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ABSTRACT 

This work develops a conceptual framework for modeling 

and simulating spatial dynamics. The framework links 

modeling of time variability with spatial variability. With 

current modeling in environmental analysis taking place at 

the discrete level (modeling fire, hiker behavior, or 

watershed run-off), it is the task of this thesis to provide 

a conceptual framework for integration of these discrete 

components in a systems like simulation environment for 

modeling their interactions through time. It explores the 

utility of the discrete event simulation framework developed 

by Zeigler (1976, 1984) for linking different environmental 

models in an interactive environment. It expands Zeigler's 

framework by linking cellular automata methodology to the 

discrete event methodology. Finally, this thesis 

demonstrates event modeling and simulation concepts used in 

the framework. 

vii 



CHAPTER 1 

INTRODUCTION 

PROBLEM DEFINITION 

The problem addressed in this work is the development 

of a framework for modeling and simulating spatial dynamics. 

This framework links modeling of time variability with 

modeling of spatial variability. It explores the utility of 

the discrete event simulation framework developed by Zeigler 

(1976, 1984, 1987) for linking different environmental 

models in an integrative approach. It expands Zeigler's 

framework by linking cellular automata methodology to 

discrete event methodology. 

Modeling in Environmental Management 

While the spatial area of land that American society 

has available for its use remains the same, the diversity 

and intensity of the land uses generated by society 

continues to increase. The increased affluence of American 

society has brought with it a variety of land uses, such as 

leisure activities, which are specifically geared toward 

human pleasure and well being. This change in land use has 

been coupled with a change in attitude about people's 

relationships with the environment, a change from an 

attitude of dominance to one of balance (Countryman and 

Sofranko 1982). As a consequence of these changes, 

1 



2 
administrators of these lands are faced with a complex 

multi-objective system with two fundamental 

responsibilities: preservation of the environment while at 

the same time providing for compatible human use (Marsh and 

Martin 1985). According to Berger and Sinton (1985), after 

the early 1970's natural resource planners have tended to 

use decision models based on only portions of the 

environment or specific narrowly defined objectives, giving 

little attention to the interconnections within the 

environment. From a planner's perspective, there exists a 

need for an understanding of human perceptions and behavior, 

ecological resources, and the interactions of the two. 

This need prompted the USDA Central Forest and Range 

Research Station to request the development of a method for 

integrating these two realms, specifically the integration 

of visual and recreation models with forest dynamic models. 

This request was expressed in the form of a cooperative 

research agreement with the University of Arizona in 1988. 

The Integrated Dynamic Ecological Analysis System 

From continuing work under this agreement, IDEAS 

(Integrated Dynamic Ecological Analysis System) has emerged 

(Itami 1988, Itami et al. 1988). IDEAS is an integrative 

environment which will provide a common framework for 

decision making, analysis, data management, and display to 

research scientists, environmental planners, resource 
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specialists, and managers. 

IDEAS and the framework developed in this thesis for 

application in IDEAS, is based on systems methodology. From 

a systems approach, the environment is viewed as a system 

and the human and ecological models are viewed as components 

of the system. The following section will formally define a 

system, models, modeling, and simulation. 

FORMAL DEFINITIONS 

It is first necessary to establish the framework of 

modeling and simulation. Using definitions outlined by 

Zeigler (1988), a model can be considered a representation 

of the real system of interest (such as some system of 

environmental resources). The relationship between the 

system and the model is called modeling, which determines 

the goodness of the model in representing the system. The 

execution of the model is with a computer. The 

relationship between the model and the computer is called 

simulation, and represents the ability of the computer in 

executing the instructions of the model. This framework 

requires the definition of two relations; modeling and 

simulation, and three fundamental components; the system, 

the model, and the computer. 

The System 

A system is a set of components that together make a 

whole. The presence of time, static and dynamic, is the 
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first level of discrete classification of systems. This 

work will focus on dynamic systems. According to Sampson 

(1985), a dynamic system is a set of interacting components 

that can be described in the following way. The system can 

be physical or abstract. The physical system can be natural 

or artificial. All share five fundamental characteristics: 

(1) A time base that is either discrete or continuous. 

(2) A state set is a set where each member in the set is a 

possible state of the system at some instant in time, that 

state being defined by the set, some possible state of each 

of the variables which describe the components of the system 

(called state variables). This can be more formally 

described as: 

State Set (S) = <sl,s2,...,si,...,sn> 

where 
(si) = <svl,sv2,...,svi,...,svn> 

where 
(svi) = some member of the set of possible states of 

state variable (vi). 

This state set may be continuous, discrete (where the states 

assume values at some regular or irregular time interval), 

or a mixture of the two. Any mixed or continuous state set 

must be infinite, whereas the discrete state set may be 

infinite or finite. 

(3) An environment is defined as the context of the system. 

In a hierarchical system, a system's environment is its 

parent system and it is the environment for its children. 



(4) A set of inputs (X) and a set of outputs (Y), allow the 

system to communicate with its environment. Such a system 

is an open system. A system without input and output sets 

is called a closed system. 

(5) A behavior is the response of the system in some initial 

state to a sequence of inputs, with a sequence of states and 

outputs. The system is called a deterministic system if 

there exists only one state/output pair for each state/input 

pair. The system is nondeterministic if more than one 

state/output pair exists for a given state/input pair, and 

stochastic if these alternatives have some probability 

distribution. 

Sampson's definition given above, provides an abstract 

framework for system definition. Description of the system 

is done with a model. The following section will define a 

model and the process of modeling. 

Models and Modeling 

The model will have the same characteristics as 

described above, and can therefore be considered a system 

(Sampson 1985). The relationship between the two systems, 

the real system and the model, is called modeling (Sampson 

1985, Zeigler 1976). So then, the process of modeling is a 

simplification and representation of some system (Jeffers 

1982, Macgill 1986, Zeigler 1984). 

The representation of the system by the model can be 



defined by morphisms, which is "a mapping (or function) 

between two sets that preserves desired properties of the 

domain set in the range set" (Sampson 1985, p. 13). These 

morphisms fall into two classes. If the relation between 

the two sets is an isomorphism, for each element in one set 

there is a corresponding element in the other set. The two 

sets have the same number of elements. If the relation is a 

homomorphism, there is a many to one correspondence. The 

domain set has more elements than the range set (Sampson 

1985, Zeigler 1976). These morphisms may be applied to 

different system characteristics, structural or behavioral, 

to determine the system to model correspondence. However, 

established correspondence is not adequate for developing an 

appropriate model to a system if the correspondence is not 

between the proper elements for a given question of interest 

(Sampson 1985). It is the role of the experimental frame to 

define constraints on the observation of the system for the 

question of interest (Zeigler 1976). This will be further 

described later in this chapter. 

Simulation and Computers 

Simulation can be regarded as a process of "running a 

program which represents an abstract model in order to study 

the real system's behavior" (Spriet and Vansteenkiste 1982). 

Zeigler (1976) refers to simulation as the relation between 

the model and a computer, where the computer is a 



7 

computational device that generates the input/output pairs 

of the model. The goodness of this relation is a function 

of the accuracy with which the computer generates the 

behavior of the model (Zeigler 1976). Sampson (1985) 

identifies three paradigms in simulation: 

(1) Continuous simulation, where time and state are 

continuous. 

(2) Discrete event simulation, where time is continuous but 

discrete state sets exist, separated by predictable and 

variable time intervals. 

(3) Discrete time simulation, in which a single component 

exists which undergoes a state change at regular time 

intervals. A system may consist of several components 

undergoing parallel change. 

MODEL CLASSIFICATION 

According to Sampson (1985) a model can be viewed as a 

system, and consequently, model classification closely 

parallels the system description above. With this in mind, 

the first distinction of model classes is the element of 

time (ie. static and dynamic). Since the focus of this work 

is on dynamic modeling, this class will be further defined 

according to Sampson's (1985) description. 

Dynamic models can be classified according to time base 

and state set. Similar to a system, a model can have a 

continuous or discrete time base, and a discrete, mixed, or 
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continuous state set. Six model class combinations (time 

base-state set) can be described: 

(1) A discrete-discrete model is a "finite or infinite state 

automaton", sometimes as a stochastic model utilizing 

probabilistic transition functions. 

(2) A discrete-mixed model may be characterized by a mixture 

of continuous and discrete state variables which influence 

each other and generate an output. 

(3) A discrete-continuous model is often used to approximate 

a continuous time system with a difference equation as 

opposed to using a differential equation. 

(4) A continuous-discrete model schedules discrete state 

transitions at variable and arbitrary time intervals. This 

is a discrete event approach, to be discussed further, later 

in this chapter. 

(5) A continuous-mixed model, like the previous model, can 

also be modeled with a discrete event approach, but has the 

addition of one or more continuous state variables. 

(6) In a continuous-continuous model, time and state move 

smoothly and are represented by differential equations. 

Using Sampson's definitions above, it is possible to 

examine models according to their abstract structure. The 

following section will examine models used in forest 

resource management using Sampson's definitions. 
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MODELING IN FOREST MANAGEMENT 

This section will briefly discuss models used in forest 

management. Social science models discussed will be visual 

and recreation resource models. Natural science models 

discussed will be forest dynamic models. 

Visual Resource Models 

According to Itami (1989), the management of visual 

resources in the United States at the federal level is 

primarily the responsibility of three agencies: the USDA 

Forest Service, the USDI Bureau of Land Management, and the 

DOT Federal Highway Administration. Each of these agencies 

has institutionalized procedures for landscape visual 

assessment; the Visual Management System (VMS) of the Forest 

Service (USDA FS 1974), the Visual Impact Assessment 

procedure (VIA) of the Federal Highway Administration (DOT 

FHWA n.d.), and the Visual Resource Management procedure 

(VRM) of the Bureau of Land Management (USDI BLM 1984). 

Itami (1989) assessed all three of these federal 

procedures, making an appraisal of the research literature's 

contributions and effects on these systems. Itami 

identified five components found in each procedure: (1) 

classification of the landscape character, (2) assessment of 

scenic quality, (3) assessment of public sensitivity, (4) 

management objectives, and (5) visual impact assessment. 
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Using Sampson's (time base-state set) format, from 

Itami's description, each of these procedures has a static 

time base, providing no method for modeling a change in 

state through time. They examine the resources based on a 

set of criteria, identifying homogenous areas as a 

particular visual class at some point in time. The state 

sets of all the procedures then, are discrete, that state 

set being a set of potential visual classes. These models 

can be described as static-discrete, where time is static or 

nonexistent and the state set is a set of possible discrete 

descriptions of the visual resources, based on a limited set 

of criteria. 

Recreation Resource Modeling 

Management of recreation resources by the Forest 

Service and the Bureau of Land Management utilizes the 

Recreation Opportunity Spectrum (ROS) planning model. 

According to Driver et al. (1987), the fundamental structure 

of the ROS framework 

"involves specifying recreational goals in terms of 
broad classes of recreation opportunity, 
identifying specific indicators of these 
opportunities that permit their operational 
definition, and defining specific standards for 
each indicator that make distinctions among the 
opportunities possible" (p. 204). 

They define the ROS setting as a function of activities and 

experiences, allowing the development of a conceptual 

spectrum of setting based opportunities. 
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From the Driver et al. description, ROS, like the 

visual resource models, provides no procedure for modeling 

the change in state of resources through time. It simply 

defines an ROS class based on criteria such as remoteness, 

evidence of humans, size, social setting, and managerial 

setting at some instant in time. Combinations of these 

criteria result in identification of homogenous areas on a 

map, similar to visual modeling, which have activity, 

experience, and setting characteristics of some ROS class. 

The ROS model can therefore be described as static-discrete, 

where time is nonexistent and the state set is a set of 

possible discrete ROS classes, based on the existence of 

certain criteria. 

Forest Dynamics 

Forest dynamic modeling will be examined based on a 

description by Shugart (1984). "Building ecological models 

is a scientific art that involves the successful blending of 

time, space, and phenomenological scales" (Shugart 1984, p. 

30). He goes on to state that this blending of scales is 

needed to accommodate the differences in degree of dynamics 

of certain phenomena at certain temporal or spatial scales. 

The identification of the appropriate scales for 

understanding different mechanisms of forest succession is a 

fundamental problem in model building. 

Shugart groups forest dynamic models into three 
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fundamental classes: 

(1) Tree models, which model changes in each tree in a 

forest, based on three characteristics; age structure (even 

age or mixed age), diversity (monospecies or mixed-species) 

and space (spatial or nonspatial). Shugart provides 

examples of seven combinations of these factors. He states 

data collection has yet to catch up with some models, and 

some models are applicable only within particular data sets 

The quality of a model for a given task is relative to the 

design purposes of the model. 

(2) Gap models, which are a type of tree model that models 

the succession of patches in the forest. These gap models 

begin with basic equations for incrementing tree growth in 

stand. This growth is possibly brought about in a model by 

light limitations, temperature, nutrient availability, 

moisture, ingrowth (the reproductive ability of a tree), 

death, and gap size. 

(3) Forest models, which model forest change and landscape 

dynamics (change in patterns of the landscape mosaic) based 

on summary variables such as forest biomass and cover. 

Prom Shugart's description, all models are dynamic and 

contain procedures for modeling the relationship of the 

state set to time. The time base in these models is 

described as continuous and discrete, depending on the 

model. Similarly the state set is modeled as discrete in 

some and continuous in others. Also important, is that, 
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like the visual and recreation models, these models are 

spatial, and account for spatial differences in the 

variables of interest. 

Trends In Modeling 

Recent modeling literature indicates a trend toward 

dynamic spatial modeling. Sklar et al. (1985) 

discuss application of dynamic spatial techniques for 

application in wetland ecological succession. They suggest 

that 

"Many of the decisions made by agencies charged 
with the management of ecological systems require 
information on both the spatial and temporal 
responses of the systems to various management 
scenarios" (p. 261). 

Their model contains evenly spaced interacting cells. It 

projects habitat changes by allowing the exchange of water 

and materials between cells. According to Hansen and 

Hellmund (1983), "Throughout most of its history, landscape 

architecture has depended on static techniques of landscape 

representation in environmental analysis" (p. 1). They 

state that the use of maps fails to represent the dynamic 

nature of the landscape system. They support the 

application of dynamic modeling techniques in landscape 

modeling, stating that "traditional (static) landscape 

modeling techniques are limited in the degree of reality 

they can portray, especially in considerations where change 

through time is an important factor" (p. 17). Shelden 
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(1984) applied system simulation techniques for determining 

optimum production strategies for natural resources. 

Hogeweg (1988) discusses cellular automata (a spatial 

dynamic theory modeling to be discussed later) as a paradigm 

in ecological modeling. 

SUMMARY 

A definition for a system and modeling of the system 

has been given. Visual and recreation resource models have 

been described based on abstract modeling concepts. All 

have been described as static models, giving no attention to 

the change of the resources through time. Their state sets 

have been described as discrete, with a limited set of 

possible classes or states. Forest dynamic models were 

described as being dynamic, modeling for a change in state 

through time. Their state sets are both continuous and 

discrete. Recent trends in modeling toward spatial dynamics 

were described. According to Hogeweg (1988) "the choice of 

modeling formalisms is important because it determines to a 

large extent the model potential" (p. 88). The success of 

the model in its ability to model the system of interest (in 

our case an environmental system) is largely dependent on 

the abstract formalism with which the model is structured. 

With the trends toward spatial dynamics and the fundamental 

diversity of existing modeling practices, success of a 

framework for integrated environmental system modeling must 
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be built upon sound formalisms. This thesis examines 

dynamic modeling methodologies at the abstract formalism 

level, for application in the IDEAS environment. 



CHAPTER 2 

FORMALISMS AND CONCEPTS 

OP MODELING AND SIMULATION 

This chapter describes the formalisms and concepts of 

modeling and simulation used in the framework. These 

include object- oriented programming and multifacetted 

modeling, discrete time theory and cellular automata, 

discrete event theory, the experimental frame, the abstract 

simulation process, and the system entity structure. The 

latter portions of this chapter are based primarily on work 

done by Zeigler (1976, 1984, 1987, 1988, and 1989). 

