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ABSTRACT 

The thesis describes a realization of distributed 

experimental frame concepts in DEVS-SCHEME, an object

oriented simulation environment. Also discussed, are the 

design and implementation issues concerning the attachments 

of frame components to a model in a given model structure. 

The algorithm for the attachments is derived to set up the 

model composition and model couplings when needed. An 

example of a simplified computer system which consists of a 

CPU, . and a memory management (MGMT), is presented to 

demonstrate how such a system is observed and experimented 

with u~der centralized and decentralized experimental 

frames. 

A graphical interactive interface is provided to 

facilitate the attachments of frame components to models. 

The simulation shows that the theory regarding 

decentralized experimental frames is correct and feasible. 

Some prospective research topics and future study 

activities are also brought up. 
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CHAPTER 1 

INTRODUCTION 

Modelling and simulation designates a host of 

activities associated with constructing models of real 

worlds systems and simulating them on a computer. Such 

activities usually comprise the following stages: system 

decomposition, model construction, model and 

experimentation specification. In the paper we focus on 

the experimentation aspects of modelling methodology. The 

purpose for which the simulation study is undertaken are 

operated in the process that results in a formal definition 

if an experimental frame. We employ the DEVS (Discrete 

Event System Specification) formalism to define the 

structural representation of an experimental frame as a 

coupling of a discrete event generator, acceptor and 

transducer [1], Motivated by the foundations underlying 

the objectives-driven modelling methodology as defined by 

Zeigler, we define distributed experimentation paradigms 

and provide a means of top-down decomposition of 

experimental frames and mapping of a decomposed frame onto 

components of a distributed simulator. This in turn leads 

to decentralization of experimentation control in 

distributed simulation systems. 

1.1 Motivation and Objectives 

There are several formalisms to describe and 
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characterize models and one of them is DEVS which is used 

to represent the behavior of models in our current 

modelling and simulation environment. In order to evaluate 

performance of models built by DEVS formalism, we invent an 

organized system and that is the experimental frame. 

Nowadays, there are many types of simulations in the world, 

but as a whole we can categorize them into two classes 

,i.e., centralization and decentralization. The former 

has been realized in many ways already but the latter is 

still being developed and researched. Thus, we try to 

explore decentralized simulation with decentralized 

experimental frames. As for the objectives, I propose four 

objectives for the moment, i.e., finding a mapping method 

for distributed experimental frames, building the 

distributed experimental frames, investigating the 

practical feasibility in current environment and realizing 

all the concepts with an example. The presentation of this 

thesis is as follows: introduction (chapter one), 

objectives driven simulation modelling (chapter two) , 

hierarchical abstract simulator (chapter three), DEVS-

Scheme (chapter four), model-frame coupling in DEVS-Scheme 

environment (chapter five), an example in experimental 

(chapter six), conclusions (chapter seven). Chapter one, 

two, and three belong to the first objective, and chapter 

five belongs to the second objective and chapter four 

belongs to the third objective and chapter six and seven 
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belong to the fourth objective and we will explain and 

illustrate them accordingly. 
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CHAPTER 2 

OBJECTIVES-DRIVEN SIMULATION MODELLING 

The conceptual basis for a methodology of model 

construction in which the objectives of modelling play the 

key and formally recognized role (therefore called 

objectives-driven methodology) was laid down by reference 

C2]. 

2.1 Theoretical Foundations 

We shall begin with the theory of the objectives 

driven methodology. The basic process in such a 

methodology is that of defining the experimental frame 

i.e., a set of circumstances under which a model or real 

system is to be observed and experimented with. This 

process comprises the following steps. The purposes 

(objectives) for which the simulation study is undertaken 

lead to asking specific questions about the system to be 

simulated. This in turn requires that appropriate 

variables be defined so a modeler can answer these 

questions. Ultimately such a choice of variables is 

reflected in experimental frames which also express 

constraints on the trajectories of the chosen variables. 

The constraints on observations and control of an 

experiment should be in agreement with the modelling 

objectives. A choice of relevant variables constitutes the 

first important stage of experimental frame specification. 
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The next step is to categorize the variable into input, 

output and run control categories and place constraints on 

the time segments of these variables. Formally, the 

experimental frame specifies the following seven tuple: 

EF=<T, I, 0, C, W!, Wc, SU> 

where T is a time base 

I is the set of input variables 

0 is the set of output variables 

C is the set of run control variables 

Wj is the set of admissible input segments, i.e. 

a subset of all time segments over the 

cross-product of the input variable ranges 

Wc is the set of run control segments, i.e. a 

subset of all time segments over the 

crossproduct of the control variable ranges 

SU is a set of summary mapping 

The I/O data space defined by the frame is the set of 

all pairs of I/O segments: 

D = { (w,p) ! w in (T,X), p in (T,Y) and dom(w) = dom(p) } 

where X and Y are input and output value sets, 

respectively. For more information about the above 

definition, please refer to [1]. 
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2.2 Hierarchical Specification of Experimental Frames 

Now, we shall base our considerations on the 

foundations underlying specification of DEVS systems in 

modular and hierarchical forms [1]. Modular construction 

refers to the specification of a model and an 

interconnection of its components. Hierarchical model 

specification results from modular construction of 

component models to several levels of recursion. Such a 

specification is based on a composition tree (which will be 

illustrated in the following section) in which the nodes 

are labelled by component systems specifications, and 

couplings of,.and correspondences of, specifications at 

immediately subordinate level. 

2.2.1 Hierarchical Model Specification 

The essence of hierarchical model specification is 

that there is a hierarchy of levels at which models can be 

specified, higher levels controlling more about the system 

structure than lower levels. This hierarchy becomes 

essential when we attempt to ascertain the degrees to which 

a model may represent the internal working of a real 

system. Due to the property of hierarchy, we can 

synthesize models in a more efficient and organized way. 

Since models are built level by level, it is possible to 

interact with parents and children at any level; hence it 

is also possible to pass attributes and properties to any 

parent or child. Another nice thing of this structure is 



that it matches the specification of the object-oriented 

programming because the latter also has the property of 

hierarchy and i.e., children can inherit attributes from 

their ancestors or pass procedures to their successors. 

After the process of hierarchical construction of models, 

the overall structure looks like an upside-down tree and we 

will reveal the resemblance between the hierarchy of model 

specification and composition tree in the next section. 

2.2.2 Composition Tree Concept 

A composition tree is a tree with the following 

objects attached to its nodes: attached to its leaf nodes 

are system specification. These are the atomic model 

components which will be coupled together in hierarchical 

fashion. Every interior node n has three attached items: a 

system specification Sn, a coupling scheme Cn, and a 

correspondence Hn. The idea is that the coupling scheme Cn 

is to be used to couple the system specifications assigned 

to the successors. The result is a new system Sn1 which if 

the tree is valid, will be morphically [1,3] related to Sn 

using the correspondence Hn. Usually, the system 

specifications and coupling schemes are left as free 

parameters so as to facilitate specification to a wide 

variety of modelling formalisms. A natural choice for the 

class of rnorphisms [1,3] the class of isomorphisms [1,3] 

applicable to the chosen class of system specifications. 

