of 
arbiirary depth can be constructed using these two bask abstractbn building blocks. Since the objective 
is to provide a basis for reasoning about resource allocation decisions at multiple levels of details (for 
purposes of either simulation or scheduling), pmcess abstractions are motivated by useful abstractions of 
the resources that they require. A corresponding framework for modeling resources at different levels of 
abstraction is presented below in Section 4. 

In Figures 3-1 and 3-2, we define basic compsitionldecomposition relations used to define process 
abstractions. The p o s s l b l e s u b o p e r a t l ~ ~ f ~ ~ l b l e - s u b o ~ r a r ~ n s  relation pair provides primitives 
for organizing protoiype operation descriptions, which are modeled in the representation as specific types 
(or classes) of operations. The actual operations performed in the factory are represented as instances of 
prototype operations and are related to other instances of prototype operations via the 
suboperation-oflsub-operWlons relational primitives. 

sequence of Operations at the next lower level in the hierarchy. 

of alternative operations at the next bwer level in the hierarchy. 

?4 knowledgeaan implementation of th~s genealized approach to maintenance of temporal mnstraints is described in [I 1 



6 

{(posslblcsub-operation-ol 
ISA: relation 
DOMAIN: (TYPE is-a operatlon) 
RANGE: (TYPE is-a operatlon) 
INVERSE: possiblesuboperatlons 1) 

ISA: relation 
DOMAIN: (TYPE is-a operatlon) 
RANGE: (SET (TYPE is-a operatlon)) 

I(possibl~sub-operatlono 

INVERSE: posslblesubopemlon-of )) 
Flgure 3-1: Relations for hierarchical descriptions of prototype operations 

{{sub-operatlonof 
IS-A: relation 
DOMAIN: (TYPE instance operatlon) 
RANGE: (TYPE instance operatlon) 
INVERSE: S l l b O p e ~ t l O M  1) 

{{sub-operations 
ISA: relation 
DOMAIN: (TYPE instance Operation) 
RANGE: (SET (TYPE instance OperatlOn)) 
INVERSE: SUb-OperatbMf I} 

Flgure 3-2: Relatbns for hierarchical descriptions of instantiated operations 

Values in the range of a specific posslbbsub-operetlons relation (or a sub-operations relaton in 
the case of instantiated operations) identify the specific set of sub-operations that the relation’s domain 
operation abstracts. The relation, on the other hand, contains no information about the relationships 
among the identified sub-operations themselves (i.e. there is no assumed ordering relative to the values 
present in the range of the relation). These constraints are specified at the sub-operation level of 
abstraction in the hierarchkal model (and we consider their representatiin bebw in Section 3.2). In the 
case of conjunctive process abstractions, ii is convenient to explicitly designate the entry and exit points 
of the operation sequence being abstracted. The relations detined in Figures 3-3 and 3-4 are defined to 
this end, again for both prototype and instantiated operations respectively4. 

‘The information supplied by these relations muld of course bs inferred when needed fmm wnslderation of the more detailed 
sub-operation dssaiplions identified ty a given poadbbsub-opmnUona (or aub-apentbna) relation. Since the information is 
static in nature, however, it seems appropriate to ‘compile’ this information into the representation 
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{{lnitlal-operatlon-of 
IS-A: relatlon 
DOMAIN: (TYPE is-a OperatlOn) 
RANGE: (PIPE is-a Operatloll) 
INVERSE: subplan-entry-operatlon )) 

{(subplan-entfy-operlon 
ISA: relation 

RANGE: (SET (TYPE is-a operatlon)) 
DOWIN: (TYPE is-a Operation) 

INVERSE: hllthl-OpeMlOn-Of )) 

{[finaloperatlon-of 
ISA: W3latlOn 

RANGE: (TYPE is-a Ope?atlOn) 
INVERSE: SUbphkeXlt-operstlon )} 

WWIN: (TYPE is-a operatlon) 

{(subplan+xit-operatlon 
I S A :  l '9lathl 

RANGE: (SET (TYPE 1s-a OperatlOn)) 
INVERSE: flMl-OperatlOn~f }) 

DOMAIN: (TYPE is-a opemtlon) 

Flgure 3-3: Additional Relations for hierarchical prototype dewriplions 

Hierarchical descriptions of manufacturing processes provide the opportunity to regulate the level of 
detail at which various resource allocation decisions are reasoned about. In the context of large-scale 
simulation, for example, it may be desirable to selectively consider mre or less detail in different areas in 
the factory. Similarly, from a scheduling perspective, more or less detail may be desirable, depending 
perhaps on the unpredaability inherent in the processes being modeled or the time horizon of the 
scheduling decisions being made. Determination of an appropriate set of process abstraction levels is 
obviously a function of tlw particular manufacturing system being modeled. In particular, characteristics 
and organization of the resources that must be allocated within the manufacturing system will dictate the 
decision-making levels of interest. We will discuss issues relating to specification of appropriate 
abstraction levels and regulation of the level of precision of decision-making in Section 4, when we 
consider the representation of resources. 
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{{flrst-sub-operatlon-of 
IS-A: relatlon 
DOMAIN: (TYPE instance operatlon) 
RANGE: (TYPE instance Operatloll) 
INVERSE: fbSbSUb-operatlOn }] 

{{flrst-suboperation 
ISA: relation 
DO~UPIN: (TYPE instance operatlon) 
RANGE: (SET (TYPE instance Opef'atlOn)) 
INVERSE: flmt-sub-operatlon-of I] 

{(last-sub-operationof 
ISA: Elatloll 

FLANGE: (TYPE instance operatbn) 
INVERSE: Iast-SUbOperatiOn )] 

DOMAIN: (TYPE instance operatlon) 

{{last-sub-operatlon 
IS-A: mlatlOn 
DOMAIN: (TYPE instance operatlon) 
RANGE: (SET (PIPE instance operatlon)) 
INVERSE: laa-SUbope&lOnof )) 

Figure 3-4: Wi iona l  Relations for hierarchical descriptions of instantiated operations 

3.2. Representlng Precedence Relations 
Manufacturing operations are also related according to precedence constraints, which dictate the order 

in which operations defined at a given level of abstraction in the model must be performed. In defining a 
set of precedence relations for expressing these constraints, we again distinguish between prototype and 
instantiated operation descriptions (see Figures 3-5 and 3-6). 

({posslblesuccessors 
ISA: relatbn 
DOMAIN: (TYPE is-a operatlon) 
RANGE: (SET (TYPE is-a operatlon)) 
INVERSE: posslblepredeeessors )) 

{{posslblepredecesrs 
IS-A: relation 
DOMAIN: (TYPE is-a operatlon) 
RANGE: (SET (TYPE is-a operatlon)) 
INVERSE: possible-successors )) 

Flgure 3-5: Precedence relations between prototype descriptions 
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{{successor 
ISA: relatbn 
DOMAIN: (TYPE instance operatlon) 
RANGE: (TYPE instance operation) 
INVERSE: predecessor I} 

{(predecessor 
ISA: IBlatlOn 

RANGE: (PIPE instam OperatlOn) 
INVERSE: SUCCeSSOr }} 

DOMAIN: (TYPE instam operatlon) 

Flgure 3-6: Precedence relations between instantiated operations 

These two relation pairs have considerably dierent semantic interpretations. In the case of 
precedence relations among instantiated operations (Le. the S U C ~ ~ / p r e d ~ ~ ~ r  relations) 
sequences of operations are defined that are known with celtainty. In the context of simulation, these 
relations define the sequence of operations actually cawed out to produce speclic production units, 
repair failed machines, etc. In the context of scheduling, they define expected manufacturing processes 
for purposes of reasoning about allocation of resources. 

On the other hand, precedence relations defined within prototypical process descriptions (Le. 
expressed via posslblewceessora/possfbl~decessors relations) are intended to provide a basis 
for describing generic manufacturing processes, defining instead sets of possible operatiin sequences. 
This raises several addiional representational requirements: 

Manufacturing processes are typically conditional in nature, inplying the need to represent 
state-dependent precedence relations. We can identify two broad types of state-dependent 
precedence relations: 

*dynamic - These relations define operation sequences that are contingent on the 
dynamic aspects of the current production state. For example, the outcome of a 
specific teWinspection operation will dictate whether the actual successor operation 
will be the next step in the product's production or a product rework operation. 

*static - These relations define operation sequences that are contingent on 
determinabb aspects of the current production state. For exanple, many 
manufacturing processes involve a f'kied amount of iteration over specific sub- 
processes. 

Specification of repairhework components of produdion processes introduces further 
complications. A given production repair or rework subprocess is often sharable (i.e. a 
POSSIBLE-SUCCESSOR at several distinct points in the overall production process), and can 
Sometimes be self-referential in nature (Le. the need for repaidrework is recognized in the 
midst of repairlrework). This implies the need for a representation 01 precedence relations 
that distinguishes operation sequences that should be interpreted as "subroutine definitions". 
Finally, condnional precedence relations can exist between different manufacturing 
Processes (e.g. production processes operating on different production units). For example, 
successful completion of a given manufacturing subprocess on a given production unit (as 
determined during a final inspection step) may indicate stability of the subprocess and enable 
initiation Of the subprocess with respect to other production units. This implies a need io  
represent outcome dependent causal relationships between manufacturing processes 
operating on different production units. 
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These representational requirements are addressed augmenting each value in the range of an 
operation's possible-successon relation with a meta-description of the relation implied by the value. 
These metadescriptions are referred to as Connection-specs, and provide a framework for encoding 
both the causal constraints and shared subprocess assumptions that underlie each specific precedence 
relation. This is made precise in Figure 3-7. 

({connection-spec 
is-A: conceptualobject 
LIN K-TYPE: 

range: (OR jump call return exit) 1) 

{{outcome-dependent-spec 
ISA: connection-spec 
CONDITION: 
PROBABILITY: 
MESSAGE-DESTINATIONS: 

range: (SET ( T Y P E  instance waltoperatlon)) )) 

{(computable-conditloibspec 
ISA: connection-spec 
LINK-PIPE: jump 
PREDICATE: )) 

Flgure 3-7: The connection-spec definition 

The LINK-TYPE attribute included in the basic connection-spec definition provides a specification of the 
precedence relation vis a vis the use of shared process descriptions. Four possible values are allowed, 
with the following semantlcs: 

jump - Jump implies a coupling of two operations within the same prototype process 
description. In instantiating prototype operations to represent a particular production unit's 
production process, movement across jump relations occurs in a memoryless fashion (is. 
knowledge of the operation in the domain of jump relation plays no role in the interpretation 
of subsequently encountered precedence relations). 

exif - Exit designates the domain operation as the last operation of a prototype process 
description at a given level of detail in the hierarchical model. In this case, the value of the 
range of the relation is not an operatiin but slmply the designated mattier symbol end. 
Interpretation of an exit relation causes either movement to one of the WSSIELESUCCESSOAS 
of the abstract operation representing the just wmpleted process at the next higher level of 
description, or completion of the overall production process (if at the highest level of 
description). The CONDITION associated with an exit link (see discussion of 
outcome-dependent-spec below) is assumed to match the CONDITION of one of the 
POSSIBLESUCCESSORS at the next higher level of abstraction. 

call - Call implies a coupling of the relation's domain operation with the first operation of a 
shared process description. In moving acmss a call relation, the particular instance of the 
domain operation of the relation that just terminated is recorded for use in subsequent 
interpretation of the corresponding return relatiin. 

return - Return designates the domain operation as the last operation of a shared process 
description. As in the case of exit links, the value of the range of the relation is the 
designated marker symbol end. Interpretation of a return relation causes movement to one 
of the POSSIBLE-SUCCESSORS of the operation previously marked as the most recent call point. 
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The CONDITION of a return link is assumed to match the CONDITION of one of the 
POSSIBLE-SUCCESSORS of the operation previously recorded as the call point. 

The connection-spec definition is specialized in two ways to characterize the two types of state- 
dependencies identiiied above. Outcomedependent-specs describe precedence relations whose 
relevance depends on the specific outcome of the relation's domain operation, In this case, the specified 
CONDITION designates the operation termination condition under which the relation is appropriate, and the 
PROBABILITY indicates the likelihood of this outcome. Specified conditions are assumed to be symbols 
(e.g. SOOCBSS, fail l ,  etc.) Probability values are assumed to range from 0 to 1 with the additional 
constraint that the sum of the probability values associated with each of the WSSIBLESUCCESSORS of a 
given operation equals 1. Thus, the specs associated with a given set of POGSIBLESUCCESSORS define the 
range of possible outcomes of the domain operation. and provide a basis for simulating actual operation 
outcomes. Figure 3-8 provides an example of the use of outcomedependent-sps. 

... 
POSSIBLE-SUCCESSORS: 

o w  
{INSTANCE outmrnedependent-spec 

LINK-TYPE: Nmp 
CONDITION: SUUCCBSS 
PROQABIUTY: .95 ) 

op14ewoIk 
{INSTANCE: outcome-depndent-spec 

LINK-TYPE: jUmp 
CONDITIDN: fail 
PROBABILITY: .05 1 

"' 11 

Figure 38: Example of the use of outcome-dependent-specs 

The outcomedependent-spec alSO defines a Set Of MESSAGE-DESTINATIONS, which Specify causally 
related acliities involving different production units. n the event that the outwme of the relation's domain 
operation indicates that the relation is to be enforced. triggering messages are sent to all operations 
designated in MESSAGE-DESTINATIONS. These operatiins are, by definition, waltopersilons (see Section 
3.6.2). which represent conditional suspensions of production activity. 