SELECTED CONCEPTS USED IN FRAMEWORK 

The fundamental concept behind the structure of the 

framework developed in this thesis, is one of an object-

oriented world. In order to introduce this concept, two 

formal paradigms, object-oriented programming and 

multifacetted modeling, will be discussed. 

Object Oriented Programming 

"Object oriented programming is a paradigm in which a 

software system is decomposed into subsystems based on 

objects" (Zeigler, 1989, Chtr. 2 p. 1). The knowledge of 

the program is not contained in a "main program", but is 

localized in different objects which specialize in discrete 

tasks. The functions of the program are carried out by the 

16 



passing of messages between objects. A key advantage of 

this approach is the ease with which an interface between 

the objects, once developed, can adapt as more specialized 

objects are developed and the program evolves. Also 

important is the ability to define an object simply as an 

entity which exists, but has no properties. The fundamental 

structure of an object-oriented program, then, is based on 

the objects themselves (Zeigler 1989). 

The objects in the program contain their own variables 

and methods which can change the state of these variables. 

The variables within an object make up its state, and can 

only be changed by the object's own methods (Zeigler 1989). 

These objects are organized in a hierarchical class system 

which allows top down "inheritance" of variables and 

methods. As objects become more defined, they become a sub

class which has all of the characteristics of its "parent" 

class, but also has unique characteristics which make it 

different. In an object-oriented environment, the 

"children" automatically inherit the properties of their 

"parents" upon their definition. 

An object-oriented system then, puts the information 

about an object, what it is and what it does, into the 

object. That object knows how to receive a message, perform 

a function, and send a message. A networking interface 

between the objects acts as a message director, making sure 

that the message stream flows properly. 
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Hultifacetted Modeling 

Multifacetted modeling builds on this idea of object-

oriented programming and is a method of system modeling. A 

system, such as an environmental system, has components 

which can be decomposed and modeled separately, yet also has 

characteristics of extensive interaction and integration of 

components. This is analogous to objects and the connection 

of objects by message flow. Such a system has a 

hierarchical/modular structure (Figure 1) resulting in 

multiple objectives and models throughout this structure. 

Multifacetted modeling, an approach to system modeling 

introduced by Zeigler (1984), recognizes this multiplicity 

and develops theories and methodologies for dealing with 

such a system. It develops constructs for modeling the 

decomposition of the system ("modeling in the small") and 

modeling the coherent system ("modeling in the large"). This 

multifacetted approach is used in the development of this 

framework. 

With modeling in the small, "we are concerned with the 

immediate task of constructing a model for a given decision 

making objective" (Zeigler 1984, p. 10). Modeling in the 

small takes a top down approach, beginning with conceptual 

development through verification and validation. Conceptual 
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Hierarchical / Modular System 

Figure 1 
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development of this sort requires abstraction of ideas and 

formal thinking (Zeigler 1984). This framework will 

provide an arena for such thought to better facilitate model 

building, through a graphic user interface to be discussed 

in Chapter 3. 

When modeling in the large, the model becomes more than 

a tool for a discrete application. It is conceived more as 

"embodying knowledge about the real system" (Zeigler 1984, 

p. 11). Such modeling results from the efforts of various 

specialists in different disciplines. This results in a 

model with characteristics of knowledge such as 

transmittability between persons, modifiability, and the 

ability to combine with other knowledge. This type of 

modeling is best facilitated using decomposition and 

modularity. Efficient use of this modular design calls for 

an organization of component models (modeling in the small 

and hierarchical products of modeling in the large), or a 

model base (Zeigler 1984). Both concepts of 

decomposabi1ity and a model base structure are important in 

the framework. 

The remainder of this chapter is a discussion of five 

concepts: discrete time theory and cellular automata (to be 

used later as a way for modeling decomposability (modeling 

in the small)), discrete event theory (to be used later as a 

way for modeling coherence (modeling in the large)), the 

experimental frame, the abstract simulation process, and the 



21 

system entity structure. 

Discrete Time Theory and Cellular Automata 

In a discrete time model, the time clock in the model 

moves in discrete segments, jumping from one value to the 

next, with the jump being some specified time interval 

(Zeigler 1976). In such a model, the simulation consists 

of running the model at each time step, causing a change in 

the state of the system being modeled at regular time 

intervals. Such a model is used to simulate the behavior of 

a discrete time system (or sequential machine) which can be 

formally described as: 

<STATES, OUTPUTS, 5h,\> 
where 

STATES is the parenthesised set of state values 
(abl, ab2,, abi,...) 
where abi is a member of the possible values 
that can be assumed by betai of the set 
S T A T E *  V A R I A B L E S  (  0 1 ,  ( 5  2  ,  .  .  .  ,  p i , . . . )  
a set of state choices of the model. 

OUTPUTS is the parenthesised set of output values 
(cdl, cd2,..., cdi,...) 
where cdi is a member of the possible values 
that can be assumed by 5 i of the set 
OUTPUT*VARIABLES ( 51, 52 Si,...) 
a set of output choices that are parallel to the 
set STATE*VARIABLES. 

5h is the transition function which will take the 
model from the state at the computational instant 
(time = t) to the state at (time = t + h). 

\ is the output function which takes the 
state of the model at (time = t) and produces a 
total description of the model at the same time 
instant. 

(Zeigler 1976, p. 59 - 63) 
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This formal definition gives a framework for behavior 

simulation of such a system over a time segment [t,t'] being 

(Nh) long, resulting in a sequence of (N) system states at 

(h) distance apart in the time space [t, t * ]. Such a 

framework can be used to simulate discrete behavior events 

in a time space, given that that event changes its state at 

a time scale (h). 

A cellular automaton is a discrete time system in a 

spatial context. It is achieved by placing copies of the 

same sequential machine at regular intervals on a two 

dimensional lattice. At the time interval (h), all of the 

sequential machines undergo a state transition 

simultaneously. This allows a model to achieve spatial 

uniformity as well as time uniformity (Zeigler 1984). 

Formally, a cellular automaton is described as follows: 

<S, N, T> 

where 
S is a set of possible states of the cellular 
automaton. 

N is a neighborhood of other cells which influence 
the state of the cellular automaton. 

T is a transition function, the function defining the 
state of the cellular automaton in the next time 
step. 

Using cellular automata theory, in a space defined by a 

matrix of evenly spaced cells, when every cell in an 

environment is in a state, some state (s) of the set (S) at 

time (t), the application of transition rule (T) to each 

cell will provide some new state (s) for each cell at time 



(T+l). The matrix has a global state (Q) with each location 

on the matrix having a local state (s) of the set of states 

(S). Each location on the cell also has a set of neighbors 

(N) which will influence the state (s) in the next time 

step. By applying the transition function to each location 

on the matrix at time (t), the global state of the matrix 

(Q) will be (Q') at time (t + 1) (Zeigler 1984). 

The most popular, and probably best know example of a 

cellular automaton, is Conway's Game of Life. The Game of 

Life, introduced by Gardner (1970) simulates bacterial 

growth using cells in a binary state (live or dead) and 

applies transition rules of survival, death, and birth based 

on the state of the cell and the state of its neighbors. 

Reviewing the Game of Life and work done by Tobler (1979), 

Couclelis (1984) generalized the cellular automata concept 

using Zeigler's (1976) framework for system simulation in 

the following ways: 

1) The spatial matrix can be finite and the spatial units 

can be of any irregular form or a set of points. 

2) The range of local states need not be binary as in 

Conway's game and there may be as many local states as there 

are local components. 

3) The neighborhood can be different for different 

components and can be spatially detached. 



24 
4) The transition rules can be different for different 

components and the time intervals can also differ. 

5) Inputs and outputs to the simulation process can be 

defined. 

In an implementation of the Couclelis generalization, 

Itami (1988) modeled residential development over time in a 

Geographic Information System. This demonstration showed 

the utility of cellular automata for modeling time in the 

spatial modeling process. By their nature, components of 

the development process, such as infrastructure and visual 

quality, are dynamic and change over time as development 

occurs. These events were modeled as cellular automata and 

linked together under the Couclelis generalization. 

It is important at this point to make a distinction 

about the Couclelis generalization and the Itami 

demonstration. Rules 3, 4, and 5 of the generalization 

actually use concepts of Zeigler's discrete event theory. 

While these generalizations are correct in their direction, 

they attempt to implement these concepts by treating the 

data as objects. The framework implements the concepts at 

the event level by treating events as objects. This 

implementation will be described and discussed later in 

Chapter 3, when the framework is developed. 
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Discrete Event Theory 

Unlike discrete time theory, discrete event theory 

allows the simulation to happen continuously through time. 

The simulation is no longer driven by time steps, but rather 

by a next event list, which "contains the next clock times 

at which components are scheduled to undergo an (internally 

determined) state change" (Zeigler 1976, p. 125). This 

flexibility of event times eliminates two problems 

encountered in discrete time theory; the loss of data from a 

too coarse time step, and the inefficiency of a too fine 

time step. Discrete event theory is based on two 

fundamental assumptions: 

(1) The occurrence of some events can be predicted from the 

results of the occurrence of other events. 

(2) If the occurrence of an event cannot be predicted, the 

component will not change its state until and unless that 

change is caused by a state change of a component that has 

been prescheduled (Zeigler 1976, p. 125). 

Under these assumptions, the simulation takes place in 

irregular time jumps, with the simulation clock being 

advanced to the point in time of the next scheduled event. 

In essence, the state trajectory of the simulation is 

piecewise constant, such that its state changes at the 

instant in time of an event occurrence and then stays in 

that state until the instant of the next scheduled event 



Behavior is Piecewise Continuous 
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Continuous Behavior in Discrete Segments 

Event is changes in value of Y Time 

Figure 3 
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occurrence. The state set is made up of discrete segments 

of state (Figure 2). 

In application of discrete event theory for modeling 

continuous systems, the trajectory of the real system of 

interest is continuous. The point in time when this 

trajectory crosses the boundary between two state segments 

is when the discrete event state change occurs (Figure 3), 

resulting in the piecewise continuous trajectory. 

Zeigler's discrete event formalism is a language for 

describing or modeling these events. This formalism is 

based on the object-oriented and multifacetted modeling 

philosophy, which embeds the knowledge of the system in the 

different hierarchical levels of the system structure. At 

the most decomposable model level, the discrete event system 

specification (DEVS) defines these models as atomic models 

M = <X,Y,S, § , c > \ > T > 
int ext 

where 
X: set of values for external input event types 
Y: set of values for external event types generated as 

output 
S: sequential state set 
s : internal transition function defining the 
u int 

state transition due to a self-induced 
event 

5 : external transition function defining the 
ext 

state transition due to an external event 
X: output function generating an external event at 

the output 
T: time advance function 

These atomic models can be coupled to form larger, complex 
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models called coupled models. These are defined as: 

DN = <D, {Mi}, {Ii}, {Zi, j}, SELECT> 

where 
0: is a set of component names; 

for each i in D, 
Mi: is a component 
Ii: is a set, the influencees of i 

and for each j in Ii, 
Zi,j: is a function, the i-to-j output translation 

and 
SELECT: is a function, the tie-breaking selector should 

two events be scheduled for the same instant 
in time. 

(Zeigler 1988, p. 6) 

This formalism very clearly provides a template for 

model design which has components of inputs, internal 

states, outputs, functions for dealing with external and 

self-induced events, a function for generating output, and a 

function for scheduling the next self-induced event. Using 

this formalism, a system of infinite dimension can be 

modeled and then simulated through time. Zeigler has 

implemented the formalism in DEVS-Scheme (1988). It is now 

conceptually possible to model an entire system. Zeigler 

(197 6) calls this the base model. It becomes necessary to 

"prune" such a system model to create the lumped model. The 

system model, both the base model and the lumped model are 

represented with a system entity structure. 
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System Entity Structure 

The system entity structure (SES) is a labeled tree 

structure of the system. This tree structure represents the 

system of component models in their hierarchy. Nodes and 

leaves of the tree represent models, which are uniquely 

labeled. Branches of the tree represent the modes (or role) 

of the model attached below it, within the system hierarchy. 

It is a network roadmap, in essence, of the system from the 

highest level event down to the most discrete event level. 

This SES follows five basic definitions and axioms: 

(1) Uniformity: Any two nodes which have the same labels 

have identical attached variable types and isomorphic 

subtrees. 

(2) Strict hierarchy: No label appears more that once down 

any path of the tree. 

(3) Alternating mode: Each node has a mode which is either 

"entity", "aspect" or "specialization"; the mode of a node 

and the modes of its successors are always opposites (entity 

-- aspect or specialization). The mode of the root co

ordinator is entity. An entity is a real world object 

identifiable independently or as a component of some 

decomposable real world object. An aspect is one 

decomposition out of many possible of an entity. A 

specialization is a mode of classifying entities, used to 

represent the system taxonomy. 

(4) Valid brothers: No two brothers have the same label. 



(5) Attached variables: No two variable types attached to 

the same item have the same name (Zeigler 1988, p. 63-64). 

Entity nodes correspond to model components, while 

aspect nodes correspond to decomposition of the entity 

(Zeigler 1984). The SES provides the structure of system 

linkage which makes modeling in the large possible. 

The Experimental Frame 

In the lumped model, the modeler lumps together the 

appropriate components of the base model to answer his 

question (Zeigler 1976). In order to extract components 

from the base model to create the lumped model, it is 

necessary to understand the experimental frame. The 

experimental frame is a "controlled laboratory" within which 

the simulation for a given problem of interest is run. It 

can be seen as a "limited set of circumstances under which 

the real system is to be observed or experimented with" 

(Zeigler 1988, p. 30). It is a frame in which the system 

components of interest are observed, while the frame 

provides the appropriate input/output behavior that would 

normally be provided by the real system. For any given 

question or problem of interest, a system exists whose 

components and their interaction can provide the answer (or 

the information needed to formulate an answer). It is 

conceivable that there will be an unlimited number of 

experimental frames for an unlimited number of questions of 
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interest. It is important to recall, that every system 

exists within another system, called its environment. It is 

the role of the experimental frame to provide the conditions 

to the system which would otherwise be provided from the 

environment. Therefore, critical to the success of an 

experimental frame in addressing a problem or question, is 

appropriate connection to its environment. A model's 

validity is therefore relative to the criteria under which 

the experimental frame's input/output behavior is determined 

(Zeigler 1976). With the system and the appropriate 

experimental conditions established, the implementation of 

the model is accomplished with an abstract simulation 

process. 

The Abstract Simulation Process 

Given that DEVS theory is a modeling framework, a 

method is needed to execute the model instructions. This is 

the abstract simulation process. Zeigler (1984) implemented 

the DEVS concepts through the development of an abstract 

simulation process. Most of the remainder of this section 

comes from Zeigler (1984, 1988). 

The abstract simulation process is carried out by a 

computer (processor) assigned to each model. These computers 

are called simulators, co-ordinators, and root co

ordinators. Simulators and co-ordinators are assigned to 

atomic models and coupled models respectively, with the 
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simulation process being managed by a root co-ordinator. 

The simulation process consists of the passing of messages 

between the processors. These messages can take four forms: 

A *-message tells the processor to carry out the next self-

induced event. 

An X-message says an external event is arriving to its 

component model. 

A done-message is produced by the processor to say that the 

last message has been carried out. 

A Y-message is the processor's output information. 

