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7 'ABSTRACT Y
\ . o | 'J
The advances of the applications of artificial intelligence in
. s
modelling and simulation are currently an important area of
research in the field of simulation. A rationale is preaented to
. .
explain why this paradigm shift from traditional simulation is
¢ . ' L
*inevitable. Additionally, current applications of artificlal
intelligence in simulation environments are discussed along-with

some promising directions for the future.

\ - i

‘A particular advanced simulation environnent‘based on the Gest
language which demonstrates - an application of artificilsal
infelliéenne techniques in modelling and simulation is
highlighned._The main correspondendeg between simuiation programs
wrlitten in the Gest language and their procedﬁral*equivalants nre
given. Thié,”along with some tést examples showing the -structure
of the specificntion program and its pnocedural equlivalent

provlide good insight for the Gest translator to be bullt.

The run time librarg for the QGest environment is developed. It
is that part of the environment responsible for actually driving
the simulation at run time after the model bullding process and
the' necessary translation have been ‘completed. It 1includes
various integration algorithms for tackling some of the non-stiff
initial value problems in continuous simulation. The features of
a robust eilmulation run tiﬁé library are discussed and
guggestions as to how this can be ensured in the Gest ‘environment

are propossd.
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CHAPTER 1

& : - INTRODUCTION

' gimulation is being increasingly accepted as & powerful .

» tool for decision support. Its growth in several independent
ifields continues to rise with the increaslng availability‘br
computers. As a direct consequence, in the last few years,

many ‘Bimulation systems have begun té provide aid to the

- upger in the model building as well as other stages 1n the

simulation process. Thie aid has Dbecome increasingly
'important since although the users may be experts in their
respective_iields. their knowledge of the simulation process
may be such that software tools provngrﬁé advanced
assistance would be welcomed. As & rePult;¥it continues to
be the'focus of curnent research to improve the silmulation
process using artificial intelliggnce techniques to meet the

demands of simulation today.

1.1 AIM AND STRUCYURE OF THESIS .

Thig thesis congists of two parts. The first part

presents some of the latest developments in thelfield of
simulation, in particular gimulation environments, and how
they will snape the future of the simulation process as the
: synergy benween artificial intelligence and sinulation
becomes more-complete. The second part looks at an advanced

environment based on the Geet language (Oren 1984b) which is

an application of artificial intelligence in modelling and
. -

—a

—



PAGE 2
simnulation environments. This part constitutes the majoT
pﬁrpose of the  study vhich is two-fold. 4 The firpt
contribution consists of providing pertinent inrormatioﬁ/io
aid in the construction of the Qest translator for the
environment. This involves giving detaiied information on
the structﬁres of the programs written in thé speclification
language Gest, their procedural equivalents (expressed in
Fortran 77) and the correspondence between the two %P well
as test examples 1nciuded in- the ,appendices of the thesis
which practically illustrate this. The second contribution .
is in proyiding run time softﬁﬁfe for the executlion of
continuous simulation models within the Qest environment at
the run time stage, once the model translation has been
completed. Thg*so;%ware is used in drlving the test Bxamples
for the translator. Pinaiiy. the quality assurance of the
software 1s discussed. Part one of ﬁhe thesis embodies

chapters one and two while part two embodies chapters three

t0 seven.

In the 1after part of chapter one, we discuss the basic
concepts of traditional éimulation.'. }# Chepter two, the
Paradigm shift from traditional gimulation to artificial
intelligence applications- in simulation*ig_disoussed. Some
of the current possibilities in the field are explained in
detall. These 1n01udé the upe of artificial intelligence in
modelling and simulation environMents as well as quality
assuranée in modelling . and sihuiation in the artificial

intelligence era. The latter discusses new classes of

ST
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quality assurance concepts and techniques which are needed—
for ad?anceﬁ simulation 'Ryironments. Finally, possibilities

for ruture_reéearch 1p’the field are enumerated.

-

Chﬁpter three explains an advanced software environment
based on the Gest language. Also, detalled explanations of
Gest specification programs and their equivalent procggural
programé for single and several component modeie are
provided. Chapter four introduces the integration algorithms
that will comprise the run-time library and discusses which
algorithms are most 'adféntageous for different types of
problems of the non-stiff inltial value type. In addition,
the general purpose algorithms along wifh.'the multi-rate
integration algorithm are presented in detaill. Chapter five
expounds the discontinuity{préblem along with the process}ng '
algorithm to deal with .systems F'1'.\ea.ving euch problems. -In

~chapter si&, we provide 'suggestlions as to how quality
assurance of the run - time,library may be malntalned within
the Gest environment. Furthermore, éhe concept or'guidance
by the advanced simulation environment Gest in the salébtion
of an appropriate integration algorithm for the model of
interest 1s introduced. Chapter seven discusses the
‘oonclusions and the further studies that would enhance the

existing research.
{

1.2 CONCEPTS OF TRADITIONAL SIMULATION
Y

L}

Simulation 18 a vastly used powerful declsion support

tool. The simulation technology hae evolved over the years
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from building models of systems in the form of dlagrams, to
more sophisticated physical prototype models to the
construction of models in logical rather than physical form
wlth the advent of the computef (Nielgen 1988). Simulationl
is important in decision support, control, and in aiding
human knowledge processes by éliowing theorles to be tested
pra.cticallir (Birtwistle 1985). Comwula’cion based on
mathematlical models has beep uged wilth great success for
many vyears by eﬁgineers and sciéﬁtists for analysis aﬁd
design. Over the last -couple of decades, the advancement and
acceptance of simulation as a method of declslon aralysis is
in sharn contrast to the early view by operations research
practitioners who considered simulation as a last resort
when all else failed (Wagner 1875). This advancement las
been as a direc; result of development in computer hardwﬁre
and softwa;e making more powerful computers available at
decreasing costs és well as recent advances in‘simu}gtion
éystems and simulation "methodology. This has (éﬁrther

‘resulted in use and growth of quantitativé simulation in
other areas such as business models and management support
activities. Traditionally, the major strength of é
slmulation model is 1in provi%ng a prediction as to the

consequences of a 8selected course of action under some
! ' .

experimental conditions usually referred to as & 8cenario
(Reddy and Fox 1986). A typlcal application where a
simulation model may be used by a decision support system

is in the evaluatlion of two alternate courses of action to
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improve the productivity of a factory. ' Simulation can be
summed up as being experimentation with dynamic models (Oren
1986a) and the simulation model can he viewed simply as a
special type of ﬁﬁowledge. The model 1s driven undexr ser
experimental conditions to generate model behaviou: through

“time.

In the Iliterature, two maln types of simulation are
discussed. “These conslst of discrete simulation and
continuous simulation. In discrete simulation or simulation
- with diacreteichange models, the changes which occur to the
behaviour of the model are discrete and can be represented
by step functions. Continuous simulation which is simulation
with continuous-change models uses as i1ts behaviotr
generation technigue a numerical algorithm to solve a set of
ordinary differential equations. However, 1t should be noted
that a simulation study may involve a system wiich requires
& varlety of modele. A  systematization of the study of
different types of simulation reveals a very large number of
possibilities. A detailed taxonomy of types of simulation is
given by Oren (1984c). -

1.2.1 Elements Of A Simulation Study

In traditional simulation, as shown in Fig 1.1 the main
. elements of a study are the following : 1) Specification of
the simulation study 2) Behaviour generation and 3) Model

behaviour and its prooessing-(ﬁien 1984¢c). Spscifiocation of
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1
Specification of simulation study
Specific model Experimentation conditions
- Parametric model - Experiment \
- Parameter values - Simnulation run control

Behaviour geherator and
behaviour generatiog~
, ratiog

Model behaviour and its processing

Trajectory
behaviour

Behaviour of model (simulated data)

Structural
behaviour

T~

Behaviour processing
- Analysis
- Display

Figure 1.1 Fundamental Elements of a Simulation Study
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the study requires knowledge of & parametrid'model and its
assoclated parameter values as well as experimentation-
knowledge. ' ' N

Behaviour generation 1ig usually carfied out in a computer
“;“*“”by 'a behaviour generator that drives +the model which
comprieges a parambt;ic'model and assoclated parémeter get, -
‘under the speciried ‘experimental conditions to generate
mddel bepaviour. In simulation, model behaviour can be
either trajectory bghaviour or structural behaviour. In
trajectory behaviour, a sequence of values of descriptive
variables of interest, i1indexed with fime. are generated.
Then, usin&%;numerical or statistical' techniques, the
behaviour can be reduced to a figure of merlt. In structural
. )behaviour, the behaviour of a system is gemnerated tp depict

& time 1lndexed sequence of structural representations of the

system. This igg done under the control of a fixed or
variable set of goals such as in the growth of plants in
botany. After the simulation run, behaviour can be processed

for analysis, compression and display purpoaeé.

Traditional simulation is 1terative. If necessg;y, the
process 1is repeated for the parametric model, developing
another scenarlio and the‘newlexperiment run. There are no
design alds for developing the model. The modificatlon of
the experimental conditions and @ the model ltself is
controllec by the modéler‘ and not incorporated into the

system as an automatic computerized feature.
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1.3.2 Traditional Simulation Languages

For some time now, traditionafl simulation languages have
conslsted of deoclarative as opposed to procédural types.
Typical - précedural sipulation programs use a third
generation language such as Fortran and traditionally have
the control and data information components pertaining to
the model combined in the model structure. These simulation
languages are prooedural "since the program explicitly

specifies the steps which must be performed to reach a

solution.
N

Some continuous system simulation languages used in the

former case such as ACSL. make the coding activities..:
considerably easier. However, their execution point of view’

necessltates concelving simulation programs in three

sections: pre-run activities, run-time activitles, and poset-

‘run activities as discussed in detail in chapter 3. This

view was previously seen malnly due to0 the limited abilities
of combuters but has contigued for an unnecessarily long
time. Aé a :esuit. traditional simulation still needs a
gieat deal of expertise to translate the needse, goals, and
objectiyes of the user into the appropriate mbdel, using the
right ¢ ﬁd; executed under the,correc',design of experiment

and aralyzed appropriately (Shannon et. ‘al. 1985).

As a final remark, the _prin%gggl characteristics of

traditional simulation are emphasised asm :

1) Knowledge procesging of the system is limited only

vy

E
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.. 1o numerical processing.

2)-Model is integrated with Bpecifioation of experiment

and behaviour generation.

e
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CHARTEE 2. W
'ARTIFICIAL INTELLIGENCE IN SIMULATION
2.1 THE PARADIGM SHIFT FROM TRADITIONAL SIMULATION TO
ARTIFICIAL INTELLIGENCE - APPLICATIONS IN SIMULATION
2.1.1  Introduction To Artificial Intelligence And
Expert Systems

Artificial 1ntélligence deals with the discovery ‘of
techniques that will allow us to design and program machines
which are able to emulate certailn characteristice of human
thought such as the ability to learn, solve problems-and
understand small contexts of human language. Artiriéial
intelligence research which looks at how humans acquire,
organize, and use knowledge can be categorized into :-

1) Attempting +to duplicate orJ’imitate the ratlional
knowledge processing abllities in the same manner
humans do. An example 1ncludes natural language
query systems which allow the user to ask questions

of a data base without using specilal commands.

- 2) Ability +to uBe knowledge' and learn 80 as8 to
duplicate the results of learned skills or expertise
wlthout concern for whether 1t 418 exactly the
process used by.the hnman'expert. This is often
termed expert systems or knowledge-based systems.
These are knowledgeable systems which may increase
their knowledge by learning and have advanced
knowledge processing characteristics including
symbollc knowledge processing. A
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Expert systems research has grown out. of more general
concerns in artificial int 1ligence and l1ls considered by
some researchers to be “apﬁéied artificial 1ntelligenoe " An
expert system is a computing system capable of repreaentin
and reasoning about some knowladge-rich domain, such‘ as
internal medlcine or gaology, wlth a view to sqlviﬁg
problems and giving advice (Jackson 1985) Felgenbaum, one

of the Ploneers 1in research and development of expert

gystems, -has defined an expert system as:

. :

" .. an intelligent computer program that uses knoﬁlédge
and inference pro?edurés to solve ‘problems that are
difficult enough to fequire significant human expertise for
their solution. Knowledge necessary to perform at such a
level, plue the 1nfe£ence procedures used.can be thought of
as8 a model of the expertise of the best practitioners of the

'

field." ‘ .

(HEarmon,P., EKing,D. 1985)

2.1.2 Rationale For And Description Of The Paradligm Shift

Changes of Rpradigm always seem to take an unnecessarily
long period of time primariiy due to dogmatic thinking in
most cases. However, there is a need to see simulation in &
new light and 1t is inevitable that artificial intelligence
will have & tremendous 1mpac§ oﬁ simulation as we know it
today (Oren 198&0).V)Thie need arises out of the fact that

simulation is belng u%lllzed more and more 1in a variety of

J
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flelds and 1t 1s clear that traditional systems could

benefit from further enhancements. The original

requirements of such gystems can be funther enhanced via

model pfocessing ablilities as well as exper‘meﬁt control and
evaluation of simulation Tesults. A variety of tools and
techniques from +the artificial intellligence field for
working with knowiedge modele have only recently been

applied to traditional simulation.
N =

Artificlial intelligence and simulation are based- on
models to generate new knowledge. In the case of a rule-
based system, inference ls used to "generate knowledge. 1In
the case of simulation, knowledge is generated by driving
the model under experimental condltions. In particular,
there 18 a methodologlical similarity between simulation
models and expert systems (Shannon et. al. 1985. Lehmann
1987). These include :

1) Expert systems and simulation both represent in a
modular form knowledge‘and expertise about  a system
and 1ts  behaviour in specific domains.  The
knowledge r;presentation involves the use of events
and processes 1in discrete event slmulation and
:rames. rules, etc. in expert systems.

2)g;he control flow 1ln expert systems and simulation
both depend on 1loglcal decisions 4in contrast to

A

numerlcal values calculated in other progra.mé. The

caneri or inference mechaniem :or an event driven
: _

-

—
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gimulation can be described as & next-event time

scheduling similar to inference mechanisms such as

forward or backward chaining in expert systems.

3) There are similarities in +the description and
processing of uncertalnty in a model as well as 1in

.- an expert system. In stochastic simulation, this
uncertain knowlédge is expressed by probabilitiés

and in an expert system application by means like

certainty factors, fuzzy logic etc.

As & result technlques and results from artificlal
intelligence and particularly expert systems appear to offer

a new and exciting technologyvfor gimulation application.

The ﬁaradigm shift in simulation 18 towards the use of
artificial 1nteiligence technigques in simulation. Knowledge—‘
based simulation is Athe name adopted to describe this
" synergy. It deéls speciricaliy with knowledge-based
techniques for model ©bullding and processing such : as
" execution and analysis. This area of research in artificial
intelligence concerned with bulilding 6f tools and exper£
alds shas had a significant effect on the modelling and
gimulation field. The maln benefita achlieved using an
artificial intelligence based simula%ion tool include :

1) Aids in improvipg the pfocess of transcribing the
real world problem into the BiEulation thus shortening

the development time of thé model.

i
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2) Structural changes can be carried out a lot quicker
with faster synthesis and/or modification of

simulation by the user.

3) Reduces the time required by users to work with the
' system since there is no need to learn a simulation

language and develop modelling skills.

-4) Improves the average user's quality of interpreting
~ ' .

simulation runs and case studies.

. Systems utilizing such tools would be résponsible for the
following developments to name a few :

1) A simulation query system which the user can use to

determine the behaviour of some model or models in a

model Dbase, maybe with respect to &a particular

problem.

2) The creation of models for a specific problem in a

well understood domaln via a modelling environment.

3) Use a behaviour processing system to provide m:}

analysis and display.

2.2. CURRENT APPLICATIONS OF ARTIFICIAL INTELLIGENCE
IN SIMULATION ENVIRONMENTS
In the past few years due to the increasing ablllities of
computers on symbolic processing and the general maturlng of

the simulation field, the focus of simulation languages and



|
E PAGE 15

“ packages has changed and i1is beilng replaced by &a more

comprehensive concept, namely simulation environments (Oren

1988b) { The creation of such environments i1s one of the

poesibllities for artificial intelligence to have an impact

on the simulation field. = These environments should be

created to take advantage of current computer capabilities.

for data base management and graphlce 4o name a few. The
_simuiation environment is the term used to denote a
comprehensive computer-alded design and simulation system.
Furthermore, Henrickeen (1983) definese an integrated
simulation ﬁnvifbnment a8 "a collection of software tools
for désigning. writing, and validating models; writing apd
verifying simulation programs; preparing model input data;
analyqing model output data; and designing and carrying out
experiments’/ with models." This is essentially the_éoai of
artificial intelligence based expert simulation systems, in
addition to embedding as much éxpertise_into the simulation

software as possible.
/

~There 18 & clear need for simulation environments which
provide an integrated and comprehensfve set of tools fof all
areas of simulation (Langer and Schmidt 1987). Withih a
simulation system, three main kinds of environments are
desirous: 1) Simulation modelling environment 2) Model
processing environment 3) Environment for analysis of
simulation results. These environments are discussed in

detall in the following sections.
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2.2.1  Simulation Modelling Environments

—

” The simulation modelling environment 1s concerned with
‘ the mode lding 8 of the simulationy process. The-

environment aseists the user in the model bullding process
by providing a variety of software tools. Advanced
usger/system interfaces are commonly provided to simplify the
user's task of specifylng the model. Additionally, during
the model creation, an advisory system guldes .the user with

explanation thus ensurcing model completeness and

certification. ;

A majJor concern of current software developers 1s8 the
interface between the user and the computer. Artificial

intelligence researchers are among those developlng user

. friendly interfaces to 1mf)rove this communication. Advanced

user/system interfaces enable the user’ to focus on the
rroblem definition and, andlysis of results. It helps to
form ‘an advanced user/system interface for a simulation

model for use by an inexperienced simulationilst. The

simulationist ig able to develcp and modify the model

without requiring previous knowledge about the simulation

language or programming environment Such interfaces are

signiricaj?/gnn;:&bug;ons to the field providing better user
contro. of his/her model a thus increased efficiency in
P 4 i

the 'modclling process (Khoshne and Austin 1986).