A second type of connection spec, termed a computable-condltlon-spec. is defined for description of 
precedence relations that are contingent on computable aspects of the current production state (e.g. how 
far along in the production process a given production unit is). In this case, the relevance of a specific 
precedence relation is determined through evaluation of a designated PREDICATE. 
Computable-condltlon-specs provide a basis for expressing bounded iteration relative to a given 
manufacturing process and always presume a LINK-TYPE of jump. An example of their use in this regard is 
given in Figure 3-9. 
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... 
POSSIBLE-SUCCESSORS: 

flnal-Inspect 
(INSTANCE computab l~nd i t lokspec  

LINK-TYPE: JUmp 
PREDICATE: hstchip-layer-wmpletep ) 

new-ch Ipiayer-prep 
{INSTANCE computable-conditlon-spec 

PREDICATE: chip-layers-remainingp ) 
LINK-TYPE: jump 

... 11 

Flgure 3-9: Example of the use of computableconditlon-specs 

3.3. Associating resource requlrernents 
Specification of manufacturing activities also requires representation of resource requirements. We 

partition the set of resource requirements to be associated with specific manufacturing activities into two 
types: 

primary resource requirement - We assume that for any particular operation, a specific 
resource can be designated as primary from the standpoint of allocation. The type of 
resource designated as primary can vary for dinerent operations (e.g. an AGV would be the 
primary resource in a transpolting operatbn, an expose machine would be the primary 
resource requirement of a photoexpose operation, etc.), but we assume that if the operation 
requires use of a stationary resource, which at the lawesl level designates either a machine 
or a particular work station in the factory (see Section 4), then the stationary resource will be 
the primary resource requirement. Primary resources are distinguished in that they provide a 
locus for associating wntml policies. 

secondary resource requirements - Secondary resource requirements designate those 
supporting resources that are required to perform the operation to which they are associated. 
Secondary resources are assumed to always be mobile resources such as operators and 
tools (see Section 4). 

These two sets of requirements are defined for speciIii operations using the prlmary-resource and 
secondary-resources relations respectively. 
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([prlmary-resource 
ISA: relation 
DOMAIN: (TYPE instance operatlon) 
RANGE: (TYPE instance resource) 
INVERSE: prlmary-resourmfor I} 

({primary-resource-for 
IS-A: relation 
DOMAIN: (TYPE instance resource) 
RANGE: (SET (TYPE instance Operation)) 
INVERSE: Prhlaty-rOSOUrCe )} 

[(secondary-resources 
ISA: relation 
COMAIN: (TYPE instance operation) 
RANGE: (SET (TYPE instance m O b l l ~ r o o W ~ ) )  
INVERSE: secondary-resource-for }) 

{(secondary-resource-for 
ISA: reiWlOn 
DOMAIN: (TYPE instance mobibresource) 
RANGE: (SET (TYPE instance operation)) 
INVERSE: secondary-resources )} 

Flgure 3-10: Relatiins for describing resource requirements 

~ ~ ~ ~ ~ 

The range specifications for both the primary-resource and secondary-resources relations designate 
mtances of particular resounes. Taken together, these two relatiins idsntiify all resources required by a 
given operation, and each resource identified is aswmed to be requir6d for the entire duration of the 
operatin. The relations do not, however. fully speciry resource requirements, a6 the associatian of a 
resource requirement with an operation does not necessarily imply that 100% of the resource is required. 
This IS particularly true at higher levels of abstraction, where aggregate resources are identified as 
resource requirements (see Section 4). Thus, the primary-resource and secondary-resources 
relations are more accurately viewed as mnstraints that state that some percentage of each designated 
resource's capacity is required to peerform the operation. The interpretation of a given resource 
requirement is made precise through attachment (in the same manner as connection specs) of a 
resource-requirement-spec to the resource designated in the range of the relation. 

({resource-requlrement-spec 
ISA: conceptualobJea 
REOUIREDRESOURCE-FUN: 
REQUIRED4UANTITY-FUN: )] 

Figure 3-1 1 : The resourcerequirement-spec definition 

The attributes introduced in the re~m?-reqUlremeM-Spec (Figure 3-11), which are both assumed to 
be lisp functions that take the related operation as their sole argument, define two ways in which a 
resource requirement might be further specified relative to the percentage of the resource actually 
required: 
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amount of capacity required - As we will see in Section 4, a numerical CAPACITY value is 
specified for each resource to define its overall potential for parallel activity. Given this, a 
numerical specification of the amount of capacity that is required by an operatiin is typically 
sufficient to fully define a resource requirement. However, the amount of capacity required 
depends on the nature of the operation and cannot always be specified as a constant. The 
amount of capacity required for a baking operation in an oven, for example, depends on the 
size of the production unit. Accordingly, capacity requirements are represented procedurally 
within the resourcerequlrement-spec through specification of an appropriate function 
(REQUIREDQUANTITY-FUN). We define two subtypes of resourcerequirement-spec in Figure 
3-12 which pmvide definitions for the two most common situations. In the case of 
constentquantlty-spec, a QUANTITY attribute is introduced and this value is simply returned 

REQUIRED-CIUANTITY-FUN is assumed to return the size of the produdion unit associated with 
the related operation. 

specific subset of the resoume required - In the case of secondv resources, it is sometimes 
impractical to explicitly identify the resource required in the range of the relation. Consider, 
for example, the use of masks in semiconductor manufacturing operations. A dfterent mask 
is required for each type of wafer that is manufactured (typically 1000s). At the same time, 
wafer manufacturing processes are basically differentiable only at the product family level 
(typically 10s). Thus, association of precise mask requirements with operations would require 
representation of 1000s of highly redundant manufacturing processes (i.e. with the 
processes for wafers belonging to the same product family varying only in the type of mask 
required at speciric steps in the process). In light of such situations, we also associate a 

alternative means for specifying resource requirements that vary only with respect to the 
contents of the production unit being manipulated by the operatiin. Fgure 3-13 illustrates its 
use in the case of the mask example. Here the secondary-resources relation specifies the 
need for capacity relative to an overall mask-pool (an aggregate resource), and !he defined 
REQUIRED-RESOURCE-FUN determines the specific mask subpool (also an aggregate resource) 
that represents copies of the particular mask that is required5. An additional secondary 
resource requirement, designating capacity from the pool of expose machine operators, is 
also included to illustrate a situation where a secondary resource is explicitly specified. In this 
case, the REOUIRED-RESOURCE-FUN simply retums the resource designated in the relation 
(implying in this example that we need a qualfied operator but don't care which one ii is). 

by the specified REOUIREWUANTIM-FUN. In the case Of batch-quantlty-spec, the specified 

function (REaUlRED-REsoURCE-FUN) with the resource-requirement-spec to provide an 

{{ constant-quantity-spec 
IS-A: resource-requirement-spec 
QUANTITY: 
REOUIREWUANTITY-FUN: get-COnStafltqllantity )) 

((batch-capaclty-spec 
ISA resoureerequlrement-spec 
RECIUIREO-CIUANTITY-FUN: calc-prod-unit-size I} 

Figure 3.12: Subtypes of resourcerequlrement-spec 

We assume in his example hat m a k  intormafbn is assodaled with product dsaipbons, which are accsssible through L b  
dosa ipkn  d the prcductim unit dasinated by ib operabn 



{(exposeoperation 
... 
SECONDARY-RESOURCES: 

mask-pool 
{INSTANCE wnstantquantlly-spec 

QUANTITY: 1 
REOUIREDRESOURCE-FUN: get-product-dependent-mask-pool 1 

expose-operator-pool 
(INSTANCE constantquantlty-spec 

QUANTIM: 1 
REWIRED-RESOURCE-FUN: get-designated-resource ] 

”’ 11 
Flgure 3-13 Procedural specilication of secondary resource requirements 
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~ ~ 

This procedural specification of resource requirements raises a broader issue concerning the Wel ing  
of manufacturing processes. It is obvious that decklions as to the level of generality at which 
manufacturing processes should be defined are not always clear cut and there are always tradeoffs to be 
considered (in this case regarding specification of secondary resource requirements). The most we can 
expect from any representational framework is a set of primitives that can be straightforwardly customized 
aocording to peculiarities of Ihe specific application. 

3.4. Speclfylng operatlon duratlon constralnts 
Another aspect of the definition of manufacturing activities is specification of constraints relating to 

operation duration. These constraints are, of course, quite often a function of the particular resource that 
is designated as the operation’s primary resource (e.g. a function of the operating speed of the machine). 
However, since all operatiin descriptions are constrained to designate a single primary resource and 
process abstractions are assumed to be based on appropriate abstractions of required resources, 
association of duration constraints with operations Is pertectiy natural, serving to further define the 
manufacturing activity being modeled. 

One important cowem influencing the Specification of a representation of operation duration 
constraints is the modeling perspective adopted relative to resource setup activities. Utilization of a 
resource in the context of a specific production activity is typically predicated on the resource being in a 
particular state. A machine must be configured according to the characteristics of the manufacturing 
operation that requires it. An AGV must be at same locarin as a production unit before a transport 
operation involving that production unit can be carried out. In situations where a resource is not in the 
state required by the operation, then preparatory actions that bring the resource to the required state 
must necessarily be performed prior to execution of the production operatiin. We refer generally to such 
preparatory actions as resource setup activities. 

From a modeling standpoint. there are different assumptions we might adopt regarding the issue of 
setup activities. On the one hand, we might assume an explicit representation of all relevant aspects of 
the state of resources over time, express the resource requirements of operations directly in terms of 
required stale values, and dynamically construct and schedule the sequence of setup operations 
necessary to satisfy these constraints. Such an approach to dealing with state-dependent setup 
constraints is described in [7J. 

On the other hand, our pfimary objective in modeling setup activities in the context of manufacturing 
systems is determination (or estimation) of setup duration. In light of this, the approach outlined above 
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would seem most advantageous in situations where there is considerable interaction between the setup 
activities of different resources and this interaction has a significant effect on the total setup duration. In 
manufacturing environments. this is typically only the case at micro levels (e.g. a shared AGV within a 
flexible manufacturing cell). The duration of a machine setup activw, for example, is typically not affected 
by any setup activities being performed relative to other resources. Given this fact, and the fact ihat we 
are interested in large-scale simulation and scheduling, we assume it reasonable to operate with a 
simpler, implicit model of operationdependent setup activities. More specifically, we assume that 
resource seiup activities can be adequately modeled as adjustments to the duratiins of operatiins that 
require the setup. This is accomplished by defining the state of a rewrce  at any given point in time to 
be a function of the operation last performed, which in turn provides a basis for defining setup durations. 

The use of this implicit model of resource setup activities is not without some loss of generality: 
By modeling seiup activities as adjustments to operation durations, it is assumed that 
resource setup activties must w u r  immediately prior to the operation requiring the 
resource, which need not always be ihe case. 

While it is possible to differentiate between the portion of an operation's duration that is 
devoted to setup and the portion that represents its actual execution (which is, in fact, done 
in the representation presented below), it becomes somewhat cumbersome to differentiate at 
finer levels (e.g. between that portion of the setup duration that requires the presence of the 
production unit and that ponion that can proceed wlhout its presence). 

One final comment regarding representational objectives is in order before considering the details of 
the representation of operatiin duration constraints. We assume that the framework for specification must 
provide a basis for use of decislon procedures that perform some armunl of kmkahead from the current 
state or rely on some amount of scheduling. This impliis an ability lo specify and derive expected 
durations as well as actual durations. 

Given these assumptions. we define the concept of a duratlongpec (Flgure 3-14). Duration-specs 
are intended to encapsulate all parameters and calarlations relevant to determination of an Operation's 
duration. Two generic methods, common to all duration specs, define basic mechanisms for determining 
durations and a framework for specialization according to domain-specific parameters and calculation 
methods: 

get-expected-durafion - This method returns the "expected" total duration of the associated 
operaton (including any required setup time). The actual method is defined quite simply as: 

(defun cslc-expected-duration (op msssaga 
&optional (prev-ops nil)) 

(declsra (ignore massage) 
(+ (call-thod op ' get-expected-setup-duration prev-ops) 

(call-method op 'mt-qcted-run-duration))) 
The definitions of the methods supporting this calculation, get-expct&-sefup-duration and 
ger -expec ted- run-d ,  will obviously vary across different types of duration-specs. We 
wiii consider the nature of this variability in Section 3.6 as the definitions of different types of 
operations are elaborated. 

gel-actual-duration - This method returns the "actual" tolal duration of the associated 
operation according to a specified PROBABILITY-DISTRIBUTI~. It operates by first obtaining the 
"expected" duration, which provides a basis for defining lhe absolute parameters of the 
specified distribution, and then returning a sample drawn over thls distribution. A predefined 
set of possible types of probability distributions is assumed6 and the parameters necessary 
to specify a distribution of any one of these types appear as specifiable attributes of the 

Shich are exactly those types of disbibubons hat am supported by SIMPAK. 
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duration-spec (in Figure 3-14 this is alluded t0 by "STANDARD-DEVIATION SPREAD ..." ). Value5 
filling these distribution parameter slots are assumed to be relative to the expected duration. 

({duration-spec 
IS-A: conceptualabject 
get-expected-duration: cak-expected-duration 
get-expected-setupduration: 
gel-expected-runduration: 
gel-actual-duration: calc-actual-duration 
DUAATIONSPECOF: 
PROBAEIUTY-DISTRIBUT10N : 

STANDARD-DEVIATION: 
SPREAD: 

range: (TYPE instance dlstrlbutlon-object) 

... 1) 
Flgure 3-14: The duration-spec definition 

Duratlon-specs are associated wRh operations via the has-duration relation. It is defined as an 
inheritance relation to make aspects of the attached duratlowspec immediately aocessible io the 
operation description. me hasduration relation and its invecse are defined in Figure 3-15. 