These computer processors have very distinct tasks, 

depending on their position in the structure. The root co

ordinator is the global simulation co-ordinator. It is 

responsible for global simulation time keeping, *-message 

generation, and identifying the generation time of the next 

*-message by receiving a done-message. A co-ordinator has 

four functions; it directs *-messages, directs X-messages, 

generates a done-message after identifying the imminent 

child (the child model with the nearest next event time), 

and SELECT's the imminent child if two children have the 

same time of next event. A simulator is responsible for the 

execution of the atomic model. It manages local time 

keeping for its attached model. To do this it stores the 

time of the last event, calculates the elapsed time, 

calculates a, the time to next event, and calculates 
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time of next event. It is responsible for causing model 

execution. It passes X-messages and *-messages to the model 

and generates done-messages after the model has executed. 

The simulation (Figure 4) begins with the 

initialization of states of the atomic models at the most 

discrete level of the system, which determines each model's 

time of next self-induced event. Each processor submits a 

done-message to its parent, which carries this time. As 

each successive parent up the tree receives done-messages 

from all its children, it submits a done-message. These 

done-messages are propagated all the way up to the root co

ordinator. At this point each node of the tree knows which 

of its children is the imminent child. The root co

ordinator, after receiving a done-message from its child, 

the co-ordinator of the uppermost coupled model, sends a *-

message down with the time of next event. This message 

follows the imminent path down to the proper atomic model 

simulator. The simulator executes its internal transition 

function and submits a Y-message which the parent co

ordinator forwards to its influencees as an X-message. The 

influencees execute their external transition functions and 

submit done-messages. Through this recursive processing, a 

wave of done-messages goes back up the tree until the final 

done-message reaches the root co-ordinator where the next 

round of simulation is begun. The passing of these messages 
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requires a "roadmap" of the system. The system entity 

structure, discussed previously, acts as the system network 

roadmap. 

SUMMARY 

This chapter has briefly covered the concepts and 

formalisms which make the next chapter, the development of 

the framework, possible. First and foremost, object-

oriented programming and multifacetted modeling were 

described as the core concepts. Discrete time modeling and 

particularly cellular automata theory were discussed as 

methods for modeling the single event in a spatial context. 

Discrete event theory was discussed as a way to model the 

linkage of events of different time scales through time. 

The simulation process and the system entity structure were 

described as fundamental units which make the implementation 

of the discrete event formalism possible. Chapter 3 will 

apply these concepts in the development of the dynamic 

spatial simulation framework. 



CHAPTER 3 

DEVELOPMENT OF THE FRAMEWORK 

The first chapter described systems and modeling and 

examined visual, recreation, and forest models based on a 

systems approach. Chapter 2 introduced concepts and 

formalisms of modeling and simulation capable of dealing 

with the complexity of a system. This chapter is concerned 

with the conceptual design of a framework which can 

implement these concepts in a spatial resource context using 

existing and proposed tools. 

The spatial dynamics modeling and simulation framework 

can be decomposed into two components: conceptualization of 

the system and the simulation environment. These two 

components have a symbiotic relationship. That is to say, 

that the development of one is dependent on the other. The 

conceptualization of the system represents the model, and 

the simulation environment implements the model. This 

framework then, is not only a design for simulation 

environment, but a design for model conceptualization 

capable of simulation. The first section of this chapter 

will be concerned with developing a method template for 

conceptualizing a system. Section two will be concerned 

with establishing concepts for the simulation tools needed 

to operationalize the conceptual modeling side of the 

framework. 
36 
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CONCEPTUALIZING THE SYSTEM 

Fundamental to the development of this framework is the 

conceptualization of the system of interest as an event and 

events as objects. Throughout this development, the system 

being simulated will be viewed as a set of events which will 

be linked through a space in time. In object-oriented 

terms, at the top of the SES (system entity structure) for 

the system of interest, is a global event (a change in the 

state of the physical spatial system), which can be multiply 

decomposed into subordinate events. These events can be 

decomposed further into more discrete events, and so on down 

to the atomic level. In spatial modeling terms, the space 

being modeled is a space in time, and it is the relationship 

between the events in time that is of interest. 

Combining a Time System and a Physical Spatial System 

It is important at this point to describe an idea 

crucial to the understanding of the framework, the combined 

global and object nature of the framework. The framework, 

the concepts involved, and the structural nature of the 

system is described as being object-oriented. In Chapter 2, 

object-oriented methodology was described as placing 

knowledge of the object and methods for changing the state 

of the object, within the object itself. Since the objects 

being modeled are events, and the space in which they are 

modeled is a space in time, the knowledge of the time state 
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of the event and the methods for changing the time state are 

truly object-oriented, and comply with the rules of object-

oriented methodology. However, this event space scenario 

used as a synthesizing concept for the entire modeling 

process in the framework, is complicated due to the physical 

spatial data that the event system is manipulating. The 

physical data are global and are accessible to all 

components of the framework, a direct violation of object-

oriented methodology. 

OEVS models the 
event through a 
space in time. 

on the global data 

Figure 5 
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This requires that any modeling effort be 

simultaneously conceptualized within two distinctly 

different, but closely related system spaces, a time system 

and a physical spatial system. Both systems have a state 

set. The first is the state set for the time system 

(relating to the state of the event in a time space), and 

the second is the state set of the physical spatial system 

(which represents the physical environment that the events 

manipulate) (Figure 5). These two state sets are linked 

through the application of cellular automata theory (which 

acts on the physical spatial system state set) within the 

DEVS (discrete event simulation) theory (which acts on the 

event time space state set). The nature of this linkage is 

described in the following two sections. 

Designing the System Entity Structure 

In order to model the system of interest, the event 

time system must first be conceptualized using multifacetted 

dynamic concepts described in Chapter 2. The SES (system 

entity structure) will be used for system understanding, as 

the system is visualized as a hierarchy of events. Design 

of the system entity structure is a top down procedure, 

beginning with definition of the real system of interest and 

recursive dissection down to the most discrete level of 

interest. This SES, once designed, can then be used for the 

modeler's understanding of the system structure through time 
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as well as a reference for the simulator during simulation. 

Using the axioms described in Chapter 4, the system event 

hierarchy can easily be graphically described. Chapter 4 

will demonstrate the event modeling concepts in full. 

Modeling the Event 

Once the system is described as a hierarchy of events 

in an SES, the next step is modeling of the atomic level 

events. It has been established that past research has 

developed methods for modeling environmental processes such 

as soil erosion, wildlife behavior, and social carrying 

capacity with specialized tools such as GIS packages, 

statistical packages, and database managers. These 

processes represent typical atomic event models. Past 

modeling efforts however, have historically manipulated a 

physical system and often one of a spatial nature. Through 

the application of cellular automata theory, a time element 

can be easily added to the spatial modeling of these 

processes. However, treatment of these models as events in 

a hierarchical event system, requires use of the atomic 

model template according to the following restrictions. 

Within the atomic model template described in Chapter 

2, cellular automata theory is applied as the manipulator of 

the global physical spatial data system. Using this 

approach the spatial process is described as: 
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<1 ,T,0,ti> 

where 
I is a set of inputs 
T is a transition rule to act on those inputs 
0 is a set of outputs 
ti is a time interval for execution of the transition 

rule 

and cast in the cellular automata framework <S,N,T> where: 

S - the state set is 0 
N - the neighborhood provides I 
T - the transition rule is T applied at ti 

Once the spatial process is cast in this structure, it must 

be implemented within an event system. This structure is 

implemented in the atomic model structure discussed in 

Chapter 2: 

M = <X,Y,S, 5 , § >  \ >  T >  
int ext 

where 
X: set of external event types defined as the 

intersection of the set of inputs (I) for the 
spatial process modeled as this event M with the set 
of outputs (O) from spatial processes modeled as 
other events. 

Y: set of external event types, or all output of a 
change in state of the physical spatial system 
generated by the cellular automata for the times of 
an event state change. 

S: sequential state set for the event M, which is a 
subset of the set of sequential states for the 
cellular automata model (ie.- the CA model may go 
through several iterations of change before 
producing a single event state change). 

§ : internal transition function defines the 
int 

change in state of the event time system, 
but does not affect the physical spatial 
system state. 

5 : external transition function defining the 
ext 

state transition of the event system but 
not the physical spatial system. 
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X : output function, which changes the state of the 

physical spatial system but not the event 
system. 

T '• time advance function to determine execution time 
of the next self-induced state transition. 

As esoteric as this sounds, formal definition of this type 

is necessary for clear implementation of cellular automata 

within this framework. 

At this point the cellular automata model becomes a 

tool for application within the atomic model. The 

transition rules for behavior of the event (M) are driven by 

the state of (M) and the state of the physical spatial 

system. Cellular automata then, becomes the tool for 

changing the state of the physical spatial system. It is 

formally implemented within the output function 

For example, (M) executes its self-induced state change 

at the time defined by This self-induced state change 

has two parts; (1) execution of the output function, \ 

- the cellular automata model is executed a certain number 

of generations to change the state of the physical spatial 

system, and (2) the execution of the internal transition 

function, 5 " which sets the f and any internal 
int 

memory variable or time keeper for the event. Should (M) 

receive some external input of a change in the state of the 

physical spatial system (some element of X), the external 

transition function g is executed which can cause 
ext 

a change in ^ or some internal memory variable of the 

event. 
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With the atomic models defined and the role of cellular 

automata defined within the atomic model structure, coupled 

models are implemented as defined in Chapter 2 with one 

revision. Since external inputs (X) in the atomic model are 

defined as the intersection between inputs and outputs of 

process models within the event models, the Zi,j output 

translation function of the coupled model becomes a data 

monitor as well as a translator. It is not only responsible 

for the translation of data into the appropriate form for 

the influencee (ie.- spatial to tabular) but is also 

responsible for identification of the appearance of the 

occurrence of the intersection of inputs and outputs 

described above. 

This establishes a template for modeling the system. 

It follows that the next step is the simulation. The next 

section will describe the simulation environment according 

to the tasks required for simulation of a model in this 

design. 

THE SIMULATION ENVIRONMENT 

With this system modeling template, any spatial system 

can be modeled and simulated through a simulation machine 

which can perform the instructions of the model template. 

The simulation machine has four components (Figure 6): 

(1) A user interface, which allows the user to design the 

system model and the atomic models using graphic and 
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language structures. 

(2) A data/tool manager, which interfaces and monitors 

different data types, and interfaces a variety of 

specialized modeling tools to be used in the development of 

the atomic models. 

(3) An experimental frame, which acts as an experimental 

laboratory for the question of interest, helps the user 

define the experimental frame based on his/her knowledge of 

the problem, and allows the user to define characteristics 

of the simulation, such as the information to be reported 

and stored during the simulation, the form that information 

will take, and the time or data threshold constraints of the 

simulation. 

(4) A simulation frame, which synthesizes the user's input 

about the system and the user's parameters of the 

simulation, and creates a simulation environment with 

appropriate processors (which act as "computers" for the 

models), message channels (between models according to the 

SES and between data and modeling tools), and the root 

coordinator (which manages the simulation from the top of 

the SES). 

These four components will be discussed in terms of 

their tasks and possible forms. Development of the 

structure of this spatial simulation machine is based in 

part on the basic structure of the DEVS-Scheme simulator 
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The User Interface 

At the front end of any machine, there needs to be an 

interface between the machine and the user. It is the task 

of this interface to take information about the system from 

the user in a form that allows the user the most ease in 

expressing his/her ideas, and then converts that information 

into a form that the machine can access to perform the 

simulation. 

Multifacetted hierarchical systems are by their nature 

multidimensional, and can be more easily understood if the 

user can "see" what the system looks like. Therefore, the 

user interface should have "smart graphics", graphic 

symbolics with meaning as well as language symbolics with 

meaning. This will allow the user the greatest flexibility 

in defining the model structure. These symbolics can then 

be interpreted for simulation frame construction and model 

transition rule construction. In other words, the user will 

develop a model and give that model a name. This model will 

be a set of instructions in graphic form which will describe 

the functioning of that model. These graphics will 

represent procedures, modular components (possibly script 

file for use in specialized tools), and linkages between 

modular components. The interface will interpret that file 

to create the simulation frame with the appropriate entities 
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and processors. 

The Data/Tool Manager 

Since the user will be afforded access to a variety of 

data structures and specialized tools, the simulation 

machine must provide a linkage between this data and these 

tools. Since the role of each is within the spatial data 

system side of the model, the simulation machine must have 

certain knowledge of each. 

With respect to the data, the simulation machine needs 

knowledge of four characteristics; 

(1) Its location - (Where is the data stored?). Since the 

framework will allow the user to utilize a variety of data 

types and modeling tools, it is conceivable that this data 

will be stored in various locations in various data bases. 

Access to this data at the proper times in the simulation 

requires knowledge of its location. 

(2) Its form - (Is the data spatial or tabular?). Since 

data will be accessed by a variety of tools, the conversion 

of its form may be required for transfer between these 

tools. 

(3) Its structure - (Is the data binary, ordinal, interval, 

or ratio?). For user support, knowledge of the data 

structure can provide a way to error check for valid 

operations on the data and at least partially prevent the 

generation of meaningless results. 
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(4) Its state - (Has the data reached some threshold 

specified by the user in a model?). The user may define 

model rules which call for the execution of some state 

change when the data reaches a prescribed level. For 

example, in scheduling the change in state of a disaster 

event model from calm to flooding, the user may require that 

the state change occur at the point in time when waters 

reach a certain accumulation level or flow rate. Monitoring 

of the data is required to identify the change in state of 

the data so that the time scheduling and time advancement 

can be implemented. 

With respect to the tools, the data/tool manager must 

be able to accomplish two tasks. First, the user must have 

access to the tool for immediate interactive testing of 

model components. Secondly, the simulation machine must be 

able to take a user generated script of commands, in the 

form of a model component, and execute that script inside 

the particular tool at the appropriate point in the 

simulation process. 

The Experimental Frame 

The experimental frame implementation is a conceptual 

idea as well as a physical tool of the framework. 

Conceptually, what interests the users are the 

experimental conditions necessary to simulate the portion of 

the real system. The experimental frame is an understanding 
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of event interaction that the user or the framework has, 

with respect to the user's question of interest. It is 

knowledge of the relationship of the inputs and outputs 

required to provide the appropriate parameters for the 

simulation. 

As a physical tool, the experimental frame acts as an 

intelligent modeling adviser. If the user has a question of 

interest, he/she may consult the framework to find out what 

portions of the real system must be simulated to include all 

needed events in order to validly perform the simulation. 

He/She will also have the ability to define the limits of 

the simulation. The modeler will be able to define 

parameters of the data to be used in the simulation (such as 

for testing the model on a section of the data), ttie 

duration of the simulation (either as a time duration or a 

data value threshold), and define data to be reported and 

the form of the report data. 

The Simulation Frame 

The role of the simulation frame is to synthesize the 

user's input of the system and the user's parameters for the 

simulation. With the base model created by the user and all 

parameters of the simulation defined through the 

experimental frame, a simulation environment is created 

which executes the instructions of the model. It helps the 

user prune the SES for a particular simulation. From this 
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pruned entity structure the following simulation tools are 

created - a root coordinator (which manages the simulation 

from the top of the SES), appropriate processors (which act 

as computers for the models), and message channels (between 

models according to the SES and between data and modeling 

tools). 

Starting at the top of the entity structure, the 

simulation frame creates a root coordinator. Working its 

way down the SES, it creates the appropriate processor, a 

coordinator for a coupled model or a simulator for an atomic 

model; identifies and verifies the message channel between 

models for passing external messages; and at the atomic 

model level, identifies and verifies channels between 

modeling tools and data types. This leaves a complete 

representation of the SES capable of simulation for the 

particular experimental frame of interest, which has 

available to it all appropriate modeling tools and data to 

execute the simulation. 