As proposed by Oren (1986b), in an intdgactive

environment, the user would have &a digplay unit on \which
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several concurrent, o#%rlapping or non-overlapping windows
may be seen. The windows may consist of: 1) Design and

simulation windows to display the design and trajectories of

idescriptive variables’. 2) Active icons that can_be sélected

for model, design. 3) Dialog diary to display system messages
and ueer ilnvoked tagks and'operations. 4) Instruction window
to specify to the system a particular operation which has to
be operated on a given object related with a task. Recent
simulation modelling environments provide similar advanced

user/system interfaces.
. .

The-kndhled%e base simulation system developed by

Reddy and Fox (1986) uses a window-based schema editor,

which offers a fairly general facility to creatg--or alter

schemata. The model is a collection of sthema representation
‘language schemata +that represents physical and abstiact
system entities. Model creation is simply the creation of

schemata that represent the model's entities, inélﬁding

. Bpecifications for their  event behaviour and

. interconnections with other ‘schemata. One window displays

the schema being edited, while the other window accepts

commands to manipulate that schema.

1 ’\‘

'In the intelligent simulation model generator (GQuarigo
et. al.'1987),'the interface 1s incorporated into the LISP
environment &nd %nput and vbutput are mainly performed via
menus, forms ;g;;éhenting the frames and graphice. The slots

of the rrameﬁ provided are filled by the user, the editing

SN
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being performed by extensive use of windows. An example 1B
the ume of the graphic editing window in creating compound

modsels or models with'several component models.

-

The Simplex II Simulation System (Langer aﬁd Schmidt
1987) 1is easy to use due to its menu-driven user guidance.
For each complex system feature a menu 1s provided, which
' includes the necessary commands to perform all possible
functione of +this feature. These , commands manipﬁiate
individual model components (create, copy, modify etc.) and
also manage the various model hanks. In thé Gest environment
which is explalned in detall, in chapter 3, the system aids
in the generation of the Gest source program using a model
tempiate generator which generates appropriate templates or

frames whoese slots are to be fllled by the user.

Finally, 1t should be realized that it is technologically
feasible to build natural language interfaces for domaln
specific applications. Additionally, ; natural Ilanguage
representation of continuous systems is feasible since they
have only a few types of varlations in the transition logic
(Ehoshnevis and Austin 1988). It should be noted, however
that while natural 1language Ainterfaces are feasible
solutions to human lnterface problems one must assess and

determine when such an interface 1g feasible. Rich (1984)

ovtlines seven key factors that should be comsidered in such

a choice.

b

@
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A truly succesaful understanding system = incorporates
knowledge about language, grammar, semantics and the
specific domain of the problem, A natural language
interface for model buildihgvis appropriate beoduse of the
variety and complexity of the imputs for problems.

formulatlon,

-

An’ advisory. s&stem is an expert system that uses &
knowledge base and inference system to provide the user with
relevant expert advice on fault finding as the consultation
proceeds. It 1s a declsilon support teool that guides the
user in correcting the fault. Simuiatiqn knowledge -must be
separated from domain knowledge. As would be expected,then,
ﬁwo different types of advisory systems are perceived in
simulation, namely those with expertise in simulation and
those with expertise'jml an application domain. Two main
types of advisory systéms are proposed. These comnsist of: 1)
expert systems knowledgeable 1n the simulation methodology

and 2) expert systems knowledgeable in the domain knowledge.

Anothef important feature of the advisory system 1ig that
they should ©possess explanation  facilities. These
facilities génerate oexplanations so as to try to address or
substantiate the accountablility of guidance given- by
advisory syﬁtemsr‘fhey do this by systematically relating to
the chaine of reasoning K employed by rule-based syétems;
This is done bhy backtracking through the processés of

inference used in generating the advice and presenting the

.



PAGE.20
user with the knowledge used at each Btage. One of the main’
compelling reasons for' the requirements that advisory
systems should be able to explaln their reasoning and
Justify their conclusions in a'mannerlthat 1g intelligible
to wusers i1s (Jackson 1985): 1) The users of automatic
advisory systemse need to be convinced that the reasoning
behind & conclusion i1s substantially correct, and that the
solufion proposed is appropriate to thelr particular case.
Finally, the advisqry sttem has certification functlons

vhich are responsible for certifying the model.

N

- Th2 knowledge-hased simulation system (Reddy and Fox -
1986) qpntains & language and an interpreter so as 'to
sp;cify model consistency and completeness rules.‘
Additionally. the logic programming techniques are
incorporated in the Schema Representation Language..In this
- way, the knowledge-based agimulation system evaluates. tﬁe
model using the interpreter's trace facllity to aid in
finding and explaining errors. such as missing schemata and
schemata with inconsistent slot values. The advisory system
in the‘intelligent model generator (Quariso et. al. 1987)

performs consistency checke and informs the user, foroing

him to correct the orrors found or to gquit his current

1

action. e

The iimplex II Simulation System performs only syntactic
‘checks onr models to ensure they are syntactically correct.:

The advigor for modelling present in the Gest environment is
. —



PAGE 21
éalled Magest . Magdest uses its availaﬁle knowledge to
assist the user in the model specification and performs
several syntactic #s ﬁell as semantic checka to ensure. the
model's certification. These checks consist primarily of
checks for completeness, correctness, and compatibility. The
avallable knowledge consists of: 1) problem -independent-
knowledge concerning the morphology of Gest programe 2)
incremental knowledge obtained froﬁ and about user specified
Gest programs. The detaiis of <the rules and facts used by
Magest tb perform semanﬁic checks can be seen in the iecent

article by Oren and Sheng (1988). fL\
' 1

The*d&e of the advisory systema and advanced user/system
- interfaces outlined above makes the modelling simulation
envifdnment within the simulation systeﬁ a useful tool in

aiding the user in the model bullding process.

x

L]

2.2.2 Experimentation Specification And Model Processing

‘ Environments

.The ,expefimegtation specificayion. apd. model processing
environments may be responsible for a varlety of functions®
such as specification of experiments, aimulation-execution,
and data collection. The experimentation environment_wqyld
consist primarily. of an eiperimentation advigor, an
_ experimentation base, and i1ts manager (Oren 1986b). The
advisor may have several functions including:

1) Specification of experimentation including
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- gpeclfication of variables to be observed and

2)

monitored. The specification of the varlables to be
observed includes behaviour compression types (e.8.

statistical), behawvlour display perlod (beginning

end) and frequency (communicatiomn interval). - An

example of the speclfication of wvarlables to be
moniltored invdlves having'audio/visual warnings when

a critical variabie reaches a threshold value.

In the case of multiple runs, experimental
conditions can)be modified based on speclfication of
generic expefimental conditions. In the simplest
case, the. gystem can directly 1ink. to a model
different experimental conditions speclfied by the
user. It may have the abiiity to conduct a series

of experiments without human intervention.

Individual experiments should be improvements on

'past experiments.The improvements are automatically

achieved by rule bases detalling the diagnosis and -
correction heuristice (Reddy and Fox 198868). The
Tules must allow for reasoning between several model

scenarios. The Simplex II Simulation System (Langer

and Schmidt 1987)*]contains an experimentation

environment. Thls environment provides a menu "’

experiment whlch allows various experimente to be

—

performed on the model.

Symbolic model proceesing is possible during the



PAGE 23
execution of the simulation. At the end of each simulation
run, & rule can be éctivated from a rule base that will
suggest changes to the model for the next run. “After
running many of these goal-directed experiments, we hope to
get scenaq’os that come close to satisfying the simulation
goal (Reddy and ‘Fox 1986). A 1imit on +the number . of
experiments prevents the system from getting lost while

determining a desirable scenarilo.

Data collection 18 concerned with Yrecording the changes
in the value of a parameter. This is usually done elther by
constantly monitoring the parameter or by. sampling thé
| parameter (Reddy 1887) . The parameter to be monitored
usually has attached to it instruments for measuring current
values to be displayed. In the knowledge-based simulation
system, monitoring is done by attaching demons to slots and
the process of data collectlion is similar to meésuring
instruments. Usually, only data relevant to a particular
goal is gathered and analyzed and the user is required to
ﬁanually’ ingtrument each schema. The menu item called
Monitor in the the Simplex II Simulation System is avéiiable
for the uéer to select which model variables are to be
recorded during the experiment for subsequen? anélysis and
display, the menu present being subsequently. used to

graphically output the results.
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2.2.3 Environment For Analysis of Simulation Results

This environment is primarily concerned with analysis of
the simulation results. This 1s & recent feature in
glmulation systems. VWithin the knowledge-based simulation
systemn, ecenerios can be rated to ﬁeaeure the goodness or
badneee of simulation results. Thie is important so that the
enalyst can fine tune “the input parameters to the model in
order to bring the values of output wvariables within a
desired range. " The Simplex*JII Simulation System has
available a menu iltem called Analyze which contains methods
for +the mathematical analysis of data which has Dbeen

recorded by the monitor.

It is clear “ti;t eprrent applications of artificial
intelligence in lation environmente have made a positive
impact on theejaiq given to +the user throughout the
simulation process. Current systems tend to. place more
emphasis on the modelling simulation environment with less
emphasis on +the other environments described above
especially the environment for analysis of results. This

trend is changing and future systems can be expected to have

a varliety of tools avallable in the three main environments.

2.3 DIRECTIONS FOR FUTURE RESEARCH

The latest developments 1in +the area of simulation

L



‘ PAGE 25
strongly indicate that AI based silmulation systemé will be
the trend in the near future. Many areas: such as
manufacturing are adopting this trend and the first steps
and attemptarin this direcpion have been taken tShannon et.

al. 1985).

‘Although a plethora of ldeae could be suggested, Oren
(1987b) Shannon et. al. (1985) and Elzas (1986b) have
proposed that major developments in artificial intelligence
based simulation environments can be expected to be seen in:

) Improved dialogue racilities‘ with modelling and
gimulation systems especially those possessing model
bases v;a advanced intelligent interfaces. These
interfaces can be improved using AI technigques such
as the use of natural Jlanguage programming for

problem specification.

-

2) Future model bases which should provide access to
' models and submodels developed earlier in similar
applications. They cpuld. he @atored using a
specification formalism in a number of domain
specific model bases (Kettenis 1988). The model
base would conelst of a number of clearly wrltten,

well documented models.

-3) Expert systems for modelling and simulation
consultation. These systems would be very useful in
providing advice as to which model in a model base

is best sulted for a particular applicatlon.
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4) Model speirch and inferencing from assemblies of

model components in ‘model bages for a particular

domain.

8) Intelligent simulation model generators to perform

ey

automated simulation - program géneration from

structured model and experimental frame

: . \
specification. -

X
6) Advanced methodological concepts involving the

poreiblility of generating experimentdi condition and
interpretation of resulta within -~ simulation,

environments.
L

7) Advanced tools to cope with the complexity of

systems. This would involve design of other
knowledge-baged tools such as EKEE (Fikes and Kehler
1985). | | '

# 8) Expanding +the Lknowledge avallable in current

kndwledge based envirdnments to 1nclude domain

 specific knowledge on different application areas.

9) New knowledge representation structures in

artificial intelligence environments for modelling

and simulation support systems.

10) Taput data management systems capable of storing,
.

manipulating and retrieving data for speclific



PAGE 27
simulation experiments. It would require the
ability to distinguish which 'data is needed for the

different experiments.

11) An experiment supervisor which would make decleions
based on the output of simulation runs e.7rﬂsample

slzes, number of runs neseded etc.

1

In the last couple of years, the fleld of artificilal
intelligence in gimulation has grown tremendously and
continues to mature. Several books already exlst on the
toplc: Birtwistle "(1985) Elzas, 6ren‘and Zeigler (1986),
Hblggs (1988), Kerchoffs, Vansteenkiste. and Zeigler (1988),
Luker and Adelaberger (1986): Luker and Birtwiétle (1987),
Widman, Loparo, and quman (1987) whillst others gfe now in
preparation duch as Eléas. Oren, and Zelgler (1988 ¢ In
Preparation). It 18 quite clear that some of the
developments discussed above will become a rsality in the
near future thus reélizing yaet more advanced simulatlion

el

environments than those available today.

- .
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CHAPTER 3

GEST AND ITS ENVIRONMENT
3.1 SOFTWARE ENVIRONMENT FOR GEST

3.1.1 The Gest Language a

\
Gest, which stands for General Systém TheoTry Implementof,

is.based on the %Fiomatic systeﬁ the;ry of Wymore (1967) and
departs radically from other simulation languages in that
the épecirications of the model and the experiment are
~ totally Bepa.fated.‘2 It- 18 the first model and simulation
speclfication language. As a Tesult, it is declarative in

nature acting as documentation easily comprehensible by
users. '

=
In the Gest language, a program has several distinct

parts (Oren 1984b): ’
| 1) Mathematical Model
2) Parameter Set
3) Experimentation(s) and
4) Output Module(s)

The model consaists of a paramefric model argl assoclated
get(s) of >parameter values. The experimentation is the
specification of experimental conditions which have to De
applied to the model. The output module is the
specification of the output program to be used to display
the resuits of yvhe simulatlon study. The definition of a

Gest program expressed 1n Backus-Naur form (BNF) 1is as
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rolloys:

Program =
"Program" Program Identifier ’ ;
Parametric Mo@e% Speciftication
[{ Parameter Set}] J
‘{Exéerimant}
{Run Specification} \
{Output Module Specification}

"End Program" Program Identlifiter

In the BNF representatlion, non-terminals are enclosed
within * “ { } indicate repetition, [ ] indicate options,

[{ }] 1indicate repetition of optidnal elements.
Y

B

!
—

5.1.2 Elements of Gest Envlironment

*

The world wview of Gest makes it a goﬁd basis. for a
comprehensive modelling ,and simulaﬁion environment. This
enviroﬁheﬁt is a major project currently' being implemented
at the Universi%y o} Ottawa. It will provide asslstance éo
.users in the development of models 1in severdl'%@plication
areas. As dépicted in Figure. 3.1, the elemente of the Geét
environment consist of the following main compoments:

1) Qest executive /

2) Magest system

3) QGest Translator
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4) ‘dest Run-Time Library 4

5) Simulation execution control

The Gest executive iﬂ the user/system interface that
assists the user at each stage of the simulation proceés.
'The‘executive 1s linked to the Mégest system which provi%?s
- asslstance 1n the model building process. Additilonally,{ it
“is connected to the simulation execution control, éo that
the usef may be interactively involved in the exscution of
rfhe simulation runs. Magest which stands for m?delling .
advisor and certifier for Gest é?ograms ls a knowle&éé—based
modelling and gsimulation system: It provides a,
user/oriented 'specificaiion and certifitation énvironment
for Gest. It has baSically two modes of operation, the
guidancé mode and the certification mode. It also has éccess

to a template file from which 1t can select templatés and

—
Skﬁthen tailor them dynamically.

«In "its template generating mode, _Magest provides a
dynamic template of the (Gest source program oOr frame—liké
structure whose slots are to be filled by the user. As an
example, for every component-model: a temp%gte of static and
N dynamic structures are generated. The user then £11ls in
the relevant model information in the approé&iate slots.
This is i1llustrated in Section 3.2.1. In this way, Magest

=
guldes the user in the specificatlon of a model, parameter.

$
get, and experlmentation.
o

LY
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During the generation of the Gest source. program 1n the
above manner, the certifiler andradvisor.progr&m uges 1its
avallable knowledge to asseist the user in the specificatlon
of his model and also performs several syntactic as well as
semantic checks. These checks consist primarily of checks

for completeness, correctness and compatibility of the

gspecification.

The Magest system provides computer assistance by
ensuring consigtency and completensss of the speciflcations.
The asslstance pfovided by the system to the user while
specifying his Gest program, aléo involves knowledge—baaed
help on parameters to be gpecified as well as detalils on the
experimentation specification pertaining to each component

model such as initialization of all state wvariables.

Finally, once a Gest program passes these checks made by
Magest; Kagest then certifies the program making it ready
for translation by the Gest Translator into an interactive

procedural progranm.

The Transglator will translate +the declarative Qest

program into an interactive procedural program. This

program is then complled by the procedural language compiler

to0 allow for future execution.

The Translator recognizes three distinct levels of

activities namely:

1) Pre-Run Activities

r

)
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2) Run-Time Activities

3) Post-Run Activities

The pre-run activities involve <the declaration of
variables, initialization of state varliables, parameters,

input valuPs, and. run-control varlables.

The fun—time aétivities are concerned * with
experiment?tion with the model. These’activitieé'involve
the determination of model inputs. outputs and the calls to
the relevant integration ‘algorithm in the QGQest rTun-time
library for dintegration. In .the case of a model with

several component models =not wutllizing the multi-rate

. integration algorithm, the translator lumps the differential

equations of ~seach component model 1nto a derivative
subroutine consisting of a single collectlon of differential
\equations. This derivative subroutine liéﬂ used bf ﬂEhe
1nﬁegration algorithm to integrate the model. In the case
where the multi-rate algorithm is used, the large model
which has widely varying characteristics is partitioned into
two component systeme having similar chi;acterisfiéél They
additionally have independent error control and utllize the
best suited algorithm for each component model. The. Gest

translator 4in this case +translates the specification
ensuring — two derivative subroutines contalning the
dlfferential equations descrlbing the two cﬁmponent models

exlsts.

i
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- The post-run activities involve display of model- results

in-tabuiar ag8 well as graphical forms.