In this case the composition tree represents a hierarchical 



construction process which starts with the atomic 

components and results in a system isomorphic to that 

specified at the root. Formally, a composition tree over a 

class of system specifications, S, coupling schemes, C, and 

morphisms, M is a structure 

tree(S,C,M) = < T,m > 

where 

T is a finite tree [1] 

m is a mapping, the node labelling of T 

subject to the constraints: 

m: interior_nodes(T)->S x C x H 

m: leaves(T)->S 

For more information, please refer to [1]. 

The likeness between hierarchy of model specification 

and composition tree is that there exists an one-to-one 

correspondence relation between these two structures. But 

the only difference is that the composition tree is 

obtained after pruning entity structure [4] and the result 

of that process is exactly the overall model structure. In 

the next section, I will make use of the composition tree 

concept to construct the experimental frame hierarchy. 

2.2.3 Experimental Frame Hierarchy 

We define the associated experimental frame tree 

(hierarchy) as the following tuple: 

Exptree(S,C,M) = < T',m' > 

where T' is a finite tree, m1 is a mapping, the node 



labelling of T' subject to constraints: 

m': interior_nodes(T')->S x C x H 

m': leaf_nodes(T')->S 

Once again, those parameters are exactly defined in the 

last section. M1 assigns to each interior node (including 

the root) a triple consisting of a frame specification, a 

coupling scheme C for coupling the frame specification at a 

node and the successors of the node, and the correspondence 

H for comparing the frame specification with the resultant 

of the coupling off its components. The leaves receive 

only the atomic frame specification which are not further 

decomposable. H is a set of correspondences underlying the 

morphisms in M. Thus the picture of experimental frame 

tree will be exactly matched the shape of composition tree. 

So I will omit the picture here. The coupling scheme C is 

defined as a parallel composition of frame components i.e. 

generators, transducers and acceptors. Since the frame 

components are DEVS systems (Discrete EVent System 

specification, which is a formalism introduced jy [7] to 

furnish a formal basis for specifying the models 

expressible within discrete event simulation languages), 

the coupling can be carried out by using the DEVS 

specification in the modular form. The resulting frame 

composition tree is structurally isomorphic with the model 

tree. This fact facilitates the mapping of a hierarchical 

frame specification onto the abstract hierarchical 
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simulator. 

2.3 DEVS Realization of an Experimental Frame 

The experimental frame E is realized by the parallel 

coupling of the DEVS generator Sg, a DEVS acceptor, Sa ; 

and a DEVS transducer S^. Sg produces the input segments' 

component of an experimental frame. Usually Sg starts from 

a suitable initial state and runs for a desired observation 

interval. Sa implements the realization of run control 

segments and also monitors the Wc and Wc is specified by 

some initial and continuation state. So the acceptor is 

the controller of the simulation run. It can stop the 

process if the simulation data do not satisfy the 

constraints specified by Wc. For gathering summary 

statistics we aim to use a transducer. The DEVS transducer 

is defined as a discrete event system with a designated 

initial state. When started in such a state it maps its 

input segments into output trajectories. For more formal 

information about generator, acceptor, and transducer 

please refer to [1,4]. Having provided the framework for 

input/control segments generation and/or acceptance, we 

arrive at the structural realization of an experimental 

frame as illustrated in figure 2-1 on next page. 



input 
seg. " 

output 
seg. 

control 
seg. 

EF 

St Sa 

MODEL 

Figure 2-1 The structure of an experimental fr 
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CHAPTER 3 

HIERARCHICAL ABSTRACT SIMULATOR 

As we stated in chapter 1, the purpose of this 

research is to provide realization of an experimental frame 

mapping onto the hierarchical abstract simulator. In this 

chapter, we would like to review the dynamics of the 

hierarchical abstract simulator and its algorithms for 

later use in simulation implementation. The first concern 

in a hierarchical abstract simulator is that it correctly 

performs its functions. In [1], the abstract simulator was 

shown to satisfy the criterion of correct simulation of 

discrete event specified systems (DEVS). Also, a coupling 

of such simulators, each responsible for a DEVS component, 

was shown to correctly simulate a multi-component DEVS 

model in modular form. 

3.1 Hierarchical Abstract Simulator 

The abstract simulator was defined by [1] as the 

interpretation of the dynamics specified by the DEVS 

formalism. The hierarchical abstract simulator is a multi-

component, multilevel discrete event model communicating 

via message passing. In the example of Figure 3-1 > (1) 

the DEVS 



Figure 3-1 A Multi-component DEVS Model 

Coordinator 

Simulator Simulator 

Figure 3-2 Abstract Simulator for Model MQ 

components M-j and M2 are coupled together to construct 

resultant model MQ, (2) the resultant model is itself a 

DEVS and can be treated as a DEVS component, (3) this 
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"closure under coupling" makes possible hierarchical 

construction of DEVS models. By paralleling this-

development, an abstract simulator can be obtained. As 

shown in Figure 3.2, S-| and S2 interpret the dynamics of 

model components M-| and M2. The coupling of S-j , S2 and Cq 

is itself an abstract simulator that simulates model Mq. 

The hierarchical abstract simulator is an intermediate 

logic form in realizing the model on a physical 

implementation of the distributed simulator. It contains 

two types of elements: coordinators in the interior of the 

hierarchical structure, and simulators assigned for its 

leaf components. In other words, the hierarchical abstract 

simulator consists of a network of coordinators where each 

simulator controls a set of subordinates. If a subordinate 

is also a coordinator, then it too controls a set of 

subordinates, and so forth. A subordinate which is not a 

coordinator is a simulator. In addition, there is a root-

coordinator, the top element in any simulation 

configuration, with which only the top-level coordinator is 

initialized in running the simulation. 

The operation of an abstract simulator involves 

handling four types of messages: (*,t), (x,t), (y,t), 

(d,tfj). The (*,t) message carries the internal event 

notice and is delivered to the imminent processor at each 

level. The (x,t) message carries out the external event 

information with a set of destinations that are the 



influences. The (y,t) message carries out the output 

information from either a simulator or a coordinator, which 

is sent to the parent coordinator or the root-coordinator. 

The (d,t^) message contains the done notice with the time 

to next event tjj. These messages are exchanged among the 

root-coordinator, coordinators, and simulators. For the 

algorithms of these types of simulators, please refer to 

[5 ]. 

3.2 Mapping Hierarchical Specification of Experimental 

onto Abstract Simulator 

The design of a methodology for mapping the 

decentralized frame specification onto the corresponding 

abstract distributed simulator should satisfy the following 

requirements: 

1. The coupling of the simulator and frame must be 

closed i.e. must result in an abstract 

simulator. 

2. The degree of decentralization of 

experimentation should be maximal. In other 

words, a means of assigning an experimental 

frame local to each model component should be 

provided. 

3. The overhead generated by the mapping should be 

minimal, i.e. the degree of parallelism achieved 

by the hierarchical architecture of the 

simulator without the frame components should 



not decrease below a certain level of 

satisfaction. 