This constructed frame is what carries out the 

simulation process. The components of the frame, the root 

co-ordinator, co-ordinators, and simulators, handle message 

passing between model entities. The simulation will have 

the capability of interruption and continuation of 

simulation for the user to make interactive modifications to 

the model. 
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SUMMARY 

This chapter has covered the conceptual design of the 

spatial modeling and simulation framework. The 

conceptualization of the system and the simulation 

environment have been discussed. Modeling the real system 

as an event hierarchy, and subsequently using two conceptual 

systems, a time system and a physical spatial system, was 

discussed. The atomic model and coupled model templates 

were discussed as they are applied in the framework and the 

role of cellular automata in the modeling effort was 

described. Finally, a simulation environment with four 

components; a user interface, a data/tool manager, an 

experimental frame, and a simulation frame, were discussed 

in terms of their tasks. The following chapter is a more 

tangible demonstration of the discrete event methodology 

which the framework is based on, using current technology. 



CHAPTER 4 

DEMONSTRATION OF EVENT MODELING 

AND SIMULATION CONCEPTS USED IN THE FRAMEWORK 

This chapter will demonstrate the event modeling and 

simulation concepts used in the framework. Previous work by 

Itami (1988) demonstrated the utility of cellular automata 

for modeling spatial variability. This demonstration will 

focus on the discrete event methodology to be implemented in 

the framework as a method for modeling time variability. 

The demonstration is implemented in DEVS Scheme (Zeigler 

1989), a discrete event simulation environment. While this 

model is not intended as a valid representation of the 

environment, it does demonstrate the utility of the DEVS 

methodology for implementation in the framework. 

IDENTIFICATION OF A PROBLEM OF INTEREST 

In order to demonstrate the dynamic nature of the DEVS 

methodology, this demonstration creates a "fictional 

environment" described through the verbal descriptive output 

of the model components. In the formulation of a problem to 

be addressed by the environmental system model, four 

objectives are identified as needing demonstration in the 

model: 

(1) The ability to link models of social events with models 

of natural events in a simulation. 
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(2) The ability to link models of different time scales in a 

simulation. 

(3) The ability to alter the behavior of a model during a 

simulation as a result of an "unexpected" outside event. 

(4) The utility of discrete event methodology for simulating 

a continuous environmental process. 

To accomplish these objectives a model of "disaster-

reaction" is developed. This model creates "disasters", 

ie., a fire or a flood, and monitors the reaction of hikers, 

wildlife, and management to the changing conditions. The 

remainder of this chapter will walk through the modeling and 

simulation of the disaster-reaction system. 

MODELING THE DISASTER-REACTION SYSTEM 

The development of the system model takes place in a 

top down fashion. Initial focus is on the global system 

event, the disaster-reaction. 

Identifying the Experimental Frame 

Any system has an environment which provides inputs and 

outputs to the system. The behavior of the system is 

emulated in some experimental laboratory, or an experimental 

frame. Hence, the first discrete level of this system model 

is the system of interest and its experimental frame. The 

global model can be labeled DR-EF (Disaster Reaction -

Experimental Frame). From this point, the SES (System 

Entity Structure) is constructed from the top down to the 
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discrete level of interest. 

Constructing the System Entity Structure 

It has been established that the DR-EF system model can 

be decomposed into a system of interest (DR) and 

experimental frame (EF). Referring to Figure 6, move down 

the SES to the level of DR. A system of interest is a 

disaster (D) and a reaction (RE) to that disaster. In this 

case, it is satisfactory to have a simple disaster model. 

However, this disaster can be specialized, either a flood 

(FLOODS) or a fire (FIRES), but not both at the same time. 

For purposes of this demonstration, the reaction (RE) can be 

decomposed into different reactions from hikers (HIKERS), 

wildlife (WILDLIFE), and management (MANAGE). At each node 

of the SES, a priority setting is established (this 

represents the SELECT function of the coupled model 

discussed in Chapter 2) which sets priority for execution, 

should two components be scheduled to execute at the same 

time. 

After components are specified, coupling of 

communication ports directs message flow between the 

components. Each component has communication ports where 

messages are sent and received. Message flow between 

components is directed by coupling the output ports of one 

component with the input ports of the components which it 

influences. 
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The experimental frame (EF) can be decomposed into two 

components, a disaster conditions generator (GENR) and a 

transducer (TRANSD), which monitors the system. The 

disaster conditions generator, like the disaster, can be one 

of two specialized types, a flood conditions generator (FL-

GENR) or a fire conditions generator (FR-GENR). Source code 

DR-EF System Entity Structure 

Genr-spec D-spec 

fl-genr [Fr-genr 

Genr 

Floods 

DR-EF 

Transd 

Fires 

EF 

Manage 

DR 

Wild. Hikers 

Figure 6 
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for the SES of the disaster-reaction model is in Appendix 2. 

Modeling the Atomic Models 

Atomic models can be seen as "leaves" of the tree and 

coupled models can be seen as "nodes" of the tree. Prom 

this SES, eight atomic models can be identified to be put in 

the model base; PL-GENR, FR-GENR, FLOODS, FIRES, HIKERS, 

WILDLIFE, MANAGE, and TRANSD. All other coupled models can 

be constructed from these atomic models and the SES. Using 

the atomic model template in Chapter 2, behavior rules are 

generated for each of the eight models. These behavior 

rules are external transition functions, internal transition 

functions, and output functions. During the description of 

these models, concepts discussed in Chapters 2 and 3 will be 

mentioned and reviewed as needed. Source code for these 

models is in Appendix 2. 

FL-GENR (Flood Conditions Generator) 

The flood conditions generator generates storms of a 

random intensity at a regular time interval. 

External Transition Function --

Since the function of this model is to generate 

conditions for floods, the only external message it will 

receive is a signal to stop generating. When it receives a 

stop message it goes into a passive state and sets its next 

event time to infinity, terminating the generation of 

conditions. 
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Internal Transition Function --

In Chapter 2, using the discrete event methodology, the 

internal transition function was defined as causing a self-

induced change in the state of the object. However, from 

Chapter 3 came the notion that the framework developed here 

is unique in its global data structure, causing the self-

induced change in state to be executed by the output 

function. This leaves responsibility of unique internal 

variables, such as memory or internal time keepers, to the 

internal transition function. Within the framework, the 

setting 0 (time for the next self-induced event) will be 

executed in the internal transition function. In this 

model, O represents the duration of the condition just 

generated in the output function. 

Output Function --

The flood conditions generator's output function sets 

the state change of conditions. As mentioned in Chapter 3, 

this state change is carried out on the global spatial data 

using cellular automata. This model generates a random 

storm intensity value every ten units of time. 

FR-GENR (Fire Conditions Generator) 

The fire conditions generator generates "dryness" 

values at a regular time interval, and an electrical storm 

with every fifth dryness value. 
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External Transition Function --

The FR-GENR external transition function is identical 

to FL-GENR, in its reaction to the receipt of a stop 

message. 

Internal Transition Function --

The internal transition function is identical to FL-

GENR, setting Q for next event time. In addition to 

this, the FR-GENR model also has an internal counter which 

is incremented after every event. 

Output Function --

This model generates a random dryness value every tenth 

unit of time and an electrical storm every fifty units of 

time. 

FLOODS (Flood Conditions Evaluator) 

The flood conditions evaluator receives values of storm 

intensity and accumulates water behind a dam. Chapter 3 

discussed simulating a continuous system using discrete 

event methodologies. Event state changes are scheduled 

based on current conditions and some algorithm. When a 

message of storm intensity is received, the time of a flood 

resulting from that storm is calculated and the flood is 

scheduled. In other words, when the water reaches the top 

of the dam, the flood gates are opened and the floods start. 

If the storm stops before the start of the flood, or if the 

flood ends, the water then drains off the lake back to the 
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optimum level at a prescribed rate. The draining of the 

water could be scheduled, just as the flood. However, other 

components will be notified of the incremental change in 

state, so water is drained off at some prescribed rate. 

External Transition Function --

The external transition function reacts to storm 

intensity and storm endings, and reacts to management 

practices of raising the dam. When it receives a message of 

a storm intensity, the start of a flood is calculated and 

the next event time set accordingly. If it receives a 

message of the storm ending, it sets the next event time to 

drain the water at a regular interval. When a message of 

work on the dam is received, it raises the dam height by the 

value of the message. 

Internal Transition Function --

The internal transition function sets the next event 

time according to the state conditions of the model. If 

waters are draining, the next event time is some interval, 

or if conditions are flooding or passive, the next event 

time is infinity. This keeps the model in this state until 

it receives a message that will cause a change. 

Output Function --

The output function changes the state of the flood 

event model based on variable conditions in the model. If 

the model is in a state of draining and the water level is 

above the optimum, it continues to drain. If water reaches 
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the optimum level, the model is put in a passive state. If 

the model is in a state of rising, that means that the 

execution of this self-induced event marks the beginning of 

the flood. Therefore, a flood is started. 

FIRES (Fire Conditions Evaluator) 

The fire conditions evaluator accumulates input of 

dryness. When it receives a message of an electrical storm 

and dryness has accumulated above a threshold, a fire is 

started. Input of management fighting the fire causes the 

fire to be put out. 

External Transition Function --

Fires are only started by an external input of an 

electrical storm during a time of high internal dryness 

level. When receiving a message, dryness is increased by 

- the specified amount in the message. If the message 

indicates a storm, and dryness is high enough a fire is 

started. Otherwise, dryness continues to accumulate until a 

storm starts a fire. If a fire is already burning, input is 

ignored. Input of fire fighting causes the incremental 

decrease of the fire with each round of fighting. 

Internal Transition Function --

Whether the fires are burning or not, this condition 

can only be changed by external events. Therefore, the next 

event time will always be set to infinity. 
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Output Function --

The output function reports the change of the state of 

the model. This is analogous to the execution of a fire 

behavior model over some unit of time. 

HIKERS (Hiker Reaction Behavior Model) 

Hikers behave in a normal manner at a regular pace 

unless stimulated by some external event (a disaster). This 

causes a change in the behavior of the hikers until the 

disaster is over. 

External Transition Function --

If the hikers receive a message of a fire or flood they 

behave in a "terrified" state. If they receive a message 

that the disaster is over, they return to a normal state. 

If they receive a message that the waters are draining, the 

behave in a normal state, but proceed at a cautious pace. 

Internal Transition Function --

The internal transition function keeps track of the 

hikers' "memories" of the duration of the present condition. 

Output Function --

The output function generates hiker behavior based on 

its state, the condition of the environment, and its 

internal memory. If a disaster has just started, the hiker 

is terrified and going away from it as quickly as possible. 

If the disaster has been going for a while, the hiker calms 

down and waits it out. If the waters are draining, "he" 
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proceed with normal behavior, but is cautious. If the 

disaster is just over, "he" recovers from shock, and if the 

disaster has been over for a while, "he" returns to normal 

behavior. 

WILDLIFE (Wildlife Reaction Behavior Model) 

This model behaves very similarly to the HIKERS model, 

except that it executes at a slower time scale. 

External Transition Function --

The external transition function behaves according to 

the same rules as the HIKERS external transition function, 

except for a time scale difference. 

Internal Transition Function --

The internal transition function behaves identically to 

the HIKERS internal transition function. 

Output Function --

WILDLIFE behavior is determined by the same factors as 

the HIKERS behavior. However, casualties resulting from the 

disasters tend to be a little more severe (casualties from 

the disaster). 

MANAGE (Management Reaction Behavior Model) 

The standard channels of communication in institutions 

tends to make reaction time of management to the disasters a 

little slower. However, once the disaster is identified, 

behavior speed is increased. 
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External Transition Function --

When a message of a disaster is received, it is stored 

in a scanning buffer until management's next self-induced 

event, at which time the buffer is read. If a message of 

floods subsiding is received, the model reacts immediately 

because it has been in a state of monitoring the flood. 

Internal Transition Function --

If the managers are monitoring the floods, the next 

event time is set to infinity, while they wait for the end 

of the flood. If the managers are observing the 

environment, the next event time is set to a moderate 

observation interval. If they are fighting a fire, pace is 

accelerated. Managers keep a memory of the duration of the 

current state. This memory is updated by the internal 

transition function. 

Output Function --

The output function generates behavior based on the 

state of the model, the state of the environment, and the 

memory of the manager. If it is flooding, the managers wait 

out the flood while they monitor it, looking for the waters 

to subside so they can take action. If the floods have 

subsided, and the flood was longer than the maximum 

tolerable duration, then managers add to the height of the 

dam. If the length of the flood was within acceptable 

limits, then managers return to normal behavior. If a fire 

is burning, managers go into accelerated mode and fight the 
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fire until it is out. 

TRANSD (Transducer) 

The transducer collects inputs of behavior from all of 

the above models and records that behavior with the time of 

the behavior in a log file. It also terminates the 

simulation after the prescribed simulation period is over. 

External Transition Function --

When a behavior message is received, that behavior is 

stored in a collector variable with the current global time. 

Time of the next self-induced event is calculated. 

Internal Transition Function --

The execution of the internal transition function sets 

the transducer to a passive state for infinity. 

Output Function --

When the output function is executed at the end of the 

simulation time, the collector variable is written to a file 

and a stop message is sent to the generator. 

It is important to remember that a key advantage of 

object-oriented modular design is the ability to test 

components individually. After behavior rules are 

developed, models are written and tested. After the testing 

and verifying of each individual atomic model, they can be 

linked and tested moving up the hierarchical SES, testing 

each coupled model individually. With testing complete, the 

model can then be simulated. 
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SIMULATION OF THE DR-EF MODEL 

The simulation of the DR-EF model takes place in three 

steps. First, the SES is pruned. Second, the model is 

initialized. Finally, the simulation is executed. 

Pruning the SES 

The SES developed above must be pruned for particular 

simulation. Pruning creates a Pruned Entity Structure (PES) 

which has no specializations and no more than one aspect 

under each entity (Zeigler 1989). It represents the 

specialized part of the system that will be simulated. 

Selections are made from top to bottom, determining which 

specialization will be used, and whether the decomposition 

of an entity will be used. In other words, when the modeler 

selects the part of the SES to be simulated, and the level 

of discrete interest his questions require, he prunes the 

SES to tailor it to the specific simulation needed. The DR-

EF SES is pruned to create a PES for a flood disaster-

reaction model called DR-EF-FL (Figure 7). 

Initializing the Model 

Once a pruned model is created, it must be initialized 

for simulation. Initializing the model is simply setting 

the variables within the model to their appropriate starting 

points. Length of the simulation is also initialized to 

cause termination after a certain simulation time period. 



DR-EF-FL Pruned Entity Structure 
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Execution of the Simulation 

The simulation is carried out using the abstract 

simulation process discussed in Chapter 2. When the model 

is loaded for execution, simulators and coordinators are 

attached to their appropriate models. These "computers" 

handle the message passing during the simulation. 

The simulation begins with each simulator generating a 

done-message, indicating its time of next self-induced state 

transition. A wave of done-messages is passed up the SES 

tree until it reaches the root coordinator. The root 

coordinator sends a *-message to the imminent child, 

starting the simulation. This begins a series of event 

executions behaving in a condition-action manner according 

to the rules prescribed in the atomic models, and a series 

of message passing according to the SES. Output is 

generated throughout the simulation according to the rules 

in the transducer, for examination after the simulation is 

terminated. 

The output from the simulation of DR-EF-FL can be seen 

in Appendix 3. This output describes the chronological 

changes in the state of model components and the time of the 

state change. This results in description of the 

environmental system through time and under certain 

conditions. Output of this type is a valuable tool for 

scenario testing of different strategies, and a key 

contribution of the framework to resource management. By 
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simply modifying the behavior rules at the atomic level 

different scenarios can be tested to find the best solution. 

SUMMARY 

This chapter demonstrated the utility of discrete event 

methodology for modeling time variability in the spatial 

modeling and simulation framework. It models and simulates 

a fictional environmental system containing multiple 

components. This simulation creates a disaster and models 

the reaction of three components of the environment. Four 

objectives were identified and met by this simulation, 

demonstrating the utility of the DEVS methodology for 

modeling environmental systems. Chapter 5 discusses results 

of the demonstration, contains a synopsis of the framework 

development, and discusses future research needs. 