For all the activities described above, the necessary
information required by the translator to 'deternine these
‘activities is’' taken from the pertinent modules of thelGeBt :
specification. This correspondence 1s explained imn detail in
Section 3.2.1.3. ’ |

The Gest run-time Ilibrary consists of a variety of
integration algorlithms to deal with the dlfferent situations
'that.arise in continuous simulation. The user expresses his
choice of 1ntegration algorithm dependent on his_mddgl's
needs in the experimentation-section'or his Gest Program.
The Magést systen ensures that the chosen algorithm 1is
1ndeed available in the run—time 1ibrary and - may give advice
to the user on the suitabllity of the chosen algorithm to

-

the model at hand.

; Then, ‘during the execution pﬁase. after the relevant
inputs and'outputs have been determined, the next states are
coﬁputed by utilizing the relevant 1integration aléorithm
within the Gest run—fime library via a call statement along
with the subroutine DERIV contalning the necessary functions
and informatlon to carry out the computational steps. The'

R

detalls of the proposed Gest run-time library are given in

Chaptere 4, 5, and 6. ' ‘ f

Finally, the simulation-execution control allows the user
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" to be interactively involved with tﬁe‘ﬁroceduralfequivalent
of the Qest program. fhis, may include the different
specifications of the simulation rums to be executed for the

different scenarios desired by the user.

L

N
3.1.3. The  Disspla Software

¥ithin the IBM environment, thé-ﬁisspla software 1s the
graphice packaéskbutilized by the Gest environment ' in
providing post~run graphics of the simulation results at the
> - {\d b . ' .
end of the simulation. This 'high-level' plotting language
3 ' »
which requires a minimum number of CALLS to produce % raphs
. S 4 | | .
is used to facilitate data plotting in the Gest environment.

It 1s machine independent as well as graphics device

independent, enabling the user to take full advantage of the

characteristics of a variety of output devices.

Once the translated procedural simulation program is runm,

“the progranm is. linked to Disspla to give fostnrun plots of
- the results of +the simulation model. ‘The graphics
- subroutine in the procedural program which utilizes the
library Fortran subroutines available in Disspla, first
determines and rounds the maximum and minimum values of the
elements of the arrays of the variables of interest. These
varlables of interest are the outpute of the simulation for
which the trajectory plot 1is required. Once these values
are dstermined, scale factors are automdtically generateduin

E )

the subroutine by simple calculations. These factors along

j
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with the maxim:m and minimum values are then used as
arguments for the Disspld gubroutines to generate the
desired trajectory plots. For each model, the only
_signifioant changes to the graphics subroutine would involve
labelling of axes, and title names. Full d tails of the
Disspla softﬁare can be seen in the Disspla user’'s guidé
(fSSC 1982). IN each of the test examples for the translator
provided in this . thesls, & graphics subroutine utilizes

Disspla routines for carrying out the desired data plots.

v

o

3.1.4. The Xmenu/e Software

The XMENU/E software 1s used to provide interactlve
abllity in thelprocedural equivalent of the Gest program.
The XMENU/E system is a collection of programs that aliow
interactiv; creation and. manipulation. of disbl&y-data and
‘menus. XMENﬁ/E allows the user to create and use full.scréen
menus quicklyJ and easily under his application program.‘
Menus are useful tools for presenting users with a formatted
list of 'options and input areas. XMENU/E provides’ the.
rolléwing basic facllities : 1) The ZIXMENU program which'
allows the user‘to interactively oreate‘and modify his/her
menus. 2) XMENUSUB, a collection of subroutines which can be

~called t6 use menus from programs wrltten in high.level

procediwral languages éuch as Fortran and Pascal.

As a vesult, thip software can be utilized as & tool for

interactive procedural programs. For -a particular model, the

-
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ménu conéisting of model parameters, inltial values,
experimentation variables, and relevant user information la
created. Menu creation is perrorqed on a plank input screen
uéing PF keys to assign filelds. The menu can be viewed as
comprising of a npumber of fields witﬁ particular
characteristics called ‘'attributes'. The iixed information
on the menu have the following attributes : 1) PROT - The
uger is not allowed to ;;ter data into that field from the
terminal. 2) SKIP - This attribute facilitates easy a&gess
to the slots that ‘need to be filled by the user. 3) DIM -
The intensity of the fiéZd is given & normal display. 4)
RMDT -~ This represents a no modiflcation tag s;nca thege

fields will not be modified at any time.
®

The slots which need to be filled by the user .have th

following set of attributes : 1) NUMERIC - This 1is
upprotecteg field that allows the usér to enter only numeric
data from the terminal. This is an obvious advantage for our
purposés of simulation ensuring model integrity. It should
be noted, however, that this attribute is only operational
from some terminales such as the IBM 31793 terminals in the
current version of the software. 2) NOSKIP - Thig attribute
ensures that éhé.user enters the appropriate input data. 3)
BRIGHET - This attribute highlights the input, giving a
bright intensity. 4) MDT - This Modified Data Tag ensures
that data - in each input fileld will be returned to the
program as user input. At'eaoh simulation run, the current

.yvalues are used in the simulation.

.
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The XMENU/E software is first linked to the user's disk.
The interactive procedural program ls run, andeith the aid
of the appropriate subroutine from the IMENUSUB, the
approprlate menu“is presented to the user. The user 1is
requested to fill in the slots according to the model, éfteri
. which, he returns control to the program by selectling an
appropriate PF key (in the- current implementation PF 10 or
PF 12) as specified on the menu. With the aid of subroutines
from the XMENUSUB, the program is able to use the values
from the menu to run the simulatlion. Another subroutine
prints the values used for that parﬁicular simulation run
into a file which is avallable to the user. This process 1s
repeated for each simulation run which the user'desires to
carry out. The XMENU/E ﬁrocedures are -utilized in most of
the test examples 1n‘this thesis to pfovide the desired

interactive abilities of the procedural equlivalents of the

Gest programs.

3.2 STRUCTURE: OF GEST AND EQUIVALENT PROCEDURAL PROGRAMS
~

In this sectlion, detailed structures' of the two main
types of Qest programs for continuous simulation and their
~equivalent 1n a procedural language are provided. These
involve specifications of continuous change models which are
a subset of the possibllitlies available in the- éést
language.% In particular, the two main types are a Gest

program with a single' continuous ‘component model and the

~ o
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Qest program with ‘several’ component models. For @Gest
prbgrams. with a single continuous component model, the
abllity to specify an upddteable continuous change model is
discussed. In the casge of the Gest program with several
component models, the ability to specify the Gest program
uging lthe multi-rate integration 1s also discussed. The
JZ;ggtures show how programs are developed to facilitate the
simulation of a user'e model, whether it 1s a purely
continunous model, a piece-wlse contlinuous modal, or a large
'dynaﬁic system. Also, the correspondence between the Gest
programe and thgir procedural counterparts are provided
along with the computational steps needed in the simulation
of the different types of mogels discussed. This information
along with the Gest examples provided in the appéndicesrof
this +thesis will aid in the construction of the Gest

‘tranglator for the environment.

-

3.2.1 Gest Program : One Component Model
3.2.1.1 Gest Frogram

As shown d4dn Figures 3.2(a) ~and (b)), the Qest
specification of a eingle component model consists of :
1) A parametric continuous component model

2) At least one parameter set



| Inputs (including Random if any) |
| States i
| Qutputs ! . |
| Auxiliary Variables " : i
f [
| !
l |

| Derivatives ! State equations for computing |

End Dynamic Structure - . [

Constants )
Parameters .
Tabular Functions

values of state variables o

| Output Function : Function for computihg output |
{optional) . |
B i T e e e e e !

| Update f{optional) .1+ Model update made when a particular|

concdition is satisfied [

________________________________ e e e e v i — — . — — i

~End Continuous Model (Name)

£,

Figure 3.2(a) Gest Specification of a Parametric Component Model

/L

x
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End External Input Function
| Time Initialization
| Initialization of states
} Integration utilizing some particular algorithm
| Interpolation used (if any)
| Assign user tolerance
| Assign frecquency ¢f communication
| Collect and save inputs and outputs
| Specify end tlme of simulation

T o I e e e e e e e e et e o e e e e e o o i e b o e ot s o o o e e . o . . . —

| Print output headlng
| List wvalues of saved variables
| Plot wvalues of saved variables -

Figure 3.2(b} Gest Specification of Parameter Set, Experimentation
and Output Module for a Component Model,
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3) At least one ekperimentation speclfication
wvhich conslsts of :
- an experiment
- a run
~ an optional post-run spgpirication

4). An Output Module

. The continuous component model consists of two sections:
1) static structure section and the dynamic structure
geection. The static strgcture is descriptive, and contains
all the model descriptive elements such as inputs. states
etc. as shown along with their types and ranges of values
where applicable. The dynamic structure contains information
needed rér behaviour generation. This includes 1) a
derivative block which cbntains the derivatives of sfate
varlables along with any computations necessary for
auxllliary varliables. 2)-An optional output block containing
output function(s). In cases where an output variable i=s
not ‘identical to a state variable, or an auxlliary variable,
it must be‘computed from an output function. 3) An optional
ufdate block. This Dblock provides a ‘model-oriented
speclfication of any discontinuities that may exist in the
model. This includes update of'ﬁtaté variables or parameters

and the conditions which trigger them.

The varameter set contains the values of all model
paramé%e:s and tabular functions if any. The experiment

block consists of the wvalues of all experimentation
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varlables, states and inputaﬁ In addition, the type of
algorithm to be used in the simulation is specified by the
user in this block along with the Interpolation used if any.
The Run ;pecirication specifies the +triplet (model,
parameter mset, and experiment) to be used in the simulation.
This essentially defines the Bcenario used with the model.
In a typical simulation study, the modeler may need to test
his model under a number of different scenarios.-Fhus, a
number of parameter sets and experiment blocks may exist for
any particular model, and the model may be specified to be
Tun with different combinations of parameter sets and
experiments. Finally, the Output Module speci?ies the format
of display of the savgd variables of 1nterest'gloﬁg with an

appropriaté heading.

~

8

3.2.1.2. Interactive Procedural Program -

The interactive Procedural program equivalent to a dest
program (for the single component model) has three main
Bectlons, the detalls of which afe shown in Figure. 3.3. The
first section deale with pre-run activities where all model
variables and experimentation variables are initlalized.
Theée values are initialized from the information- available
in the Qest parameter set and experimentation module. If

more than one simulation run is required, the specification



| Program (Name} . (For Single Continuous Component Hodel) ]

pre-mun Activities === (Initial Segment) |

| becrazations 7 |
\Initiatizasien T Giiag wmnar { »

1 rezemetess 7 '

Tabulax Functions
State Variables

Dummy Indices : - Azray Indices
~ Counters f(etc.)

|
|
1 | Pzint Heading 1
o | Print Values cf Parameters , 1
I | Pzint Values of Initial States . ]
| I
| I

End Pre-Run Output ?

S U

Run~Time Activities ' (Dynamic Segment) |
———————————————————————— e e e e e [

%hile T <= TFIN o ® I

| Compute external input(s) 1
| Compute model output(s) |
| Cempute nex:t state(s} - |

|
| Perform model update |
1

|

] - -.i _______________________________________________ |
1 A~THen | Zocate the disconcinuiny point |

|

| Recompute next state(s) |

| .

I

] Store next state(s |
| Terzminate simulatipn if condition civen as |
{+ a fupction 2% 3tTate variable is satisfied S
| Time update : T~ T + h N

| Collect and save model output{s}) at communication time 1
| Update TCCM: TCOM = TCOM + CCOMINT i

v
p<]

o
kN
7
=
=
©

| Display Gutput(s}

] -In Tebular Form |

} ~In Graphical Form ]

____________________ e o 4 1 2 8 P P e i e |
End Post-~Run Activities 1

Figure 3.3 Interactive Procedu:al Program for A Component Model

-

/’"\

| b
| I
| ]
{ External Input Variables ' M 1
| Run=Contzol Variables 1
] Time : = Initial Time: ’ -TINIT

| ) - End Time N =TFIN (.
] - Comgutational Time: -T ) I
| - Commujication Time: ~TCOM

! ~ CommuMfation Intezval: -COMINT

1 Integration @ - Tolerance !
| 1
| |
! |

Whilea T <= TCCM ‘ R

PAGE 44
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ig in erad%ively carried out using the XMENU/E package. The
menu 1is imply invoked and the necessary modlfications made

to the varlables. After the reilnitialization is performed,

- the simulation is run once more. This process is repeated

~for all the simulation runs. Also, as part of the pre-run

activities, any pre-run computations or asslgnments of

inputsa ﬁnd/or outputs are carried out. The second section

dontains all the activities‘that migt be carried out during
the run-time of the simulatlion. The run - tinme éoméutationé
are expounded in Section 3.2.1.3. The last section involves
the post-run activities +that need to carried out. .Thesa
include any computations to be cgrried out %fter the run as
well as how the output 18 to bhe displayed after the
gimulation is finished. The output is listed in tabular form

and - with the aid of the DISSPLA software displayed in

‘graphical form.

..

™

3.2.1.3 Correspondence Between Gest and Procedural Progran

For each set of activities, L1l.e. the pre-run, run-time
and post-run activities the corresponding parts of fhe Gest
program are shown. The correspondence for the pre;run
activi?ies are shown i1in Figure. 8.4; In a nutshell,
information included in the static structure, parameter set,”
and experimentation section form the components of the pre-
run’ activities. It 1s from these sections of the Gest

program that the initilal wvalues of the model parameters,

e
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| Progzam (Name) ' ' |
—————————————————————————————————— —-—----——-----—n-l
‘ ‘ : ) e e = e — o |
: Continuous Model (Name) = - - ! | Program (Name) [
e " . mmmmemmmmmmmmmmo—ooeeeoeseesooecoceonimenooee |
: : tatic Structure : | -Run Activizies {Initial Segment) I
""""""""""""""""""""""""""""""" | B D el bttt
} { : > ;_ : yDeclarations |
’ | e e e e |
| T it bedtb e bt I i
1 | End Static Structure | : { Inififi:fi:fff ______________________________ :
| mmmmemm—mmemmmmmmeemmemme e meedammeenone oo I s . S
- t t .,Pa:nmete:s |
{ } Dynamie Structure = el } — # Tabulaz Functions !
1 i t | ¥ } E State Variables |
| | | t t f» Extexnal Input Variables |
: 1 | | | Run-Contreol Variables )
! ] = 1 1 t »Time : = Initial Time: =TINIT |
: } " : > - End Time :  ~TFIN {
! -1 | l - Computational Time: -T t
| | | ~ Communication Time: ~TCCM |
| | | - Communication Intexval |
i 1 | {
L t t t Integzation : - Tolerance |
| | i |
| | | Pummy Indices : ~ Array Indices
! i ] : - Countars {ate,) |
| |  mmmmemsmme s s s —nae s s e ———— |
) | End Inizialization {
| e e e e e e e e s —— e - 1
| | Pre=Run Outmut |
l B T ettt b it |
+ t {»Pzint Eeading 1
p—————¥Print Values of Paramecters |
: } —t———{)Print Values of Initial States |
| |  eeemmmsme—mr s mene oo e — e —————mw Moo |
I = | | End Pre-Run Ou
E 3 tput 1
I e ntniniadednt e btlededeieindetebell NN SR SN N NN T SRR P P e e L L L L e
| End Extexrnal Input Function | : fnd Pre-Run Activities :
[ e S ain bl ittt 1
: tates Initialization > }
!
|, Assign User Tolerance > ; —J
1 : 1
| assign Frequency of Communication: COMINT 1
| £nd Time of Simulation. > 4

N\

| Quspus

|

I

! - - .

N Znd Program {Name

1 | Lisz values of Saved Varlables | s e~ !
|

|

I

____________________________________________ - —————

Zguivalent Procedural Program

Gest Speclfication

Figure 3.4 Corrzespondence Between Gest Speclfication and Equivalent
Procedural Program For Pre-Run Activities
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* initial state values, external input variables,( tabular
functions, and run - control variables‘bsﬁch as time and
; 1ntegration vari,a.ble‘s are determined.. r:sl';relimina.ry
‘11_1rorma..t:rl.on such as the heading in the output modulg of the
(Gest sp‘ecirica;t'ion, additionally, provides the pre-run
output‘ in ‘the_ procedural equivglént. Once the pre-run

activities are completed, the run-time activities can .

" proceed.

Figure 3.5 éhows the corresp?miech for the run-time
.a.ctivities. The dyﬁamic structure along with the triplet
gpeclification in the Run "sect;on provide tﬁa'. information
required to - pe;;orm the "run-time activities of the
procedural equﬁ.valent. Once the triplet (Model, Parameter
Set, a.nd. Expe;riment) has been speclfied, the simulation run
a.lzn.ng with :Lte; activities can proceed. The run-time
actlvities start- with the computational time equal to the
1hiti_a.l simulation time, and the integration algorithm is
utilized to iﬁtegra.te over a commugica.tion 1ntexjva1 or until

a termination condition 18 met.