Motivated by the above specified guidelines we suggest 

the following procedure for establishing the frame/abstract 

mapping. 

At the level i of the model composition tree, a DEVS 

simulator of a model component must simulate the model with 

a pertinent experimental frame. Recall that the frame 

components are defined as DEVS systems and thus can be 

simulated by an abstract simulator as well. However, 

coordination is required between the simulators of the 

model, generator, acceptor and transducer. To provide for 

such a coordination, we introduce the concept of a 

model/frame coupler (MFC) which is a coordinator defined as 

in the abstract simulator and it performs the exact 

functions defined in the last chapter. To exemplify the 

discussion let us consider the simulator presented in 

Figure 3-3 (on next page). 

The coupler MFC-) coordinates the simulator of the 

model component Mi and corresponding simulators of Gi, T-| 

and A-|. It broadcasts messages (*,t) to the generator 

which responds by producing an output signal (y,t). This 

output signal is in turn transduced by MFC'] to the 

simulator of M-] . The coupler collects the messages (y,t) 

and (c,t) from Mi and transimits them to Ti and Ai , 

respectively. The composition of MFC-], M1 , G-], T-\ and A-] 



GJ G 1 

Hl&t:l 

H2 
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Figure 3-3 Ab~tract Simulator of Distributed Hodel with Experimental Frames 

To 

1\) 
,J:: 



constitutes the simulator for the component M-j with its 

corresponding experimental frame Ei, denoted as M-|&E-|. The 

simulator M2&E2 is realized in the same manner. Both 

simulator are coupled by the coordinator C0. The role of 

MFC's in the coupling is restricted to serving as 

input/output ports to the combined model/frame simulators. 

They simply transduce the messages between C0 and Mi and 

M2. Notice, however, that in spite of the fact that C0 is 

the root coordinator it is still necessary to simulate the 

model M0 and its frame E0. To achieve that an MFC0 is 

created to coordinate the actions of the simulator M0, G0, 

T0 and A0. This model/frame coupler is linked to the root 

coordinator. It transmits the generator's outputs as 

external event messages to the coordinator CQ. It also 

receive global (y,t) output and (c,t) control messages. 

These messages are sent to the transducer and acceptor, 

respectively. It is easy to notice that the mapping of a 

hierarchically specified frame onto a distributed simulator 

(if defined in the above terms) can be carried out 

recursively. The mapping result in an abstract simulator 

that correctly simulates the combined model/frame DEVS. To 

verify this, observe that the components of frames are 

simulated by the DEVS simulators and that the model/frame 

couplers are coordinators. In chapter five I will describe 

how I implement the above concepts with scheme language and 

also illustrate an example in chapter six. 
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CHAPTER 4 

DEVS-SCHEME: A LISP-BASED ENVIRONMENT FOR HIERARCHICAL, 

MODULAR, DISCRETE EVENT MODELS 

DEVS-Scheme is an environment for discrete event model 

construction and simulation implemented in Tl-Scheme for 

IBM, and Texas Instruments, PC compatible microcomputers. 

In contrast to existing knowledge based simulation systems, 

DEVS-Scheme is based on the DEVS formalism, a theoretically 

well grounded means of expressing hierarchical, modular 

discrete event simulation models [2], Moreover, DEVS-Scheme 

is implemented as a shell that sits upon Tl-Scheme in such 

a way that all of the underlying Lisp-based and objected 

oriented programming language features are available to the 

user. The outcome is a powerful basis for combining 

symbolic and hierarchical, modular discrete event modelling 

approaches. The organization of the DEVS-Scheme simulation 

system is derived from the abstract simulator concepts 

associated with the hierarchical, modular DEVS formalism. 

Since such a scheme is implemented by multiprocessor 

architectures; thus models developed in DEVS-Scheme are 

readily transportable to distributed simulation systems 

designed accordingly to such principles. Finally, since 

structure descriptions in DEVS-Scheme are accessible to 

run-time modification, the environment provides a 



convenient basis for development of variant family, 

variable structure, and simulation models. The class 

inheritance structure of DEVS-Scheme is shown in figure 4-1 

of next page. For more information about DEVS, please refer 

to [ 1,2]. 

Due to the fact that the DEVS-Scheme is principally 

coded in the SCOOPS, the object oriented superset of TI-

Scheme; therefore, I will explain certain aspect of the 

object oriented programming in the next section. 

4.1 Object-Oriented Programming and SCOOPS 

A program written in conventional languages such as C, 

FORTRAN or PASCAL is centered around a main routine 

which invokes other cooperative routines at appropriate 

times. The main routine acts as the central officer, the 

others play a supporting role and come alive only when the 

control flow is passed through them. An object-oriented 

program, however, has a group of objects. Such objects may 

behave as units of their own and possess sufficient 

knowledge to tackle problems and to make decisions 

falling into their scopes. As a result, the main 

routine can be removed. A desired task to be performed 

by an object can be initiated by sending messages to the 

object. 

OBJECT is the key concept in object-oriented 

programming style. Each object has its own descriptive 

variables and methods to manipulate its variables. 
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The methods can assign and update the values of 

variables. The variables characterize the state of an 

object. Methods are the only means by which states of 

objects can be changed. Objects must communicate with 

other objects. The process to enable objects to 

communicate with each other is called message passing. 

A message from an object (calling object) contains 

the information which another object (called object) will 

process. The calling object must inform the called object 

of the method which is to operate on the message. Upon 

receiving the message, the called object may change its 

state and produce an output in response to the message. 

One of the many features in object-oriented 

programming is that different objects can have variables 

or methods with identical names. The same message can be 

passed to equally named methods in different objects. 

However, the results can vary greatly. This 

approach encapsulates the implementation details of 

methods from outside the 

object. 

In an object-oriented programming environment, an 

object is defined as the instance of an object class, a 

template for generating any number of instances. Each 

of the instances copies the basic information 

associated with its object class. Some so called 

class variables are associated with the class 



definition. Any instance out of this class can obtain 

access to the class variables. Instance variables, 

however, are declared in class definition and are local to 

the specific instances. In any event, the initial values 

of both class and instance variables can be defined at the 

time when the class is defined. 

Large systems can be organized through an inheritance 

structure of classes, thus permitting a modular 

design and avoiding the specification of redundant 

information. Inheritance thus supports building a high 

level of abstraction. In the definition, a class, say 

A, can be explicitly specified as the superclass of 

another class, say B. B is thus called the subclass of A. 

The class and instance variables of B are the union of 

class and instance variables of its superclasses. 

However, the class variables that B inherits from its 

superclass, A, are shared by all instances of B, but not 

shared by instances of its superclass, A. Methods of A can 

be inherited by B with one exception that B's methods 

supersede A's methods which have the same names as those 

of A's. For example, in my system, I create three 

subclasses i.e. generators, acceptors and transducers and 

all the processors are instances of these subclasses and 

they all inherit attributes from the atomic-model class 

which in turn inherits other attributes from higher class 

called model and so on. With this kind of strategy of 
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building system, we can easily execute an simulation 

without creating too many attributes because we obtain them 

from upper classes readily. 