CHAPTER 5 

RESULTS AND CONCLUSIONS 

RESTATEMENT OF PROBLEM 

The problem addressed by this work is defined as the 

development of a framework for modeling and simulating 

spatial dynamics, linking modeling of time variability with 

modeling of spatial variability. The purpose of this 

framework is to alleviate the need of resource managers for 

a framework for linking visual and recreation resource 

models with natural science models. Visual, recreation, and 

forest dynamics models have been examined according to 

abstract systems concepts and found to be fundamentally 

different. They differ on modeling principles of time, 

space, and state set. Visual and recreation models are 

static-discrete (no time base-discrete state set) models, 

while forest dynamic models have both discrete and continuous 

time bases and discrete and continuous state sets. For 

implementation in the IDEAS framework, the utility of 

Zeigler's discrete event simulation framework is explored 

for use in linking these different environmental models in 

an integrative approach. Zeigler's framework is extended by 

linking cellular automata theory to the discrete event 

methodology. 
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RESULTS OF THE DEMONSTRATION 

Four objectives were identified as objectives for the 

demonstration of Chapter 4. 

(1) The ability to link models of social events with 

models of natural events in a simulation. While these 

models are entirely hypothetical, they do illustrate the 

ability of the modeling framework for linking anything 

modeled in a condition-action behavior pattern within a 

system simulation. A systems methodology such as the one 

described, can link any and all components of the system, 

provided that they are modeled using an input-transition-

output structure such as the one described in this thesis. 

(2) The ability to link models of different time scales in a 

simulation. Each of the atomic models functions on 

different time scales. They all execute transitions on 

their state through time. However, the frequency of their 

transitions vary. 

(3) The ability to alter the behavior of a model during a 

simulation as a result of an "unexpected" outside event. 

Each of the atomic models changes its behavior and its time 

scale as a result of some external event. Since a system is 

a component within another system (its environment), its 

behavior can be affected by its environment. This change in 

behavior is represented by external transition rules. The 

framework described allows the modeler to define a change in 

behavior due to some external influence. 



(4) The utility of discrete event methodology for simulating 

a continuous environmental process. The natural environment 

is continuous. It moves smoothly through its different 

states. The manager, however, needs an understanding of the 

system in progress. The rising of water to a flood level 

and the subsequent ending of the flood is obviously a 

continuous system. The FLOODS model employs a discrete 

event approach for scheduling the occurrence of state 

changes, the beginning and termination of the flood. For 

that matter, the entire disaster-reaction system is 

continuous and is simulated using a discrete event approach. 

CONCLUSIONS 

The development in this work results in a conceptual 

framework for modeling and simulating spatial dynamics. It 

integrates spatial analysis techniques with systems analysis 

techniques. These two techniques are integrated within an 

object-oriented / multifacetted modeling paradigm. Cellular 

automata theory is specified as a method for modeling 

spatial variability, and discrete event theory is specified 

as a method for modeling time variability. The framework is 

described as having two fundamental components: a template 

for conceptualizing the system and an environment for model 

development and simulation. 

Within the framework, a system is conceptualized as an 

event and events as objects. The system is simultaneously 
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modeled in two systems spaces: as a time system and as a 

physical spatial system. The simulation environment is 

described as having four components: a user interface, a 

data/tool manager, an experimental frame, and a simulation 

frame. With these four components, the framework provides 

an environment for model development, intelligent support 

for model development, linkage between multiple modeling 

tools and multiple data types, and simulation tools for 

execution of model instructions. 

Time modeling and simulation concepts are demonstrated 

to illustrate their utility for implementation within the 

framework. The demonstration illustrates the utility for 

linking social and natural science models, linking models of 

different time scales, interactively altering model behavior 

during simulation, and simulating a continuous system. 

The framework provides an approach and environment for 

modeling and simulation of spatial environmental system 

dynamics. It provides a modeling approach for modeling the 

system as a whole as well as the system components. The 

proposed simulation environment allows execution and 

monitoring of the system model at multiple levels throughout 

the system. 

Future research in the framework is needed in two 

areas. First, the framework needs to be implemented in an 

appropriate environment for use in resource management. 
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Secondly, research is needed on the shift of existing 

modeling / planning practices toward a dynamic simulation 

approach. 

(1) The DEVS and cellular automata components must be 

implemented in compatible environments. DEVS is currently 

implemented as DEVS-Scheme (Zeigler 1988) in Texas 

Instruments PC-Scheme, an interpretive lisp environment. 

Geographic Information Systems (GIS) are commonly used for 

spatial modeling, and is the environment where cellular 

automata need to be implemented (Itami 1988). For linking 

the two methodologies for spatial system modeling, DEVS 

will need to be in an environment capable of communicating 

with other programming languages in which GIS systems are 

developed. 

(2) With the trend in modeling toward a dynamic approach, 

planning and management methodologies will begin to utilize 

the ability to simulate and test different scenarios. 

Those models not based on a condition-action / systems 

methodology should be modified for their inclusion in the 

system analysis. Specifically, visual and recreation models 

should be modified to model change through time. 



APPENDIX 1: GLOSSARY OF TERMS 

BASE MODEL - The system model before pruning. 

BEHAVIOR - The response of a system in some initial state to 
a sequence of inputs with a set of states and outputs. 

CLOSED SYSTEM - A system without input and output sets. 

COMPONENT - Some sub-part of a system, which may be a sub
system represented as an atomic model or a coupled model. 

COMPUTER - Some object which executes the instructions of a 
model. 

CONTINUOUS SIMULATION - A simulation where time and state 
are continuous. 

COORDINATOR - A processor attached to a coupled model. 

DERIVATIVE - The limit of a ratio, that ratio being the 
change in a function compared to the change in its 
independent variable, as the change in the independent 
variable approaches zero. 

DETERMINISTIC SYSTEM - A system where there exists only one 
state/output pair for each state/input pair. 

DIFFERENCE EQUATION - An equation which measures the 
difference between variables. 

DIFFERENTIAL EQUATION - An equation using derivatives, which 
measures the rate of change of functions with respect to 
their variables. 

DISCRETE EVENT SIMULATION - A simulation where time is 
continuous but a discrete state set exists, separated by 
predictable and variable time intervals. 

DISCRETE TIME SIMULATION - A simulation in which a single 
component exists which undergoes a state change at regular 
time intervals. 

DOMAIN SET - A subset of the range set that defines the 
state during a particular event. 

DYNAMIC SYSTEM - A set of interacting components with 
characteristics of a time base, a state set, an environment, 
a set of inputs and a set of outputs, and a behavior. 
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IMMINENT CHILD - The model in a simulation, located on the 
SES, which has the earliest time of next self induced state 
change. The imminent child receives the *-message during 
simulation. 

ENVIRONMENT - The system of which a system of interest is a 
component. 

FUNCTION - A correspondence which assigns an element of one 
set with an element of another set. 

HOMOMORPHISM - A relationship between two sets where for 
many elements in one set there is one element in the other 
set. 

INFLUENCEE - A component of a coupled model which is 
scheduled to receive output from another component in the 
form of an external input message. 

INFLUENCER - A component of a coupled model which generates 
output that is scheduled to be received by another component 
in the form of and external input message. 

INPUTS AND OUTPUTS - Sets which allow a system to 
communicate with its environment. 

ISOMORPHISM - The relationship between two sets where for 
each element in one set there is a corresponding element in 
the other set. 

LUMPED MODEL - The pruned entity structure. 

MODEL - A representation of the real system of interest. 

MODELING - The relationship between the system and the 
model. The process of modeling is a simplification and 
representation of some system. 

MORPHISMS - A mapping or function between two sets that 
preserves desired properties of the domain set in the range 
set. 

NONDETERMINISTIC SYSTEM - A system where there exists more 
than one state/output pair for each state/input pair. 

OBJECT - A component of an object oriented program which 
contains its own variables and methods which change the 
state of the variables. 
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OBJECT ORIENTED PROGRAMMING - A paradigm of software 
engineering in which a software system is decomposed into 
subsystems based on objects. 

OPEN SYSTEM - A system which communicates with its 
environment through a set of inputs and outputs. 

PHYSICAL SPATIAL SYSTEM - This term represents the natural 
environment being studied. It is represented in the 
modeling process as data, this data being in a variety of 
forms (ie.- spatial or tabular). 

PROCESSOR - A computer which manages the execution of some 
set of model instructions. 

PRUNE - The process of selecting the appropriate components 
of a system entity structure for some simulation. 

RANGE SET - The set of all possible states (includes all 
domain sets). 

REAL SYSTEM - The system of interest to be modeled (such as 
some system of environmental resources). 

ROOT COORDINATOR - The processor which manages the 
simulation of a system model from the top of the entity 
structure. 

SELF INDUCED STATE CHANGE - A state change caused by an 
event model executing at its schedule time. This state 
changed is carried out in two steps - (1) execution of the 
output function and (2) execution of the internal transition 
function. 

SIMULATION - The relationship between the model and a 
computer, where the computer is a computational device that 
generates the input/output pairs of the model. It is the 
process of executing the instructions of a model in order to 
study the real system's behavior. 

SIMULATOR - A processor attached to an atomic model. 

STATE - The condition of the system at a specific point in 
time. 

STATE VARIABLES - The variables which describe the 
components of the system. 
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STATE SET - A set where each member of the set is a possibl 
state of the system at some instant in time, that state 
being defined by the set - some possible state of each of 
the state variables. 

STOCHASTIC SYSTEM - A nondeterministic system where the 
state/output pair alternatives for some state/input pair 
have some probability distribution. 

SYSTEM - A group of components making a unified whole. 

VARIABLE - A symbolic representation of a range of states. 



APPENDIX 2: DEVS DEMONSTRATION SOURCE CODE 

/ dr-ef.s 
/ ENTITY STRUCTURE FOR IDEAS CONCEPTUAL DEMO 

DISASTER REACTION MODEL 
/ James D. Clark 

4/15/89 

;;; this file contains the system entity structure 
construction of 
;;; the disaster reaction - experimental frame 

;;; first create the root node of the entity structure dr-ef 

(make-entstr 'dr-ef) 

;;; now add the decomsition level 

(add-item e:dr-ef asp 'dr-ef-dec) 

;;; set the cursor to dr-ef-dec for description 

(set-current-item e:dr-ef 'dr-ef-dec) 

;;; now add the components dr and ef 
;;; the disaster reaction component 
;;; and the experimental frame component 

(add-item e:dr-ef ent 'dr) 
(add-item e:dr-ef ent 'ef) 

;**** describe dr-ef coupling of the components 
*************** 
(add-couple e:dr-ef 'ef 'dr-ef 'results 'out) 
(add-couple e:dr-ef 'ef 'dr 'out 'in) 
(add-couple e:dr-ef 'dr 'ef 'out 'in) 
;************************************************************** 

;;; set priority for equal next event times 

(add-priority e:dr-ef '(ef dr)) 

;;; set the cursor to ef for description 

(set-current-item e:dr-ef 'ef) 

77 
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;;; ef can be one of two specializations ef-fr and ef-fl 
;;; add an experimental frame for fires 
;;; and an experimental frame for floods 

(add-item e:dr-ef spec 'ef-spec) 
(set-current-item e:dr-ef 'ef-spec) 
(add-item e:dr-ef ent 'ef-fr) 
(add-item e:dr-ef ent 'ef-fl) 

;;; describe ef decomposition 

(set-current-item e:dr-ef 'ef) 
(add-item e:dr-ef asp 'ef-dec) 
(set-current-item e:dr-ef 'ef-dec) 

;;; ef has two components genr and transd 

(add-item e:dr-ef ent 'genr) 
(add-item e:dr-ef ent 'transd) 

;******* describe ef component coupling 
********************** 
(add-couple e:dr-ef 'genr 'ef 'out 'out) 
(add-couple e:dr-ef 'genr 'transd 'out 'in) 
(add-couple e:dr-ef 'transd 'ef 'out 'results) 
(add-couple e:dr-ef 'transd 'genr 'stop 'stop) 
(add-couple e:dr-ef 'ef 'transd 'in 'in) 
;************************************************************* 

;;; set priority for equal next event times 

(add-priority e:dr-ef '(transd genr)) 

;;; genr can be one of two specializations fr-genr and 
f1-genr 
;;; a fire conditions generator 
;;; and a flood conditions generator 

(set-current-item e:dr-ef 'genr) 
(add-item e:dr-ef spec 'genr-spec) 
(set-current-item e:dr-ef 'genr-spec) 
(add-item e:dr-ef ent 'fr-genr) 
(add-item e:dr-ef ent 'fl-genr) 

;;; set cursor for dr description 

(set-current-item e:dr-ef 'dr) 
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; dr can be one of two specializations dr-fr and dr-fl 
; add a disaster reaction for fires 
; and a disaster reaction for floods 

(add-item e:dr-ef spec 'dr-spec) 
(set-current-item e:dr-ef 'dr-spec) 
(add-item e:dr-ef ent 'dr-fr) 
(add-item e:dr-ef ent 'dr-fl) 

;;; dr has two components d and re 
;;; disaster and reaction 

(set-current-item e:dr-ef 'dr) 
(add-item e:dr-ef asp 'dr-dec) 
(set-current-item e:dr-ef 'dr-dec) 
(add-item e:dr-ef ent 'd) 
(add-item e:dr-ef ent 're) 

;******* describe dr component coupling ******************* 
(add-couple e:dr-ef 'dr 'd 'in 'in) 
(add-couple e:dr-ef *d 'dr 'out 'out) 
(add-couple e:dr-ef 'd 're 'disaster 'disaster) 
(add-couple e:dr-ef 're 'd 'reaction 'reaction) 
(add-couple e:dr-ef 're 'dr 'out 'out) 
;********************************************************** 

;;; set priority for equal next event times 

(add-priority e:dr-ef '(d re)) 

;;; d can be one of two specializations fires and floods 

(set-current-item e:dr-ef 'd) 
(add-item e:dr-ef spec 'd-spec) 
(set-current-item e:dr-ef 'd-spec) 
(add-item e:dr-ef ent 'fires) 
(add-item e:dr-ef ent 'floods) 

;;; describe decomposition of re 

(set-current-item e:dr-ef 're) 
(add-item e:dr-ef asp 're-dec) 
(set-current-item e:dr-ef 're-dec) 
(add-item e:dr-ef ent 'hikers) 
(add-item e:dr-ef ent 'wildlife) 
(add-item e:dr-ef ent 'manage) 
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;******** describe re component coupling 
********************* 
(add-couple e:dr-ef 're 'hikers 'disaster 'disaster) 
(add-couple e:dr-ef 're 'wildlife 'disaster 'disaster) 
(add-couple e:dr-ef 're 'manage 'disaster 'disaster) 
(add-couple e:dr-ef 'manage 're 'action 'reaction) 
(add-couple e:dr-ef 'hikers 're 'out 'out) 
(add-couple e:dr-ef 'wildlife 're 'out 'out) 
(add-couple e:dr-ef 'manage 're 'out 'out) 
• A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
r 

;;; set priority for equal next event times 

(add-priority e:dr-ef '(manage wildlife hikers)) 

(add-constraints e : dr-ef '(dr-fr dr -spec select ef-fr e£ -
spec)) 
(add-constraints e :dr-ef '(ef-fr ef -spec select dr-fr dr-
spec)) 
(add-constraints e : dr-•ef '(fires d-spec ! select ef-fr ef -
spec)) 
(add-constraints e : dr-ef '(ef-fr ef -spec select fires d-
spec)) 
(add-constraints e :dr-ef *(dr-f1 dr -spec select ef-fl ef-
spec)) 
(add-constraints e : dr-ef '(ef-fl ef -spec select dr-f 1 dr-
spec)) 
(add-constraints e : dr-ef '(floods ; d -spec select ef-fl ef -
spec)) 
(add-constraints e : dr-ef '(ef-fl ef -spec select floods d-
spec)) 

;;; save the entity structure 

;;; f1-genr.m ;;;;;;;;;;;;;;; ; 
;;; FLOOD CONDITIONS GENERATOR 
;;; J. CI ark ;;;;;;;;;;;;;;;;; 
; ; ; 5/04/89 ;;;;;;;; ; ; ; ; ;;; ; ; ; 

; This file contains the definition of the flood conditions 
; generator. It will perform the following tasks: 
; Produce a random storm intensity integer value from 1 to 
10 every 
; inter-arrival-time. 
; Stop the generation sequence when it receives a 'stop 
message. 
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;***** create the generator-simulator pair 

(make-pair atomic-models 'fl-genr) 

;***** add the state variable inter-arrival-time 

(send fl-genr def-state '(storm-duration)) 
(send fl-genr def-state '(calm-duration)) 

;***** initialize the state variables 

(send fl-genr set-s (make-state 'sigma 0 

;**************************************** 

;***** External transition function ***** 
;**************************************** 

;; THE ONLY EXTERNAL MESSAGE THE CONDITIONS GENERATOR 
;; WILL RECEIVE, IS A 'STOP MESSAGE FROM THE TRANSDUCER. 
;; IT WILL GO TO A PASSIVE STATE. 
;; IF IT IS IN A STATE OF CALM SIGMA WILL BE SET TO 
;; INFINITY, ENDING THE GENERATION OF CONDITIONS, 
;; AND TERMINATING THE SIMULATION. 