Fﬁr each communication interval, a check is done for a
poseible discontinuity at a specific time. If. one exists

' model update 1s performed. Any extarnal inputs to the model
‘a.re_computed from :bhe external input function along with an
interpola.j:ioh method 4if ) necessary. Model ) outputs are
computed rrc,;n‘l_. the appropriate output function. The next

states can be computed using the integration algorithm
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[ e e e e e e e I o
| Pregram (Name} R | .
e e e — e e — ] .
| Continuous Model (Name) - 1
{ ———— . ———— ke e e e 1 72— e o ! S ‘
| .l Static Structure 1 Akt ke i e b e e 8 Bl e -—— 1
: : P : i Program (Name) . I
o 1 mmmemmm e e e !
: : | : Pre~Run Activities (Initial Segment) 1
"""""""""""""""""""""""""""""" o o i e i 2
I | End Static Stzucturse I : N :
| mmsem—eiesecsmmna- L e R LR E e LR R e ! .
| | Cvpamiec Si=uczuce | l--_:f;-------_-z_‘-- _________ TR :
$ R ! End Pre-Run Actlvities |
| Decivatives > t e e e 2 e 0 e I

D Compure external input {s) |
¥ Compute model output(s) |
> | Compute next state(s) . |

— £ a state value for an update 1
ts dedecred I

| Perform model uvpdate |
t Recompute next state |

|
|
| |. Thea | Locate point of discon|
1
1

1
1
H
t
]
]
1
1
i
I
f
1
[}
1
1
]
]
1
1
1
1
1
1
1
]
t
4
t
i
1
r
1
{
[l
1

—-P*——%)Sto-e next state(s) {
———tPTerminate simulation if condlition |
I I for state variable 13 satisfied |

Hﬁmeupdate'T-T+h- 1

"T——‘-1——-—1>Collect and save model cutput(s) at |
[ communication time
| Update TCOM: TCOM = TCOM + COMINT ' 1

Coilegy and Save Inpuzs and Oucpuszs | |
| !

| I ---------------------------------------- l
| l. '

|

|

|

l \
I Tnz eg-a“‘or >
1

I 355_91 User Tolerance s
I 5
| e

| Jemm————————— e e e —— |
--+————J>£ollec: and save output{s) at TFIN ' '}\\
| End Rur~Time Activities 1

| == e e e e W e ————————— |
Post-Aun Activities * . ]

I End Qutpuc Hodu%p oo [ ’
S T T e e e e e i : " EZeouivalent Procedural Program

A [ ]
’

. - r
. Figuze 3.5 Corxespondence Between Gest Specification and Egquivalent
Procedural Program For Run-Time Activities
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chosen with the specified user tolerance, along with the
initial -séate variable values and the deriéativesl that
descriﬁe the model. At this point, a check‘is ddne to detect
whether a discontiﬂ&ity due to some staﬁe value exigts. If

it does, then the discontinuity point 1s located, the model

update perfdrmed, and the next states recomputed. The next

‘states are then stored, the termination condition for the

simulatiom~gchecked and finally the integration time updated.

, At the end of each communication time (TCOM), the model

outputs are collected and saved for future display. Finallﬁ,
the next communication time 1s computed using ~the
information specified for the frequency of communication
(COMINT). .TQF "process 1s repeated until +the present
computatlional time is greater than the specified end tim; of
the eimulation. Figs. 3.6(a) and (b) further clarify the

computational steps that must be carried out during the run

—
e

time of a single component model.

Finally, as shown in Figure 3.7, the Output module and
the optional post-run requirements in the Run section

provide all the information for the post-run activities of.

.the procedural simulation program. These include carryilng.

out all the post-run computations and displaying the outbut
in tabular as well as graphical forms. The latter uses the

Disspla package for this purpose.
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- f :Transition function
g :Output function

. S( TN +H) = f( S(TN), I[TN, TN +H] )

O(TN) =8(S(IN )

At Time Ty
- Initialize State Variables
S1(Tq) :given
S2(Tg) :given
.- Compute Initial Inputs
" I1(Tq) and Iz(‘TQ)
- Compute Qutputs

O1(To) = g1(1(Ty), S(To) )
O2(To) = g2( I(To), S(To))

Initial Time : T,

. T1=Te+H
EndTime Ty =T; +H
S .. State Vector (51,82 .

-1 @ Input Vector (I1,I3) =~ . -
O: Output Vecctor (01,02) - .

** - Compute Inputs I ( To, Ty] and In( T, Ty]

- Compute Next States

Si(T1) =f1(8(T5 ), 1{Te, T1])
Sa(Ty) =1(S(Ty )I[To,T1])

- Update Time
T{=Ty+H

At Time T;:
- Compute Qutputs

- 0Ty = g1(I(T7), S(TD))
O2(T) =g2(I(T1) S(T1))

* Compute Inputs I1( T, To¥kand I2(Ty, T2l

- Compute Next States

SI(T2) =f1(8(T1), 1T, T21) o
$2(Ty) =fo(S(T1)I[T,T2]) -

- Update Time
Tp=T1+H

At Time To:

S1(Ty') = given from last step
S2(Tg ) =given from last step

- Compute Outputs

01(T2) =g1(I(Ty), S(T2))
02(T2) =g2(1(T7), S(T2))

* (computed only at points needed for integration)
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Flgurc3 6(a) Computation of Statcs and Outputs for a Single Component Modcl in the

Interval [Tg T2 ]



PAGE 51

Ta.,.w. o] EE&E ur. JopoAl wsuodwo)) 913uIg jo awig, csm suung pannboy sdag revoneindwo) A.n_uo.m am3Ly

X - ] sindinp
suonouny indino e areneAy | (0 (‘Do amdwo) (7
‘ . dass : Z
snora21d WOIJ JqR[IRAR AIE SAIES [V (TLFS (CLts UMD (1 L=l
- ‘ = ) awry,
paystuy uoneaSow ‘ H+ L= 2L srepdn) (¢
[opotl JO * $ABIG INSN]
UOI9S ATIBALISP PUE SIIEIS SNotaald (Tes C'S | smdwoy (4
‘unpiuoBpe uoneidayur Suisn snduion)
SuOnouN,] JE[GE].
woij parejodioug.io vonoun,g . (2919 | 9y Mammmm (
indu] woyy paindiwoy) 10 UIAID ;
sidin
suonounginding e oknrAg | (D% (Do yaeow (z
“dais ] 1) (11 UDAID) ( 1
Sno1A23d WIOT] 2[QE[[RAR OI8 SAIRIS [[Y . (toes LrS O L=L
’ [s] — M—CMPH‘ -
H+ L=, owepdq (s
- : SoTeIs [Eniul SILIG 1%0
PUE [9pOLI JO UOTIDIS QATIBALIZP (LL)s (t's 2:&%50.%
‘wnpiuogie uoneiaur Juisn Andwon i . ]
. 2EN[EA
sinduy [ewI0IX JO sanfea 100 CL%ia | Loy 1o cMzW (c
o . sindingy
suonoun,{ ndinQ) e s1enjeas (DO (Do andwo)) (7
SIIGEIIEA LIS SZIfEnIY] (eLXs | (°Its wWAD (1} °L=g1
syuauwoyy ‘0 10 3 Ty s ls uonay suny,
,msa,u\so sinduj mEozm u:ﬂm




%
7
. PAGE 52
. .

| == mmmwmm o m e e G LT TR PR R | '
I Pzogram (Name) 1
--------------------------------------------------- |

Continuous Model (Name} | . “

—————————————————————————————————————————————— I
Static Stzucture ]

Dynamic Stzugturze ' i

Teuive

ent Procedural Program

—f— -

|

I

{ :

I | List Values of Saved Variables :> T
| I Plec Yalues. of Saved Variables >

|

i

Fig 3.7 Cor&eséondence Between Gest Specification And Eguivalent
Procedural Program For Post-Run Activities
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' 3.2.2 Gest Program: Several Component Models

3.2.2.1 ¥ Coupled Model ’

In the case of a coupled model which ie a Qest prograﬁ
with several component models, each component model is
specified separately. Then the coupling‘ or input/output
relationships of the component models. are specified. 1In
Gest, the. coupling of component models consists of : 1)
external coupling where the equivalent external and internal
inputs and outputs are specified. 2) Internal coupling where
the input/output relationships between the component models

are specified.

The example model 2 given in Figure.3.8 consists‘or two
component models M. and N. As can be seen, both external and
internal coupling exist for model Z and'can be speclified as
follows : 1) External Coupling : The extermal input is
given by IN and is specified as Z.IN.'It corresponds to the
internal input B of component model M. Hence, as shown, the
coupling inrormationw%s given byf

Z.IN --» M.B

Simiiarly, the internmal output H of component model N
corresponds to the output OUT of the model Z. As a result,
the coupling information 1s given by.:

2.0UT «<—— N.H )
2) Internal coupling: For every imput of each component

model one distinguishes external inputs and internal inputs.
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Z .
J 7
Ml—»———» N >
IN B’
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.
\

Figure 3.8 Pictorial Representation of Coupled Model Z With
Component Models M and N
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An external input of a component model is connected to an
external input of the coupled model. All other inputs aTe
internal inputs. Afterwards, for every internal dinput, one
Bpeclifies from which output wvariable of which component
model the ' wvalues are provided. The inte:;al coupling

information that exists between the component systems-M and

N of model Z is given by :

M.A <—- N.H

M.C ¢<—— M.E 7

N.F <—— M.D | ' i
N.G ¢<-——- N.K .

It should be ndted that the 1left hand side of the
speclfication would be automatically generated by the Magest
Byééem of the Qest environment and the user would be asked

to complete the specification.

To ﬁe able to speclify a coupled model, one.has to finish
gpecification of each component model. Finally, for the
parameter set and experimentation section, fﬁrther
modularization i1s required. The parameter set of the coupled
model would comsist of the specification of the parameters
and tabular functions for each component model in a modular
fashion, The experiment would consist of modular and
séparate specificatione of the input functions and initial
states for each component model. The speciricatibn of the
Gest program conslsting of several component models is shown

in Figure 3.9.



|
|
| . | Inputs =~iist of exterpal inputs ]
| | Qutputs -list of external outputs . ]
|
|

|

| ,

] | Inputs =-list of eguivalent external and incernal inputs ]
i | Qutiputs =-}ist of equivalent external and internal outputs |
|
|

.For every input variable

{not appearing in the external coupling} |

1
i
|
| | Specify from which butbut variable of which |
| | component model the values aze provided ]
1
|

Farameter L ]
Tabulaz Tunctlions 1

Input Functions o ' I

--------------------------------------------------------------- -

erment {
----------------------------------------------------------------------- |
| Aun '
] e e e e e e m e — s S S s s |
I -} Specify the Triplet ‘ {Model, Parameter Ser, Experiment) |
| ! Post-Rug Requirements (Optional) :
| ------------------------------------------------------------------
| End Run |

1 List and Plot Variables of Interest 1

l
|
I { Print Cutput Heading t
!
|
|

Figure 3.9 Gest Specification For & Couplad Model Hitﬁ'Sevezal
Component Models ‘

&

End Exzernals N\ ]
e ettty e bbbt I
| Compenent Models -list of component models |

" | ------------------------------------------- T o ] - |
| Maczo Models ~ list of macro models I

Inizial Staces ' l.
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3.2.2.2  Multi-Rate Gest Program \5

The multi-rate Gest program specifies the model with
gseveral component models in such a way aB to facilitate the
use of the multi-rate integration algorithm. This algog}thm
is discussed in detall in Chapter é. Essentlally, a system
having widely different dynamic characteristics is -
partitioned into two component systems having similar
characteristice.. These component systems are i1ntegrated
using the best sulted algorithme with independent error
control. Hence, the main differences from a coupled Gegt
program are : 1) Two component models comprising of the Fast
Continuous Model and Slow Continupus Model must be specified
wlth the appropriate coupling as in the Gest Program for the
coupled model. 2) In, the experimentation section, for each
component model an 1ntegfation algorithm along with its
allowed error 1e specified. The detalls of the specification

are shown in Figure 3.10.

3.2.2.3 Interactive Procedural Program

The primary distinction between the procedural program
for a s8ingle component model and a coupled model with
several component models 18 in ‘the computation steps
required within the run time activities as shown in Figure
3.11 and further elaborated in Figs. 3.12 (a) and (b)
proceed 1n a similar manner to that of the slngle component

model using the i1nitial states, and the dezivative
Y



-

| PROGRAM (NAME) { For Coupled Model Using Multi-Rate Algo:ithm)

o e s e o e A S P A, e i A o S D Y S - P o S S S D R . A e l

|
|
| | Inputs =list of external inputs |
|
I
1

! Outputs -list of external outputs . |

Component.Models ‘ . . o

e e e ey e S 2 Y ot e kg e P e l

| Slow Continuous Model (Name) . |

£nd Component Models R ]

| .Extexznal Coupling . . ' B 1
] ————————————————————————————————————————————————— . oy I
| | Inputs ~list of egquivalent exteznal and intexnal inputs

| | Outputs -list of equivalent ‘external .and inteznal ocutputs |
I .
|

For evexy'input variable | ' i
(not appearing in the external coupling) !

|

|

|

| | Specify frzom which output variable of which

: b component model the values are provided

|

m
3
n
H
3
et
[
"
a
B
...
n
Q
L]
o
=
1)
a |
4]

| For every component model {i.,e. Tast model,Siow model) specify |
[ = e rd cmrmmnm e e A, —————————— |
| | Paraheters I
1 | Tabular Functlions 1
|
|

| Integration Algorzithm to be used |
| User tolerance ' 1
I Znput Tuncticons ) 1
I Zaitilal Staces . —t ]

|

I

1 | Specify the Triplet {Model, Parameter Set, Experiment)

| | Post-Run Regquirements {Cptional) :
l __________________________________________________________________

| Znd Run . 1

|
|
) | Pzint Qutput Heading . I
| | List and Ploct Variables ¢f Intercst |
{
i

Figure 3.10 Speci'ication For Multi-~Rate Gest Program With
Two Component Models

-~

| Fast Continuous Hodel (Nare} : . ’ |-
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Program (Name) {For Coupled Model) |

| Pre-mun Activicles  (initiai Segmenty |
Inftializacion T T |

| Pazameters LTI !

-------------------------------- —— -——— ————— =1
End Run-Time Activitlies :
Post-Rra Actlivities ., :
| | Post=-Run Computations (if any) r
| P et e et L DES D PR EE R P e PR -
| | Display Qutput i
1 | ~In Tabular Form - {
| | =In Graphical Form |
I e e il Dt i e ———— ———————cemsa—— |
| End Post-Run Activities |
—————————————————————————————————— - — ___.._..--..---l
| End P:og:am {Hama) |

Pre-Run Qutput : ' |

Tabular Functions
.5tate Variables

Run=Control Variables
Time .
Infegzatieon
Dummy Indices

_________________________________________________ L_--——-----—[

| Pzint Heading |
| Print Values of Parameters o

! Print Values of Initial Statels) . |

End Pre-Run Ougput . - |
________________________________________________________ '---....--.u.l

End Pre=-Run Ac*iv-nie: . !

Run~Time Activizies

{(Dynamic Segment) |

.

While T <= TFIN A

| Compute external input(s) I
| Compute mocdel ocutpuz (s) |
| Use Extecnal Coupling to Get Some Internal Input !
| Detezmine the remaining Internal Inputs by Using I
I coupling information R 1
] Compute next state(s) |
------ P e e e e e ———_———————————

IL a state value for a model update is detecred |
P

| Then | Locaue the discontinuity point ' |

|
)
. !
| |- | Pecform model update l
1 | | | Recompute next state(s}. i
| r T e e e e e e e e e —— |
| | End IZ I
| e |
1 i S:o'e next staca(s) ’ |
| | Texminate simulation Lf condition given as |
A I a funciion of state variable 15 saclsfied . 1
| | Time update : = =« T + h 1
| e e e e e e e e |
| End While ~ I

| Collecz and save medel output(s) at coemmunicasion c‘ne |
[ Update TCIH: TCOM = TCOCOM + COMINT - |

Znd While ’ . i

Cocllect and save model output(s) at TFIN ' 1

Figure 3.1l Equivalent Procedural Program For A Coupled Model

‘With/Several Component Models
N

|

|

o 1

External Input Vaziables I

. -1

|

|

1
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_ Z
I I2 Ny = O1 I4 T3 N O;
: 02 Is5°)
Is [—b Sa2 »- » S4 —blozz
: . T
1
f :Transition function = | Initial Time: T,
g :Output function ' Ty= To+H
' - . EndTime: Ty= Ty{+H
Sm: Model M State Vector ( S1, S2) -~ SN-:Model-N State Vector ( S3, Sg)
IM : Model M Input Vegtor (12,13 ) . ~IN : Model N Input Vector (14, I5 )
Op: Model M Output Vector (01 O3) ON': Model N Output Vector (O3, O4)
S(IN +H) = f{(S(TN ), TN , TN +H]) o
O(Tr) = g(S(TN)) '
&; Time Ty
X Initialize State Variables
SM(Tg): given
SN(To) @ given
- Compute Qutputs
OM(To) = £165M(To)) . -
ON(To) = 228N(To)) , R
* - Compute Inputs Ip[To T1] and IN[To, T1] ' 5 -
- Compute Next States .
SM(T1) = f1OM(To ), IM[ T, T1 1)
SN(T1) = f2(SN(To ), IN[ To, T1 1)
- Update Time '
- T1=Teg+H-
‘At Time Ty: .
- Compute Outputs . : S
OM(T1) = g1(SM(T1)) e
ON(Ti)= g25N(T1)) /

* - Compute Inputs In([Ty, T2] and IN[T1, T2] ' | <
- Compute Next States .
M(T2) = f165m(T1 ) ImI[ Ty, T2])
SN(T2) = f(SN(T1),IN[T1, T21)
- Update Time
T2=T1+H

At Time To:
SM(Tz ) = given from last step
SN(Tz) = given from last step
- Compute Qutputs .o
Om(T2) = 215Mm(T2)) -
ON(T2)= g205N(T2))
* (computed only at points needed for integration) o

Figure 3.12(a) 'Computatjon of States and Outputs of ‘a Coupled Model Z With
‘ Component Models Mand N in the Interval [ Ty, T2 1.
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subroutine which is & single collection of the differential

equations of the component models. However, &t the end of

each lntegration sﬁep, internal coupling between .- the
component mystems and external éoupling may be nécessary as
opposed to the single component model where this does  not
occur. As a result, once the.external 1n§ut is coﬁputed,‘the

coupling informatlion is used to get the assoclated internal
/

- input. The output(s) of the model may also - need to be

determined from the output(s). of some componeﬁt model(s) via

the external coupling :Lnformationé In addition, wvalues- of

any reméining infernal inputs are determined from the
: : .
internal coupling informatlon.