SCOOPS is just an example of implementation of the 

object-oriented programming and it has all the properties 

described above so I will not elaborate it any more. 
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CHAPTER 5 

MODEL-FRAME COUPLING IN DEVS-SCHEME ENVIRONMENT 

At the level i of the model composition tree, a DEVS 

simulator of a model component must now simulate the model 

with a pertinent experimental frame. Recall that the frame 

components are defined in DEVS systems and thus can be 

simulated by an abstract simulator as well. However, 

coordination is required between the simulators of the 

model, generator, acceptor and transducer. To provide for 

such a coordination we introduce the concept of a 

model/frame coupler ( MFC ). An MFC is an instance of 

coordinator which performs the exact functions described 

in chapter 3. 

5.1 Coupling Approach 

The system is using scoops environment and is built 

hierarchically. Each node in the tree is an environment 

which inherits all the properties and variables from its 

parent node and can be attached with DEVS processors. By 

taking advantage of its characteristic of hierarchy, we can 

attach a processor or a set of processors to a node of any 

level in the system and do simulation and evaluation. 

Thus, by recognition of structure of the whole system, we 

decide to construct the coupling level by level once a MFC 

is inserted into the system. The following pictures show 
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the result after inserting a processor. 

COMPUTER COMPUTER 

MGMT MFC-MGMT CPU 

G-MGMT MGMT 

(a) (b) 

Figure 5-1 The result after inserting a processor 

Each case will be discussed in detail in the subsequent 

sections 

5.1.1 Decoding Coupling and Relations 

Each node in the system has its own parent node, 

brother nodes and child nodes. The relations between child 

nodes of a node belong to internal couplings, between 

brother nodes of a node belong to external couplings, and 

between a node ana its child nodes belong to internal-to-

external couplings or external-to-internal couplings. All 

the internal ana external coupling information is stored in 

the parent node of a node. So, the parent nodes in fact 

are coordinators which have all the information we need to 

communicate between all the nodes. In the next section, 

we will describe how to get coupling information from these 

nodes. 

Before we decode all the coupling information the 

first thing we have to do is to get all the necessary 
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coupling information. Then we build the coupling after we 

insert the MFC. In the DEVS-SCHEME, we have a built-in 

procedure called get-coupling so after the users apply this 

procedure to a node, they can get all the internal and 

external coupling information. Next step is to decode 

these couplings and rebuild all the couplings for inserting 

a MFC. Let me illustrate an example to manifest the 

concept of decoding. The following picture shows that a 

simple computer system which has two components, i.e., MGMT 

(Memory inanaGeMenT for handling memory requests) and CPU (a 

simple processing unit) and the coupling relations between 

them. 

COMPUTER 

:n 

—^ — _ — . 

solved 

MGMT 

:n 

CPU 

Figure 5-2 The coupling relation of two processors 

If, we want to attach a processor (can be a generator, 

or an acceptor, or a transducer) to MGMT, the first thing " 

we have to do is to get MGMT'S parer.- node and then by way 

of this parent node to get all the coupling information and 



the previous paragraph can be abbreviated to the following 

two semi-scheme codes, i.e., let C+ = (send MGMT get-

parent) and 

coupling-list = (send C+ get-coupling), 

and coupling-list which shows on the screen is the 

following: 

((COMPUTER MGMT (IN.IN)) 

(CPU COMPUTER (SOLVED.OUT)) 

(CPU MGMT (UNSOLVED.IN)) 

(MGMT CPU (OUT.IN))) 

Now we decode this list into the coupling list which 

will be used to reconstruct all the couplings in the 

future. Notice that after we insert a MFC into the system, 

the whole structure looks as follows: 

COMPUTER 

MFC-MGMT 

MGMT 

in 
h* — 
out 

CPU 

L-» : 
out in 

! "s 
i > 
° I U) 

i e 

—> 

solved out 

Figure 5-3 The coupling relation after inserting a MFC 

The first step for accommodating this MFC-MGMT ana 

still maintaining all the coupling relations is to replace 



all the sublists in the coupling-list which has MGMT in it 

with MFC-MGMT. Then we can use MFC-MGMT as a target or 

source to build another coupling-list. For example, if we 

pick a sublist (COMPUTER MGMT (IN.IN)), then after we apply 

the procedure described above, the sublist is expanded into 

two sublists , i.e., 

.((COMPUTER MFC-MGMT (IN.IN)) (MFC-MGMT MGMT (IN.IN))). 

The reason for creating two sublists is because of 

coupling propagation caused by inserting a MFC-MGMT. We 

have to repeat the procedure again and again until we 

replace all the MGMT'S in all the sublists. Thus we create 

all the new sublists which are consistent with the all 

coupling relations. The next step is to combine all the 

new sublists into one list called the modified coupling 

list. The modified coupling list is shown below: 

((COMPUTER MFC-MGMT (IN.IN)) (MFC-MGMT MGMT (IN.IN)) 

(CPU COMPUTER (SOLVED.OUT)) (CPU MFC-MGMT (UNSOLVED.IN)) 

(MFC-MGMT MGMT (IN.IN)) (MFC-MGMT CPU (OUT.IN)) 

(MGMT MFC-MGMT (OUT.OUT))). 

The next step we have to do with the list is to 

interpret and decode the sublists into appropriate coupling 

categories such as internal-to-internal, internal-to-

external, and external-to-internal couplings. These actions 

have to be waited until we establish the composition tree 

and influence digraph which will be described in section 

5.1.2 and 5.1.3. Then we interpret the modified list in 



section 5-1.4. To summarize all the steps in this 

procedure once more. 

1. Get all the original, couplings. 

2. Replace the nodes (which need to attach 

processors ) with MFC-NODE.NAME. 

3. Reconstruct every sublist (which consists of 

MFC-NODE.NAME) into two sublists. 

4. Combine all the sublists into one modified 

coupling list. 

5.1.2 Building the Overall Composition Tree 

The algorithm for building the composition tree is 

only applicable to the nodes below the root coordinator. 

We will discuss the procedures for the root in detail in 

section 5.2. Assume that we want to attach a processor to 

a node called model. The first step to build the tree is to 

get the parent of the model and obtain all the children by 

way of the parent. Then we store all the children into a 

childlist. The second step is to remove the model from the 

childlist and create a MFC-MODEL. We put this MFC-MODEL 

into the childlist. Now, the model position in childlist 

has been replaced by MFC-MODEL. The third step is to 

construct the first level of the composition tree by way of 

build-composition-tree (a method). After the first three 

steps, we have already built the first level of the tree. 

The fourth step is to create a processor (a generator, or a 

transducer, or an acceptor) which is going to be attached 



to the model. The last step is to establish the second 

level of the tree by making use of build-composition-tree 

again. Note that the difference between the first level 

and second level of the tree is that the childlist is used 

in the first level and a new list which consists of two 

elements ,i.e., the processor and the model. 

Now, to summarize the sequence again: 

1. Get the parent of the model and the children by 

way of the parent and store the children 

into a childlist. 