(define (ext-fl-genr sex) 
(case (content-port x) 
('stop 
(case (state-phase s) 
('calm (passivate)) 
(else (set! (state-phase s) 'passive)) 

) 
) 
(else (continue)) 

***************************************** 

***** internal transition function ****** 
***************************************** 

; THE INTERNAL TRANSITION FUNCTION IS RESPONSIBLE FOR 
; SETTING THE SIGMA FOR TIME OF NEXT EVENT 
; ACCORDING TO THE STATE-PHASE OF THE GENERATOR. 

'phase 
'storm-duration 
'calm-duration 

' calm 
10 
30 
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;; THIS SIGMA REPRESENTS THE DURATION OF THE CONDITION 
;; GENERATED. 

(define (int-fl-genr s) 
(case (state-phase s) 

(1 storming 
(set! (state-sigma s) (state-storm-duration s)) 

) 
('calm 

(set! (state-sigma s) (state-calm-duration s)) 
) 
('passive 

(set! (state-sigma s) 'inf) 
) 

) 
) 

•  * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
/ 

;***** output function ******* 
;  * ****************************  

;; THE OUTPUT FUCTION SETS THE EVENT STATE-PHASE CHANGE 
;; AND OUTPUTS THIS TO THE APPROPRIATE PORTS. 

(define (out-fl-genr s) 
(case (state-phase s) 

('calm 
;; IF THE STATE-PHASE IS 'CALM -- START A STORM 
(set! (state-phase s) 'storming) 
;; GIVE THE STORM AN INTENSITY VALUE AND REPORT 
;; IT TO THE 'OUT PORT 
(make-content 'port 'out 'value (random 11)) 

) 
('storming 
;; IF THE STATE-PHASE IS 'STORMING — END THE STORM 
(set! (state-phase s) 'calm) 
;; REPORT THE END OF THE STORM 
(make-content 'port 'out 'value 'ended) 

) 
('passive 
;; IF THE STATE IS PASSIVE -- STOP ANY EXISTING 

STORM 
;; REPORT THE END OF THE STORM AND CONDITION 

GENERATION 
(make-content 'port 'out 'value 'ended) 

) 
) 

) 

;***** connect the definitions of functions to the generator 
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(send fl-genr set-ext-transfn ext-fl-genr) 
(send fl-genr set-int-transfn int-fl-genr) 
(send fl-genr set-outputfn out-fl-genr) 

fr-genr.m ;;;;;;;;;;;;;;; 
FIRE CONDITIONS GENERATOR 
J. Clark ;;;;;;;;;;;;;;;; 
5/04/89 ;;;;;;;;;;;;;;;;; 

; This file contains the definition of the fire conditions 
; generator. It will perform the following tasks: 
; Produce a random dryness integer value from 1 to 10 every 
; inter-arrival-time. 
; Produce an electrical storm every fifth interarrival time. 
; Stop the generation sequence when it receives a 'stop 
message. 

;***** create the generator-simulator pair 

(make-pair atomic-models 'fr-genr) 

;***** the state variables inter-arrival-time, count, 
and storm 

(send fr-genr def-state '(inter-arrival-time)) 
(send fr-genr def-state '(count)) 

;***** initialize the state variables 

(send fr-genr set-s (make-state 'sigma 0 
'phase 'active 
'inter-arrival-time 10 
'count 0 

) 
) 

;***************************************** 

;***** External transition function ****** 
• ***************************************** 

;; CONDITIONS GENERATOR WILL GO TO STATE-PHASE PASSIVE 
;; AND STATE-SIGMA 'INFINITY WHEN IT RECEIVES A 'STOP 
;; MESSAGE FROM THE TRANSDUCER. 
(define (ext-fr-genr sex) 

(case (content-port x) 
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( ' stop 
;; PASSIVATE IS A MACRO THAT SETS STATE-PHASE 
;; TO PASSIVE AND STATE-SIGMA TO 'INFINITY. 
(passivate) ;when receive a stop 
) ;signal passivate 
(else (continue)) 

) 
) 

;***************************************** 

;***** internal transition function ****** 
;***************************************** 

;; INTERNAL TRANSITION IS RESPONSIBLE FOR SETTING SIGMA 
;; FOR NEXT EVENT AND SETTING INTERNAL COUNTER (MEMORY). 

(define (int-fr-genr s) 
(case (state-phase s) 
;; INTERNAL TRANSITION WILL ONLY OCCUR WHEN STATE-PHASE 
;; IS ACTIVE. 
('active 
;; SETTING SIGMA IS ACTUALLY ONLY NEED THE FIRST TIME 
;; THE GENERATOR IS EXECUTED. 

(set! (state-sigma s) (state-inter-arrival-time 
s)) 

;; UPDATE THE COUNTER FOR STORM GENERATION, 
(set! (state-count s) (+ (state-count s) 1)) 

) 
) 

) 

;**************************** 

;***** Output function ****** 
;**************************** 

;; OUTPUT IS GENERATED EVERY INTER-ARRIVAL TIME OF 10. 
;; RANDOM DRYNESS VALUES ARE GENERATED EACH INTER-ARRIVAL 
;; TIME AND AN ELECTRICAL STORM IS GENERATED EVERY FIFTH 
;; INTER-ARRIVAL TIME. 

(define (out-fr-genr s) 
(case (state-phase s) 
('active 
;; IF GERNATOR IS ACTIVE 
(case (eqv? (state-count s) 5) 

(' #T 
;; AND COUNT IS GREATER THAN 4, GENERATE A DRYNESS 

VALUE 
;; AND AN ELECTRICAL STORM 
(bkpt "count =" (state-count s)) 
(make-content 'port 'out 'value 
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(cons (random 11) 'stormy) 

) 
(bkpt "ouput sent" (cons (random 11) 'stormy)) 
;; THEN RESET COUNTER TO COUNT DOWN TO NEXT STORM 
(set! (state-count s) 1) 

) 
;; OTHERWISE GENERATE A DRYNESS VALUE WITH NO STORM 
(else (make-content 'port 'out 'value 

(cons (random 11) 'no-storm) 
) 

) 
) 
) 
;; OUTPUT FUNCTION WILL NEVER BE EXECUTED IN A STATE-

PHASE 
;; OTHER THAN ACTIVE BECAUSE WHEN STATE-PHASE IS PASSIVE 
;; STATE-SIGMA IS 'INFINITY. 
;; THEREFORE, THIS ELSE STATEMENT IS NOT REALLY NEEDED, 
(else (make-content)) 
) 

) 

;***** connect the definitions of functions to the generator 

(send fr-genr set-ext-transfn ext-fr-genr) 
(send fr-genr set-int-transfn int-fr-genr) 
(send fr-genr set-outputfn out-fr-genr) 

f 1 oods.m ;;;;;;;;;;;;;;;;; 
FLOOD CONDITIONS EVALUATOR 
J. Clark ;;;;;;;;;;;;;;;;; 
5/04/89 ;;;;;;;;;;;;;;;;; ; 

This file contains the definition of the flood conditions 
evaluator. It will perform the following tasks: 
Evaluates input of storm intensity on port 'in. 
Evaluates input of building levies on port 'reaction. 
Starts a flood under specified conditions. 
Stops the flood under specified conditions. 

;***** create the generator-simulator pair 

(make-pair atomic-models 'floods) 

;***** add the state variables water-level, levie-level 
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(send floods def-state '(drain-timing-interval)) 
(send floods def-state '(water-draining-amount)) 
(send floods def-state '(optimum-water-level)) 
(send floods def-state '(water-level)) 
(send floods def-state '(dam-level)) 
(send floods def-state '(intensity)) 

;***** initialize the state variables 

(send floods set-s (make-state 'sigma 'inf 
'phase 

'passive 
'drain-timing-interval 3 
'water-draining-amount 10 
'optimum-water-level 5 
'water-level 5 
'dam-level 25 
'intensity 0 

) 
) 

;***************************************** 

;***** External transition function ****** 
;***************************************** 

;; THE EXTERNAL TRANSITION FUNCTION REACTS TO STORM 
INTENSITY 
;; AND STORM ENDINGS, 
;; AND REACTS TO MANAGEMENT PRACTICES OF RAISING THE DAM 

(define (ext-floods sex) 
(case (content-port x) 

(' in 
(case (content-value x) 
('ended 
;; IF RECEIVE A MESSAGE THAT THE STORM HAS ENDED, 
; ,* SET STATE-PHASE TO DRAIN OFF THE WATER 
(set! (state-water-level s) 

(+ (state-water-level s) (* (state-
intensity s) e)) 

) 
(set! (state-phase s) 'draining) 
;; SET THE DRAINING TIME INTERVAL 
(set! (state-sigma s) (state-drain-timing-

interval s)) 
) 
(else 
;; IF RECEIVE A MESSAGE OF A STORM INTENSITY, 
;; SET THE WATER TO RISING 
(set! (state-phase s) 'rising) 
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;; SET THE STORM INTENSITY 
(set! (state-intensity s) (content-value x)) 
;; CALCULATE THE TIME THAT THE WATER REACHES 
;; THE HEIGHT OF THE DAM (THE TIME THAT A FLOOD 
;; WILL BEGIN) 
(set! (state-sigma s) 
(/ (- (state-dam-level s) (state-water-level 

s)) 
(state-intensity s) 

) 
) 
(cond ((< (state-sigma s) 0) 

(set! (state-sigma s) 0) 
) ) 

) 
) 

) 
('reaction 
;; IF RECEIVE A MESSAGE OF WORK ON THE DAM, 
;; RAISE THE DAM HEIGHT ACCORDING TO MESSAGE 

(set! (state-dam-level s) 
(+ (state-dam-level s) (content-value x)) 

) 
) 

) 
) 

;**************************************** 

;***** internal transition function ***** 
;**************************************** 

;; INTERNAL TRANSITION FUNCTION SETS TIMING OF NEXT EVENT 
;; BASED ON THE STATE-PHASE OF THE FLOOD MODEL 

(define (int-floods s) 
(case (state-phase s) 
; ,* IF DRAINING -- CONTINUE TO DRAIN 
('draining (set! (state-sigma s) (state-drain-timing-

interval s))) 
;; IF FLOODING -- WAIT FOR END OF STORM MESSAGE 
('flooding (set! (state-sigma s) 'inf)) 
;; IF PASSIVE -- STAY PASSIVE UNTIL STORM BEGINS 
('passive (set! (state-sigma s) 'inf)) 

) 
) 

;***************************** 

;***** Output function ******* 
;***************************** 

;; THE OUTPUT FUNCTION CHANGES THE STATE OF THE FLOOD EVENT 
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;; BASED ON ITS INTERNAL CONDITIONS AND OUTPUTS THE CHANGE 
;; TO THE APPROPRIATE PORTS. 

(define (out-floods s) 
(case (state-phase s) 
;; IF DRAINING 
('draining 
(cond 
;; AND THE WATER LEVEL IS GREATER THAN THE OPTIMUM 
;; WATER LEVEL PLUS THE AMOUNT THAT WILL BE DRAINED 
((> (state-water-level s) 

(+ (state-optimum-water-level s) 
(state-water-draining-amount s) 

) 
) 
;; THEN DRAIN OF THE SCHEDULED AMOUNT AND 

CONTINUE 
; IN A STATE OF DRAINING 
(set! (state-water-level s) 
(- (state-water-level s) (state-water-

draining-amount s)) 
) 
(list 
(make-content 'port 'disaster 'value 

'draining) 
(make-content 'port 'out 'value 'draining-

flood-water) 
) 

) 
;; OTHERWISE, THE WATER LEVEL WILL BE DRAINED TO 

THE 
;; OPTIMUM LEVEL AND CONDITIONS WILL BE SET TO 
;; PASSIVE 
(else (set! (state-water-level s) 

(state-optimum-water-level s) 
) 
(set! (state-phase s) 'passive) 
(list 
(make-content 'port 'disaster 'value 

'subsided) 
(make-content 'port 'out 'value 'floods-

subsided) 
) 

) 
) 

) 
('rising 
;; IF CONDITIONS HAVE BEEN RISING, THEN THIS INTERNAL 
;; EVENT MARKS THE START OF THE FLOOD 

(set! (state-phase s) 'flooding) 
(1 ist 
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(make-content 'port 'disaster 'value 'flooding) 
(make-content 'port 'out 'value 'floods-

starting) 
) 

) 
) 

) 

;***** connect the definitions of functions to the generator 

(send floods set-ext-transfn ext-floods) 
(send floods set-int-transfn int-floods) 
(send floods set-outputfn out-floods) 

fires.m ;;;;;;;;;;;;;;;;; 
FIRE CONDITIONS EVALUATOR 
J. Clark ;;;;;;;;;;;;;;;; 
5/04/89 ;;;;;;;;;;;;;;;;; 

This file contains the definition of the fire conditions 
evaluator. It will perform the following tasks: 
Stores a current dryness value. 
Evaluates input of dryness and storms on port 'in. 
Evaluates input of sparks and fighting on port 'reaction. 
Starts a fire under specified conditions. 
Stops the fire under specified conditions. 

;***** create the generator-simulator pair 

(make-pair atomic-models 'fires) 

;***** add the state variables dryness, ignite, 

(send fires def-state '(dryness)) 
(send fires def-state '(condition)) 
(send fires def-state '(intensity)) 

;***** initialize the state variables 

(send fires set-s (make-state 'sigma 
'phase 
'dryness 
'condition 
'intensity 

) 

and control 

'inf 
'passive 
0 
'() 
0 
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***************************************** 
/ 

;***** External transition function ***** 
;**************************************** 

;; FIRES.M IS ONLY ACTIVATED BY AN EXTERNAL INPUT OF 
;; AN ELECTRICAL STORM DURING A TIME OF HIGH DRYNESS 
;; LEVEL. 