]
w

The same steps are carried out for the Multi-rate QGest
program. However, the Multi-rate algorithm integrates the

coupled model bf in;egrating two derivative subroutines for

the Slow and Fast:cdhtinuous‘component mode}s independently.
: _ . \

.
LS ~

-
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CHAPTER 4

. GEST RUN-TIME LIBRARY - SECTION 1
: /
' S

4.1 INTRODUCTION

-~

The run-time library for " the simulation speclfication

‘language Gest, consists of a variety of integration

algorithms in the form of strﬁotured. Fortran subprograms

. deslgned to gensrate the numerical solution of continuous

models which can be described as non-stiff initial value

d

problems.

The varlety of algorithms to be included in such a run-
time 1ibrary is a very important decision since not all

codes are equally effectlve in their handling and up to

. -
date, no sif@@le integration algorithm has been found to

handle all kinds of problems equally well. As a result,
ufers must b§ careful which algorithm they apply to
particﬁlar' sltuations. In the last decade, .cohsiderable
research by Hull et. al. (1972), Hull (1980), and Shampine
et. al. (1980) has been done to compare cértain aspecte of
existing methods in order to identify those methods which

would be good candidates for inclusion in such a library. In

" addition, apart from +the numerous algorithmsg availlable,

there are also as pointed obut by Gear (1981) s number of

major'problem areas which require speclalized algorithms.
1 *
Thus, it' has been EEBCiQQd that initially the run-time -

consist of algorithms to deal specifically

library shoulm?

L 4

. S R L
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with a rew_probiem areas with a view of expansion in the
fufure. As stated previously, the set of probhlems chosen
belong to the non~gtiff initial value type. In particular,
they consist of problems having know; discontinuities, .

multi-rate methods, and general purpose methods.

The discontinuilty handling algorithm is designed to .deal
with plece-wise continuous systems which have known time
event discontinuities, gtate event discontinuities, or &
combination of both. The multi-rate integration algorithm is
included for use in the integration of large dynamlc systems
having widely different dynamic characteristics that can be
efficiently partitioned into two component systems with
'similar characteristics. In addition, +the coupling that
exlists between the componént systems should involve few
 interconnections. Finally, some of the more popular general
purpode alggrithms are d1ncluded to ©be used 4in +the
integratlion of systems which can be describéd bﬁpa fiied get
of differential equations with state variables and first
state derivatives both beingigcntinuous over the whole run.
THese include the fixed step Runge EKutta method, the
variable step Runge-Kutta Fehlberg métﬁod and the variable
step Adams Predic?or Corrgctor Method. Each of these methods
may: be advantageous deponding on such factors as %he
complexi'} of the model, the user's.accuracy requifements,
and thé fregquency of output stipunlated. Thie 1s discussed at
greater leﬁgth in Chaptsr 8. |

-
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As described by Shampine et. al. (1980) the more popular
methods for ‘the solﬁtion of a non-stiff .ipitial valug
problem are +the Runge Kutta, Adams and extrapolation
methoda, Depending on the structure of the particular
problem, one of these 4is usually more advantageéus.
S piné et. al. (1980) concluded that extrapolation codes
require a lot of storage and a high overhead. TIn addition,
they -are' quite inefficient in dealing"with problems
exhibiting mild stiffness or requiring frequent output. It
is recommended that they be exchanged with a variable order
Runge EKutta in a library. However, the advantages of the
latter are usualiy in coping with a wide range of tolserances
and in the extreme instances handling a discontinuity in a
derivative. The 1latter case 18 easily handled 'usiég the
discontinu;ty handling algorithm described. abovs. To\deal
with the range of tolerances, Qe have included a high order
variable step ﬁggge—xutta Fehlberg method fof stringent
tolerances demand;d by the user and a low order‘rixed step
Runge-Eutta method for less stringent ones (Hull, T.E. et.

al. 1972). Hence, in our library, the variable order Runge-

'Kutta method proposed by Shampine (1980) has been Teplaced

by high and low order Runge-Kutta methods and an efficient
discontinuity handling algorithm. As discussed by Shampine

4
" et.al. (1980), the Runge Kutta d¢odes could not posgibly

replace the Adams especlally for situations where function
evaluations are relatively expensive. To +this end, the

variable step Adams Predictor Corrector method has been
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included ‘in the library.

In each of the sections 4.2 and 4.3, tﬁe general purpose
algorithms aﬁd the multi-rate algorithm are discussed in
detall. As explained in Chapter 3, the modeler gspecifies 1n
the Experiment section of his Gest program the +type of
integration algorithm to be used to drive the particular
model 1n(guéstion. Once the (Gest program has been translated
into an équ}valent procedural program, the 1n£egraﬁion
algorithn requested by the user is used to carry  out the
rur—time activities of the model. Hence, onelmay perceive
the integra%ion algorithm +to bp embedded within the

procedural simulation program.
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"\'

4.2.1 Fourth-0Order Runge—Kutté—.

4.2.1.1  Description of Algorithm

¢

o

The Foyrth Order Runge-Eutta algorithm is one of a family
of Runge Kutta formulas which are powerfu&NEEumerical
technigques for_ solwving ordinary difrerentiﬁl equations.
These mnumerical techniques can’ be applied with wvarying
degrees of gsuccess an& effectiveness té virtually any
differéﬁtial equation which 1is i1in pharp contrast to the

problem of trying to find an analytical solution to a

‘differentlal equation (Hornbeck 19Y5). The Fourth Order

Runge-Kutta Method is to be used in generating the solution
of 1nitial wvalue problems and utilizes a fixed step size

procedure.

. If we congider the initial vsaluwe problem :

Y' = F(T, Y(t))

with Y(0) = Yy (given) over tfle interval (Tg » Tg )
where Y¥' represents a set of n first order dilifferential

. equations. -
£

As 1llustrated in Figure 4.1, the objective of the Runge- -
Kutta technique is to advance the solutigh in steps such as
TJ*l - Tj + H over so?e interval [Ty , Ty ] which is clearly
an extrapolation principle (Hornbeck 1995). In ‘using

formulas of the Runge-Eutta type to solve such problems, the

X
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. ’
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A
o Solution desired
, Soiution at this point
ol known up ' : ’
to here A , : Y(Tf)
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desired solution Yj;l is obtained in terms of Yy .F(Ty , ¥y
) and FIT,Y)%evgluated for various estimated values of Y
between TJ and TJ + H. The method is a self-starting one
requiring no previous values for Y or F(T,Y). Hence in the
initial value problem above, at the firét step,lTJ'- 0 and
YJ - Y(0O)= Yb‘; the method can bse used to find Y1 = Y(0o +

.H) = ¥(H) and any other successive values of. Y.

As applied to the initial value proﬁlem stated above, the
formuias used by the fourth order Ruﬁge Eutta Method for tye
step from Y to ¥y, ate : | | |

S1 = F(Ty , ¥4y . _ - )

S2 = F(Ty + (/2), ¥y + (51 * B/2)) |

§3 - F(Ty + /2y, Yy + (52 * 5/2)

sS4 --F(TJ + H, Yy o+ (83 * H))

+

'Yj+1 - YJ (H/6)*(S1 + 2*S2 + 2*S3 + S4)

Graphically, as shown in' Figure 4.2, one can consider
.81....84 as slopes and the values of ?J +(S1 * B/2), ¥y +(s2
* H/2) as ap oximations to Y, at TJ+1/g and Yy +(S3 * H)'aﬁ

an approximation to ¥ at TJ+1 . s A

¢’f.'
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Tj+]\2

i+l

Figure 4.2 * Graphical Representation of One Step of the Fourth

Ordcr Runge -Kutta Method

/
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4.2.1.2 Structured Algorithm o i

Figurés 4.3(a) and (b) show the details of the Fourth

Order Runge-Eutta algorithm used in the run-time library.

List of variables for Fourth Order Runge—Kutta Algorithm
T - Computational Time
TINIT - Initial Time of Simulation
TFIN - — Bnd Time of Simulation 4
TCOM — Communication Time :
COMINT -~ Communicatlon interval '
H - Current step size
HINIT - Initial step slze
HMIN - Minlmum allowable step size
HBOUND - Upper bound on initlal step size
Y - Vector of state variables .
N - Dimension of wvector -
TOL: - - User tolerance
FDER ~ Maximum value of derivative functlons
at initial point
NFLAQG - '
= 0 TCOM has not been detected
= 1 TCOM has been detected

— ——— ————— e s e e e e — — —— - ——

4
’

Figure 4.3(a) List of variables used in RE4 Algorithm



PAGE 72

—————— L —————— 1 T B e e e e o o o e o ok e o o o e o o o = e e | A S L ———— T P T 4 = Ry g

Subroutine Fourth Order Runge~Kutta

Initialization
Set T = TINIT
Compute initial step size : HINIT
HINIT = min (HBOUND, ((abs(0.S*TOL/FDER). ** 0.5)/4) .

Compute initial Communication Time:
TCOM = T + COMINT g

|
|
|
!
I ~
| Set NELAG = 0 {T"COM has not been detected)
|
|
|
I
| Set H = HINIT '

T " Y T —— . T T T St T T £ T R S8 Yok A St Ak e b e e rd B e b R B AL B 8 Ak b —

It (((TCQM - T) <= (HiNIT + HMIN) AND (NFLAG = 0)})

I
| e 2 e e e o e o
| . | Then | H = (TCOM - T)/2 .

| ! | Set NFLAG = 1 ' (Communication time detected)
I

I

| Compute next states for each state variable
| Update Time:
I T =T+ H ' P

| Call OUTPUT (Y¥,N,T) .
| Compute next TCOM: - y
| . TCOM = T + COMINT

| Set NFLAG = 0
| Set H = HINIT S

End While = - _ _ )

Fidure 4.3.(b)  Details of The RK4 Algorithm

. !
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i
4.2.1.3 Program Structure

Figure 4.4 shows the plctorial view of a program using

the Fourth Order Runge-Eutte method to drive the simulation

-

of a single component model.

Main Program

The structure of the maiﬁ program ras three malin blocks,
namely pre-run activities run-time and post-run activities
as discussed in Chapﬁer 3. In the pre-run actlvities, a
CALL{&B made to subroutine INIT. This subroutine invokes the
XMENU and the user i1initlalizes all the state wvariables,
parameters, and experimentation varlables contalned on the
fullU screen menu. After +this, any necessary  pre-run
computations are carried out aeg well as thet;re—run output.

The run time activitles- of the main program involve a
CALL to the Rgé&glgorithm.-This intedrates the system over
the length of the simulation. Control %s ;aturned to the

. %
main program after the run 1is complete, at which point
' e

results aré‘drsplayed tabular form and a CALL i1s made to tke

subroutine GRAPH in order to plot the results.

Subroutine INIT

{
) : .|
Thie subroutine ie 1linked to the MAIN program’ and

utilizes the IXMENU software within the IBM environment to
allow the. user to interactively initialize the appnoprlate
model paraméters..initial values.'and other experimentation

variables. a _ 'o-

=N
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‘ . Interactive Procedural Simulation_ Program
Maln . | INIT
S R—*
"PROGRAM (XMENU)
l | . ‘ . “.‘-
f/ |
< - DERIV - |
RR4 . [&—* (MODEL)
OUTPUT
(for screen)
- GRAPH
| ol  (DISSPLA)

Figure 4.4 Modules of ‘Tntcract_ive Procedural Simulation Program
using the RK4 Algorithm ,

4
3 - . t.

L
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Subroutine RKél

This subroutine implements the fourth prder Runge—Kutta
_ integration method for 1ntegrat1ng systema having frequent
output points but not requiring & high level of accuracy. It
makes calls at each atage of the integration to the DERIV
subroutine. Additionally, at every commudication time, a

call is made to thé OUTPUT subrouﬁine.

Subroutine DERIV

This is a model dependent routine and contalins .the
" necessary functions and information to carry out the
:computatioﬁal ‘steps. These comsist of  the output
function(g), the external dinput(s) if any exist, * the
internal and eiternal coupling information, and the
derivatives or the state variablee that describe the model
in the order shown in Figure 4.5. For a coupled model with
éevéral component models, the output functions +that ma
exlst for each component model afe sinply lumped together.

In a similar way, as shown, the derivative functions that

describe each componsent model are lumped together.

Subroutine OUTPUT

The values of the outputﬁ at the communication intervals

are stored and an interactive tabulaf digplay is shown to
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T v

DERIV Subroutine

.Output Function 1

Output Function 2

Output Function n

s

Generate external input from input
function (if one exists)

Use external coupling information

Use internal coupling information

N
State Derivatives 1

LY

. State Derivatives,2

State Derivatives n

.Figl‘Jré 4.5 Details of DERIV Subroutine
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the user during the simul?tion run. %

- with time.

. ’ ,
r _:/i‘ . . ’?'.
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~,

\ .
Subroutlins GRA%E ~

This subroutine linked to the MAIN program utilizei;the
D

Disspla software within the IBM envirgnment to provide

run hard copy graphlic displays of the desired model outputs

“

The fixed step RK4 algorithm is imbedded within the

_Diabetes Mellitus model example g;;en in Appendix A and in

-
the Forest Blomass model example given in Appendix F.

-

I s

S 4.2.2 FIFTH~-ORDER RFﬁbE—KUTTA FEHLBERG

4.2.2.1 Description of Algorithm

. This method is a fifth order variable step algorithm and

18 another» in the family of the Runge Euttas. The algorithm

involves computing six function evaluations, but then an
estimate 6f the local truncation error is made available
which is used.as a basls to declde on the integration step
slze. ) | ;//’/k.

The bagis is to compute two Runge-Eutta estimates for the
new value of YJ+1 but of different orders of error. Hence,
instead of comparing estimates of Yj,; for H and H/2 as Ig"
necesgary for the fixed step Runge-Kutta, one compares the

estimates of Y4,; using fourth and fifth order Runge-Kutta

formulas and comparing the results. The formula for the step

! s
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~

s
¥) to Yj+1 is given as rollows (Qerald and Wheatley 1984
P.310) where Y is the vector or state variables and F(T,Y)
1s the value of the derivative function at time T.

Compute:

H o
»

K1 * F(T, Y(T))

E2 = F(T + H/4/ Y(T) + K1/4)

K3 = F(T + 3*H/8, Y(T) + (3/32)*K1 + (9/32)*K2)

(=~ B -+ B
»

K4 = B * F(T + 12*H/13, ¥(T) + (1932/2197)*K1
- (7209(2}972*&2 + (7296/2187)*K3)
K5 = H * F(T + H, ¥(T) + (439/216)*Kl - 8*K2
+ (3680/513)*K3 - (845/4104)*K4)
K6 = H * P(T + H/2, Y(T) - (8/27)*Kl + 2*ER
~ (3544/2565)*K3+(1859/4104)*K4~(11/40)*K5
ERR=- ABS(K1/360-(128/4275)*K3 - (2187/75240)*K4 +
K5/50 + (2/55)*K6)/H -
State at T+H: - ' ?
Y(T+E) = Y(T) + ((25/218)*K1 + (1408/2565)*K3 + (2197/4104) *

K4 - ES5/5)

Figure 4.6 illustrates the major parts of & variable step
8lze integration algorithm.



} Compute state derivatives &or each state varlable

Initialize integration step size and states
While (T <= TFIN)

| Compdte local truncation error estimates N o T
"SSES;;IES'EEE';;HE.E;'ESE;I'E;fuiémon orzor: ERRMAX .
|zt (ERRMAX « TOLS ______ T _ o o
| | Then | Compute next states :_ T
Update Time: T =« T + H
Update value of H
| Else | Compute reduced value of X E;ejeéi“;;;;l;;';%;;}“
Ena 1t T
End Whil;__ E ) ) o ) o o . )
Figure 4.6 Major Parts of a Variable Step Size Algori%hm- 4 .
) .
.
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4.2.2.2 STRUCTURED ALGORITHM 1

Figures 4.7(a), (b), and 4.8 show the details of the fifth order ..