2. Remove the model from the childlist and 

create a MFC-MODEL and put it into 

childlist. 

3. Build the first level of the tree by 

applying the build-composition-tree method 

with childlist as an argument. 

4. Build the second level of the tree by 

employing the build-composition-tree again 

with a new list which consists of the model 

and a processor. 

So, up to now the composition tree has been built and 

it has two levels. Once the composition tree has been 

established, we can say that the skeleton of the system has 

been completed. Now we need to instantiate the components 

of the tree. Thus, the next section shows how to 

construct the influence digraph which is a necessary factor 



to reconstruct all the internal couplings. 

5.1.3 Establishing the Complete Influence Digraph 

Before we accomplish any couplings, we have to 

construct the complete influence digraph. But what is the 

influence digraph? To be brief, it is a coupling control 

flow protocol and facilitate the internal couplings. 

Without it we can not do anything about the internal 

couplings. Let us introduce the concept of the influence 

digraph by way of an example. 

Figure 5-4 The influence relation between four nodes 

The above picture shows a model called M which 

contains 4 child models called Mi, M2, M3, and M4 and has 

arrows between them. For instance, My has two arrows 

pointing to Mj and M3 respectively. This implies that My 

will pass messages to Mo and M3. In other words, there 

must have some sort of channels which can convey these 

messages from M4 to M2 and to M3 separately. M4 influences 

M2 and M3 ; thus we call M4 an influencer and M2 ana M3 

influencees. For the same reason, M3 influences M-j and Mzj 



so M3 is an influencer ana M-j and M4 are influences and we 

can find out that in this example all the M'S are 

influencers and also influencees too. Therefore, the 

principle of the influence digraph is to enforce the 

coupling relations which will be implemented in the 

coupling construction. Resuming our example, because M4 

has arrows which point to M2 and M3 respectively that tells 

us we will build two links in the coupling construction 

,i.e., one from M4 to M2 and one from Mi} to M3. Because of 

the hierarchical property of DEVS, each level itself is a 

closed environment; thus we can apply this coupling 

protocol to every level in order to make coupling orderly 

and efficient. 

Because the digraph is related to the internal 

coupling, so the first step before we describe the 

procedure is to get all the internal couplings through a 

method called get-int-coupling and store those couplings 

into a list called int-coup. Now, let me explain the 

procedure of making influence digraph. First, get the 

parent of the model; then for each coupling sublist in 

int-coup check to see if the model is in the sublist or 

not. If it is; that means that this sublist is a valid 

candidate for building a new influence digraph if it is 

not; then means that this sublist is not related with the 

insertion of MFC-MODEL and we have to keep the way it is; 

therefore we still have to rebuild an influence digraph 



according to this unrelated sublist. The third step is to 

obtain an inf-dig-list which is a list of objects and we 

will construct digraphs by making use of this list. For 

instance, we have two lists (obj-j obj2 port-pair) (obj-| 

objg port-pair) and if obj-] is the model; then we make an 

inf-dig-list (MFC-obj-| obj2 obj3) but if the model does not 

match any obj's; then we create another inf-dig-list Cobji 

obj2 obj3). then, the last step is to set up all the 

influence digraphs through a built-in method called set-

inf-dig. 

To sum up the sequence once more. 

1. Obtain all the internal couplings. 

2. Get the parent of the model. 

3. Decode each sublist and build an influence 

digraph list. 

4. Construct all the influence digraphs at the 

same time. 

5.1.4 Interpreting Coupling and Relations 

In section 5.1.1 we had the example which shows here 

again but now we add some interpretation to each sublist 

, i . e. , 

(COMPUTER MGMT (IN.IN)) ext-inp-coup 

(CPU COMPUTER (SOLVED.OUT)) ext-out-coup 

(CPU MGMT (UNSOLVED.IN) ) int-coup 

(MGMT CPU (OUT.IN)) int-coup. 

Notice that this time we categorize those sublists 
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into different type of couplings. For instance, the first 

sublist belongs to external-to- internal coupling and the 

second list belongs to internal-to-external coupling. 

Therefore, we can interpret the modified list created and 

decoded in section 5.1.1 too so I illustrate those sublists 

once again in the following picture. 

(COMPUTER MFC-MGMT (IN.IN)) ext-inp-coup 

(MFC-MGMT MGMT (IN.IN)) ^—ext-inp-coup 

(CPU COMPUTER (SOLVED.OUT) ) ext-out-coup 

(CPU MFC-MGMT (UNSOLVED.IN)) int-coup 

(MFC-MGMT MGMT (IN.IN)) ext-inp-coup 

(MFC-MGMT CPU (OUT.IN)) int-coup 

(MGMT MFC-MGMT (OUT.OUT)) ext-out-coup 

So, after interpretations we notice that only three 

types of couplings exist. Thus it is easy to divide those 

sublists into its proper category. The strategy I am using 

is to employ several loopings to check to see if the model 

which we are attaching something to, is in the picked 

sublist or not if so do something appropriately if not then 

I check to see if the grandparent of the model is in the 

sublist or not and then do something adequately; however 

these appropriate and adequate actions will be elaborated 

in the next section. 

5.1.5 Couplings' Construction 

In the last section I already mentioned the technique 

to distinguish those three types of couplings. 



Now, let me expose more detail by using pseudo code and 

Scheme codes so that users can understand it without 

ambiguity. In Scheme, we frequently apply 

(send obj msg argi ...) and means that SEND sends msg to 

obj, and applies the method associated with msg to the 

arguments and returns the result of the application. 

For more details, please check the Scheme manual [6]. 

Because I will use this to illustrate the algorithm of 

constructing all the couplings. For example, 

(send source set-ext-inp-coup target port-pair) means that 

we invoke the set-ext-inp-coup to the source with target 

and port-pair two arguments and the result is that we 

built a link from source to target with name specified by 

port-pair. 

Now, begin the algorithm 

pass the modified coupling list to the 

procedure 

get the parent and grandparent of the model 

for each sublist in modified list do 

begin 

let source = the first element of sublist 

target = the second element of sublist 

if MODEL is in the list 

then if MFC-MODEL is the first element of the 

list 

then (send source set-ext-inp-coup target 
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port-pair) 

else (send target set-ext-out-coup source 

port-pair) 

else if the grandparent of MODEL is in the list 

then if the grandparent is the first 

element of the list 

then (send source set-ext-inp-coup 

target port-pair) 

else (send target set-ext-out-coup 

source port-pair) 

else (send grandparent set-int-coup 

source target port-pair) 

end 

build an internal coupling from G to the model 

or from the model to Tr 

Up to now, I already built all the couplings and I 

also designated build-coup-(a or g or t) as the name of the 

above algorithm. For instance, build-coup-g is the name 

of procedure of taking care of all the couplings after 

attaching a generator to a node. 