(define (ext-fires sex) 
(case (content-port x) 

(' in 
(case (state-phase s) 

('passive 
;; IF STATE-PHASE IS PASSIVE, 
;; SET THE CONDITION (STORMING OR NOT) 
;; ACCORDING TO THE SECOND POSITION IN 
;; THE MESSAGE. 
(set! (state-condition s) (cdr (content-

value x))) 
;; ADD THE VALUE IN THE FIRST POSITION IN 

THE 
;; MESSAGE TO THE ACCUMULATING DRYNESS 

LEVEL. 
(set! (state-dryness s) 
(+ (state-dryness s) (car (content-

value x))) 
) 
(cond 
;; CHECK THE DRYNESS LEVEL 
((> (state-dryness s) 50) 
;; IF IT IS GREATER THAT 50 
(case (state-condition s) 
('stormy 
;; AND IT IS STORMY, START A FIRE 
(set! (state-phase s) 'burning) 
;; SET THE INTENSITY OF THE 

FIRE TO 
;; EQUAL THE DRYNESS LEVEL 
(set! (state-intensity s) 

(state-dryness s)) 
;; RESET DRYNESS TO 0 
(set! (state-dryness s) 0) 
;; SET SIGMA TO CAUSE AN 

IMMEDIATE 
;; INTERNAL EVENT AND OUTPUT 
(set! (state-sigma s) 0) 

) 
(else (continue)) 
;; IF NOT STORMY, CONTINUE TO 
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ACCUMULATE 

;; DRYNESS INPUT 
) 

) 
(else (continue)) 
;; IF DRYNESS IS NOT > 50, CONDITIONS 

ARE 
;; NOT DRY ENOUGH TO START A FIRE. 
;; CONTINUE TO ACCUMULATE DRYNESS 

) 
) 
('burning (continue)) 
;; IF A FIRE IS ALREADY BURNING, IGNORE ANY 

INPUT 
) 

) 
('reaction 
;; IF RECEIVE AN INPUT FROM MANAGEMENT 

(case (state-phase s) 
('burning 
;; AND A FIRE IS BURNING, SET SIGMA TO CAUSE 
;; AN IMMEDIATE INTERNAL EVENT, REFLECTING 

THE 
;; CHANGE IN STATE FROM MANAGEMENT ACTIONS, 
(set! (state-sigma s) 0) 
(cond 
;; CHECK THE INTENSITY OF THE FIRE 
((> (state-intensity s) 10) 
;; IF THE INTENSITY IS GREATER THAT THE 
;; AMOUNT OF "FIRE FIGHTING" DURING THIS 
;; MANAGEMENT RESPONSE TIME, "FIGHT BACK 
;; THE FIRE" BY 10 UNITS OF INTENSITY, 
(set! (state-intensity s) 
(- (state-intensity s) 10) 
) 
) 
;; IF THE INTENSITY IS LESS THAN 10, THE 
;; FIRE IS PUT OUT WITH THIS ROUND OF 
;; "FIRE FIGHTING" 
(else (set! (state-intensity s) 0) 

(set! (state-phase s) 'passive) 
) 

) 
) 

) 
) 

) 
) 

;**************************************** 
;***** internal transition function ***** 
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;; WHETHER THE STATE-PHASE IS BURNING OR PASSIVE, 
;; THAT STATE CAN ONLY BE CHANGED BY EXTERNAL INPUT. 
;; THEREFORE, SET STATE-SIGMA TO 'INFINITY, AND WAIT FOR 
;; AND EXTERNAL EVENT TO ACTIVATE A STATE CHANGE. 

(define (int-fires s) 
(set! (state-sigma s) 'inf) 

) 

• * * ************************** 

;***** output function ****** 
• **************************** 

;; OUTPUT FUNCTION OUTPUTS THE STATE OF THE FIRES 
;; IF STATE-PHASE IS 'BURNING, ALSO OUTPUT STATE-INTENSITY 

(define (out-fires s) 
(case (state-phase s) 

('burning 
(list 
(make-content 'port 'disaster 'value 'burning) 
(make-content 'port 'out 'value 

(cons 'fires-burning (state-intensity s)) 
) 

) 
) 
('passive 

(list 
(make-content 'port 'disaster 'value 'fires-

out ) 
(make-content 'port 'out 'value 'fires-out) 

) 
) 

) 
) 

;***** connect the definitions of functions to the generator 

(send fires set-ext-transfn ext-fires) 
(send fires set-int-transfn int-fires) 
(send fires set-outputfn out-fires) 

hikers.m ; ;;;; ;; ;;;; ;;;;; ;;; ; 
HIKER DISASTER REACTION MODEL 
J. Clark ; ;;; ; ; ;;;;;;;;;; ;; ; ; 
5/04/89 ; ; ; ; ; ; ; ; ;; ;; ; ; ; ; ; ; ; ; ; 



; This file contains the definition of the hiker disaster 
reaction 
; model. It will perform the following tasks: 

;***** make a pair processor and its simulator 

(make-pair atomic-models 'hikers) 

;***** set up additional variables 

(send hikers def-state '(condition)) 
(send hikers def-state '(memory)) 
(send hikers def-state '(normal-sigma)) 
(send hikers def-state '(terrified-sigma)) 
(send hikers def-state '(cautious-sigma)) 

;***** initialize variables 

(send hikers set-s 
(make-state 'sigma 

'phase 
'condition 
'memory 
'normal-sigma 
'terrified-sigma 
'cautious-sigma 

) 
) 

;**************************************************** 

;***** define the external transition function ****** 
;**************************************************** 

;; HIKERS BEHAVE IN NORMAL PHASE AT NORMAL SIGMA UNLESS 
;; IT RECEIVES INPUT OF A DISASTER. 

(define (ext-hikers sex) 
(case (content-port x) 

('disaster 
;; WHEN RECEIVE A DISASTER MESSAGE, SET STATE-

CONDITIONS 
;; TO THE CONTENT OF THE MESSAGE. 

(set! (state-condition s) (content-value x)) 
(case (state-condition s) 

('flooding 
;; IF CONDITIONS ARE FLOODING, SET SIGMA AND 

2 
'normal 
'() 
2 
5 
3 
4 
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PHASE 

;; TO TERRIFIED BEHAVIOR LEVELS, 
;; AND RESET MEMORY TIME-KEEPER 

(case (state-phase s) 
('normal 
(set! (state-phase s) 'terrified) 
(set! (state-memory s) 1) 
(set! (state-sigma s) (state-

terrified-sigma s)) 
) 
('terrified 
;; IF ALREADY TERRIFIED, CONTINUE IN 

THAT BEHAVIOR 
(continue) 

) 
) 

) 
('subsided 

IF FLOODS HAVE SUBSIDED, RESET PHASE AND 

;; TO NORMAL BEHAVIOR, 
;; AND RESET MEMORY 

(set! (state-phase s) 'normal) 
(set! (state-sigma s) (state-normal-

(set! (state-memory s) 1) 
) 
('draining 
;; IF RESEVOURS ARE DRAINING, BEHAVE IN 

; PHASE, BUT PROCEED AT A CAUTIOUS SIGMA 
(set! (state-phase s) 'normal) 
(set! (state-sigma s) (state-cautious-

) 
('burning 
;; IF THE FIRES ARE BURNING, SET PHASE AND 

;; TO TERRIFIED BEHAVIOR LEVELS, 
;; AND RESET MEMORY 

(case (state-phase s) 
('normal 
(set! (state-phase s) 'terrified) 
(set! (state-memory s) 1) 
(set! (state-sigma s) (state-

terrified-sigma s)) 
) 
('terrified 
;; IF ALREADY TERRIFIED, CONTINUE IN 

THAT BEHAVIOR 
(continue) 

SIGMA 

sigma s)) 

NORMAL 

sigma s)) 

SIGMA 
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) 

) 
) 
('fires-out 
;; IF FIRES ARE OUT, RESET PHASE AND SIGMA TO 
;; NORMAL BEHAVIOR, AND RESET MEMORY 

(set! (state-phase s) 'normal) 
(set! (state-sigma s) (state-normal-sigma 

s)) 
(set! (state-memory s) 1) 

) 
) 

) 
) 

) 

;**************************************************** 

;***** define the internal transition function ****** 
;**************************************************** 

;; INTERNAL TRANSITION FUNCTION KEEPS TRACK OF HIKERS 
;; MEMORY OF THE DURATION OF THE PRESENT CONDITION 
(define (int-hikers s) 

(set! (state-memory s) (+ (state-memory s) (state-sigma 
s))) 
) 

;*************************************** 

;***** define the output function ****** 
;*************************************** 

;; OUTPUT FUNCTION DESCRIBES THE HIKERS BEHAVIOR ACCORDING 
;; TO STATE-PHASE CHANGES DUE TO EXTERNAL INPUT, 
;; CONDITIONS, AND MEMORY 

(define (out-hikers s) 
(case (state-phase s) 
('terrified 
;; IF TERRIFIED 

(case (state-condition s) 
('flooding 
;; AND THE REASON TERRIFIED IS A FLOOD 

(case (state-memory s) 
;; IF THE FLOOD JUST STARTED, HEAD FOR HIGH 

(1 (make-content 
'port 'out 'value 'hikers-evacuate-

) 
;; ELSE IF THE FLOOD IS CONTINUING, WAIT IT 

GROUND 

flood-area) 
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(else (make-content 

'port 'out 'value (cons 'hikers-
caught -in-extreme-flood-zones-perish 

(state-memory s)) 
) 

) 
) 

) 
('burning 
;; IF TERRIFIED BECAUSE OF FIRE 

(case (state-memory s) 
;; AND THE FIRE JUST STARTED, RUN LIKE %£.$# 
(1 (make-content 

'port 'out 'value 'hikers-react-to-
fires-evacuate-the-area) 

) 
IF THE FIRE CONTINUES, KEEP RUNNING 

(else (make-content 
'port 'out 'value (cons 'hikers-

trapped -in-fire-zones-perish 
(state-memory s)) 

) 
) 

) 
) 

) 
) 
('normal 
;; IF BEHAVIOR IS NORMAL 

(case (state-condition s) 
('draining 

AND FLOODS ARE DRAINING, PROCEED WITH CAUTION 
(make-content 'port 'out 'value 'hikers-

proceed- with- caution) 
) 
(else 
(case (state-memory s) 
;; IF THE DISASTER HAS JUST ENDED, RECOVER 

FROM SHOCK 
(1 (make-content 'port 'out 'value 

'hikers-recovering-from-disaster) 
) 

;; IF THE DISASTER HAS BEEN OVER FOR A WHILE 
;; BE A HAPPY HIKER AGAIN 
(else (make-content 'port 'out 'value 

(cons 'hikers-behave-as-normal 
(state-memory s)) 

) 
) 

) 
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;***** assignment to the model 

(send hikers set-ext-transfn ext-hikers) 
(send hikers set-int-transfn int-hikers) 
(send hikers set-outputfn out-hikers) 

wi1dli f e.m ;;;;;;;;;;;;;;;;;;;;; 
wildlife DISASTER REACTION MODEL 
J. Clark ;;;;;;;;;;;;;;;;;;;;;;; 
5/04/89 ;;;;;;;;;;;;;;;;; ;; ; ;;; ; 

This file contains the definition of the hiker disaster 
reaction 
model. It will perform the following tasks: 

;****** make a pair processor and its simulator 

(make-pair atomic-models 'wildlife) 

;****** set up additional variables 

(send wildlife def-state '(condition)) 
(send wildlife def-state '(memory)) 
(send wildlife def-state '(normal-sigma)) 
(send wildlife def-state '(cautious-sigma)) 
(send wildlife def-state '(terrified-sigma)) 

;****** initialize variables 

(send wildlife set-s 
(make-state 'sigma 5 

'phase 'normal 
'condition '() 
'memory 2 
'normal-sigma 8 
'cautious-sigma 7 
'terrified-sigma 6 
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) 
) 

;***************************************************** 

;****** define the external transition function ****** 
;***************************************************** 

(define (ext-wildlife sex) 
(case (content-port x) 

('disaster 
;; WHEN RECEIVE A DISASTER MESSAGE, SET CONDITIONS 
;; TO THE CONTENT OF THE MESSAGE 

(set! (state-condition s) (content-value x)) 
(case (state-condition s) 

('flooding 
;; IF CONDITIONS ARE FLOODING 

(case (state-phase s) 
('normal 
;; IF HAPPY SET STATE VARIABLES TO 

TERRIFIED 
(set! (state-phase s) 'terrified) 
(set! (state-memory s) 1) 
(set! (state-sigma s) (state-

terrified-sigma s)) 
) 
('terrified 
;; IF TERRIFIED, CONTINUE IN THAT 

BEHAVIOR 
(continue) 

) 
) 

) 
('subsided 
;; IF FLOODS HAVE SUBSIDED, RESET TO NORMAL 

BEHAVIOR 
(set! (state-phase s) 'normal) 
(set! (state-sigma s) (state-normal-

s i gma s)) 
(set! (state-memory s) 1) 

) 
('draining 
;; IF RESEVOURS ARE DRAINING, BEHAVE IN HAPPY 
;; PHASE, BUT PROCEED AT A CAUTIOUS SIGMA 

(set! (state-phase s) 'normal) 
(set! (state-sigma s) (state-cautious-

sigma s)) 
) 
('burning 
;; IF THE FIRES ARE BURNING, SET PHASE AND 

SIGMA 
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;; TO TERRIFIED BEHAVIOR 

(case (state-phase s) 
('normal 
(set! (state-phase s) 'terrified) 
(set! (state-memory s) 1) 
(set! (state-sigma s) (state-

terrified-sigma s)) 
) 
('terrified 
;; IF ALREADY TERRIFIED, CONTINUE IN 

THAT BEHAVIOR 
(continue) 

) 
) 

) 
('fires-out 
;; IF FIRES ARE OUT, RESET TO NORMAL BEHAVIOR 

(set! (state-phase s) 'normal) 
(set! (state-sigma s) (state-normal-sigma 

s)) 
(set! (state-memory s) 1) 

) 
) 

) 
) 

) 
;************************************************** 

;**** define the internal transition function ***** 
;************************************************** 

;; INTERNAL TRANSITION FUNCTION KEEPS TRACK OF wildlife 
;; MEMORY OF THE DURATION OF THE PRESENT CONDITION 

(define (int-wildlife s) 
(set! (state-memory s) (+ (state-memory s) (state-sigma 

s))) 
) 

;*************************************** 

;***** define the output function ****** 
;*************************************** 

;; OUTPUT FUNCTION DESCRIBES THE HIKERS BEHAVIOR ACCORDING 
;; TO STATE-PHASE CHANGES DUE TO EXTERNAL INPUT, 
;; CONDITIONS, AND MEMORY 

(define (out-wildlife s) 
(case (state-phase s) 
('terrified 
;; IF TERRIFIED 

(case (state-condition s) 
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('flooding 
;; AND THE REASON TERRIFIED IS A FLOOD 

(cond 
;; IF THE FLOOD IS LESS THAN 3 TIME UNITS OLD 
;; wildlife ARE STILL GETTING OUT OF THE WAY 
((< (state-memory s) 3) 
(make-content 

'port 'out 'value 'wildlife-10%-of-
population-drowned) 

) 
ELSE IF THE FLOOD IS OLDER THAN 3, 
wildlife WAIT IT OUT 

((> (state-memory s) 3) 
(make-content 

'port 'out 'value (cons 'wildlife-

t r 
f / 

survive-floods 

s))) 
(state-memory 

) 

fires) 

BURN 

fires-coutinue 

s))) 

) 
) 
('burning 
;; IF TERRIFIED BECAUSE OF FIRES 

(cond 
;; AND THE FIRES ARE LESS THAT 3 TIME UNITS 
((< (state-memory s) 3) 
(make-content 

'port 'out 'value 'wildlife-react-to-

) 
(else 

;; IF THE FIRES KEEP GOING, THE SLOW wildlife 

(make-content 'port 'out 'value 
(cons 'wildlife-10%-mortality-rate-as-

(state-memory 

) 
) 

) 
) 

) 
('normal 
(case (state-condition s) 
('draining 
;; IF FLOODS ARE DRAINING, PROCEED WITH CAUTION 
(make-content 'port 'out 'value 'wildlife-proceed-

with-caution) 
) 
(else 
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;; IF THE DISASTER JUST ENDED, wildlife CATCH 

THEIR BREATH 
(cond 

memory s)) 

) 
) 
) 

) 

/ / 

• • 
/ / 

((< (state-memory s) 2) 
(make-content 'port 'out 'value 

'wildlife-recover-from-disaster) 
) 
IF THE DISASTER HAS BEEN OVER FOR A WHILE, 
wildlife KEEP HOPPING 