Rgnge—Kutta algorithm /#_

used in the run-time library. - =

L

List of variables for fifth order Runge-Eutta Fehlberg Algorithm
T T - Computational Time
' TFIN — End Time of Simulatidﬁ

TINIT . = Initlal Time of Simulation

‘ _TCOM - Communication: Time

. | CQyINT - Communication interval
3 H - Current step size ' -
HINIT - Initial step size ‘
HPREV * - Previous step slze -
HMIN .= Minimum allowable step slze
HBOUND - Maximum allowable step Biqp
ERR(N) - Vector of local error estimates for all
state variables
ERRMAX - Maximum local error estimate
Y - Vector of state variables
N ~ Dimension of vector
TOL - Integration error tolerance
" NORD - Order of method
FDER - Maximum value of derivatlve functions at
LT - initlial point
e NFLAG - o
. = 0 TCOM hag not been detected
—— = 1 TCOM has been detected

Figure 47%w(a) List of Variables Used in RK Fehlberg Algorithm

——— ' ‘° i-

r
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Set NFLAG = 0 " . (TCOM has not been detected)
Compute initial step gize : PHINIT

HINIT = min (HBOUND, (abs(O S*TOL/FDER}) ** 0 5)/74)
Compute initial Communication Time:

T = T + COMINT

Set H = HINIT :
T e e e e e e e —————— [
While (T < TFIN) . |
__‘____ __________________________________ . i A sy o o oy o |
While (T < TCOM) |
_____________________________________________________________ I
| If ({(TCOM -~ T} <= (BINIT + HMIN) AND (NFLAG.EQ.0)) |
I L mmem——— T T T T T T T T T T T T T T T T e T T T T e s e — [
| | Then | H = (TCOM - T)/2 S
| | | Set NPLAG = 1 {(Communication time detected) |
| e e [
| End If 'i }
—— 8 S o e oy o e e v . S i e . T ————— 1 T P8 ok o o e o o o o o o o o o o o e =y e [

| Compute state derivatives (kl...k6) for each state variable]
| Compute local error estimates for each state variable |
| Determine the maximum Jocal error estimate : ERRMAX * |

If (ERRMAX <= TOL) o 1

!

I g

| | Then | Update Time : T.= T + H i
| | | Compute new states at T ;
|
|

| Call QUTPUT (Y,N,T) : |
| Compute next TCOM: |
| TCOM = TCOM + COMINT . . |

Figure 4.7.(b) Details of Fifth Order Ruﬁge Kutta Fehlberg Algorithm

.‘- ‘, )

-
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J ‘
- - B Step Size Control
) \ .Set HPREV = H
- - - - e e it e
-If (ERRMAX NOT = O) -~ (Compute new step size)
| Then | H = 0.9 * HPREV * (TOL/ERRMAX) ** (1/D)
Ena If
’ If (H < HMIN) _ ' =
Then | Interrupt simulation run
Display values of:
" ‘ - Integratlon error tolerance: TOL
" = Minimum step slize: HMIN
) — Current step size: H .
- ' User asked interactively by system to change HMIN and/TOL
A If User changes value of HMIN or TOL
Then | Simulation is allowed to proceed
| N D AU
Elge Print message to alert usser
Abort simulation run
End If
End If

Figure 4.8 Step Size Control for Variable Step Algorithm,
4.2.2.3 Program Structure

1";;m program structure for the program uslng the Runge-
Kutta Fehlberg algorithm to drive the simulation of a model
is 1dentical to that of & program using the Fourth Order
Runge-Kutta algorithm. As a result, no other detalls are
givgg} except to note that +the fifth order Runge-Kutta
Fehlberg method is used to integrate the system instead of
the fourth. order Runge-KuttaAmethod.
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oA \ﬁge variable step Runge Eutta Fehlberg method is used in

the Electronic Oscillator model in Appendix B.
4.2.3 - . FOURTH-ORDER ADAMS PREDICTOR-CORRECTOR METHOD

4.2.3.1 Description of Algorithm

This' method belongs to the clase of methods having
formulas of the multi-step type. These formulas as deplcted

in Figure 4.9 Tequire previous information for T<TJ . In

-

general, such formulas may require the value of Yj and

values of F(T,Y) at Ty » Ty Ty_g and Ty_z to compute a

.80lution for Yj+1 and are hence not self starting. This

class of methods for the numerical solution of ordinarf
differential equations can be represented by the following

formuls:

® . K .
Topp =208y * Yg49.4 ) + H %0(31 * Fyioq )

[3—1

Special Casmes

(1)  If k-1, then single step method.

- (41) If x%1, then multi-step method used regquiring past

values to generate Y41

(111) If By = 0, then the method is termed an open method.

(iv) 1r By 1s not equal to O, then the method- 18 termed a

closed one. .
) ™

-

This actual algorithm is a combination of open’ﬁaadgz;éed
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Y e
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\ Figure 49 S

olution Procedures for Multistep type; Formulas Requiring
Information for T <T;
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rormﬁlas Beeking to utilize the advantages of both typeé of

formulas to make a more efficlent algorithm. The open

formula 'used 18 the predictor method and is called the
Adams-Bashforth method given by (Hornbeck 1975): ‘

Yyep = ¥y + ((H/24) * (55*F; - 59*?J 1 + 37*Fy_p -

| 9*Fy_3 ) i

The closed rormula used 18 the corrector method and 1is
called the Adams-Moulton method given by (Hornbeck 1975):
| T+l = ¥y + ((B/24) * (9*Fyyy - 19* FJ - B*Fy_y +

Fj_z )

The algorithm's procedure involves firstly using a fourth .
order Runge-Rutta formula to obtain the values of Y and F

for the first three step sizes beyond the initial comndition.

-

Tﬁg:open formula described by the Adams Bashforth is used to
predict or estimate Yy,1 (P) the value of Y at the next step
since the closed formula although accuréte requires
iterative procedure. Then using this predicted value of
YJ+1-(p) a8 & first estimate, the closed formula described
'by the Adams Moulton can be Aiterated until the dgsired
degree of convergence is obtained. A similar procedﬁge for
step slze contfol as that of the Runge-Kutta Fehlberg is
used. However, in this case, since the multi-step.method
requires equal step sizes rofﬂ the ‘starting values, any
.changelin steﬁ size necessit#tes recalculating new starting

values at that point ueing the Fourth Order Runge—Kutta

algorithm Ag a result, this algorithm is inefficient when
\

- | | ///
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frequent output poinus ére requested by +the user. In

addition, the tolerance specified by the user is used to
calculate the infigl step slze as shown in the gunge—Kutya, )

Fehlberg ‘Algorithm.

Fina¥ly, the algorithm has embedded in 1ts structure a
stiffness indicator. As pointed out by Hull (1980), a
desirable feature of a.non—stirf method, is to provide a
warning of any stiffness that might be experienced. 1In
1generé terms, a problem exhibite stiffness if its solution
components .are slowly varying ‘but solutions with very
rapidlf'changing components are possible. These problems are
physicallj' important and as a result we have decided to
follow the advice of Hull and include a rough meaSuring4;L
criterion for ind?ﬁating where stiffness iegvlikely to oocur o
The test is merely to monitor the numberﬁ:>\steps required
by the models to complete the integratlion using a low order
method since stiffness 1g usually detected by such a method
(Shampine and Gordon.19Y5 pp.143-145). If the actual number
of steps required by the model to compiete the 1ntegration

exceeds the computed value, then the user 1is alerted as to

the possibility of stiffness occuring in the modsl.

The limitations of the test must be realized. It is quilte
obvioué tﬁat false returns can occur. It may be the'case.
that the model actually> requires low orders and a lot of
work.‘ The test would then rTeturn a fai%e ‘statement of 3

stiffness. Thua,j'the test should not be Been as be%ng

!
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'_perfect but to didentify siltustlcas. whichfﬂwarrant fﬁrther J
iﬁvestigationé as to the validity 6t the stirfness<‘
suspicions given by the test. The value’ of the number of
steps used in the testing pr ocedure is dependent on the

interval and the starting step size.

. g
Number of steps: NSTEPS - (TFIN - TINIT) / (HINI% * 10)

4.2.3.2. Structured Algorithm

¢ ‘ X
‘ Figures. 4.10 and 4.11 show the d\e\tails of the Fourth

Order Adams algorithm used in the run-time library.

118t of varlables for Fourth- Order Adams Algorithm
A . .
T - Computational Time
TINIT - Initial time of Simulation
TFIN - End Time of Simulation
TCOM - Communication Time
COMINT - Communication. interval
B = Current step silze C
HEINIT - Initial step size '
HMIN - Minimum allowable step slze
HBOUND - Upper bound on initial step slize
N/ — Dimension of vector
Y - Vector of state variables
¥p - Predicted valuc¢s of state variables
Ye - Corrected values of state variables
Fn-1..Fn-3- Values of three previous state derivatives
ERR(N) - Vector of local error estimates for &ll
state variables ™
ERRMAX — Maximum local error estimate
~TOL -!'Integration error tolerance
NFLAG -
= 0 TCOM has not been detected
- 1 TCOM has been detected
NSTEPS - Number of steps for stiffness check
NCHECK - Actual number of steps taken during simulation

Figure 4.10 List of Varniables Used in Fourth-Order Adams Method
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Compute initial step size HINIT [
HINIT = min (HBOURD, ((abs(0. s'be/FDER)) ** 0.5)/4) |
Determine number of steps for stiffness check: |
NSTEPS = 10 * (TFIN - TINIT)/ HINIT | -
Set NCHECK = 0 v 1
Compute starting values-using RK4 method !

B T —— ————--—_-—.._.._------—_——-......_———————...---_-—...___ I

I ({(TCOM - T} <= (K + HMIN))} AND (NFLAG = 0)} . |

coM - T)/2 "l
TLAG = 1 (Communicaticn time detected) |

] +3

| Predict new states 'at nex: step using Adams-Basfo-th :
| Yo = ¥ 4+ (H/24)* (55 (Tn)~59~(Fn=-1)1+37*(Fn~2)-9*(n-3}} |

| Compute corrsected values of states using Adams-Moulton : |
1 Yo m ¥ o4 (4/24)'(9'{ n+1)+19'(:n)-5 {(fn=1)+(Fn-2}})" 1

.| Compute local c*-o: estimate of all state vasiables : ]
I " E e« |Yc -~ ¥p| / (10 * H) |
| Determine the.maximum local error estimaze: ERRMAX )

! . Reduce Step Size l
i Perform step size control (as in Tiguze 4.9) |
| Reject computed state values |
I Recompute starting values using RX4 |
| NCHECK = NCHECX + 23 |

| £ise | Upcate time: T - T + # : I
| ! Store values of new states !
i ‘| NCHECX =~ NCHECK + 1 |

IZ ({ZRRMAN <=~ (0. 1'"0’1)

Then | Augment Step Size
| Perform step size control {as in Figur

I£ ((T + (3*H)) <~ TCOM)

|
l

! | Then | Recompute starting values using. |
| | l RE4 |
| | | NCHECK = NCHEICX + 3 |
i [=o———— == e el |
[ | Else | H = HPREV [
T TR |
| End I£ |
-------------------------------------------------------- |
Ead IZ ]
[ o e e e e e e e e e e e e [
| I {NCHEEICX > (Pazrfoxn stiffness check) |
| o e e e e e |
] | Then | Alert user that model stiffness is suspectad I
it et T TR R U ST |
| End If I
_____________________________________________________________ ]
End While . |

| Call QUTPUT(Y,N,T) |
| Compute next TCOM : I
i TCOM = TCCM + COMINT K t

Figure 4.11. Details of The Adams Predictor Corrector Method
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4.2.3.3 Program Structure

Figure 4.12 shows the pictorial view of a program using
the Adams Predictor Corrector Method to drive the simulation

of a model.

Maln Progran

This is very similar to the main program for the Runge-
KEutta Method. However, it makes CALLS to the Adams

subroutine -to carry out the run-time activities for the

model.'

Subroutine INIT _ .

This subrouﬁine 1s 1linked to the MAIN program and
utllizes the XMENU software within the IBM enviromment to
allow the user to interactlvely initialize the appropriate

model parameters, initial values, and other experimentatfon

varlables.
.3

Subroutline ADAMS

-~

This subroutine contains the integration algorithm for,
~ the fdams Predictor Corrector Method. It is called from the
main program to carry out the run-time activities. iIn
carrying out the integration, 1t makes subsequent CALLS to
the Runge-Kutta starter subroutline as necessary, and to the

ADCOMP subroutine.
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MAIN % ‘ INIT
PROGRAM [¢—® (XMENU)
ADAMS
ADCOMP |e—}——» = DERIV
| &\ T
> RK4, ¢
N

L3 OQUTPUT
(for Screen)

> GRAPH
_ (DVISSP\L;{X)/

~

Figure 4.12 Modules of an Interactive Procedural Program using
Adams Method
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Subroutine RE4

\

This subroutine uses the Runge-Kutta algorithm as &.
gtarter to determine the three previous function evaluatioﬁs
needéd by the Adams Method. It is invoked at the beginning
" of the simulation from the subroutine Adams and at each step
. 8lze change. It makes CALLS at each stage of the integratlon
to "the DERIV subroutine to determine the values of the

derivatives of the states.
¢

Subroutine DERIV

This 4is a model dependent rToutine containing the
necessary functions and‘ informatiog to carry out the
computational steps as explained in section 4.2.1.3. It ie
used by the starter RK 4 subroﬁtine and the subroutine

-

ADCOMP.

Subroutine: ADCOMP

This subroutine performs +the calculations of the
predictor and corrector formulas for the Adams Method. It
utilizes the subroutine DERIV in carrying out 1ts

calcuiations.

Subroatine QUTPUT ‘

|4
‘The values of the outputs at each communication time are
stored and an interactive tabular display is shown to the

user during the simulation run. This subroutine is called
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from the subroutine ADAMS. _1

Subroutine GRAPH | -
. .
This subroutine linked to the MAIN program utilizes the

Disspla software within the IBM environment to provide post-
run hard copy graphic displays of the desired model outputs
wvith time.

The variable step Fourth Order Adams method is imbedded

within the Rudder Control model in Apbendix{\j
4.3. MULTI-RATE INTEGRATION ALGORITHM _}\

4.3.1. Introduction

: _ o
This particular type of integration algorithm has been

included 1in the library to deal specifically wlth the
simulétion of large dynamic systems whlch involve relatively
few interconnections. This essentially means that
relatively few of the outputP (ueually state variables in
the absence of an outputi fnnction) of some component system
are inputs to some component system (Birta 18980). In
practice, large dYPamic gystems, such as those in many
chemical and petroleunm processes, requlre frequent
exﬁeriﬁenﬁétion with the 1initial value problem that
describes the procees. .As a Tresult, what the integration
does ie to reduce the CPU time required by the process

especlally in cases where a system having widely different
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characteristics can ‘be partitioned into two or more
component systems with similar characteristics. This 18
done without sacrificing +the overall accuracy of the
solution (Palusinski 1985). |

~
The conventional approach to solving & large system

coneisting of component systems is gimply to grotp togethéir
all the egquations describing the component systems into oﬁe
gubroutine #&nd then solve them as a single’collection of
differential egquations. Howe:r_er, using this approach in a
gystem comprising of two component systems ha.ving“ .';raried
frequency components would involve sig:iii‘ica.nt computational
ingfi‘iciency. This would arise,. since the integration would.
proceed at a vrate totally dependent on the most gsevere
conditions experienced amongst the component systems. This
occurs when the maximum local error estimate of the state
variables provided by the integration- formula exceeds the
user's specified tolerance. As a result, some component

gystems which could have been integrated using a larger step

glze are unable to do BoO.

Birta (1980) has considered this problem along with a

particular implementation of a quasi-parallel method. In |

addition, he suggests and formulates possible measures for
evaluating the computational advantages of such a method.
Finally, he pz"ovides results of numeric/al experiments tha{:
provide. insight into the question of trade-offs between

accuracy and computatlonal gain.
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The quasi-parallel method allows the solutlon to each
component system to move forward }ndepeﬁdently in time. It
deee this by using an interpolation/extrapolation gcheme
based on & cubic polynomial to compute the interconnectlon
‘variables when they are required by the integration of a
particular componeﬁt system, The coefficlients of the
polynomial are determined "~ Trom data at tho previously
computed time points on the' trajectory of the
.'intercoﬁnecting yariable. In addition, a strategy i1s used
to sequence the advancement of the various component eyeteme.'
forward in time so as to minimize extrapolation. errors

involved in handling the interconnecting variables.

The conclusion of the study using the quaei-paraliel
method was that its effectiveness was limited to the case
where not eore than three interconnecting variables were
involved. The method's accuracy wae also found to be
dependent on the e;der of the integration method and thse
order of the interpolation belng the same. This is a%ain a

limiting factor since the computational requirement of the

F

interpolation rocedure increases significantly with the

ordé}. Even for third order method whose accuracy is not

very high, the cublic polynomial interpolation already has
significant computational requiremente. Hence, the use of

such a method as a potentially efficient way of handling the
Ty
slmulation of 1arge dynamio gystems may be hard tef justify

especially if” high order integration methods are to be
N ,
. )

N

employed.

\
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Broslilow (1985) suggeaté a modular integration technique.
This allows comﬁutational speed through the para;lel -
processing of indiyidual component systems and allows the_
best intégration methods to be used for each component
systeh. Independent error control used in the individual
dynamic siﬁulators ensures that "the proper step size is
taken in each component system. Hence the efficlency of the
overall simulation is not adversely inrluenéed by the step

gize in any single component system. Several coordination

algorithms including a new Newton type algorithm are

sugdested to deal wlth the 1nt§rconnection problem and to
keep the various component systems in time synchronization.
These coordin?tion algorithms have essentially three phases
after initialization: Y

1) Estimation of error,

2) Adjustment of time horizon or interconnection
\

~

varlables, and

.-
3) Computation of interconnection variables for the next

tima horizon.