5.2 Roofing the Root Co-ordinator 

We have to pay attention when we reach the root co

ordinator. Because we have to get the parent of the model 

first before we build couplings 

but the parent of the root co-ordinator is root-co

ordinator and it can be obtained by way of a model called 



dum. This dum in fact, is the top most model in the 

system. So, the first step for attaching a processor to 

the root model is to get the root-co-ordinator by making 

use of the dum model. The second step is to check the 

model (which will be attached to a processor) to see if it 

is a coupled model or an atomic model. If it is, returns a 

coupling list else returns an empty list. The third step 

is to create a processor and a MFC. The fourth step is to 

reconstruct the overall composition tree. The fifth step 

is to build the influence digraph and then the last step is 

to complete all the couplings. Once I accomplish the above 

steps, we already in a position to integrate all the steps 

and procedures in previous sections and this type of 

abstraction of procedures will be discussed in the next 

subsection. 

5.2.1 Abstracting the Procedures 

In this subsection, I try to combine all the steps and 

procedures together in order to obtain an applicable unit 

for the users. The method which I am employing here is 

called the abstraction of procedures. I pile all the steps 

and procedures up in a certain sequence such that the unit 

can be applied efficiently. Let me assemble those 

procedures in order. 

1. Set a flag called check to see if the 

processor of parent of the model is a root-

co-ordinator or not. 



2. Return an internal coupling list if the flag is 

false otherwise return an empty list. 

3. Build couplings on top of the root co

ordinator if the flag is true. 

4. Construct the composition tree, the influence 

digraph and all the couplings if the flag is 

false. 

Once I accomplished the above four steps, I already 

attached a processor to a node in a tree. But what if 

users want to attach other processors to the same node? 

This will be elaborated in the next section. 

5.3 Realizing Multiple Attachments 

For the moment, we only attached a processor to a node 

in a tree. But what if there is the necessity of attaching 

more processors for a simulation? In our simulation 

system, we realized an experimental frame in terms of three 

processors but this constraint could be relaxed in the 

future development. However, we stick to three (the max. 

number of processors) for the time being. Therefore, we 

have to deal with attaching two or three processors 

accordingly and the next subsection will explore each case 

in detail. 

5.3.1 Attaching two or three Processors 

Sometimes, it is absolutely necessary to attach two 

processors to perform a simulation; thus we do need a 

special module to fulfill this goal. Before I explain how 



to construct the module, there is one assumption that I 

have to make and i.e., I assume that there is one processor 

(generator, acceptor or transducer) which has been attached 

to a model already. Since one processor has been attached 

to the model, what left is that we can take advantage of 

existing MFC to obtain our goal ,i.e., attaching another 

processor under the cover of MFC. As the consequence of 

the above assumption, we already had one type of processor 

and what left is to attach a processor from the rest two 

types. The following is the sequence for creating the 

module. 

1. Do some initialization such as get parent of a 

model and get all the children from the parent 

and get all the internal couplings. 

2. Create a processor from the remaining types and 

insert this processor into childlist. 

3. Reconstruct part of the composition tree 

which is related to insertion of a 

processor. 

4. Rebuild part of the influence digraph which 

is related with insertion of a processor. 

5. Establish all the internal couplings which 

are related with insertion of a processor. 

I already mentioned that we have three types of 

processors ,i.e., generator, acceptor, and transducer. 

In order to distinguish one type from the others, I create 



three procedures called has-gen?, has-tran?, and has-acc? 

and these procedures can facilitate couplings a great deal. 

After the users executed the above steps, they had attached 

two processors already. But what if they want to add one 

more processor? The algorithm of attaching three 

processors is very similar to that of attaching two 

processors but with little modification. 

Because there are already two types of processors in 

the tree, we have to distinguish what types they belong to. 

Therefore, I invented another three small procedures to 

identify which is which. For example, (gen? obj) tell the 

type of the object and return true if the type of the obj 

is generator. In the next subsection, I will integrate all 

the procedures involved to attach any number ( 1=< number 

=< 3) of processors to a node. 

5.3.2 Interfacing 

Interfaces can be implemented by different ways. For 

instance, we can make use of windows or interactive 

technique or combination of both to manipulate interfaces 

and sometimes these methods can be very fancy or 

sophisticated and all these depend on the purposes of 

design or the needs of customers. However, the way I 

implemented was quite straightforward. I invoked the 

concept of window together with an interactive skill. As 

the consequence, it comprises a window procedure, a case 

statement, and three integrated procedures for attachments 



of processors. There is one crucial concept which need to 

be pointed out. In order to display the interface 

interactive all the time, I have to apply some looping 

structure to repeat whole process all the time and 

fortunately, in Tl-Scheme we have let procedure which can 

run statements recursively. So finally, I utilize the let 

structure to incorporate all the statements and in turn 

these statements contain a let procedure which will call 

the let structure repeatedly and terminate the whole 

operation with a null statement; otherwise it will run 

forever. After this is done, the users can run the 

interface interactively and attach processors accordingly. 

In the next chapter I will illustrate an example to show 

how I attach processors and how I manage to run under that 

circumstance. 

Notice that when a transducer is attached to a model, 

a port link is created directly to the outmost coordinator, 

so the users can make advantage of this feature to simulate 

the system. Besides, the port names created are "in" and 

"out" so the users have to be aware of this aspect. 
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CHAPTER 6 

AN EXAMPLE IN EXPERIMENTAL FRAMES 

In this chapter, an example with the realization of 

both centralization and decentralization will be 

illustrated to show how the processors are attached in 

order to be consistent with the original couplings. The 

picture of the original centralized system, figure 6-1, is 

shown on next page. 

The purpose of this example is to simulate a simple 

computer system and do some experiment with it through 

centralized experiment frame. It has two coupled models 

called COMPUTER and EF and the former has two atomic models 

and the latter has three atomic models and each model 

performs certain functions which will be briefly described 

shortly. The EF is a coupled model and it has a 

generator(G), an acceptor(A) and a transducer (T). The G 

produces a stream of jobs with the format (port, value) and 

value has the following format (job_ID, 

job_processing_time, memory_request) and job_ID is created 

by a built-in procedure called gensym in this particular 

example and job_processing_time and rnemory_request are 

created by the manipulation of state s. The T will collect 

a stream of jobs from G, a continuous series of processed 

jobs from CPU and the queue length from CPU and MGMT 
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Figure 6-1 The centralized experimental frame structure 



separately ;then it will compute the average turnaround 

time, the average length of CPU, the average length of MGMT 

and the average of average of both queue lengths. The A is 

a control device which will receive information such as 

the MGMT queue length and CPU length from T and then decide 

whether the whole simulation should be terminated or not 

under certain constraints which will be specified in the 

acceptor. The A, G, T and EF form a centralized 

experimental frame. The COMPUTER is a coupled model too 

and it has MGMT and CPU two atomic models. The MGMT is a 

memory manager and it accepts two kinds of events i.e. a 

job from G and a solved job with memory_request from CPU; 

once MGMT receives a job from GEN then it checks the memory 

request is granted or not, if it does then routes this job 

directly to the CPU and updates the available memory, 

otherwise stores it into the queue of MGMT and sends it 

later. The events stored in queue are arranged in such a 

way that all the events except the first one are stacked up 

according to the amount of memory request by each job, so 

the event which requires the fewest amount of memory is 

inserted in the second place. The interaction between CPU 

and MGMT is in a way such that the CPU processes the first 

job from the queue for the time specified by the processing 

time-attribute and when the execution is completed, the 

following actions are taken by the CPU and the MGMT: the 

CPU releases a block of memory used the job that has just 



completed executing. This block is returned to the total 

memory available pool. MGMT now checks to see if it can 

grant memory requests to the jobs waiting in the memory 

queue. All the jobs whose request are granted are removed 

from the memory queue and are routed to the CPU. In order 

to report the queue length, both CPU and MGMT will have a 

special phase to report this number when there is a change 

of length of queue. 