(else (make-content 'port 'out 'value 
(cons 'wildlife-normal-behavior (state-

) 
) 

) 

;***** assignment to the model 

(send wildlife set-ext-transfn ext-wildlife) 
(send wildlife set-int-transfn int-wildlife) 
(send wildlife set-outputfn out-wildlife) 

manage.m ;;;;;;;;;;;;;;;;;;;;;;;;;; 
MANAGEMENT DISASTER REACTION MODEL 
J. Clark ;;;;;;;;;;;;;;;;;;;;;;;;;; 
5/04/89 ;;;;;;;;;;;;;;;;;;;;;;;;;;; 

t 

; This file contains the definition of the manage disaster 
reaction 
; model. It will perform the following tasks: 

;***** make a pair processor and its simulator 

(make-pair atomic-models 'manage) 

;***** set up additional variables 
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(send manage def-state 
(send manage def-state 
(send manage def-state 
(send manage def-state 
(send manage def-state 
(send manage def-state 

(memory)) 
(condition-scan)) 
(observing-interval)) 
(max-flood-length)) 
(dam-raising-amount)) 
(flood-length)) 

;***** initialize variables 

(send manage set-s 
(make-state 'sigma 10 

'phase 'passive 
'memory 1 
'condition-scan '() 
'observing-interval 10 
'max-flood-length 10 
'dam-raising-amount 3 
'flood-length 0 

**************************************************** 

***** define the external transition function ****** 
**************************************************** 

;; INPUT OF DISASTER CONDITIONS ARE STORED IN A 
;; CONDITION-SCAN TO BE OBSERVED AT THE INTERNAL EVENT TIME 

(define (ext-manage sex) 
(case (content-port x) 

('disaster 
;; WHEN RECEIVE INPUT, STORE IT FOR OBSERVATION 

LATER 
(set! (state-condition-scan s) (content-value 

x ) )  
) 

) 
(case (state-condition-scan s) 

('subsided 
;; IF FLOODS HAVE SUBSIDED, 
;; RANGER HAS BEEN WAITING FOR THIS STATE 
;; IN ORDER TO MAKE CORRECTIVE ADJUSTMENTS. 
;; THEREFORE, SET SIGMA FOR IMMEDIATE ACTION, 
(set! (state-sigma s) 0) 

) 
(else (continue)) 
;; OTHERWISE, manage WILL CONTINUE AT CURRENT 
;; PHASE AND SIGMA, AND OBSERVE CONDITION AT 
;; NEXT INTERNAL EVENT TIME. 
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) 

;*************************************************** 

;***** define the internal transition function ***** 
;*************************************************** 

(define (int-manage s) 
(set! (state-memory s) (+ (state-memory s) (state-sigma 

s))) 
(case (state-phase s) 
('monitoring-flood 
;; IF MONITORING-PLOOD, WAIT FOR EXTERNAL MESSAGE 
;; TO SIGNAL FLOODS END 
(set! (state-sigma s) 'inf) 

) 
('observing 
;; IF OBSERVING ENVIRONMENT, SET SIGMA TO 
;; OBSERVING INTERVAL. 
(set! (state-sigma s) (state-observing-interval s)) 

) 
('fighting-fires 
;; IF FIGHTING THE FIRES, SET SIGMA TO FIGHTING SPEED 
(set! (state-sigma s) 4) 

) 
('passive (set! (state-sigma s) (observing-interval 

s))) 
) 

) 

;************************************** 

;***** define the output function ***** 
;************************************** 

(define (out-manage s) 
(case (state-condition-scan s) 
;; CHECK CONDITION-SCAN 
(1 flooding 
;; IF CONDITIONS ARE FLOODING 
;; SET PHASE TO ACTIVE WHERE THE RANGER WAITS FOR 
;; END OF THE FLOOD. RESET MEMORY COUNTER. 

(set! (state-phase s) 'monitoring-flood) 
(set! (state-memory s) 1) 
(make-content 'port 'out 'value 
(cons 'management-monitoring-f1ood (state-memory 

s)) 
) 

) 
('subsided 

IF FLOODS HAVE SUBSIDED, RESET PHASE TO OBSERVING 
(set! (state-flood-length s) (state-memory s)) 
(set! (state-memory s) 1) 
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(set! (state-phase s) 'observing) 
(set! (state-condition-scan s) 'calm) 
(cond 
((> (state-flood-length s) (state-max-flood-length 

s)) 
;; IF FLOOD WAS LONGER THAN MAX FLOOD LENGTH TIME 
;; ADD TO DAM HEIGHT 
(list 
(make-content 'port 'out 'value 'management-

raising-dam) 
(make-content 'port 'action 'value (state-dam-

raising-amount s)) 
) 
) 
(else (make-content 'port 'out 'value 'managers-

say-flood- length-wit hin-1 imits )) 
) 

) 
('burning 
;; IF FIRES BURNING, FIGHT THE FIRES 
(set! (state-phase s) 'fighting-fires) 
(set! (state-memory s) 1) 
(list 
(make-content 'port 'out 'value 
(cons 'management-fighting-the-fire (state-memory 

s)) 
) 
(make-content 'port 'action 'value 'fighting) 
) 

) 
('fires-out 

IF THE FIRES ARE OUT RESET TO OBSERVATION BEHAVIOR 
(set! (state-memory s) 1) 
(set! (state-phase s) 'observing) 
(make-content 'port 'out 'value 'manage-cleaning-

up-after-fire) 
) 
('draining 
;; IF WATERS ARE DRAINING 
(case (state-phase s) 
('observing 
(set! (state-sigma s) (state-observing-interval 

s)) 
) 
;; AND STATE-PHASE IS OBSERVING, THEN 
;; CONTINUE TO OBSERVE 
(else (set! (state-phase s) 'observing)) 
;; OTHERWISE, SET THE STATE-PHASE TO OBSERVING 

) 
) 
(else (make-content)) 
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) 

) 

;***** assignment to the model 

(send manage set-ext-transfn ext-manage) 
(send manage set-int-transfn int-manage) 
(send manage set-outputfn out-manage) 

transd.m ; 
TRANSDUCER 
J. Clark ; 
4/19/89 ; ; 

; This file contains the definition of the transducer. 
; It will perform the following tasks write the output of 
each 
; model component with the current global clock time to a 
file. 
; Produce a stop message when the simulation time is up. 

;;; observation-interval must be set (default is 250) 

(define observation-interval 250) 

;;; create the transducer-simulator pair 

(make-pair atomic-models 'transd) 

;;; define additional state variables input and clock 

(send transd def-state '(input)) 
(send transd def-state '(clock)) 

(send transd set-s (make-state 
'sigma observation-

interval 
'phase 'active 
'input '() 
'clock 0 

) 
) 

;;; external transition function 
( d e f i n e  ( e x t - t r a n s d  s e x )  
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(case (content-port x) 
( 'in 

(set! (state-clock s) (+ (state-clock s) e)) 
(set! (state-input s) 

(list (state-input s) '$ (content-value x) 
(state-clock s)) 

) 
(set! (state-sigma s) (- (state-sigma s) e)) 

) 
) 

) 

;;; internal transition function is called only at end of 
run 

(define (int-transd s) 
(case (state-phase s) 
('active (passivate)) 

) 
) 

;;; output function 

(define (out-transd s) 
(case (state-phase s) 
('active 
(let ( 

;;; a port log-file is opened to record transducer output in 
file "log" 

(log-file (open-output-file "log")) 
) 
(newline log-file) 
(display "OUTPUT PROM RUN" log-file) 
(newline log-file) 
(display (state-input s) log-file) 
(close-output-port log-file) 
(make-content 'port 'stop 'value 'stop) 

) ;;1et 
) ;;active 
) 

• • connect to transducer 

(send transd set-ext-transfn ext-transd) 
(send transd set-int-transfn int-transd) 
(send transd set-outputfn out-transd) 



APPENDIX 3: DEMONSTRATION OUTPUT 

This output is the output from the simulation of the 

DR-EF-FL model. It is a cronological series of outputs from 

the different component models. The format of the output 

is in three parts: 

<A, B, C> 

where 

A = <DESCRIPTION OF COMPONENT BEHAVIOR> 
B = <duration of current behavior state> 
C = <global time at instant of behavior> 

In some component output, the duration of current behavior 

state is left out, and the output is only behavior and 

global time. 

OUTPUT FROM RUN 
5 0) 
(HIKERS-BEHAVE-AS-NORMAL . 2) 2) 

FLOODS-STARTING 4) 
HIKERS-EVACUATE-FLOOD-AREA 7) 
ENDED 10) 
( 
MANAGEMENT-MONITORING-FLOOD . 1) 10) 
WILDLIFE-10%-OF-POPULATION-DROWNED 10) 

(HIKERS-CAUGHT-IN-EXTREME-FLOOD-ZONES-PERISH . 4) 10) 
DRAINING-FLOOD-WATER 13) 

DRAINING-FLOOD-WATER 16) 
FLOODS-SUBSIDED 19) 

MANAGER S-SAY-FLOOD-LENGTH-WITHIN-LIMITS 19) 
HIKERS-RECOVERING-FROM-DISASTER 24 
) 
WILDLIFE-RECOVER-FROM-DISASTER 27) 
(HIKERS-BEHAVE-AS-NORMAL . 6) 29) 
( 
HIKERS-BEHAVE-AS-NORMAL . 11) 34) 
(WILDLIFE-NORMAL-BEHAVIOR . 9) 35) 
( 
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HIKERS-BEHAVE-AS-NORMAL . 16) 39) 
3 40) 
(WILDLIFE-NORMAL-BEHAVIOR . 17) 43) 

(HIKERS-BEHAVE-AS-NORMAL . 21) 44) 
FLOODS-STARTING 46.6666666666667) 
( 
MANAGEMENT-MONITORING-FLOOD . 1) 49.) 
HIKERS-EVACUATE-FLOOD-AREA 
49.6666666666667) 
ENDED 50.) 
WILDLIFE-10%-OF-POPULATION-DROWNED 
52.6666666666667) 
(HIKERS-CAUGHT-IN-EXTREME-FLOOD-ZONES-PERISH . 4) 
52.6666666666667) 
DRAINING-FLOOD-WATER 53.) 
FLOODS-SUBSIDED 56.) 

MANAGERS-SAY-FLOOD-LENGTH-WITHIN-LIMITS 56.) 
HIKERS-RECOVERING-FROM-DISASTER 
61. ) 
WILDLIFE-RECOVER-FROM-DISASTER 64.) 
(HIKERS-BEHAVE-AS-NORMAL . 6) 66.) 

(HIKERS-BEHAVE-AS-NORMAL . 11) 71.) 
(WILDLIFE-NORMAL-BEHAVIOR . 9) 72.) 
( 
HIKERS-BEHAVE-AS-NORMAL . 16) 76.) 
9 80. ) 
(WILDLIFE-NORMAL-BEHAVIOR . 17) 

8 0 .  )  
(HIKERS-BEHAVE-AS-NORMAL . 21) 81.) 
FLOODS-STARTING 82.2222222222222) 

HIKERS-EVACUATE-FLOOD-AREA 85.2222222222222) 
(MANAGEMENT-MONITORING-FLOOD . 1) 

8 6 .  )  
WILDLIFE-10%-OF-POPULATION-DROWNED 88.2222222222222) 
( 
HIKERS-CAUGHT-IN-EXTREME-FLOOD-ZONES-PERISH . 4) 88.222222) 
ENDED 90.) 

(HIKERS-CAUGHT-IN-EXTREME-FLOOD-ZONES-PERISH . 7) 91.2222) 

DRAINING-FLOOD-WATER 93.) 
DRAINING-FLOOD-WATER 96.) 
DRAINING-FLOOD-WATER 99. 
) 
DRAINING-FLOOD-WATER 102.) 
DRAINING-FLOOD-WATER 105.) 
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DRAINING-FLOOD-WATER 108.) 
FLOODS-SUBSIDED 111.) 

MANAGERS-SAY-FLOOD-LENGTH-WITHIN-LIMITS 111.) 
HIKERS-RECOVERING-FROM-DISASTER 
116. ) 
WILDLIFE-RECOVER-FROM-DISASTER 119.) 
1 120.) 
( 
HIKERS-BEHAVE-AS-NORMAL . 6) 121.) 
(HIKERS-BEHAVE-AS-NORMAL . 11) 126.) 
( 
WILDLIFE-NORMAL-BEHAVIOR . 9) 127.) 
ENDED 130.) 
(HIKERS-BEHAVE-AS-NORMAL . 
16) 131.) 
FLOODS-SUBSIDED 133.) 
MANAGEMENT-RAISING-DAM 133.) 

HIKERS-RECOVERING-FROM-DISASTER 138.) 
WILDLIFE-RECOVER-FROM-DISASTER 141.) 
( 
HIKERS-BEHAVE-AS-NORMAL . 6) 143.) 
(HIKERS-BEHAVE-AS-NORMAL . 11) 148.) 
( 
WILDLIFE-NORMAL-BEHAVIOR . 9) 149.) 
(HIKERS-BEHAVE-AS-NORMAL . 16) 153.) 
( 
WILDLIFE-NORMAL-BEHAVIOR . 17) 157.) 
(HIKERS-BEHAVE-AS-NORMAL . 21) 158.) 
5 

160 .  )  
(HIKERS-BEHAVE-AS-NORMAL . 26) 163.) 
FLOODS-STARTING 164.6) 

HIKERS-EVACUATE-FLOOD-AREA 167.6) 
ENDED 170.) 

WILDLIFE-10 %-OF-POPULATION-DROWNED 170.6) 
( 
HIKERS-CAUGHT-IN-EXTREME-FLOOD-ZONES-PERISH . 4) 170.6) 
DRAINING-FLOOD-WATER 
173. ) 
DRAINING-FLOOD-WATER 176.) 
FLOODS-SUBSIDED 179.) 

MANAGEMENT-RAISING-DAM 179.) 
HIKERS-RECOVERING-FROM-DISASTER 184.) 

WILDLIFE-RECOVER-FROM-DISASTER 187.) 
(HIKERS-BEHAVE-AS-NORMAL . 6) 189.) 



110 
( 
HIKERS-BEHAVE-AS-NORMAL . 11) 194.) 
(WILDLIFE-NORMAL-BEHAVIOR . 9) 195.) 
( 
HIKERS-BEHAVE-AS-NORMAL . 16) 199.) 
3 200.) 
(WILDLIFE-NORMAL-BEHAVIOR . 17) 
203. ) 
(HIKERS-BEHAVE-AS-NORMAL . 21) 204.) 
FLOODS-STARTING 208.666666666667) 

(MANAGEMENT-MONITORING-FLOOD . 1) 209.) 
ENDED 210.) 

HIKERS-EVACUATE-FLOOD-AREA 211.666666666667) 
FLOODS-SUBSIDED 213.) 

MANAGERS-SAY-FLOOD-LENGTH-WITHIN-LIMITS 213.) 
HIKERS-RECOVERING-FROM-DISASTER 
218. ) 
WILDLIFE-RECOVER-FROM-DISASTER 221.) 
(HIKERS-BEHAVE-AS-NORMAL . 6) 
223. ) 
(HIKERS-BEHAVE-AS-NORMAL . 11) 228.) 
(WILDLIFE-NORMAL-BEHAVIOR . 9) 
229. ) 
(HIKERS-BEHAVE-AS-NORMAL . 16) 233.) 
(WILDLIFE-NORMAL-BEHAVIOR . 17) 
237. ) 
(HIKERS-BEHAVE-AS-NORMAL . 21) 238.) 
6 240.) 
( 
HIKERS-BEHAVE-AS-NORMAL . 26) 243.) 
FLOODS-STARTING 244.333333333333) 

HIKERS-EVACUATE-FLOOD-AREA 247.333333333333) 
ENDED 250.) 
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