The conclusgion lof such & method 18 that modular
integration methods are robust and efficlent particularly
supported by the theoretical analysis of the stabllity and
convergence properties of the methods as presented by
Brosilow (1985). As indicated previously, the software for

such an algorithm, is developed on'parallel Processors.

\ —~—

1 3
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4.3.2. DRSCRIPTION OF THE ALGORITEM

The algorithm Iﬁplemented does not involve parallel
processing and hence 1s based on the method by Palusinski
(1985). for the integration of two time scale systems. The
large dynanmic Bysteﬁ is characterized by the rolloﬁing
initial value problem: )

2' = p(2,T); 2 = Z2(0) _

T « [0,T¢ ] where vector Z is composed of répidly
varying components 2} as well as slowly varylng compoments Y
over the interval T where dim 2 - dim X + dim Y. It is
aséumed that the single large dynamic system can be
partitioned into two individual component systems which are
not independent of one another, one a 80 called fast
component systém and the other a slow component system with

speciflied 1nitial conditlions as follows:-

X' - F(X,T,Y) ~ fast component system
Y' = Q(Y,T,X) - slow component system ‘
Xy = X(0)

Yy = ¥(O)

In general, coupling exists Dbetween +the component

systems such that the ocutputs of one component system may be

" inputs to another. In integrating the resulting two time

scale systems, two routines are utilized. The Slow Routine
is used to integrate the slow component system whlle the
Fast Routine is8 used I1in the fast component systen

integration.
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Each componént system 1s integrated independently using
different step sizes and independent error- control. The
explicit Runge Eutta Merson algorithm is wused in the .
1ntegratioﬁ of both the Slow and Fast Routineé. The formula
used by the Runge-Kutta Merson algorithm for the step YJ to

K1l = H * F(T,Y),

K2 - H F(T + H/3, Y + K1/3),

K3 - H * F(T + H/3, Y + K1/6 + K2/8),

K& = E * F(T + H/2, ¥ + K1/8 + (3/8)*K3),

K5 - E * F(T + H, ¥ + E1/2 - (3/2)*K3 + 2*K4);
Yy41 = Yy o+ (K1 + 4*Ke + K5)/8

E - H * abs(K1/3 - (3/2)*K3 + (4/3)*E4 - K5/6)

The underlying idea in the wmulti-rate integration
approach 18 %o carry out the following steps. . The Slow
Rouvine ;firstly computes the values of the slow state
varliables at each step size of the integration. It does this
by utilizing imbedded Runge-Kutta schem;s tb'compute each

Kl...K5 at each stage as depicted by the above formula.

The imbedded formulas for computing 1ntermediate

approximationse using explicit Runge EKutta schemes are

(Palusinski 19885, P. 273):
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1) First-Order formula for computing the approximation
of the solution Y at T = '1‘J + H/3 also called Euler
+ formulsa 1s:
‘ YJ+1/5 - YJ + q‘* K1/3 H ’

& . Kl = F(YJ ’ Tj » Xy )]
2) Second-Order formula for computing the approxlmation

of Y at the same time also called improved Euler
formula defined as:

> Y - ¥y + H* (KL + E2)/6 " ;
J+1/3 i S
Kl = F(YJ . , ) _
L\ E2 = F(YJ + H ¥ Kl;s TJ + H/3 XJ+1/3 )

L

» 3% \Third-Order formula for computmhg the approximation
of ¥ at T + H/2 18 obtalngd from the third order
formula (Lambert 1873) by $aking half of the step and
has the form: . :

-

YJ+1/2 - YJ + H * (Kl + 3*K3)/8

" Kl = F(Yy , Ty, Xy)
Do
K2 - F(Yy + E * K1/3, Ty + H/3, xjigjs )
]

| _ K3 - F(Yy + E*(K1l + K2);6, Ty + H/3, Xy41/3 )
~ C e
! \\? Additionally, the. Fast Routine integration uses the
| conventional Runge Eutta Merson Methdﬁ to compute the values
~oi‘ the fast system \ariables over time horizons which are
multiples of the S;¥w Routine step slze during each step
slize of the Slow Routine, in particular at H/3, HE/2 and H.
Depending on the coupling resulting from the system
partition, 1nterpolation/extrapolatibn techniques are used

to determine values of interconnecting Slow Routine state

g variables Y necessary for the Fast Routlne integration at

-
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each Btep" gize of the integration. The following
interpolation/extrapolation gcheme is | used in the

_ integration algorithm at the different stages of each

integration step: ' //

Linear Interpolatlion:

-

1) ¥(T) = ¥y + (T - Ty ) s ‘ -
TJ <-T(-TJ+H/3

2) Y(T) = Yj + H/3 + (T - TJ‘+ H/S)*(—Kl/é—K2¥(b/4)‘K3)-;

Tj + H/S «=T ¢= TJ + H/2 .

Extrapolation using Euler Method:

. r

"y¥(T) = 23 + H/2 + (T-TJ + H/2)*R4 ;

Ty + B/2 <= T <= Ty + R ' . -

-¥

A
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o

4.3.3  Structured Algorithw’

multi-rate 1ntegrat1?é/f

library.

Figures 4.13(a),(b), ﬁfd 4:14 show the details of the
. algorithm used in the run-time

——.—-————————_.........__....._—_._.——__—.....__—_..—__.—_.—.__.__.__._—.....__-._-....—_.__-—_._.—_..__..._.-__..——_.-.._

T - Computational Time -

TINIT - TInitial Time of Simulation .

TFIN -~ End Time of Similation ‘ \

TCOM - Communication Time

THOR - Next Horizon Time

COMINT - Communication interval

‘ H - Current step size - ‘

HINIT - Inltial step slze '

HSMIN - Minimum allowable step size for slow gystem

HFMIN - Minimum allowable step size for fast system

. HBOUND - Upper bound on imitial step slze v

Y - Vector of slow system state variables

X - Vector of fast svstem state variables

N _ Dimengion of slow system state vector

M - Dimension og fast system state vector ,

ERR(X) - Vector of local drror estimates for all slow

) system state variables

~ERRMAX - Maximum local error estimate of slow system state
variables :

ERF(M) - Vector of local error estimates for all fast
gysteln state variables

ERFMAX _ Maximum local error estimate of fast system state
variables

TOLERS - Slow system error tolerance

TOLERF -~ Fast system error tolerance .

FDER — Maximum value of derivative functions

at initial time . ' ~
NFLAG

l

- 0 TCOM has not beensdetected
- 1 TCOM has been detected T~

———— — — ———— —— — ——— — f— —— —_ — —— e

t  Figure 4.13(a) List of variables Used in the Multi-Kate Algorithm



| Subroutiha Hultfi-Rate Algorithm {

u---u-u_-----_-----——_------1

] ' Slow Routine- HodiZled RXK Merason |

| Set NFLAG = © {TCOM has not been detected)
| Compute initial step 3ize

I HINIT = min(HBOUND, ((abs(0.S=TOL/FDER}} ** 0.5}/4)

I Compu.e initial TCOM

- - ——————— e - s v |
i While (T < TFIN) }
I -y b B A A5 o TS O S e e P T e ey e S . S A W
] Whlle (T < TCOM) |
T ————————— e —————_———

[ IZ t{(TCOM - T) <= IT + RMINI) AND (NTLAG = 0}) |
BT B |

1 (7CCH - T/ |
1 I | NFLAG « 1 {Cormunication time detected)|
1 —————— emwnm———— Y
i Enc If ' |
- - il bl bt ---ﬂ-n-————uu------]
| Campute Ki: ¥ - Slow svatem varlables

| at T

1 Kl = DERIVSILY., 7, Xi X = Fast system varlables

1 <

!
| Use Imbedded Sules Mathed o
1

1

Y ar T+ E/3
‘.‘*H;’J(p)-‘!- {

1 GALL Faszg Rot.:..r.c tz &Geter
[oumunurummmnenan e mne

i Compute K2:

i K2 = DERIVS(Y « H/3(p), T +~ W3, X + H/J) |
|»==morrem—e—enrn e ——— .- e ——— e HeMMs L ——————— |
| Use Imbedded Improved Tuler Mezhod to |
H coxxyect ¥ Ak T « H/S: |
e ¥ o+ B3 = ¥ = [H/E) v (RL1-R2) |

]
| Compute X1: |

1 ¥ at T+~ 5/2: |
. ¥ « 872 = ¥ - (H 1’8)‘('{ =3+X3) |

e X =--B/f2 |

| CALL Tast Routline z2 c'.e.e

*| Cempute Ké: ' ) ' !
i X4 = DERIVS(Y = H/%<(X1-3K3, T-H/2, X + W/2) !
fm—mm- mmm—mm———mmmmm ————

I CALL Fas: Routine 19 determine X I
oo e oo e mm——mmmmm—aaaae ———————— ———————]
| Compute X5: |
| X5 = DER 'J'S(‘.’ - H/2)*KL 1
I ST, X e I

!
]
|
|
|
|
|
|
|
1
I
t
I
|
|
|
|
!
1
T o ;1@ local ezzor esiimates of states I
1
I
]
I
L
1
|
h
|
|
|
|
|
|
|
|
1

AMAK <= TOLIRS) ’ |

I CALL QUTRPUT(Y, N, T} |
| Campute next .CC:': : |

({TcsM I

[ Znd Subroutine Multi-Rate Algoricha |

Figure 4,13, (b} Details of Slow Routine of Multi~Rate Algorithn

] K3 = DERIVS(Y - H/)3, 7 « 4/3,X « #/2} I
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Subroutine Fast Routine (RK Merson Method)
Compute initial step size | "
HINIT = min(HBOUND, ((abe(0.5*TOL/FDER)) ** O. 5)/4)
¥hile (T <= THOR)
If (THOR = T + H/3)
Then | Linearly interpolate for values of lnput variables
from the slow system between [T, T + H/3]
ElgelIf (THOR = T + H/2)

Then Linearly interpolate for values of input
variables from the slow aystem between

[T, T + H/2] o

Then Extrapolate utilizing Euler 8 Method for
values of input variables from the slow system
) between [T + H/2, T + H]

Then Update Time: T = T + H
Compute new states at T

) End If

f | Perform Btep si;e oon;;oi— ' Hzae in Figure 4. 8) T
End ¥While : o f_ ) —-—-'-‘—“‘-"“—“"——————f—‘t:;f‘“'——“f-

| End_Subrou;ine—Fast_Routine S S o

Figure 4.14 Details of Fast Routine of Multi-Rate Algorithm
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4.3.4 Program Structure

Figure 4.15 shows the plctorial view of a program using

 the multi-rate integration method to drive the simulation of

a model.

Main Program

3

This is8 very simlilar to the main program for the Runge-
Eutta Method. Howsver, 1t calls fo the subroutine SRATE to

carry out the run-time activities for the model.

Subroutinek{FIT

This subroutine is 1inked to the MAIN program and

utilizes the IXMENU software within the IBM environment to

allow the user to interactively initialize the appropriate

model parameters, 1nltial values, and other expserimentation

variables.

Subroutine SRATE

This subroutine uses the varlable step Runge Eutta Merson
method to lntegrate the slow routine durlng tﬁe simulation.
However, the values of the state variables at the different
stages of each 8tep size are computed using imbedded
formulas for compﬁting Intermediate approximations using
explicit -Runge-Kutta schemes. These formulas uée.:the

subroutine DERIVS in their computations. ’

T
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(for screen)

GRAPH
(DISSPLA)

- MAIN INIT
e PROGRAM ™ (XMENU)
SRATE » DERIVS
FRATE »| DERIVF
INTER 1 INTER 2 EXTRAP
OUTPUT

Figure 4.15 Modules of an Interactive Procedural Simulation Program
using Multi-Rate Algorithm
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Subroutine FRATE

Called by the subroutine SRATE, it uses the normal
variable step Runge-Kutta Merson to integrate the fast.
routine during the simulation using the subroutine DERIVF in

its computatlons.

2

Subroutine INTER1 : -

This subroutine determines the value of the slow system
interconnection variables by linear interpolation durlng the

‘fast routine integration between TJ and Tj + H/3
p e

Subroutine INTERZ2

Thig subroutine dotermines the value of the slow system
interconnection variables by linear interpolation during the

Slave Routine integration between.Tj + H/3 and TJ + H/2

14

Subroutine EXTRAP

This subroutine determines the value of the élow sysfem
interconnection variables by extrapolatlion using. Euler's
Method during the fast routine 1ptegration between TJ + H/3
. and TJ + B/%

Subroutine DERIVS

This is a model dependent subroutine and contains the
necessary functione and information +to carry out <the

computational stepé needed for the integration of the slow
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‘routine.

Subroutine DERIVF

This 18 & model depéqdent subroutine and_contaiﬁs the
necessary functions and informatlion to carry out‘ the
computational steps needed for the lntegration of .the Fast |

Routlns.

Subroutine QUTPUT

? -~
The values of the outputs at each communicatlon time are

stored and an interactive tabular display 1s shown to the
iser during the simulation run. This subroutine ls called

from the subroutine SRATE.

Subroutine GRAPH

This subroutine linked to the MAIN program utilizes the
'Disspla software within the IBM environment to provide post-
run herd copy graphilc display§ of the desired model outputs
with time.

The multi-rate integration algorithm is imbeddsed within

the Electronic Oscillator Model in Appendix G.

'
P4
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CHAPTER 5
GEST RUN-TIME LIBRARY - SECTION 2 e

5.1 THE DISCONTINUITY PROBLEM

Tt is quite common to encounter discontinuities in the
simulation of continuous systems and it is one of the main
problem areas 1in the solving of ordiﬁary differential

equations. In general, the continuous simulation model will

be comprised of the set of ordinary differential equations

having the form

Y' = F (7,Y(T))

where Y represents the state vector (Yl,...¥n) and each F

represents the corresponding systeﬁ derivative functlon.

The types of discontinuitiee assoclated with such systems
can be classified as derivative 'discontinuitieé and - jump
discontinuities (Oremn 1987d). Derivative discontinuities
correspond to a model update ag shown in Figure 5.1. Tkis
update may involve a model change which cdn take plaée by
replacing the function whiéh specifies the derivative of a
gtate variable or by merely updatiﬂg'fhe value of one or
more parameters which appear in the derivative function.
Jump derivatives refer to the reinitialization of a state
variable and correspond to a sudden change of a state
variabla as shown .in Figure- 5.2. Finally, it should be
further reallzed that both Jump and derivative

discontinuities can take place simultaneously as shown in
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A A .
Y w
g Y,
—»T »T"
Tp o | Tp .
Figure 5.1 Derivative Discontinuity * Figure 5.2 Jump Discontinuity
Y
A
! .
/| /
. > T
Tp .

P Figure 5.3 Jump and Derivative Discontinuity
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Flgure 5.5.

In the literature (Cellier 1978), from the implementation
point of view, two types of discontinuity processing aré
discussed. These consist of 1) time e%c\a\nts and 2) stats
events. If the discontinuity time is knde\a priorl, omne
can schedule & time event at that point. In the processing
of & time event, the step size simply has to be reduced té
the scheduled event time. When the integration has .reached
the eéent time, depending on the nature of the discontinulty
i.e. derivative o¥~jump discontinuity, the model ﬁ;ﬁite or
state variable reinitialization can be performed. In the
case of state events, time 1s not known a priori, and'they
are triggefed once some pre-specified state condition is
met. An example of such a condition could be when a state

variable reaches some jSfhreshold value.

In the processing of state. event discontinuities, the
conditions which determine the changes in the model can bq
exprestbed. as a set of disconttinuity functions or &as more
commonly referred to in.the literature switching'functions
8y (T,¥(T)). 1 = 1...nlaguch that an actual model change

occurs when one of the

8y (T,¥(T)) = 0O

Thug 1t can be clearly seen that the discontinuity
processing problem for state events reduces ¢to firstly
detecting the zeros of the discontinuity functions using an

apprnprlate detection scheme. Upon detection, the unknown

S
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'

event times must be accurately located using an iteration

-

procedure inherent in the procedure. Once located, the step

size will be adjusted so_ that the ilntegration proceeds right

up to the point of discontinuity. At +that polnt, the

appropriate model updates and/or reilnitiasllization of state
variables as determined by the discontinuity function(s) are

triggered.
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5.2 REVIEW QE PREVIOUS WORKS

A number‘orﬁmethods have been developed to deal with this
prob;gm'ebpecially since 1%t .was clear that Btgndard ordinary
dirférential equation solvers were both 1nadequate and
inefficient. The early ’ golvers dealt with the
discontinuities by estimating the local +truncation error.

Based on the error, ﬁhe ilntegration would either continue or

the step silze would be halved and the integration step
~

repeated. This causes excesslve creseping around the °

" discontinuities (Ellison 1981)

-

The most common methods involve the use of switching
functions, although few such as Gear and Osterby (1984) look
at prodessing discontinuities in asituations where external
indlcators such as pre-defined switching functions, are not
available. In thils method, the magnitude and. order of the
discontinuity i1s estimated based on examining the local

truncation error and 1ts estimate. The method involves a

predictor-corrector integration process. However, in our

discusslion, we concentrate on the methods where switching

functions are known.

Carver's method (Carver 1973) for detecting and

processing discontinuities represents them as switching
| functions, as mentlioned earlier, which are triggered when
particular conditions are fulfilled. The  switching

functione are differentlated by the user and attached to the

i}
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system of equationé as an auxiliary set. Also, scaled
derivatives up to tﬁe order of the integration g are stored
.80 that the prediction of Y at time T + H is8 given by a set
of equatidns. From these equationge, an accuraté‘estimate of
the discontinuities eliminates the creeplng mentioned above.
The detection of the érossover points where the switching
function passes through zero results in determining an H1
such that the set of equatlons mentioned earlier is zero in
the neighbourhood of S(T).  This reduces to the problem of
golving a qth order polynomial for S(HL). However, a
simpler criterion 1nv61ving 'the product of the switching
functions and their derivative at the interval points is

usually adeéuate.