({hasduration 
IS-A: relation 
DOMAIN: (TYPE instance utlllzatlon-operation) 
RANGE: (TYPE instance duration-spec) 
INVERSE: duratlon-spec-of 
INCLUSION: Is-a-lncluslon-spec )) 

ISA: relatlon 
DOMAIN: (TYPE instance duratlon-spec) 
RANGE: (TYPE instance utlllzatlon-operation) 

{{duratlon-spec-of 

INVERSE: hasduratlon )) 

flgure 3-15: The hasduratlon/duratlon-sp~f relations 

3.5. Operation Status lnformatlon 
We associate a STATUS attribute with the definition of operatlon (with possible values of pending, 

inprocess, or conpoleled) to indicate the Current state of a given instantiated operation at any point in time. 
Similarly, we associate an EXECUTION-INTERVAL with each instantiated operation, to delineate its actual (or 
planned) 5tart and end times. The range of EXECUTlOKlNTERVAL is constrained to be an instance of a 
productlongcthrlty-lnie~al (Figure 3-1 6). This specialization of calendar-Interval introduces two 
additional attributes: RUN-DURATION and SETUPDURATION. 
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i s  

I{productlon-actlvlty-Interval 
ISA: calendar-interval 
SETUP-DURATION: 
AU N-DU RATION: )) 

Flgure 3-16: The produdlon-activity-lntenral definition 

Within the basic representational framework, it is assumed that the model updating associated with the 
initiation and terrninatbn of operations properly maintains these two state variables (as well as state 
variables relating to the available capacity of resources - see Section 4.2). However, in the context of a 
speclii manufacturing environment, it may be desirable or necessary to extend the representation of 
current state in various ways, and hence extend the basic model updating that is performed as mntroi 
decisions are initiated. Implementallion of the example in Figure 3-9, for instance, wouM require 
extension of the current state representation lo include an association of a 
NBR-OF-CHIP-LAYERS-COMPLETED attribute with production units, and extension of the rwdel updating that 
must take place upon termination of specMc operations. 

To enable this capability, two methods, @ate-oo-opstart and updale-un-opend are also associated 
with operations. These methods (which by default are noops) are called after the basic model updating 
has been performed in the cases of operation initiation and termination respectively, and thus provide a 
mechanism for model extension. 

3.6. Operation Dsscrlptlons 
Given the above primitives for organizing and describing manufaduring activities, we now put the 

pieces together and consider representation of manufacturing activities themselves. Figure 3-17 depicts 
the generic definition of operation. It contains those attributes and relations previously discussed and 
identifies three additional attributes: 

an inslanM8-operalion method, w h ~  provides the mechanism for instantiating a given 

an OPERATESON attribute, which indicates the obiect of the operation, and 

a STATISTICS attribute, which serves as a repsitory for statistics relating to the current 

operation and establishing relationship with previously instantiated operations, 

instantiations of a given prototype operation. 
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[{operatlon 
IS-A: aCIhrlIy 
instantiate-operation: 
updatean-opstart 
updatean-op-end: 
po6sI WE-SU B-OPERATIONS : 
WGSIBLE-SUBOPERATION-OF 
SUBPLAN-ENTRY-OPERATION: 
INITIAL-OPERATION-OF: 
SUBPLAN-EXIT-OPERATDN: 
FINALOPERATIONOF: 
SU BOPE RATIONS: 
SUBOPERATION-OF: 
FIRST-SUBGPERATION: 
FIRSTSUB4lPERATION-OF: 
LASTSUB-OPERATION: 
LAST-SUB-OPERATION-OF: 
TYPE: 

POSSIBLE-SUCCESSORS: 
POSSIBLE-PREDECES:  
SUCCESSOR: 
PREDECESSOR: 
STATUS: 

range: (OR and or alom’c) 

range: (OR Dendina immcess - .  ,rrpIc 
EXECUTION-INTERVAL: 

td) 

range: (TYPE instance plOduCtlon-BCtlvlty-lnte~al) 

range: (TYPE instance operation-statorepor) )} 

OPERATESON: 
STATISTICS: 

Figure 3-17: The operatlon definition 

We distinguish between two general types of operations: 
utlllzatlon-aperatlonr, - Utilization operations are defined to be those operations whose 
exewtiin involves utilization of resources (machines. operators, tools, etc.). We can further 
distinguish three subtypes in this case, depending on the nature of the object being 
OPERATED-ON, and the type of transformation being modeled: 

manufacturlng-operetlon - Manufacturing operatiins model actlviiis that operate on 
production units, transforming their contents and making progress toward the 
production of final products. 

* transporI4peration - Transport operations model activities that change the location 
of production units, specifying movement from one stationary resource to another. 

* resource-support-opertions - Resource support operations are defined to model 
those activities required to support the resources required by manufacturing operations 
(Le. resource maintenance, repair and setup activities). They operate on specific 
resources. 

control-operatlons - Control operations are defined to model operations that change and 
regulate the flow of products through the manufacturing system. These operations do not 
constitute productive work on the contents of production units but rather act to reconfigure 
production units and control their movement. 



We consider the representation of each of these types of operations in turn in the following subsections. 

3.6.1. Utillzation Operations 
The detinition of utillration-operation (Figure 3-18) specializes operatlon through the introduction of 

previously discussed relations pertaining to specification of resource requirements and duration 
constraints. Further specialization of utlllzation-operatlon into the subtypes manufacturing-operatlon. 
transport-operatlon, and resourcesuppon-operation (Figure 3-19) inposes appropriate constraints 
on the type of value that may fill the O P E R A E D ~ N  sbt and the HAS-DURATION relation. In the case of 
transport-operation, addiiional attributes relating to location are also defined. We assume for the time 
being that stationary resources and process-related "control points'' (see Section 3.6.2) designate 
possible production unit IoMtions. 

((utillzatlon-operatlon 
ISA: operatlon 
HASDURATION: 
PRIMARY-RESOURCE: 
SECONDARY-RESOURCES: )) 

Flgure 3-18: The utlllzatlonoperatlon definition 

{{manufacturing-operation 
IS-A: UtllizatIObOperatlOn 
OPERATESON: 

HASDURATION: 
range: (TYPE instance production-unlt) 

range: (TYPE instance mfg-opduratlon-spec) )} 

{[resource-support-operation 
ISA: utilization-operatlon 
OPERATESON 

HASDURATION: 
range: (TYPE instance resource) 

range: (TYPE instance res-supporlduretbn-spec) )] 

{(transport-operatbn 
ISA: utillzatlon-operation 
OPERATEmN 

HASDURATION: 

INITIAL-LOCATION: 

FINAL-LOCATION: 

range: (TYPE instance production-unlt) 

range: (TYPE instance trans-opduratlon-spec) 

range: (OR (TYPE instance stationary-resource) (TYPE instance control-point)) 

range: (OR (TYPE instance stationary-resource) (TYPE instance control-point)) }) 

Figure 3-19: Types of utllizatlon-operations 

Figure 3-20 further refines the utlilzation-operation type hierarchy by defining three different types of 
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resource-support-operation. These definitions do not, by themselves, provide any differentiating 
characteristics. They are defined for purposes of easily associating default information within the model Of 
a speciiic manufacturing system. For example, a single probabiliiy distribution for determining operation 
durations mighi be appropriate for all repair operations. 

- 

{{ repalroperatlon 

({maintenanceoperatation 

((setupoperatlon 

IS-A: resource-supportoperation )] 

ISA: resource-suppon-operation )) 

ISA: resource-supportoperation }] 
Flgure 3-20: Types of resource-support-operatbns 

The above definitions of manufacturing-operatlon, transport-operatlon, and 
resource-support-operation presume conespanding specializations of basic duratlon-spec introduced 
in Section 3.4. We consider these specialiratiins in the following paragraphs. 

Figure 3-21 lists the definitions of duration-spec specializations relevant to 
manufacturlng-operations. The mfg-o~uratlon-spec is distinguished by the introduction of a generic 
Sef-ewpecled-setupd~~n method. Setup duration in this case is assumed to be a function of the setup- 
matrix associated with the requird primary resource (the concept of satupmatrlx will be discussed in 
Section 4). The method defined simply consults this structure. The mfg-opduratlon-spec subtype is 
further specialized into batch-opduration-spec and placedependem-duratlon-spec to define two 
basic types of get-expected-run-doralron calculations. These specializations distinguish respectively 
cases where operation run time is independent of the number of items in the production unit (e.g. ‘Wash” 
operations in semi-conductor manufacturing environments), and cases where operation run time is a 
function of the number of items in the production unit (e.g. wafer “etching” operations). Both 
specializations add an appropriate calculation parameter. 

((mlg-opduratlon-spec 
IS-A: duratlotl-spec 
get-expected-setupdurafion: calc-resource-setupduration )} 

ISA: mfgqduratation-spec 
gel-expected-runduralion: calc-batch-op-runduration 

((batch-op-duratlon-spec 

RUN-DURATION: ]} 

( ( p l ~ d e p e n d e m - d u r a t l o t l - s ~  
ISA: mfgopduration-spec 
g e t - e x p e c t e d - r u n d ~ :  calc-piecedep-runduratbn 
DURATION-PER-PIECE: )) 

Flgure 3-21: mfg-opduratlon-specs and its subtypes 

Definitions of get-expected-run-duration can certainly be more complex. If, for example, we were 
defining an iterative manufacturing process. as in Figure 3-9, then it might be appropriate to differentiate 
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run duration parameters according to aspects of the current production state. Supposing this to be the 
case, we could extend the example of Figure 3-9 by defining "level-dependent" variants of 
batch-op-duration-spec and plecedependentduratlon-spec, substituting gel-expected-ruo-tion 
methods that derive the current level of the production unit being OPERATED-ON by the operation, and 
interpret the contents of the parameter slot as a list of clevel value> pairs. 

Figure 3-22 defines a specialiiation of durstbn-spec relevant to transponsperatlons. In this case, 
the both gel-expeded-setupduration and gel-expecled-run-doralioo calculation methods are defined in 
terms of distances between source and destination locations. Setup duration is defined to be the time 
necessary for the resource to travel from the FINAL-LOCATION of the last transport operation performed to 
the INITIAL-LOCATION of the current operatian. Run duration is similarly defined in terms of the 
INIT!AL-LOCATION and FINAL-LocAnoN of the current operation. In both cases, a distance is retrieved from 
the defined DISTANCE-WTRIX and multiplied by the DURATION-PER-DISTANCE-UNIT parameter.' Note that the 
same DISTANCE-MATRIX will be applicable to all instances of transopduratlon-specs. Only the 
DURATION-PER-DISTANCE-UNIT can vary across instances.8 

{ (trans-opduratlon-spec 
ISA: duratlon-spec 
get-expected-setupduralion: calc-trans-opsetup-duration 
gel-expected-~n-duration: calc-trans-op-run-duration 
DISTANCE-MATRIX: 
DURATION-PER-DISTANCE-UNIT: )} 

Flgure 3-22: The traneop-duratlon-spec definlion 

Finally, we define the ressupport-duratm-spec (see Figure 3-23) for describing duration constraints 
associated with resource-support-operatbns. In this case, the defined get-expecled-sekpdufatbn and 
gel-expected-run-dural~n methods are defined in turns of specified RESPONSE-TIME and 
SUPWRT-OP-DURATION parameters respecfiely. 

((res-suppon-duratlon-spec 
ISA: duration-spec 

RESPONSE-TIME: 

SU PPORT-OP-DU RATION: )) 

s e t e x p e c l e d - s e t u ~ u ~ ~ n :  calc-suppott-prepdu ration 

gel-expmed-run-durarioduralion: calc-support-op-duration 

Flgure 3-23: The r-support-duretlon-spec definition 

7Within the implementation. the dstanm matrix is acluslly implemented as a hash table with a default value of 0. This exploils mS 
fad that the mauix is symmetric and Boonomizes me amount d storage required. 

%ne obvious alternative to me use of a disfance mabix is to simply retrieve the location values of the appropriate stationary 
resourns andlor mntml poinb, and d d y  compute the dstancs. We believe this approach is perfectly reasonable (and pethaps 
preferable) when i1 is possible. However. since the modeling ffamwo& assumes that the IOMions of all en61ies are defined relative 
Io me locations of stationary resour- and contml points, this alaernsmg is not possible in manufacturing snvircnmenh where there 
are no statirnary r~sources In such cases, h e  distance mapix provides a frameworlc b r  Mining suitable approximations. 
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3.6.2. Control Operations 
In contrast to the various types of utilization operations discussed above, control operations are 

concerned with the reconfiguration of production units traveling through the manufacturing System and 
regulation of their movement. Reconfiguration of production units during the production process is a 
common phenomenon in many manufacturing environments. Production units may be merged into larger 
units or split into smaller units at various stages due to material handling constraints (e.g. pallet capacities 
in an automated manufacturing cell). Alternatively, yield problems at a particular inspection point in the 
manufacturing process may dictate that a production unit be split and defective elements routed through a 
sequence of repair operations. Depending on the specific control policies in force. the remaining portion 
of the production unit may be sent on in the manufacturing process or held until defective elements are 
repaired and can be reunited. A third exarrple of reconfiguration arises in the context of complex setup 
procedures. In wafer fabrication, selected elements of a given production unit are sometimes "sent 
ahead through a particular process for putposes of verifying that the manufacturing equipment is 
correctly calibrated. In such cases, further movement of the remainder of the production unit is contingent 
on the outcome of the send ahead process. Control operations provide a basis for modeling these sorts of 
production unit reconfiguration activities. 

Figure 3-24 provides the prototypical definition of a control-operatlon. The definition specializes 
OperatlOn by designating an associated CONTROL-WINT, which specifies the locus of the control operation 
(see the definition of control-polnt below). As stated above, a control operation OPERATESON a given 
production unit. Control operations do not require resoums. and either occur instantaneously or have an 
indefinite duration that is depends entirely on the execution of other activities in the manufacturing 
system. 