In order to decentralize the experimental frames and 

also keep all the original functions and couplings as much 

as possible, precaution has to be taken in order to attach 

processors adequately. If the system can provide some 

facility which can detach processor, then the users can 

disconnect a processor right after they attach a processor 

because of the uncertainty. However, this feature is not 

supplied for the moment but it can be explored in the 

future. Figure 6-2 on next page is the picture for 

decentralized experimental frame. 

We decentralize experimental frame according to the 

generic scheme which is described in figure 3-3- So after 

the attachment, the decentralized example will look like as 

follows: an acceptor and a transducer are attached to both 

MGMT and CPU; therefore A-MGMT, TR-MGMT, A-CPU and TR-CPU 

are shown in the picture. In order to get the behavior of 

the whole computer system, i.e., the average of average of 

queue of both MGMT and CPU, a transducer is attached to 
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Figure 6~2 The decentralized experimental frame structure 



higher level and of course, a generator is attached to 

computer for feeding a stream of jobs, so G-COMPUTER and T 

R-COMPUTER are also appeared in the picture. 

"With this structure, it is necessary to modify the 

output functions inside CPU and MGMT to achieve the 

simulation. For instance, TR-COMPUTER will receive five 

different jobs from TR-CPU, TR-MGMT and G-COMPUTER; thus a 

slight modification of output functions of TR-MGMT and TR-

CPU has to be made in order to identify themselves. In the 

centralized configuration, the T (transducer) has the 

ability to report summary to the outmost coordinators so in 

the decentralized figure, it should have this capability to 

do so. In order to create a port to outside, some extra 

efforts must be invested because the original strategy of 

building coupling is to construct all the coupling level by 

level and usually it only involves two levels but now it 

may need more than two levels to establish a port to the 

outmost coordinator. Fortunately, this can be implemented 

in current DEVS-Scheme environment, so every time when the 

users attach a transducer to a model a port with name 

called out will be built all the way to the outmost 

coordinator. With the above approach, there is still a 

problem remaining,i.e. how about the EF and its components. 

Do they still perform their own functions or not? The 

answer is yes, but these functions can be passivated 

without interfering the functions of other components. The 
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method of passivating functions is designated as 

disablement and it will be elaborated in the next section. 

6.1 What is Disablement in E.F.! 

Briefly speaking, the disablement is a procedure which 

can disable or paralyze functions of a atomic model 

permanently. More specifically, the functions of atomic 

models are put into a sleeping mode but they can be 

awakened any time depending on the purpose of simulation. 

The reason behind this is that sometimes the users attach 

some processors but they do not want to destroy old 

processors which may be needed in the simulation later. 

With this kind of technique the users can attach any type 

of processors without destroying any original coupling's. 

In the next section an example will be illustrated to show 

this concept. 

6.2 How to Implement it! 

The realization of disablement is carried out in the 

following way i.e. disabling a function by applying a 

passivate procedure which will set time of the next event 

to infinite so from outside point of view this function is 

no longer active. In the decentralized picture, G, A and T 

are disabled i.e. applying passivate to all the functions 

inside them. Before the overall simulation starts, 

functions have to be defined for TR-CPU, A-CPU, TR-MGMT, A-

MGMT, G-COMPUTER and TR-COMPUTER. There are two ways to 

define these new components the first one is to define 



those models in advance then pull them out for simulation 

and the second one is to define them on tht spot and then 

run the simulation. G-COMPUTER performs the exact duties 

as GEN, and A-CPU and both A-MGMT and A-CPU have same 

constraints as ACC. TR-CPU and TR-MGMT just collect the 

average of queue length separately and TR-COMPUTER just 

collect the average of average of the queue length. 

Now a summary of the example is shown as the following. 

1T Load the original centralized example. 

2. Load all the procedures related with 

attachments. 

3. Attach all the processors needed. 

4. Modify all the names of ports if there are any. 

5. Send the functions of old frame components to 

new frame components if that is necessary. 

6. Refine and add functions inside new frame 

components. 

7. Run the simulation. 
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CHAPTER 7 

Conclusions 

The original concepts to decentralize the experimental 

frame is to reduce the workload of transducer of 

centralized frame and also can draw some behavior result 

from lower levels to higher levels. With the coupling 

scheme in chapter 5, the above features are actually 

implemented. During the simulation, the local transducer 

TR-MGMT and TR-CPU will send events to TR-COMPUTER, so the 

results of the local transducers can be collected by TR-

Computer. 

7.1 Comparison Between Centralized And Decentralized Frames 

In the last chapter, an example was illustrated. Now 

it is time to itemize the difference between these two 

realizations. First a list of advantages of decentralized 

realization are exhibited as the following. 

1. No coupling relations are involved after 

attaching processors. 

2. The way of building new frame components is very 

flexible. 

3. Substantial codings are reduced in decentralized 

frame components. 

4. All the processors are ready to attach to any 

model in the system without altering any 



functions inside models. 

The main disadvantage of decentralized implementation. 

is that tremendous effort has been invested to accomplish 

the coupling scheme because it is fairly complicated even 

that it is already achieved after all. 

As for the centralized configuration, it has advantages 

too. 

1. Coupling scheme is much simpler than 

decentralized one. 

2. It is easier to divide the weight of the jobs in 

centralized realization. 

As for disadvantages, they are listed in the following 

paragraph. 

1. Not flexible. Due to the fact that some model 

needs a frame some does not. 

2. The transducer module will be very large if too 

many functions have to be implemented in this 

module. 

3. Rebuilds the couplings every time when a new 

model or a processor is inserted. 

7.2 Future Works 

In order to implement the decentralized frames, three 

atomic-models subclasses have been generated, i.e., 

acceptors, generators and transducers. Zeigler [1] 

identified several standard functions for each of frame 

components (acceptors, generators and transducers). For 



better uses of the available attach functions, we can build 

up a function base which contains the standard functions 

such that users can choose them for different purposes; 

thus the users need not define these functions anytime 

after they invoke the attach procedures. 

The current system doesn't supply the facilities for 

removing attached models from the model structure. For the 

completeness and reliability, the system must provide such 

functions as detaching the attached frame components. 

There is another task should be improved later, i.e., 

the interface because it is very simple and 

straightforward. However, if this module can display 

everything on the screen then that will be wonderful. For 

instance, if it can show the model base and how many 

processors have been attached to them on the screen at the 

same time then the users can decide the next move and do 

something accordingly. 