((control-operatlon 
ISA: operatlon 
CONTROL-POINT: 

OPERATESON: 
range: (TYPE instance control-polnt) 

rmg8:  (TYPE instance pmductlon-untt) )] 

Flgure 3-24: The control-operatlon definition 

As indicated above, the distinguishing characterlstic of a control operation is its control-polnt (see 
Figure 3-25). A control-polnt designates a paltcular QUEUE (or store) of production units, arid has a 
welldefined LOCATION within the manufaduring system. A particular control-polnt is seen as the locus of 
a specific process-related control activity (e.g. a place where production units are reconfigured to 
accommodate the maferial transpod constraints on a specific manufacturing subprocess). A production 
unit enters the queue of a given control point when if is necessary lo perform this control activity 
(specified by a control operation that OPERATESON that producton unit and designates the control point in 
question). For purposes of simulating model behavior[5], a control-point is ascribed responsibility for 
managing control operations. To this end, a control-point has an associated execute-op method, which 
defines the overall semantics of executing a control operation (i.e. the changes it implies with respect to 
the state of the model). This method, in turn, relies on any parameters specified in the specific control 
operation being executed (see below) as well as a specified mntm/-po/icy. The wntfo/-pu/icy associated 
with a control point defines the specific decision procedure to be applied in reconfiguring and releasing 
the production units that reside in the control point's QUEUE. 
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{{control-polnt 
execute-op: 
contm/-po/icv: 
LOCATION: 

QUEUE: 
range: (LIST integer integer) 

range: (SET (TYPE instance production-unlt)) )} 

Flgure 3-25: The control-point definition 

Three basic types of control operations are distinguished (depicted in Figure 3-26): 
spllt-operation - This type of control operation involves reformulation of the producton unit 
designated by OPERATESON into two or more smaller production units. In this case, a 
NEW-PRODUCTION-UNITSUCCES~~ attribute is introduced to designate the first operation to 
be performed on all but one of the newly created production units. It is assumed that the 
POSSIBLESUCCESSORS relation designates a continuing route for the one remaining 
production unit resulting from the split. The control-policy contained in the associated 
CONTROL-POINT specifies a procedure for splitting the production unit. This procedure may 
reflect a decision policy as the name implies (e.g. a partitioning of an n element producton 
unit into a 2 element 'send ahead" sub-unR and an n-2 element "hold back" sub-unit) or 
model observed behavior of the rnarxlfacturing system (e.g. a yield function that partitiins 
the elements of the production unit into "good" and "bad" subunits). 

join-operation - This type of control operation involves the merger of the production unit 
designated by OPERATESON with one or more other producton units currently in the QUEUE of 
the operation's associated CONTROL-POINT. Here, the CONTROL-POLICY contained in the 
associated CONTROL-POINT is a procedure that designates the circumstances under which 
production units residing in the queue can be pined and proceed past the control point (e.g. 
rejoining the above mentioned "good" sub-unit with the 'bad" wbunll once it has been 
repaired and enters the queue). As is lhe case with utilizatlon-operatlons, the 
POSSIBLE-SUCCESSORS relation designates the continuing route of the single production unit 
produced by this operation. 

Walt-OperetlOn - This type of control operaton serves to delay any further movement of the 
production Unit designated by OPERATESON until a specific causal condition involving a 
separate production unit becomes true. As indicated in the discussion of connection specs in 
Section 3.2, this is operationalized by posting triggering "message" with the wan-operation 
when the condition becomes true. To this end, a MESSAGE-LIST is associated with each wait 
operation. Note, that the there is no CONTROL-POLICY associated with the CONTROL-WINTS of 
wait-operatlons. In this case, there is no decision-making that must lake place; when the 
trlggering message is received, the production unit is released. 
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{(spllt-operation 
IS-A: control-operatlon 
NW-PRODUCTION-UNIT-SUCCESSORS: 
CONTROL-POINT: 

range: (TYPE instance spilt-control-polnt) )} 

((joln-operation 
1%: control-operatlon 
CONTROL-POINT: 

range: (TYPE instance joincontrol-point) }} 

{(wait-operation 
ISA: control-operation 
MESSAGE-LIST: 
CONTROL-POINT: 

range: (TYPE instance waitcontrol-point) }) 

Flgure 3-26: Types of control operations 

Correspondent to these three basic types of control operations, three types of control points are also 
defined: Split-COntI'Ol-polnt, jolrkcontrol-polnt, and waltcontrol-point (see Figure 3-27). These types 
of control points are distinguished by the presence of distinct execute-op methods. 

({split-control-polnt 
ISA: COntrol-polnt 
execufe-op: split-pu-transition-fun }) 

IS-A: control-point 
execute-op: join-pu-transition-fun )} 

ISA: control-polnt 
execufe-op: release-pu-transition-fun )} 

{{join-control-polnt 

((wait-control-polnt 

Flgure 3-27: Types of control points 

To provide a basis for modeling process-related control activities at different levels of abstraction, an 
abstract-spllt-operatatlon and an abstract-joln-operation are additionally defined (see Figure 3-28). AS 
can be seen, these types of abstractions are assmiated both the propelties of Ihe corresponding basic 
control operation and the properties of a manufacturlngoperation. This is due to the fact that an 
abstract control operatiin will often encapsulate a subprocess consisting of both types of more primitiie 
operations. 
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((abstract-spllt 

((abstract-@In 

ISA: spllt-operatlon manufadurlng-operation )) 

ISA: joln-operation manufacturlngoperatlon )) 
Flgure 3-28 Abstract control operations 

The reader is referred to [5] for further details regarding the intepretation of control operations and 
examples of their use. 

4. Modeling Resources 
In this section we consider representation of the resources required to perform manufacturing activities. 

We first address issues relating to the devebpment of hierarchical descriptions of resources. We then 
consider, in turn, representation of the various constraints that affect resource allocation. This will provide 
us with a basis for subsequent devekpment of descriptions of the specific types of resources 
encountered in manufacturing environments. 

4.1. Hierarchical Descrlptlons of Resources 
The framework for hierarchical specification of manufacturing processes described in Section 3.1 is 

motivated by a desire to enable reasoning about resource allocation at different levels of precision. We 
have seen in the representation of operatbns that resource requlremsnts of a given operation are 
uniformly designated as percentages of specific resources, regardless of the posliion of the operation in 
the hierarchical model. At abstract levels, it is thus assumed that resource requirements are expressed in 
terms of aggregate resources. It has already been stated that the determination of appropriate process 
abstraction levels in any particular manufacturing environment is largely a function of the utility of various 
resource abstractiins from an allocation perspective. Resource abstractions (defined as aggregate 
resources) are intended to encapsulate and isolate meaningful sets of control decisions. 

Reasoning about resource allocation at multiple levels of abstraction implies a representation of 
aggregate resources that is interpretable from two distinct perspectives: 

aggregate resource as an allocafable entity - In the context of reasoning about resource 
allocation at a given abstract level in the hierarchy, aggregate resources define the entities to 
be allocated. As such, the representation must provide appropriate abstractions of the 
allocation constraints associated wiih the sub-resources that the aggregate resource 
abstracts (e.g. capacity constraints, availability constraints, setup constraints, etc.). 

aggregate resource as a set of wmlituenl sub-resources - In moving across levels of 
abstraction in the model, aggregate resources define the set of resources relevant to the 
more detailed resource allocation decisions that must be made. In this regard, the 
representation must define the relationship of the aggregate resource to its constituents, as 
well as any knowledge relevant to sub-resource allocation (e.g. allocation preferences among 
the alternatives abstracted by a given aggregate resource). 

These representational requirements motivate our approach to modeling resources. 

As implied above, we assume that the basic objective in developing hierarchical resource descriptions 
is specification of groups Of fuoct,bna//y related resources. A group of resources is defined to be 
functionally related if either 

1. they provide manufacturing alternatives relative to a given process step or 
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2. they are configured for consecutive utilization within a multi-step process. 
Hierarchical resource descriptions based on this organizing principle are, of course, not unrelated to the 
actual configuration of manufacturing system being modeled. Indeed, the design of manUfactUring 
systems is typically also motivated by functional grouping objectives (e.g. resources are partitioned into 
work areas which support particular production processes and/or process steps). Thus, the types of 
abstractions defined above often correspond very directly to identifiable structural components Of the 
actual manufacturing system. Generally speaking, the set of resource abstractions of interest in 
constructing a hierarchical model will be a supenet of those implied by a structural decomposition Of the 
actual manufacturing system. 

Consideration of just those resource abstractions (or functional groupings) that have structural 
counterparts in the actual manufacturing system leads to a hierarchical organization of resources that 
partitions the resources defined at any given level of abstraction into mutually exclusive resource sets at 
the next higher level. Such an organization offers considerable advantages from the standpoint of 
maintaining descriptions of current available capacity (see Sectin 4.2 below), and we rely on mutually 
exclusive resource partitions to provide the "backbone" of any defined organization of resources. We 
introduce the subresourcaslsubresour~of relation pair (Figure 4-1) for purposes of specifying such 
partitions. These relations are defined to associate aggregate resources with their constituent sub- 
resources (and vice versa) under the assumption of a mtually exclusive hierarchical partitioning. Thus, a 
resource can be a SUBRESOURCE~F at most one higher level aggregate. An additional 
PCTGOF-AGGREOATE-CAPACITY attribute is associated with the sub-resource-of relation to further specify 
the relationship between a resource and its aggregate. We defer consideration of the semantics of this 
information until Section 4.2 below, where resource capacity constraints are discussed. 

{(Sub-mSOurces 
ISA: relation has-parts 
DOWIN: (TYPE instance resource) 
RANGE: (SET (TYPE instance resource)) 
INVERSE: SUbreWUlCe-Of )) 

((SUb-WSOUrceOf 
ISA: reiatlon partof 
DOMAIN: (TYPE instance resource) 
RANGE: (TYPE instance resource) 
INVERSE: SUb-T8SOUrCB8 
PCTG-OF-AGGREOATECAPACIW: )I  

Figure 4-1: The subresoum-of/subresources relations 

From the standpoint of reasoning about resource allocation, hierarchical resource descriptions based 
solely on the use of the subresourceslsubreswrceof relation pair can prove insufficient in some 
situations. To illustrate this, we consider an example of their use. Figure 4-2 depicts a work area of 
machines that suppork a particular production process step within a hypothetical manufacturing system. 
The work area is cornposed of three different Ipes of machines: type A machines, type B machines, and 
type C machines. Each machine type is assumed to possess distinct operating characteristics, and thus 
take variable amounts of time to perlorm specific. operatbns. Given this wok area configuration, we can 
identify three levels of detail at which controVallocation decisions might be modeled: 

at the work area level, where the characteristics of constituent machines are appropriately 
aggregated (e.g. operation durations reflect averages over all constituent machine types) and 
allocation decisions are based on the overall capacity of the work area, 
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at the identical machine group level, where tradeaffs between machine types (e.g. varying 
operation durations, relative reliability) can be factored into allocation decisions, and 
allocation decisions are based on the respective capacities 01 each machine group, and 

at the individual machine level, where specific machine assignments are made to pending 
operations, and tradeoffs between sequencing decisions (e.g. to minimize setup time) can be 
precisely evaluated. 

Assuming appropriate abstractions of constraints such as capacity (which will be considered in following 
sections), these three levels of description would be represented within the relational framework defined 
above as indicated in Figure 4-3. 

Work Area 1 ~1 
Flgure 4-2: A work area 01 machines supporting a particular process step 

WORK-AREA1 

A-CELL-GROUP B-CELL-GROUP C-CELL-GROUP 

MACH-A1 / / \  MACH-A2 MACH-A3 MACH-B1 / \  MACH-82 MACH-C1 t\\ MACH-C2 MACH-C3 

Figure 43: Hierarchical representation of the work area 

However, suppose that allocation of resources in the wok area is a h  constrained by the types of 
products that are being manufactured. Figure 4-4 introduces a set of such constraints, which dictate that 
the process step for product family P1 can only be pellormed on machine types A and C, that the process 
step for product family P2 can only be performed on machine types A and 8. and that the process step for 
product family P3 can only be performed on machine type B. Given these additional constraints, the work 
area level of description in Figure 4-3 no longer provides a meaningful basis for reasoning about resource 
allocation. Saying this another way, designation of work-areal as a required resource of an abstract 
operation in a specific production process is always misleading. Interpreting work-areal as an 
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allocatable entity, its capacity constraints reflect all resources of the work area while in the context of any 
specific production process, only a portion of the work area's total capacity is actually relevant. Similarly, 
work-areal indicates all three machine groups as its constituents, while in the context of any specific 
production process, only a subset of these groups are allocation alternatives. 

Work Area 1 
A-CELL-GROUP 

products: PI, P2 

products: PI 
products: P2, P3 

Flgure 44: A work area of machines with overlapping capabilities 

The problem, of course, stems from the fact that the constwent resources of the work area have 
overlapping capabilities. We thus exiend wr representational framework to allow definition of aggregate 
resources that designate overlapping sets of constituent resources. We associate a TYPE with each 
resource, which can be either disjoint-aggregation, ovef/apphg-aggregation, or atomic (see Figure 4-18), 
and define an additional set of relations for constructing resource hierarchies that include overlapping 
aggregations. A given overlapping aggregation is related to the smallest disjoint aggregation that 
"contains" it (and vice versa) via the overlapplng-wbresou~~f/overlapplng-sub-~sources relation 
pair (Figure 4-5). An overlapping aggregation is related to its constituents (and vice versa) via the 
grouped-sub-resourceslgrwped-In relation pair (Figure 4-6). Finally, an overlapping aggregation is 
related to the overlapping aggregations with which it shares constituents via the overlaps-wlth relation 
(Figure 4-7). 

({overlapplng-subresources 
ISA: relatlon hasgarts 
DOMAIN: (TYPE instance resource) 
RANGE: (SET (TYPE instance resource)) 
INVERSE: OVeflappiflg-SUbreSOUWOf )) 

{(overlapping-sub-resourceof 
IS-A: relatlon part-of 
DOMAIN: (TYPE instance resource) 

INVERSE: overlapplng-subresources )) 
RANGE: (TYPE instance reSOUrce) 

Figure 4 5 :  The overlapplng-subresource-of/overlapplng-subresources relations 



(( grouped-subresources 
ISA: relation has-parts 
DOMAIN: (TYPE instance resource) 
RANGE: (SET (TYPE instance resource)) 
INVERSE: grouped-in )) 

((grouped-In 
I S A :  relatbn Wn-Of 
DOMAIN: (TYPE instance resource) 
RANGE: (SET (TYPE instance resource)) 
INVERSE: grouped-sub-resources }] 

Flgure 4-6: The grouped-sub-resourceslgrouped-In relations 

({ow rlaps-with 
ISA: IBlatlOIl 
DOMAIN: (TYPE instance resource) 
RANGE: (TYPE instance resource) 
INVERSE: overlaps-wlh )) 

Flgure 47: The overlaps-with relation 

The augmented resource hierarchy in the case of our work area example is shown in Figure 4-8. Using 
this hierarchy, the resources designated as operation requirements at the wok area level of precision 
now become Pl-cell-group. P2-cell-group and P3-cell-group within the production process descriptions 
associated with products Pi ,  P2 and P3 respectively. 

4.2. Modeling Capacity Constralnts 
In both the above dimssion of hierarchical resource descriptions and the approach to specifying 

resource requirements of operations presented in Section 3.3, we have made the assumption that 
allocation of a resource to a specific activity does not necessarily irrply its total Unavailability to other 
activities. Rather unavailability is assumed to be a function of the resource's capacity constraints, and 
allocation of the resource to an operation implies the unavailability of some percentage of the resource 
(Le. a reduction of its available capacity) until the operation requiring it subsequently terminates. We can 
certainly identify types of resources whose allocation requires this perspective (e.g. an oven that can 
simultaneously ammmodate several production units). Moreover, reasoning abut resource allocation at 
abstract levels almost always involves partial allocation of resources. In this section we consider 
representation of the capacity constraints that govern allocation of resources, and the means by which 
these constraints are used to maintain descriptions of current available capacity. 

4.2.1. Capaclty-related Attributes 
Generally speaking, we define the CAPACITY of a resource to be the number of items that the resource 

can process sirmltaneously. We use the tern "items" here, in part, to refled the fact that different types of 
utlllzation-operations (ie. those that require resources) operate on different types of entities. 
Manufacturing and transport operations manipulate production units; resource suppolt operations 
manipulate other resources. However, we also wish to define the notion of capacity in a manner that is 
independent of the number of activities that migm be simultaneously supported. For example, the 
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WORK- AREA1 

P3-CELL-GROUP 2-CELL- 
GROUP 

A-CELL-GROUP B-CELL-GROUP C-CELL-GROUP 

MACH-A1 MACH-A2 MACH43 MACH-01 MACH-B2 MACH-C1 MACH-C2 MACH-C3 

Flgure qg: Augmented hierarchical representatlon of the work area 

productin unit designated by a specific manufacturing (or transport) operation actually represents a 
group of products that are moving together through the manufacturing system, and it is these products 
that are actually transformed (or moved) during execution of the operation. The capacities of resources 
required by this operation are thus defined in terms of the number of products that each resource can 
simultaneously support. In the caw of a resource required by resource support operations, capacity is 
the number of resources that can simultaneously be supported (e.g. a machine repairman would have a 
capacity of I; the overall pool of repair personnel would have a capacity equal to the number of people in 
the pool). 

A resource may also have constraints on the manner in which capacity can be allocated. Consider, for 
example, a "wash" operation in the context of semi-conductor manufacturing, where wafers are soaked 
for some period of time in a chemical bath. The bath migM have the capacity to hold 50 wafers. However, 
once the bath has been allocated to a patticular productin unit (or batched set of production units), it is 
unavailable for other use for the duration of this wash operation, regardless of the number of wafers 
actually undergoing the operation. Such constraints are modeled by associating a BATCH-SIZE with each 
resource, which defines the multiple of capacity units in which capacity must be allocated. Thus, in the 
above example, we would specffy a BATCHSIZE of 50 for the bath. Supposing, at a higher level, the 
definition of an aggregate resource that represents a gmup of three of these baths, we would specify 
quantities of 150 and 50 as the aggregate resource's CAPACITY and BATCHSIZE respectively. 

4.2.2. Avallable Capaclty 
Oi central importance in reasonlng about resoume albcation, of course, is a representation of the State 

Of availability of resources over time. In our terms, this corresponds to a representation of that portion of 
resource's total CAPACITY that is available for allocation at any point in time. 

Given the CAPACITY and BATCH-SIZE constraints defined above and the specification of resource 
requirements in Section 3.3, computation of a resource's available capacity is straightforward. Suppose 
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we designate the available capacity of resource R at time t as avail-copRJ, and assume an initial value 
avail-capRp=cnp~ityR. Then the change in awil-capRC as a result of R 's allocation to operation up at 
time 17 is simply 

Similarly, the change in avai/-capR, upon termination of op at time t2 is 
avail-capR,, = aw'l-capR,,-, - imx(capreqOp , bruch-sizeR). 

avaii-capRJ2 = aya"cqRsz- l  + madcapreg,.  batch-si.7~~). 

The important issue from the standpoint of representation here concerns support for reasoning about 
the future. If resource allocation decisions are to be made in a strictly time ordered manner (e.g. in the 
context of a forward simulation) with no anticipation of or expectations about future system behavior, then 
maintenance of a scalar available capacity value for each resource (as described above) is sufficient. In 
our representation of resources. we associate a CURRENT-CAPACITY attribute which has precisely these 
semantics. If, on the other hand, resource allocation decisions are to be contemplated in advance of their 
occurrence (Le. either schedules are developed or same amunt of look ahead search is performed) and 
the results used to guide factoty operations, then a representation that depicts the evolution of each 
resource's available capacity over some future planning horizon is additionally required. We thus also 
associate an AVAI~ABLECAPACIM structure with each resource, which provides this representation of 
anticipated resource utilization. A resource's AVAILABLECAPACITY is represented as an ordered sequence 
of capaclty-Intervals (Figure 49),  with each intelval indicating the activities that are anticipated to be 
consuming capacity within its temporal scope and the capacity that remains available. Further details of 
this representation and its use in scheduling may be found in [SI. 

{(capaclty-Interval 
ISA: calendar-the-Interval 
CAPACITY: 
CONSUMERS: 

range: (SET (TYPE instance Wllizatlon-operatlon)) I} 
Figure 49: The capaclty-interval definition 

4.2.3. Relatlng capactty canstralnts at different levels 
Use of a hierarchical model of the manufacturing system raises an additional issue relative to resource 

capacity constraints: that of maintaining consistency in the available capacity of resources defined at 
different levels of abstraction*. If a machine breaks mwn, for example, the loss in available capacity mst 
be reflected not only in the description of the broken machine, but also in the descriptions of evety 
aggregate resource that "contains" the machine as a sub-resource. 

Propagation of changes in available capacity through different levels in the resource hierarchy requires 
knowledge of the percentage of capacity that each sub-resource contributes to the overall CAPACIW of a 
given aggregate resource. In the case of dispint abstractions, this information is encoded with the 
instance of the sub-resourcesf relation linking a given sub-resource to the abstraction. Recalling this 
relation's definition in Figure 4-1, we see that PCTO-OF-AGGREGATE-CAPACITY is defined as an attrme of 
the relation. We assume that the value of PCTG-OF-AGGREGATEGAPACIM is a value between 0 and 1, and 
that the sum of the values associated with all sub-resources of a given abstraction equals 1. Given this 
information, a change of n units in the available capacity of a subresource R is defined to result in a 

'Here we are using the term -available capacity' in a general sense  ta refer w either the CuRRwr-cwAcm or AVAIUBLEI'AP,WITY 
representation defined above. 
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change of 

in the available capacity of the related aggregate resource. 

In the case of overlapping abstractions, where sub-resources are related to the abstraction via the 
grouped-In relation (Figure 4-6), we define a similar updating scheme. However, since a resource can 
belong to more than one overlapping abstraction, we cannot asmiate PCTGOF-AGGREGATE-CAPAClPl with 
the relation itself. We must instead associate this information with the specifii values in the range of the 
relation as meta-information. For this purpose. we define a pdg*fcapaclty-spec (Figure 4-10), whose 
PERCENTAGE attribute has the same interpretation as defined above. The pctg-of-capacity-spec is also 
used to describe the overlaps-with relations associated with overlapping abstractions (in this mntext 
reflecting the percentage of resources shared by two overlapping abstractions). When the available 
capacity of an overlapping abstraction changes this information is used to update the descriptions of each 
aggregate resource that OVERLAPSWITH the overlapping abstraction. Specification of 
PCTGOF-AGGREGATE-CAPACITY information relative to relations between an overlapping abstraction and its 
"containing" disjoint abstraction is done in the same manner as in the case of the sub-resource-of 
relation, since the overlapping-sub-resourceof relatiin used to define such linkages (Fmre 4-5) is also 
a one-to-one relation. Note, however, that change is propagated across overlapplng-sub-resourceof 
relations only if the overlapping abstraction constitutes the lowest level of precision at which the system is 
reasoning. Otherwise, change will be propagated to the containing disjoint abstraction through 
sub- resourceof relations. 

{(pctg-ofapaclty-spec 
1%: conceptualobject 
PERCENTAGE: I} 

Flgure 4-10: The pctg-of-capaclty-spec definition 

__ ~~~ _ _ ~  _ _ ~  

Determination of appmpriate "percentage of aggregate capacky" values depends on the nature of the 
set defined by a given aggregate resoum. If the aggregate resource represents a set of manufacturing 
alternatives, then percentages are straightforwardly defined (i.e. the CAPACITY of the aggregate is simply 
the sum of the capacities of its constibJents). The situation Ls more ill-defined in cases where the 
aggregate resource represents a set of consecutively utilized resources. Here the CAPACITY of the 
aggregate may be dominated by the CAPACITY of one or more "bottlen@ck" resources. We have no 
compelling methodology for specification of percentages in this case, and rely instead on estimates based 
on performnce characteristics of the actual manufacturing system. 

4.3. Modellng Resource Setup Constraints 
We associate a setuprnatrlx with each resource as a means of specifying setup duration constraints. 

The object defines a MATRIX of durations and a retrieveduration method for accessing the structure. The 
function implementing the method is assumed to be defined in terms of two parameters the operation 
requiring the setup and the sef of operations last utilizing the resource. 

We distinguish between two basic types of s?tup-matrix, a wnflgdependent-setupmatrlx and a 
location-dependent-supmatrlx. In the case of conflg-dependent-setupmat~x, setup duration is 
aSSUmed to be a function of the difference in the resource configuration State implied by the last operation 
performed on the resource and the resource confguration state implied by the current operation. The 
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retrieve-duration method derives the value of the "statedefining" attribute for each operation (e.g. the 
type of product contained in the production unit OPERATED-ON by each operation) and uses these values 
as indices into the SETUP-MATRIX. The matrix itself defines durations for each possible index pair. 

In the case of locatlon-dependent-setup-matrlx. the matrix is precisely the same distance matrix that 
was defined lor tranSOpduratlon-speE in Section 3.6. The retrieveduration method derives "location" 
indices in the same manner as previously specified.". 

{{setup-matrlx 
ISA: Object 

MATRIX: )) 
retrieveduration: 

((conflg-dependent-setupmatrix 
ISA: setup-matrlx 
retrieveduration: get-statio nary-resou rce-selup }) 

isA: setup-matrix 
{(locationdependent-setupmatrlx 

retrieveduration: get-mobile-resourcesetup }I 
Flgure 4-1 1: setupmatrix definitions 

4.4. Modeilng Work Shlft Constraints 
Work shifts specifications provide a framework for representing the periods of time during which 

specific resources are to be operational. More generally, work shift specifications provide a solution to 
representation of time vatying constraints - constraints which vary in nature over different intervals of 
time. For example, circumstances MY dictate some degree of overtime over a specific period of time, 
even though shorter operational period is typically adhered to. 

A work shift specification defines intervals of Operation for a resource (i.e. work shifts) over a specific 
temporal horizon. The work shift specificatins relevant to a specific resource are organized as a rooted 
tree structure, with each subtree defining an alteration lo its parent specification over some portion of the 
temporal scope of the parent specification. In other words, work shft specs are defined as calendar 
intervals (which delineate their temporal scope), and the current-alterations and alteratlonaf relations 
used to define the tree structure are equivalent respectively to the "contains" and "during" temporal 
relations of Allen. 

'%e comments made in Seeion 3.6 regarding use 01 actual location values as an alternative b the matrix am equalty 
appropriate here. 
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{{current-alteratlons 
ISA: relatlon 
DOMAIN: (TYPE instance work-shlft-spec) 
RANGE: (SET (TYPE iflStaW3 work-shffl-spec)) 
INVERSE: alteratlOn-Of )] 

[{alteratlon-of 
ISA: relatlon 

INVERSE: current-alterations 1) 

DOMAIN: (TYPE instance WOrk-Shlft-Spec) 
RANGE: (TYPE instance work-shlft-spec) 

Flgure 4-12: The currentalteratlon8/alt~tlon-of relations 

([Wrk-shffl-SpC 
ISA: calendar-Interval 
CURRENT-ALTERATIONS: 
ALTERATON-: 
SHIFTS: 1) 

Flgure 4-13: The work-shiftspec definition 

A specialization of the work-shlft-spec, the wOrk-shlft-speC-mot, is defined to represent the mot of a 
given resource’s work shift specification tree. lt designates, through an additional SPECIAUZATION4F 
relation, the name of another work shift specification tree, to be used over periods of time not covered by 

association of default work shifts with larger areas of the factory (i.e. cell groups) whlch can be selectively 
modified for particular wbresources in appropriate circumstances. Indeed, the framework is designed to 
accommodate control policies which dynamically alter work shm specifications according to 
characteristics of the current production state. 