With a model structure, DEVS-SCHEME provides two 

operations, DEEPENING and FLATTENING, which respectively 

increase and decrease the height of the model structure 

without affecting the behavior of the models in the model 

structure. However, the execution time of the models will 

vary greatly as the results of the operations. The 

integration of these two operations with the attach-

operations as described in the foregoing chapters can 

support the better performance evaluation of a given model 



structure, especially the analysis of the execution time. 
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APPENDIX A TABLE OF FUNCTIONS 

file .name purpose procedures lpurpo.se 

acc-att same as att-acc att-acc '.attach an acceptor when a tran
sducer or a generator nas been 
!attachea 

acc-attt attach an acceptor 
does not matter 
what situation it 
is 

attt-acc !attach an acceptor when a gene_ 
Irator & a transaucer have been" 
1 attached 

acc-attt attach an acceptor 
does not matter 
what situation it 
is 

att-acc Isame as att-acc 

attach-a lattach an acceptor when nothin-
'g has been attached 

acc-attt attach an acceptor 
does not matter 
what situation it 
is 

attach-acc ! incorporate all the above proc
edures into one unit 

convert. -
try 

create total coupl
ing list 

change !sort coupling list convert. -
try 

create total coupl
ing list 

transfer lexpand the original coupling 
! list 

dig make influence 
digrapn for attach
ing a generator wi
thout anything nas 
been attacned yet 

build-inf-dig!build influence-digrapn for 
-g iattaching a generator without 

!anything has been attacned yet 

i 1 

dig.a same as above out 
replace generator 
as acceptor 

build-inf-digI same as build-inf-dig-g out re-
-a Iplace generator as transaucer 

i 1 

aig. t same as above but 
replace generator 
as transducer 

build-inf-dig;same as build-inf-dig-g but re-
-t Iplace generator as transaucer 

1 

gen-att attach a generator 
when an acceptor or 
a transducer r.as 
been attacnea 

has-gen? !check a generator in a list or 
Inot A return (Mtrue or tflfalse 

has-tran? icheck a transducer ir. a list or 
Inot & return -'/Itrue or 'M false 

gen-att attach a generator 
when an acceptor or 
a transducer r.as 
been attacnea 

att-gen lattach a generator wnen a tran-
isaucer or an acceptor r.as been 
{attached alreaay 
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gen-attt attach a generator 
doea not natter 
what situation it 
ia 

attach-g ! attach a generator when there 
lis nothing has been attached 

gen-attt attach a generator 
doea not natter 
what situation it 
ia attach-gen 1 incorporate all the above 

1 procedures into one unit 

gen-attt attach a generator 
doea not natter 
what situation it 
ia 

att-gen Isame as att-gen 

gen-attt attach a generator 
doea not natter 
what situation it 
ia 

attt-gen 1 attach a generator when an acc-
leptor It a transducer have been 
1 attached 

gen-attt attach a generator 
doea not natter 
what situation it 
ia 

has-acc? I check an acceptor in a list or 
1 not & return #!true or #I false 

gen-attt attach a generator 
doea not natter 
what situation it 
ia 

haa-gen? Isame as has-gen? 

gen-attt attach a generator 
doea not natter 
what situation it 
ia 

haa-tran? Isame as has-tran? 

haa-gen check a list has a 
generator or trans
ducer in it or not 

has-gen? 1 same as has-gen? haa-gen check a list has a 
generator or trans
ducer in it or not has-tran? 1 same as has-tran? 

haa-gen check a list has a 
generator or trans
ducer in it or not 

has-acc? 1 same operation as above 

haa-gen check a list has a 
generator or trans
ducer in it or not 

member? 1 check objl is a member of obj2 
lor not return ffltrue or #!false 

interface same as interface interface Ian interactive module which 
I incorporate all three attach 
! procedures into one unit 

ok.a same as build-coup-
-a 

build-coup-a I build coupling for attaching an 
I acceptor below the topest level 

ok.t same as build-coup-, 
-t 

build-coup-t I build coupling for attaching a 
I transducer below the topest 
I level 

ok.try same as build-coup-
-g 

build-coup-g I build coupling for attaching a 
I generator below the topest 
I level 

roof same as roof-g roof-g Isame as roof-g 

roof.a same as roof-a roof-a Isame as roof-a 

roof.t same as roof-t roof-t Isame as roof-t 

roof.try attach a generator 
when nothing has 
been attacnea 

attach-g Isame as attach-g roof.try attach a generator 
when nothing has 
been attacnea roof-g lattacn a generator when meet 
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Ithe topest level 

temp-tree-g !same as temp-tree 

build-inf- Isame as dig 
dig-g I 

build-coup-g Isame as ok.try 

rooftry.a attach an acaaptor 
when nothing has 
been attached 

attach-a Isame as attach-g but use for 
|attaching acceptor 

rooftry.a attach an acaaptor 
when nothing has 
been attached 

roof-a Isame reason as above 

temp-tree-a Isame reason as above 

rooftry.a attach an acaaptor 
when nothing has 
been attached 

build-inf- Isame reason as above but use 
dig-a I for attaching acceptor 

rooftry.a attach an acaaptor 
when nothing has 
been attached 

build-coup-a Isame reason as above 

rooftry.t attach a transduce-
r when there is no
thing haa been 
attached 

attach-tr I attach a transducer when there 
Us nothing has been attached 

rooftry.t attach a transduce-
r when there is no
thing haa been 
attached roof-t I attach a transducer when meet 

Ithe topest level 

rooftry.t attach a transduce-
r when there is no
thing haa been 
attached 

temp-tree-t Isame as tree.t 

rooftry.t attach a transduce-
r when there is no
thing haa been 
attached 

build-inf-digI same as dig.t 
-t I 

build-coup-t '.same as ok.t 

temp-tree same as temp-tree-g temp-tree-g I build the overall composition 
I tree below the topest level 
I for attaching a generator 

test1-in get all the intern
al coupling 

get-internal-1 a method can get all the inter-
coupling Inal coupling 

test1-ex get all the extern- get-external-1 a method can get all the exter-
coupling Inal coupling 

tran-att same as att-tran att-tran Isame as att-tran 

tran-attt same as gen-attt 
but replace genera
tor with transducer 

has-gen? Isame as before tran-attt same as gen-attt 
but replace genera
tor with transducer has-tran? Isame as before 

tran-attt same as gen-attt 
but replace genera
tor with transducer 

has-acc? Isame as before 



att-tran I attach a transducer when there 
lis a generator or an acceptor 
lhas been attached already 

attt-tran {attach a transducer when a 
{transducer & an acceptor have 
{been attached already 

attach-tr {attach a transducer when nothi-
!ng has been attached 

attach-tran !incorporate all the above proc
edures into one unit 

tree.a same as tenp-tree-a temp-tree-a Isame reason as below but for 
[attaching an acceptor 

tree.t sane as temp-tree-t temp-tree-t !build the overall composition 
itree below the topest level 
!for attaching a transducer 
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