A method compile-shifts is also associated with the work-shlft-spec-mot. This method transforms the 
specification into an array representation (stored in the COMPIEDSHIFTS slot of the resource) that is more 
efficient from a computational standpoint. Thus, it is assumed that alterations to a given resource’s 
specification are followed by a recompile. 

the W t ’ S  CURRENT-ALTERATIONS (Or If the root has Ix) Current alterations). This prWideS a basis for 

[[work-shift-spec-root 
ISA: Wrk-Shlft-spec 

SPECIAUZATIONA3F: 
START-TIME: 0 

wrrpile-shifts: campi le-shifts 

ENO-TIME: ‘time-infinite’ J) 

Flgure 4-14: The work-shlft-spec-root definition 

Work-shlft-specs contain descriptions of work shifts. A shlft is defined as an hours-of-day-Interval 
with an associated work-week. A work-week is, in turn, defined as a days-of-week interval. 
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({shlfl 
IS-A: hours-ofday-Interval 
WORK-WEEK: }] 

((work-week 
ISA: daysof-week-Interval 1) 

Flgure 4-15: Shift and work-week definitions 

Some sample subtypes and instances are given below. 

({8torl.shlfl 
ISA: shift 
START-TIME: 28800 
END-TIME: 57800 ]] 

({mon-fri-wwk 
INSTANCE: work-week 
START-TIME: 0 
ENO-TIME: 4 }} 

({%iay-ist-shifl 
INSTANCE: 8104-shifI 
WORK-WEEK m 0 k f l l - W  )] 

Figure 4-16: Shift examples 

4.5. Modeling Resource Breakdowns 

we focus on representing two parameters: 
Another attribute of a resource is I s  failure characteristics. In modeling resource failure characteristics, 

time to next failure - This parameter relates lo the frequency at which the associated 
resource breaks down. 

amount of capacity lost - This parameter relates to the amount of utilization capacity lost as a 
result of any given breakdown of the resource. It provides a means of mdeling "partial" 
breakdowns of aggregate resources. 

These parameters are defined for any given resource through association of a breakdown-spec (see 
Figure 4-17). The breakdown-spec provides a framework for specifying probability distributions relative 
to both of these parameters, and defines a get-actual-breakdown-parameters method which returns a 
sample drawn from each distribution. A second method called ger-expeUed.breakdown-paramelers is 
also defined lor use in reasoning about the Mure. It simply returns the specified mean of each 
distribution.' 

"It should be noted that, unlike the spedficalion of Operation duration wnsirainis, Lhe parametem of resource breakdown 
disuibutions are defined in absolute terms and therefare cBn be stored directly with the SIMPAK dishibulion objea. 
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{(breakdown-spec 
IS-A: conceptualobject 
gef-breakdown-chafacterislics: get-mean-time-to-failure get-mean-capacity-lost 
gef-aclual-breakdown-para mere^: cak-time-to-failu re calccapacity-lost 
TIME-TOFAILURE-DISTRIBUTION: 

CAPACITY-LOST-DISTRIBUTION: 
range: (TYPE instance Uistrlbutlon-object) 

fange: (TYPE instance dlstrlbutlon-object) I} 
Figure 4-17: The breakdown-spec definition 

One additional issue regarding resource breakdowns is specitication of the repalr-operatlons required 
to return a failed resource to an operational state. To this end, we also associate a REPAIR-PLAN with each 
resource, which specifies the "root' Operation of a hierarchical description of the resource repair process. 

4.6. Ascribing control responslbiilty to resources 
Analogous to the treatment of control-polnts in Section 3.6.2, control responsibility is alSo ascribed to 

resources for purposes of simulating the behavior of the manufacturing system. More specifically, each 
resource is defined to be responsible for managing three associated queues: 

PENDING-OPERATIONS -which contains a set of utilization operations that are waiting to utilize 

INPROCESSOPERATIONS - which contains tha set of operations that are cunently utilizing 

COMPLETEDOPERATIONS - whch contains the set of operations that have just finished utilizing 

The semantics underlying the use of these queues (i.e. how the slate of the queues change over time) 
are specified in terms of three basic transition methods: Lwgin-opmbion, end-operarim, and 
preempf-operation (the last of which occurs as a result of a resource failure). 

capacity of the resource, 

capacity of the resource. and 

capacity of the resource. 

Note that of these possible state transitions, only begin-operation inwlves any decision-making (i.e. 
which Of the PENDINGOPERATIONS should be Started at a given point, if any). As was done with 
control-polnts, we encapsulate the specific decision procedure to be used in this case as the resource's 
mnrfo/-p/icy. This control-policy is applied by the begin-operalion method when the latter is enabled. 

We refer the reader to [SI for further details of these control methods and their use in the context of 
simulation. 

4.7. Resource Descrlptlons 
Having now addressed the mapr representational issues vis a vis resources, we can now complete the 

picture by considering the description of resources themselves. Figure 4-18 defines those attributes that 
are common to all resources. Note that all attributes discussed in previous sections do not appear in this 
basic definition of resource. These missing attributes are characteristic of only certain types of resources 
and will be introduced as various specializations of resource are considered bebw. The only attributes 
not previously mentioned are 

STATISTICS, which Selves as a repository for statistics relating to utiliiatiin of the resource, 
and 

SCHEDULING-LEVEL and SIMULATION-LEVEL, which are discussed in Section 4.8 bebw. 



([resource 
ISA: physlcal-object 
TYPE: 

SUBRESOUACES: 
SUBRESOURCE-OF: 
OVERLAPPING-SUB-RESOURCES: 
OVERLAPPING-SUBRESOURCE-OF: 
GROUPEDSUERESOURCES: 
GROUPED-IN: 
OVERLAPSWITH: 
CAPACITY: 
CURRENTGAPACITY: 
AVAILABLE-CAPACITY: 

BREAKDOWNSPEC: 

REPAIR-PLAN: 

range: (OR disjoint-aggregation overlapping-aggregation atomic) 

range: (SET (TYPE instance capacfty-interval)) 

range: (TYPE instance breakdown-spec) 

range: (MPE is-a repalr-operation) 
STATISTICS: 

range: (TYPE instame resourcestats-report) 
SCHEDULINGLEVEL: 

SIMULATION-LEVEL: 

DESCRIPTION: 1) 

range: (OR t nil) 

range: (OR t nil) 

Flgure 4-16 The resource definition 

4.7.1. Statlonary Resources 
Stationary resources are those resources that have a fixed location within the manufacturing system. At 

the atomic level, stationary resources include individual machines and work stations. At abstract levels, 
stationary resources are functional work areas corrposed of collections of machines and/or work stations. 

As previously stated, stationary resources will ahvays be designated as primary resource requirements 
for manufacturing-operations if they are present in the manufacturing system being modeled. This 
being the case, the definition of stationary-resource (Figure 4-19) includes the previously discussed 
methods, queues, and control poky that enable control decisions to be made (i.e. begin-operalion, 

and confro/-p//cy. We also associate shift constraints (i.e. WORKSHIFT-SPEC and COMPILED-SHIFTS) with 
stationary-resources, again a consequence of their role as primary resouross. Given the nature of setup 
in the context of a statlonary-resource, its associated SETUP-MATRIX is constrained to be configuration 
dependent. Finally, an attribute indicating a stationary resource’s LOCATION is introduced. 

efld-O/Jem#On, /J#em/Jl-OPf&b7, PENDINGOPERATIONS. INPROCESS-OPERATIONS, COMPLETEDQPEFWTIONS 
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({ statlo nary-resou rce 
ISA: TBSOUrCB 
begin-operation: start-op-transition-fun 
end-operation: end-op-transition-tun 
preempt-operation: breakdown-transition-fun 
conimol-policy: 
PRIMARY-RESOURCE-FOR: 
LOCATION : 

SETUP-MATRIX: 

WORKSHIFT-SPEC: 

COMPILEDSHIFTS: 
PENDINGOPERATIONS: 

IN PROCESSOPERATIONS: 

COMPLETEDdlPERATIONS: 

range: (LIST integer integer) 

range: (TYPE instance confg-dependent9etup-mstrlx) 

range: (TYPE instance work-shltt-spec.root) 

range: (SET (TYPE instance utlllratlon-operatlon)) 

range: (SET (TYPE instance utlllzatioboperatlon)) 

range: (SET (TYPE instance utlllzatbn-operatlon)) }I 
Flgure 4-19: The statlonary-resource definition 

Statlonary-resource is specialized into work-ceII and cell-group to distinguish between atomic and 
aggregate stationary resources. 

({work-cell 
ISA: stationary-resource 
TYPE: atomic I} 

{(cell-group 
ISA: statlonary.resource 
TYPE: 

range: (OR disjoint-aggregation overlapping-aggregation) )) 
Figure 4-20 atomic and aggregate statbnary resources 

Finally, with respect to cell-groups, we distinguish between the two basic types of functionally-related 
resource groups defined in Sedion 4.1: parallelcell-groups, which delineate manufacturing alternatives, 
and serial-cell-groups, which represent resources configured for consecutive utilization. 



({parallel-cell-group 

[(serial-cell-group 

ISA: cell-group )I  

ISA: Wll-grOUp )) 
Flgure 4-21 : Parallel and serial cell groups 

4.7.2. Moblle Resouroes 
Mobile resources are those resources that do not have a fixed location in the manufaduring system, 

but rather move (or are moved) between bcations over time. Mobile resources encompass human 
resources, transport devices, and tools. Since each of these types of resoume has fairly unique 
characteristics, the definition of rnoblle-resource (Figure 4-22) serves only to distinguish between mobile 
and stationary resources and does not introduce any additional attributes. 

{ (mobilsresource 
ISA: resource }] 

Flgure 4-22: The moblle-resource definition 

The humarkresource subtype of moblle-resourCB (Figure 4-23) defines those resources that 
comprise the human wok force. Depending on the characteristics of a given manufacturing environment, 
human resources might be defined as either primary or seoondaty rewrces from the standpoint of 
allocation. More precisely, we assume that, in the absence of stationary resources, human resources will 
wnstiiute the primary resource requirements of both manufacturlng-operatlons and 
resourcesupport-operatlons. Given this potential role, a human-resource is defined with the methods 
and attributes accorded to resources that can participate in control decisions, and shift constraints are 
also associated. Finally, its SETUP-MATRIX is constrained to be location dependent. 

((human-resoufix 
ISA: mobileresource 
begin-operation: start-op-transition-fun 
end-opefaiion: end-optransition-fun 
pfeempl-operation: breakdown-transition-fun 
PRIMARY-RESOURCE-FOR: 
SECONDARY-RESOURCE-FOR: 
SETUP-MATRIX: 

WOFIKSH I FT-SPEC : 

COMPILED-SHIFTS: 
PENDINOOPERATIONS: 
INPROCESSOPERATIONS: 
COMPLETEDGPERATIONS: )) 

range: (TYPE instance location-dependent-spmatrlx) 

range: (TYPE instance work-shlft-speeroot) 

Flgure 423: The human-resource definition 
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Human-resource is specialized into operator and operator-group to distinguish between atomic and 
aggregate human resources (Figure 4-24). 

{{operator 
ISA: human-resource 
TYPE: afomk)]  

({operator-group 
ISA: human-resource 
TYPE: 

range: (OR disjoint-aggregation overlapping-aggregation) )) 

Flgure 4-24: atomic and aggregate human resources 

The transport-devke subtype of rnobllerescurce (Figure 4-25) delineaies mechanical devices (as 
opposed to human resources) that are used to transport production units from one location to another. A 
transport-devlce can only be required by transport-operatlons (see Section 3.6), and in this context will 
always be the primary resource required. Given this role as a primary resource, a transportdevlce is 
also defined so as to enable its participation in control decisions. 

({transport-devlce 
ISA: mobllsresource 
begin-operation: startap-transition-fun 
end-operation: end-op-t ransitiin-f u n 
preempt-operafion: breakdown-transition-fun 
PRIMARY-RESOURCE-FOR: 
PENDING-OPERATIONS: 
INPROCESSOPERATIONS: 
G0MPLETEDI)PERATIONS: }} 

Flgure 4-25: The transpondevlce definition 

A final subtype of IIIObllO-NcloUrc0 is tool-resource (Figure 4-26). A tool resource can only be defined 
as a secondary resource, and thus has no role in the control of operations. As with other types of 
resources, we specialize too1-rBsource into tool and tool-group (not depicted) to distinguish between 
atomic and aggregate tool resources respectively. 

({tool-resource 
ISA: rnoblleresource 
SECONDARY-RESOURCE-FOR: )) 

Flgure 4-26: The tool-resource definition 
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4.8. Regulating the level of preclslon of declslon-maklng 
Given a hierarchical model of resources defined according to the representational primitives put forth in 

the preceding sections, it is straighlfonvard to superimpose a framework for regulating the level of 
precision at which specific resources are reasoned about. We simply assoclate a "market' with each 
resource indicating whether or not the resource resides at the desired level of precision. In the case of 
primary resources, the marker is used to determine whether descent to a more detailed description of 
manufacturing operations (and required resources) is appropriate (since our representation assumes that 
levels of manufacturing process descriptions mirror the levels of description defined relative to primary 
resources). In the case 01 secondary resources, the marker slmply bounds the level of precision at which 
their allocation is considered. Recognizing that it may be desirable to differentiate between the level of 
precision at which resource allocation d6cisions are anticipated (i.e. through scheduling) and the level at 
which mntml decisions are actually modeled (i.e. through simulation), we actually asmiate two such 
markers with each rewurce: a SCHEDULINGLEVEL and a SIMULATION-LEVEL. In both cases, the value is 
constrained to be tor nil. 

5. Modeling Products, Demands and Production Units 
We now turn attention to representation of the entiiies that are manipulated and transformed by the 

manufacturing system. As indicated in Sectin 3, manufacturing adiiities are defined to OPERATE-ON 
productlonunlts. Production units represent collections of produds that are manufactured together 
and production units are created in response to product demands. As such, their representation 
necessarily relies on representations of related product and demand information. The modeling of these 
three types of entities is the focus of this section. 

Before proceeding, one general comment regarding our modeling perspective is in order. We are 
interested in models of produds and demands from the standpoint of simulation and scheduling, and will 
address representation issues from this constrained viewpoint. Consideratiin of other modeling 
perspectives (e.g. product design, process planning, accounting) would obviously lead to much m r e  
comprehensive representations of products and demands. 

5.1. Product Descrlptlons 
We refer to the objects actually produced by the manufacturing system, either as final outputs of the 

system or as input materials to more comprex objects, as products. Within our modeling framework, 
product descriptions are intended to provide a basis for organizing information about products that is 
relevant to its manufacture. 

One central characterlstic of a product in ths regard, of course, is the manufacturing process by which 
it is realiied. We have already addressed the details of representing manufacturing prooesses (Section 
3), and a given product's PRODuCTION-PU\N is defined in this manner. More precisely, this product attribute 
designates the 'mol' operation of a hierarchically described prototype manufacturing process (specified 
according to the representation defined in Section 3). Typically, there is oornmnality in the manufacturing 
processes associated with different products. For exanple, in the semiconductor domain the 
manufacturing processes of two different types of wafers might vary only In the particular types of masks 
that are required for exposing operations (see example in Section 3.3). We take commonaliiy of basic 
manufacturing process as a basis for organizing product descriptions into a type hierarchy. We define the 
notion of PRODUCT-FAMILY to represent a set of products whose manufacture follows the same basic 
process, and assume that Intermediate levels In the product type hierarchy deslgnate specific product 
families. Production plans are associated at the level in the type hierarchy at which PRODUCT-FAMILY 
attributes are defined, and are inheritable by all specific product types defined at lower levels. 
Individuating characteristics required for interpretation of a PRODUCTION-PLAN relative to a specific produd 
type are associated with the definition of that product type. Such a type hierarchy is illustrated in Figure 
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5-1. 

product  

t 
NWafe\ 

M S 1 - w a f e r  M S 2 - w a f e r  

product-family: MSi 
production-plan: make-MS1-wafer 

M S 1 - w a f e r 1  M S 1 - w a f e r - n  

mask-type: MS1 -wafer1 mask 

Flgure 51: An example product type hierarchy 

Wlh respect to mrrpositional relationships belween products, which are important from the standpoint 
of mapping product demands to production requirements, we can identify two general cases: 

subassemblylassembly relationships - Much of manufacturing consists of the production of 
products which then become component materials for the production of composite products. 
In such cases, demands for composite products must be decomposed into demands for 
component products to determine production requirements. 

aggregate/disaggregate relationships - In other situations, manufacturing consists of the 
production of produds which are then disaggregated into other products (e.g. manufacturing 
wafers and then dicing them into chips). In these cases, demands for final products must be 
aggregated into demands for internally manufactured products to determine production 
requirements. 

These two situations can be treated uniformly by viewing the relationships from a material requirements 
perspective. Production of a composite product requires the prior production of each component material 
(product). Similarly. production of products through disaggregation requires the prior production of the 
material (product) to be disaggregated. 

We define the materlal-requlrement~materlal-~ulrement-for relation pair (Figure 5-2 to express 
these product relationships. In the case of material-requlrement-for, we assume that a quantlty-spec 
(Figure 5-3) is attached as meta-information to each value in the range of the relation, indicating the 
"amount of material" that is required for production of the range product. In cases where the 
material-requirement-for relation is used to relate a component product to a composite product, 
QUANTITY simply designates the number of that component that is required for production of the composite 
product. In cases where material-requlrement-for is used to relate an aggregate product to a 
disaggregated final product, OUANTIN indicates the percentage of the aggregate product required to 
produce one disaggregated product. Figure 5-4 illustrates the use of the materlal-requlrements and 
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materlal-requirement-lor relations to express inter-product relationships. 

{{rnaterlal-requirements 
IS-A: relation 
DOMAIN: (TYPE instance product) 
RANGE: (SET (TYPE instance product)) 
INVERSE: materlai-requlrement-for )I  

({material-requlrement-for 
ISA:  r e l d O I l  

RANGE: (SET (TYPE instance product)) 
DOMAIN: (TYPE instance product) 

INVERSE: material-requirements )) 
Flgure 52: The material-requlrememslmaterlal-requirement-for relations 

Figure 5-3: m e  quantity-spec definition 

material-requi rements material-re4uirements 

material-requirement-for material-requirement-for 

Flgure 5 4 :  An example of inter-product relationships 

We assume that the material-requlrements relation defines a conjunclive set of requirements, and 
thus situations where material alternatives exist must be modeled by defining separate "material 
requiring" products. This assumption seems reasonable in the case of assemblies, since subcomponents 
are typically rigidly defined during product design and we would expect experimental designs to be 
separately named. And in situations of production by disaggregation, where there is often flexibility in the 
mapping of internally manufactured products to the disaggregated final products, we claim that the 
assumption is not as restrictive as it might first appear. Consider an example from the semiconductor 
manufacturing domain, where top level demands are for ch ip  and the production of chips (in our t e r n )  
requires wafers as materials. Typically there is a one to one correspondence between chip types and 
wafer types, but some wafer fabrication technologies provide the flexibility to manufacture different chip 
types on the same wafer. This implies the possibility of alternative material requirements for a given chip 
type and, given the above modeling assumption, the need for multiple product definitions. However, given 
the magnitudes of the quantities of chips that are typically ordered, there would seem to be l i l e  to be 
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gained (at the expense of considerable addtonal complexity) from the unconstrained placement Of 
different chip types on a given wafer. More realistically, multiple chip type wafers would be defined 
relative to typical chip relationships (e.g. the types of chips required for a pafticular device), which map 
quite naturally to the definPion of specific end products (e.g. computerl-chipset). 

In situations where the production of a product requires the prior production of input materials. some 
indication of the time required to pmduce the end product once input materials are available is needed to 
properly establish the manufacturing requirements (e.9. due dates) relative to intermediate products. We 
associate an AVERAGE-LEAD-TIME with each product description which contains this information. 

A final general attribute of relevance to a product's manufacture is its PRODUCTION-OUANTIT~. Products 
are often manufactured in speciric quantities due either to economies of scale or physical constraints 
relating to their manufacture (e.g. product movement). A product's PRoDucnoN-QuANnTY simply indicates 
the batch size12. This information constrains the instantiation of the production-unlts that are actually 
manipulated by the manufacturing system. 

Figure 5-5 lists the complete definition of product. In addition to the characteristics just discussed, we 
speciry a PRODUCED-BY relation, which associates a product type description whh currently instantiated 
produdion units that are composed of products of that type. This relation will be discussed in Section 5.3 
below. 

[{product 
ISA: physlcakobject 
PRODUCT-FAMILY: 
PRODUCTION-PLAN: 

PRODUCTION-OUANTITY: 
MATERIAL-REQUIREMENTS: 
MATERIAL-REQUIREMENT-MR: 
AVERAGE-LEADTIME: 
PRODUCED-BY: )) 

range: (TYPE is-a opftratlon) 

Flgure 5-5: The product definlion 

5.2. Demand descrlptlons 
We introduce the concept of a demand (see Figure 5-6) to represent an obligation for delivery of 

products that the manufacturing system has committed to. Generally speaking, A demand specifies 

Demand REQUESTS are mapped into PROOucnoN-REauiREMENTS, which represent the total set of product 
requests that the manufacturing system must satisfy (Le. both intermediate and end products). A 
demand's PRODUCTION-REQUIREMENTS, in turn, guide the formation for productlon-unlts for release to the 
manufacturing system. 

From the standpoint of scheduling and control of the manufacturing system, demands also specify 
infomation relating to their relative priority. We identify two such attributes (assumed to be a function of 

REOUESTS for quantities Of SpeCific PrOductS 10 be satisfied within a REQUESTED-PRODUCTION-INTERVAL. 

the demands INITIATOR): 

'2of murre the PRODUCTK)N-OUANTIM will be I in cases where products are manufactured individually 
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PRIORIPI-CLASS - The partitioning of demands into a discrete set of priority classes is a 
commonly employed method for specwying the relative importance of the associated 
demand. Priority classes provide one basis for differentiating among alternative scheduling 
and control policies. We assume the possible values of this attribute lo be domain- 
dependent (e.g. hot, red-hot, etc.). 

TARDY-COST - Tardy cost is defined to be the cost penalty per time unit for late delivery of the 
requested products. Tardy costs provide an additional basis for trading off alternative 
resource allocation decisions. 

({demand 
IS-A: conceptualobject 
RMUESTS: 
PRODUCTION-REQUIREMENTS: 
INITIATOR: 
REOUESTED-PRCOUCTION-INTERVAL: 

PRIORITY-CLASS: 
TARDYGOST: 
CONTRACT-DATE: )) 

range: (TYPE instance calendar-interval) 

Figure 5-6: The demand definition 

We specialize demand into three subtypes, according to the nature of the demand's INITIATOR: 
CuSMmerorUer - Customer orders represent external demands that have been placed on 

engineerlng-work-order - Engineering w o k  orders represent internally generated demands 

*stock-order - Stock orders represent internally generated demands for purposes of 

Given our modeling interests (Le. simulation and scheduling), the motivation for this demand type 
hierarchy is to provide a basis for defautl speciriatiin of PRIORITY-CUSS and TARDY-COST values. In a 
broader modeling context (e.g. encompassing order administration and accounting model interpretations), 
these definitions would necessarily require elaboration. 

the manufacturing system 

relating to testing of product manufacturing processes and produd changes. 

maintaining inventory levels. 
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{{customer-order 
ISA: demand 
INITIATOR: 

range: (TYPE instance customer) }} 

(I englneerlng-work-order 
IS-A: demand 
INITIATOR: 

range: (TYPE instance englneer) 1) 

({stock-order 
ISA: demand 
INITIATOR : 

range: (TYPE instance stock-manager) )) 

Flgure 5-7: Specializations of demand 

Specific demand requests and production requirements are uniformly represented as 
productlon-requests (Figure 5-8). A productlobrequest specifies a request for some QUANTITY of a 
specific PRODUCT. INITIATOR requests are linked to demands via the requests/request-of relation pair 
(See Figure 5-9). The production requirements that are implied by the specified INITIATOR requests are 
related to the demand via the productlobrequlrementoWproductlon-requlremems relation pair (see 
Figure 5-1 0). Note that productlon-requirement-for is defined as an inheritance relation, extending the 
definition of production-request In the context of production requirements to include 

associated demands REauEsTEo-PAooucTiO-iN~~vAL is interpreted as a default which may be 
overridden during determination of production requirements (e.g. the due dates of component materials of 
an assembly must allow time for the assembly). A satisfied-by relation is also introduced in the definition 
of production-request for purposes of relating production requirements to production-unlts. This 
relation is discussed below in Section 5-16. 

REQUESTEDPRODUCnON-INrrAVAL. PRIORITY-CLASS, and TARDY-COST. Ill this MSe, the Value Of the 

((productlon-request 
IS-A: conceptual-object 
REQUESTOF: 
PRODUCTION-REQUIREMENT-OF: 
SATISFIED-BY: 
PRODUCT: 

QUANTITY: }} 
range: (TYPE instance product) 

Flgure 5-8: The production-request definition 



{ {wuests  
ISA: relation 
DOMAIN: (TYPE instance demand) 
RANGE: (SET (TYPE instance production-request)) 
INVERSE: WqUest-Of )) 

{{request-of 
IS-A: relatlon 
DOMAIN: (TYPE instance production-request) 
RANGE: (TYPE instance demand) 
INVERSE: reqU&S 1) 

Flgure 5-9: The requestslrequest-of relations 

{{ production-requlremems 
IS-A: relatlon 
DOMAIN: (TYPE instance demand) 
RANGE: (SET (TYPE instance production-request)) 
INVERSE: production-requlrementof )} 

IS-A: relation 
DOMAIN: (TYPE instance productlon-request) 
RANGE: (TYPE instance demand) 

INCLUSION: (instance Inclusion-spec 

{{ production-requlrement-of 

INVERSE: p l U d U c t ~ ~ - r 6 q U l ~ e ~  

PIPE: slot 
SLOT-RESTRICTION: requested-produdion-interval tardy-cost priority-class) 1) 

Flgure 5-10: The produdlon-requirements/p~udlon-requireme~~f relations 

In Figure 5-11, we graphically illustrate the representation of a particular demand at a point after 
production requirements have been determined. In this example, a request for chips (whose production is 
assumed to be defined as a wafer dicing activity) leads to an additional wafer production req~irement.'~ 

5.3. Production unit descriptions 
Production units model the objects that are actually manipulated by the manufacturing system. They 

are defined to represent sets of one or more product instances which travel through the system and are 
manufactured together. As we have previously stated, production units draw parl of their definition from 
characteristics of their member products and part of their definitbn from the demands that they are 
designated to satisfy. Wilh respect to grooping products into production units, the only constraint we 
impose is that all member products belong to the same product family (Le. all member product types 
share the same PRmucnoN-Ptm). WRh respect to associating production units with demands, we allow a 

c o ~ s e .  me deasion 10 incl~de cn ps as a prodLction reqLiremen1 and model the anespoming dicing acrivity 6s LP to the 
mode bLilmr. who musl specsly me mapping horn reqwsis IO production re+irernmh Spedfmbon of this mappinp .s considered 
~ e b w  in Secton 5 4 
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5 s  production- 
\requirement-for 

Figure 511 : An example demand with associated productin requirements 

production unit to contribute to the satisfaction of mre than one production request. Both of these 
assumptions are less restrictive than is required in many manufacturing environments. However, the 
actual policy employed to configure production units can be specified to match the charac!eristics of !he 
specific manufacturing system being modeled (see Section 5.4). 

In addressing the representation of production units, we first define relations for use in associating 
production units to products and demands, and then present their complete definition. 

5.3.1. Relating productlon unlts to products 
We define the producedproduced-by relation pair (see Figures-12 to associate respectively a 

production unit with the type@) of products that the production unit will ultimately "produce", and a product 
type with all currently instantiated production units that are "producing" products of that type. The 
produces relation is defined as an inheritance relation which provides a production unit with the prototype 
PRODUCTION-PLAN required for its manufacture. Since we impose the constraint that all product types 
grouped within a given production unit must share !he same PRODUCTION-PIAN, inheritance of this 
information in situations where production units are comprised of multiple product types presents no 
problems (i.e. inheritance from any of the product types designated by the produces relation will yield the 
same va1ue).'4 

14The possiMy of multiple assodated product types cbes however inuarhce some wmplications relake to hrrther exploitation of 
produces as an automatie i n h n c a  mechanism. We have seen in Sedions 3 hat  vatious aspects of maufacacuring activiks may 
rely on productdependent information (9.g. Um specjficabon of semndary r ~ ~ w 1 r c a 6 ) .  and one might wnsider redefinitim of ihe 
produce# inheritance semantics to make thi informalban automatically inferrible fmm the production unit. However, in situations 
where multiple product iypes am associated. the desired hkfmca might be (1) the value associated with any ol the product types, 
(2) a lis1 of h e  values associated wih each product type, or (3) some value that is a funclan of the values assaciated with each 
product type. The tint two cams can be managed through appropriate setting of the Shher#-a/f inhenlance c o m l  switch, but Ihe 
third w e  is not an inference that is supponed by the CRL inheritance mechsnism. An appmach to modeling this last type of 
Sibation is mnsidered below relative to h e  p r o k m  of reiating dema& to pmduaion units. 



[ [produced-by 
IS-A: relatloll 
DOMAIN: (TYPE is-a product) 

INVERSE: PrOdUCeS )) 
RANGE: (SET (TYPE instance production-unlt)) 

({produces 
IS-A: I 'dMlOn 

RANGE: (SET (TYPE is-a product)) 
INVERSE: ProdUWd-bY 

DOMAIN: (TYPE instance production-unl) 

INCLUSION: (instance Incluslon-spec 
TYPE: Slot 
SLOT-RESTRICTION: prodUctiOn-plan ) )) 

Figure 5.12: The produced-bylproduces relations 

The definition of the produceslproduced-by relation pair in terms of instances of production units and 
types of products is motivated by a desire to provide flexibility with respect to the manner in which 
materials and material flows are modeled. In many modeling contexts, product instances have no 
distinguishing characteristics from a manufacturing perspective, and it is sufficient to model the contents 
of produdion units and inventories of materials as numerical quantities. In modeling turbine blade 
production, for example, there is little to be gained by representing each individual blade in the system. 
On the other hand, there are modeling contexts which do require an explicit representation of product 
instances. Consider the problem of evaluating various scrapping policies in the wafer fabrication domain. 
One set of possible policies might be based on the number of times a gken wafer has undergone rework, 
which would require a model that represents individual wafers and maintains a REWORK-COUNT with each 
one. The has-members/memberof relation pair is defined to support such situations. 

{{member-of 
IS-A: relation 
DOMAIN: (TYPE instance producl) 
RANGE: (TYPE instance productlon-unlt) 
INVERSE: hawmrnbers )) 

{[has-members 
ISA: d a t l O l l  

RANGE: (SET (TYPE instance product)) 
DOMAIN: (TYPE instance production-unl) 

INVERSE: member-of )) 

Figure 5-13: The member-oflhas-members relations 

5.3.2. Relating production unlts to demands 
The sat lsf les-r8que~sat l~l~by relation pair (see Figure 5-1 4) provides primitives for relating 

production units lo the produdion requirements they are intended to satisfy (and vice versa). As with the 
earlier defined produces relation. we define satisfies-request as an inheritance relation, in this case to 
allow automatic inference of demanddependent information that is relevant to the control of production 
Units. The atlribLIteS REQUESTED-PRODUCTION-INTERVAL. PRIORIM-CLASS, and TARDY-COST are contributed 
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to the definition of production units through this relation. 

[{satlsfled-by 
IS-A: relatlon 

RANGE: (SET (TYPE instance prodUctlOn-Unlt)) 
INVERSE: satisfleswquest )) 

1%: relatlon 
DOMAIN: (TYPE instance production-unlt) 

INCLUSION: {instance Incluslon-spec 

DOMAIN: (TYPE iS-a prodUalOn-reqUest) 

({sat isf les-request 

RANGE: (SET (TYPE is-a prodUCtlOn-reqUest)) 
INVERSE: SatlSfied-by 

TYPE: sbt 
SLOT-RESTRICTION: requested-produdion-interval priority-class tardy-cost } )) 

Flgure 5-14: The satlsfled-bylsatlsfirequest relations 

It is important to note that the inherltance of values through the satisfies-request relatin is only 
meaningful in modeling contexts where the mapping from production uniis to production requirements is 
constrained to be one-to-one. Since such a mapping represents m m m n  practice in many manufacturing 
environments the relation is defined in this manner. However, I production units are allowed to contribute 
to the satisfaction of more than one produdbn requirement, then only attributes (and not values) can be 
inherited through the satlsflecl-request relation and methods must be provided to derive the values. To 
this end, we add the methods g e f - r e q u e s t ~ ~ ~ t - ~ ~ f 8 ~ ~ ,  gefpriority-dass and get-tardyast to 
the definlin of productlowunit. These methods, if they exist, are invoked to establish values by 
insfantiate-productu~if (discussed bebw) . 

The mapping fmm production requirements io production uniis specified by the satlsfled-by relation is 
always assumed to be one-to-many. Thus, we assume attachment of a quantity-spec (recall Figure 5-3) 
as meta-information to each value designated In the range of a given satlsfled-by relation to indicate the 
portion of the production requirement to be satisfied by the associated production unit. 

Figure 5-15 provides an example of production unit, production request, and product relationships 

5.3.3. Other Attributes 
In addition to the information that is attributed to production units by virtue of relationships to specific 

product types and production requests, productions units have defining characteristics of their own. These 
characteristics are identified in the definition of productlon-unlt contained in Figure 5-16, along with the 
relations and methods identified above. In the following paragraphs, we describe these additional 
attributes. 
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prod-req2 p r o d - r e q l 0  

product: MS1 -wafer1 product: MS1 -wafer1 
quantity: 50 

... ... ... 
satisfies-request satisfied-by 

M S 1 - w a f e r 1  
production-plan: satisfied-by 

Flgure 5-15: Production unit, production request, and product relationships 

({production-unlt 
ISA: physlcalobject 881 
instantiategroductuni~ create-p-u n l  
get-requested-~~uction-inte~a~ 
get-priarity-dass: 
ge!-tardy-cust 
PRODUCES: 
HASMEMBERS: 
QUANTITY: 
SATlSFl ESREOUEST: 
INSTANTIATEDPIAN: 

CURRENTSTATE: 
HASSUBUNITS: 
SUBUNIT-OF: 
STATISTICS: 

range: (TYPE instance operatlon) 

range: (WPE instance punlt-stats-repoft) )) 
Flgure 5-16: The productlon-unl definition 

~ ~ 

One obvious characteristic of a production unn that is imponant from the standpoint of coordination is 
its QUANTITY, which is simply the number of products that the production Unit contains. AS we have seen in 
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Section 3, this attribute can be important in interpreting various aspects of the production unit's prototype 
PRODUCTION-PLAN (e.g. operation duration constraints). Production units also have attributes related to 
their current manufacturing state. One attribute that provides such information is the production unit's 
INSTANTIATED-PLAN, As we have previously discussed, interpretation of the prototype production plan as 
the production unit travels through the manufacturing system (or prior to its manufacture if advance 
schedules are to be developed) results in the creation of a network of instantiated operations. At any point 
in time, a production unit's instantiated production plan, or more specifically the instantiated root operation 
that is actually stored as the value of INSTANTIATEDPLAN. contains a STATUS and EXECUTION-INTERVAL that 
reflect basic aspects of the productin unit's current state. We also define and aswciate a CURRENTSTATE 
attribute with the production unit itseif, to provide a framework for user-defined extensions to the 
representation. In the wafer fabrication example presented in Figure 3-9 of Section 3.2, for instance, 
CURRENTSTATE might be defined to take on values such as levell. /evelZ, etc. 

There are often situations that dictate a reconfguration of production units at some point during the 
manufacturing process. For example, the outcome of a particular rest" operation may indicate that some 
percentage of the producton unit must be re-routed for rework operations. As we have already Seen in 
Section 3.6.2, such situations are modeled within prototype production plans through the use of various 
split and join operations. Instantiation of these operations in the context of specific production units, 
however, requires an ability to model the relationship between an initial production unit and any 
decomposition of that unit that has transpired. To this end, we define the has-subunltslsubunltof 
relation pair (see Figure 5-17). The SUbUnltQf relation is defined to allow inheritance of all "parent" 
production unit attributes except those relating to its compo~ition.~~ 

((has-sub-units 
ISA: relation 
DOMAIN: (TYPE instance production-unit) 
RANGE: (SET (TYPE instance productionunlt)) 
INVERSE: sub-unltai 1) 

((sub-unit-of 
I S A :  IWlatlOn 
DOMAIN: (TYPE instance productlon-unit) 
RANGE: (TYPE instance production-unit) 
INVERSE: has-subunlts 
INCLUSION: (INSTANCE InClUSlOn-SpM 

TYPE: Slot 
SLOT-RESTRICTION: (NOT quantity has-members produces) } } I  

Figure 5-17: The sub-unlt-of/has-subunits relation pair 

The following two attributes complete the definition of productlotbunit listed in Figure 5-16: 
ins laot ia te -pron-un i~ ,  which is a method that is called to instantiate a particular 
production unit, and 

STATISTICS, which serves as a repository for statistics relating to the behavior of production 
units. 

'%e value of h e  pmducea relation is exduded here bemuse of ttm possibility that a submmponent muld consist of only a 
subset of h types 01 products 'producab by the parent Recall. however, mat all pmduct types appearing in a given production unit 
must share the Same production plan, so there is no mmplicatbn in inheriting the mThNnr\EwLP*I. 
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5.4. Mapplng demands to productlon units 
As suggested in the above discussion of demands, products, and production-unlts. the activity of 

mapping a set of current demands into a set of production units to be manufactured is conceptualized 
within the modeling framework as a two Step process: 

1. the set of demand requests is first translated into a set of production requirements, and 

2. a set of production units is then formulated whose manufacture will satisiy the Set of 

Given a manufacturing model, the first step is well-defined; it simply involves interpretation of the material 
requirements associated with the product specified in each demand request (Le. the explosion of product 
“bills of materials” to determine all production requirements). The second step, alternatively, is much more 
a function of the characteristics and policies practiced in a given manufacturing environment. For 
example, in a computer board asserrbly and test facility where products are manufactured individually, 
the mapping from production requirements to production units is straighlfoward and invariant. On the 
other hand, in environments where products are produced in batches (e.g. wafer fabrication, turbine blade 
production), more complex possibilities exist (e.g. mapping multiple production requirements to a single 
production unit) and a variety of policies are practiced. Furthermore, production unit formation typically 
involves consideration of Current inventories (i.e. it may be possible to directly satisfy some portion of the 
production requirements), and, in some cases, consideration of tradeoffs between manufacturing or sub- 
contracting. 

production requirements. 

To provide a framework for modeling the production unit formatbn practices of a speciiic manufacturing 
facility (or, more generally, for analyzing the effects of different production unlt formation strategies on 
overall system performance) , a demand-manager object is defined (Figure 5-18). This object specifies 
two methods which govern the mapping of demands to production units in accordance with the above 
conceptualization. The first, generafeprodvcliun-requiremenls. is a generic, pre-defined procedure. The 
second. generate-prw‘oclion-unils, is a method to be constructed by the model builder (Le. a decision- 
making policy much like the wntml-policies assoclated with resources and control points). From the 
standpoint of providing an experimental environment, we also assume that the demand-manager 
COntainS a demand-generator and a related Set Of DEMAND-GENERATORPARAMETERS. 

{ (demand-manager 
generate-demands: demand-generator-fun 

generafe-production-requirements: explode-material-requirements-fun 
generate-production-unils: 

DEMAND-GENERATOR-PARAMETERS: 

CURRENT-DEMANDS: 
range: (SET (TYPE instance demand)) 1) 

Figure 5-18: The demand-manager definition 

6. Final Remarks 
Our aim in this paper has been to define a modeling framework that supports realistic simulation and 

scheduling of large-scale manufacturing systems. In this regard, we believe the modeling primitives 
presented in the preceding sections provide a Structural base for constructing interpretable models that 
reflect the full complexity of a particular manufacturing facility. Before closing, we briefly consider some 
aspects of this modeling framework that remain underspecified. 

The modeling framework as presented does not provide a complete semantics with respect to material 
flow within a manufacturing facility. In particular, the framework does not explicitly address the issue of 
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inventory management, which impacts both the demand management process (i.e. whether 
manufacturing is actually required to satisfy production requirements) and the coordination of assembly 
processes. On the other hand, extension of the framework to address this issue seems straightforward. 
All that is missing is the notion of "inventories'; stores into which products (or component products) are 
moved after they are manufactured and from which products are drawn to satisfy production requirements 
(or to enable assembly processes). Inventories can be modeled in a manner similar to the 
control-points of Section 3.6.2. If the products comprising production units are explicitly modeled, then 
the structure maintained by an inventory is similarly a queue (of products in this case). Otherwise, a set of 
scalar quantities is maintained. 

The specification of control policies is another aspect of the modeling framework that requires further 
consideration. From the standpoint of both expressibility and flexibility, a more declarative framework for 
expressing Control decision procedures would be preferable to the current use of attached methods. One 
general approach to this problem is to view a control poky as a specification of a set of decision-making 
preferences, and focus on developing an interpretable representation of preferences. In this regard, the 
constraint representation defined in [3] is directly relevant. 
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