Cellier (1979) introduces a distinction for continuous
systi?s possessing discontinuitlies and those that do not. o
The following definitions clarify this distinetilon: f-?

" Combined systems are systems described, elther durlng the
whole period under investigation or during a part of 1t, by
a filxed or varlable set of differential equations where, at
least ome statel'variable or one state derlvative 1is not

continuous over a simulation run. " 3 /

(Cellier 1979,P. 17)
" Continuous systems are systems described by a flxed set of
differential equatlions with state wvarlables and first state
derivatives both bging continuous over the whole simulatlon

ran. "
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(Cellier 197Y9,P. 17)

Cellier considers the two types of discontinuities

ssed earlier and conveys the fact that- continuous
simulation has e performed either up to the next
scheduled event time or until a state condition is met which
triggers execution of a state event, .whichever comes firet.
His detection criterion involves realizing the lntegration
step where a discontihuity function changes 1ts.sign for the
first time . Within this step, it 1e clear that a state
event has taken  place. In the location -of the
discontinuity, he suggests that although any good iteration
procedure can solve the problém, an iteration procedure with
a quﬁdratic or cublc convergence ratio should be used 8o
that the 4iteration proéedure could converge as 800D as
possible for efficiency. In§ addition, for software
robustness regqulrements, the procedﬁr“ ghould have an
infinite convergencé range. -For theseiabove reasons, he
proposes a combilnation of the inverse Hermite Interpolation
(tast convergence) with Regula-Falsl (unlimi;ed convergence
range) methods. ’

r
Ellilon (1981) uBes

similar appq?ach to the problem by
classirﬁifg types of dl ontinuitie% a8 +time and state
events. His method claims e events can be
immediately located, while the state events regulre one

ilnverse interpolation. With +thlis breakdown of events the
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inefficiency produced by other procedures.(e.g. Carver 1978)
for systems vwhich inv?lve_time events only or mixed time and

gtate events is eliminated.

In the integration of the system where‘time and state
‘events both occur) separately, we will know the time of the
‘time’' event butféannot advance the step until it has been
concluded that no state event occurs before this. If a
particular condition for the state event has been met, the
time of occurrence dictates the new 1ﬁteg;ation step. The
'1ocation of this time is determined as accurately as the
. tolerance‘designated by the user. The method is an adaption
of the ghamp&ne method gnd usps'g fairly simple threshold
detection - criterion for detecting the disconﬁinuity.
Additionally, it util}zes the 1nverse th}rd order Hernmlte
1nterpreta#ion procedure requifing valFes of ylaﬁa'y' at tJ

’ and:tj+1 for location of the discontinuity.

Birta et.al. (1985) utilize a <robust procedure for
dealing with the problem. The procedure assumes the presenée
of gstate events only. It considerably 4improves on the
detection criterion muggested by Carver and otﬁers. The
criterion is based -on a cubic polynomial model requiring
values of the switch functions and their derivatives at the
interval boundhries. The only real limitation odcurring if
‘three stationary points exist in the interval. The location
problem i1s dealt within & two stage procedure. In the first

stage, the‘*EBsula falsi is first carried out for all
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switching functions ldentified as having 5 cross over in the
interval. Thé evaluation of Si at polnte in the interval as
required by the procesey is done using eptlmated x values
obtained from a rirthzzﬁeer Hermite Interpretatlion. The

second stage uses the N&wton Raphson method to refine the

results produced by the first astage.

5.3 PROPOSED INTEGRATION ALGORITHM

The method chosen for use in the run-time library is a
modified versibn of the adaptive order algorithm developéd
by Oren and Ma (1986). Essentially, it incorporates the
breakdown of events as illqstrated by cgllier and Ellison
and discussed earlier with the adaptive order algorithm.
The detection criterion of the algorithm utilizes the values
of the disgcontinuity functions dt the boundaries of each
interval whilst the locatilon oflthe discontinuity is found
by using an inverse altken interpolation method with
variable order. The algoritim is further enhanced by 1its
ability to deal with systems which involve time events only,
state events only, or mixed time and state eventa. The
following_ advantages provide a good base as to why this

algorithm was chosen for use in the run-time library:

N

1) The fact that the code does not requlre the
derivatives of the switching functions makes the

code simpler and less of a burden to the modseler.
: !

2) The procedure utilizes inverse interpolation, the'



3)

4)

5)
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robustness of which depends on the existence of the

~inverse function. From a mathematical viewpoint,

(Ma and ILiu 1986) one need only check the
monotonlelty of the switch function over the
particular integration interval to 'guapantee this
existence. The fact that the software requirements
could be conéidened on a strict mathematical base
further - enhances the choice of the method as the

discontinulty processing algorithm in the library.

The order of the interpolation ‘being variable and
dependent.on the tolerance specified by the user is
a very Iuseﬁul compoﬁent s8lnce UNREeCcesEsary
computations will not be carried out. This 1s =80
since as the order i1ncreases, the number of

components of the aitken's table ilncreases.

The performance of the algorithm is very good since

the convergence rate increases as the order of the

interpolation increases.

The main benefit of using an inverse Interpolation
should be realized. A unique solution exists for
the time at which the iﬁtérpolatioﬁ polynomial is
zero. In addition, the process wlll be quicker than
if the direct folynomial method 15 used which may

have several solutlons to choome the correct one

. from.
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8) The efficiency achleved by the algorithm bpeing able
to handle systems involving time events only, state
events only, or mixed state and time events 1is

dlearly advantageous over other methods.

7) The i1terative process of the aitken's method makes
it a wvery useful method +to implement on the

computer.

The maln disadvantage of the algorithm exists in 1te
detection scheme. The detection criterion involving the
product of the values of the switch functions at the
‘interval boundaries may not always be totally reliable, for
example, 1n cases where an even number of cross-overs ﬁccur
in the same step interval as Figure 5.4 lllustrates. In such
cases, the algorithm has no chance to detect the crossovers.
Such discon?inuities are iabelled gshort-living discontinuity
functions (Cellier 1979). However, as Jear and Ostorby
(1984) point out, the detection of a discontinuity should
1nvoive a very low cost set of tests sihbe they have to be
activated, as in our case, at each step‘or the integration
routine. Additionally, to circumvent this problem the slze
of the integration étep has been restricted to a value HMAX.
In keeping the step size relativeiy small, the prdbability
of missing a discontinuity will be smaller.
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6.3.1 Det%E}ﬁJor Algorithm

As discussed previously, the algorithm effeétively deals
with systems having both derivative and Jump discontinuilties
expressed a8 time and state conditionsg. hus, fox the sake
of clarity, we discuss how the algorithm dea \h syﬁtems

having each of the different types of events.

5.3.1.1 Time Events *

In the situatlon where the system exhibits time events
only, the algorithm is somevhat simplified. The number of
timé‘events and thelr exact locations are easlly pre-
dg%ermined by the user, who then inputé theﬁ to the
algorithm. The time values are input in the form of a vector
in ascending order of their occurrence. ' The normal routine
using the variable étep Runge-Rutta Mersonm is used to drive
the simulation untilJ it 4is evident thaﬁ in the next

integration step the time of the event will have been

surpassed.

At this point, the step size of the integration 4is
adjusted and the Modified Runge~Eutta Merson ﬁethod is
utilized to step right up to the discontinuity point. The
model is then updated as specified by the time event. This
inrormétion is given in a user-supplied subroutine called
MODUPD. The process is repeated for the next time event if.

one exisvs or if not, the normal Runge-Kutta Merson
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integration foutine drives the simulation to the end timé
fTFIN. The integration subroutines are discuaséd later in
this section. The step size control is identical to the one

used in the Runge- EKutta Fehlberg Method. . .

5.3.1.2 'State Events ' 17
: Fa . -

In the case where state event discontinulties only are
‘known to exist, the values of the discontinuity functions
are calculated at the end of each 1ntegration step. A cross
over 18 detected once the product of the previous and
present values of a discontinuity function 18 found to be'

negative as shown in Figure 5.5

At this point, the algorithm starts its \seafch' to
determine the preciée location of the crossover within the
user's tolerance. This reduces to determining the time of
the =2zero of the corresponding discontinuity function
S(T,¥(T)) = 0. Using the inverse interpolation method, we
Bimply change the two axzes which are 'value of discontinuilty
function’ and 'time' as l1llustrated by Figures 5.6 and 5.7.
.Mathematically, the inverse function could be written ags T =
T(S). At this point, the time T can be approximated by an n
degree polynomial, T belng available at n corresponding
points of S. Thus, using the known values of n points and
the Aitken's lnterpolation formula we can derivelT vhich is

corresponding to S = O.
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Figure 5.5 Cross-Over Detected in this Step Size
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Figure 5.6 Initial Interpolation Table
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Figure 5.7 Interpolation Table With Axgg Changed
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The adaptive algorithm will start with  linear
interpolation using the previous and cﬁrrent values of the
discontinuity function. The first approximation of the time
T(2,2) can be calculated from tﬁe linear 1interpolation

formula:

2.2 1 T(1,1) F(1)-F
T(2,2) = *
o =g T(2;&5/ F(2)-F ["

where F(l)and F(2) are values of the discontinuity functions

—

at the boundaries of the last step and F is the value of the

dlscontinuity functions we require equal to zero.

2

Altken lnterpolation table now becomes:

F(1) T(1,1)
F(2) T(2,1) T(2,2)

The infegration step 1s repeated using the step size H =
(r(2,2) - T(1,1)) and the new corresponding value o; the
diécon;inuity function F(3) 1s calculated. If the absolute
value of F(3) 1lies within the band of tolerance, the
interpolation procedure 1s stopped. If not, the order of
interpolation is increased so that quadratic interpolation
can be effected by linear interpolation over two independent
linear interpolation polYnomials to determine T(3,3). The
table, ready for guadratlic interpolation will have three
points: - |

F(1) T(1,1)
F(2) 7(2,1) - T(2.2)
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F(3)  T(3,1)
vhere T(3,1)=T(2,2). We calculate T(3,2) inya similar way

to T(2,2) and then compute T(3,3) by :-

1 _ T(2,2) F(2)-F
F(3)-F(2) ?(3.2) F(3)-F

The process 1s repeqted again, determining the new
corresponding value of the discoﬁtinuity function F(4) and
checking to see if it lies within the tolerance. If not,
one could effect cubic intérpolation by linear interpolation
ogver .two indepéﬁépnt quadratic interpolation polynomials.
This interpolative process is continued until the tolerance

18 met.

~

In the implementation of the algorithm, the iterative

inverse Altkens's interpolation formula is summed up by

FOR K=2 to N
FOR 1I=~K to N

1 i'(x-l ,E-1), (F(E-1)-DELTA)
7(I,K) = *
F(IL)-F(E-1) T(I,K-1), (F(I)-DELTA)
where DELTA = -0.5 * gign r(d(N)*TOL),

D(N) = nth value of the stored derivative
functions of the last step
TOL = the user tolerance y

The LELTA ensures that the S lies within the specifiled
tolerance boundaries‘totally on the 'opposite' side of the '

axis, so that at the computed t, 8 will have changed sign.
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Robust checks are carried out for each successive
iteration of the interpolation procedure from the start.
The wvalidity of +the interpolatlion table generated 18
checked. Any useless points are discarded and the table
generated once more. As an example, uslng the table above,
T(2,2) would be discarded if it was found to be greater than
T(2,1) or less than T(1l,1). Additionally, at each lteration,
the Aitken interpolation table is rearranged'according to
the ascending order of the dlscontinuity functions. The
algdrithh also has & subroutine which handles multi-
discontinuities and does a non-monotony check. When several
discontinuities occur during an integration step, +the
routine conslders the one thoh crosses the axis first. This

check 18 repeated for each lterative cycle.

2
5.3.1.3  Time And State Events 3

~
—

In the final case, the system may have both time and
ﬂtate'events. The number and times of the.time eventse will
be known exactly, belng predetermined by the user. We will
try to advance each time event but must first céﬁclude that
no state eventse occur before each one of them . If one or
more state events are detected, we must locate theilr times
once agaln using the inverse Altken interpolation method as
described previously. At each state event, the model is
updated as stipulated by the event. Similari}; once & time

‘event is reached, the model must also be updated.

%



PAGE 127
Initially, as long as 1t has been confirmed that a time
event will not occur in the next step, the normal Runge-
Eutta Merson metﬁod is used 1:6 drive the simulation, the
discontinulty algorithm‘\_‘checking a.t‘ea.ch step 1‘8;. signs of a
state event discontinuity. If a state eveﬁ; is detected,
the point i1s located and the modified Runge-Kutta Merson
method used to drive the-gystem up to that point. The model /
uﬁda.te by the ée event is carried out, a‘nd then the same
routine used continue the 1ntegra1;101; ot the system to
the point of) the time event discontinulty. Once é. time
event has been 1identified fo be present in the next step,
the modified Runge—Ku'tta. m&;hod is used to integrate the
sys'tem up to the point of discontinuity, as long as a state
event is not detected. Model update as required by the time
event is then carried out. This process 1s repeated for
each time event interval, and then finally up to the end of

the simulation. &

o
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- 5.3.2 Structured Algorithm '

Figures 5.8 - 5.11 ghow the detalls of the discontlnuity
algorithm used in the run~time library. Figure 5.8 gives the »
list of wvariables while Figure 5.5 shows tha global
structure‘or the algorithm., Figure 5.10 shows the detalls
for processing systems where ﬁime events only exlst. Figure
5.11 shows the details for cases vhere state events or mixed

time and state events occur.

List of varlables for Discontinuilty Processing Algorithm

T - Computational Time : .

a TINIT — Initial time of Simulation rﬂ’
TFIN - End Time of Simulation
i TCOM - Communication Time

THOR - Next Horizen Time :

TR - Vector of times at which time events occur
COMINT - .Communication interval . y
H - Current step size :
HINIT - Inltial step size

HMIN ~ Minimum allowable step slze

HMAX - Maximum allowable step slze

HBOUND - Upper bound on initial step size

N -~ Dimension of vector

Y - Vector of state variables

ERR(N) - Vector of local error estimates for all

‘ ' state varlables

ERRMAX - Maximum local error estimate

TOL - Integration error tolerance

FDER - Maximum value of derivative functions

at initial time

NTEALL - Flag showing model has time events only

NUM - Flag counter

NUMTE - The number of time events existing in the model
NTIMEV - Flag showing Time Event taking place

NTIMUP - Flag showing time update took place

«

Figure 5.8 List of variables used 1ln the Discontinuity Processing
Method
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--------------------- - - - _———— [
| Discontinuity Processing Algorithm |
l _____ o e e e o R o L L B o £ o P e Yt A T Y P . -—|
| Compute initial step size : HINIT |
| HINIT = min (HBOUWD, {{abs (0.5*TOL/FDER)) ** 0.5)/5) |
| Set H = HINIT |
| Set NTIMEV = 0 1
| Compute communication time TCOM:
] TCOM = T + COMINT |
_______________________________________________________________________ I
While (T < TFIN) |
T e e e e e e e e e e 1 T e e e e e e e e e e e 8 o e e e e e e |
| Determine next time horizon THOR !
S e e e e e e e e e e e ]
| I2 ((NUM <= NUMTE} AND (NTIMUP = 1)) I,
| T e e e e e e e e e e e e e e e e e e e e e e e —— I
| | Then | If (TE(NUM) < TCOM) |
| | i e L E L L L |
| | | | Then | THOR = TE(NUM) |
| | l | | NTIMUP = O |
1 | | Frm———— e e e e e e d it |
i | | | Else | THOR = TCOM |
| | ! t | NTIMUP - 0 L ' 1
| | | ittt |
! | | End If 1
| e e e e e e e 1
I End If i
__________________________________________________________________ i
| IZ {((NUM > NUMTE) AND (NTIMUP? = !_.)) i
| e e e e ——— [
| | Then | I£ {TFIN > TCOM) !
| } | mrme e e |
! ! ! | Thea | THOR = TCOM |
| I . I | | RTIMUP = 0 |
| | 1 e Fo e e e e e e e e m e m e m |
| | l | Else | THOR = TFIN 1
| | { 1 | NTIMUP = 0 H
| | | e e ————— |
| | | End If !
| e e e e e e e e e e e e e e e e e s e 1
| End If |
_________________________________________________________________ i
| While ({T + H) < THOR) Time hdrizon reached in next step |
[ mememmsemecanao oo e e —mm e |
[ 1 I£ (TEALL = 1) » Check 1f all events are time events|
1 | e e e e |
I | | Then | Integrate system for time events only |
h | | ! ' {See Figure 5.9) |
I { e o T T e e e e e e e e e e e I
I ] | Else | Integrate system for state events and/or time |
i 1 | | and state events , {5ce Figure 5.10) |
1 it e i et T TS TP U I
| | End If |-
| e e e e e e e e e i
| End While |

i !
| HDIS = THOR - T |
| 8 - HDIS . |
f Compute state walues at THOR |
[ Update Time ; 7 =» T + H . !
| Set NTIMEY = 1 .o . |

H . [

Tigure 5.9: Global Structure of Discontinuity Processing Algorithm



~

PAGE 130

—— — . g e At s i — — ————— — — —— - -— —_————— v e -

Processing of Time Events only

If (NTIMBV = 1) Time Event Reached
Then CALL MODUPD ' Update model &as .
: : : speciried by time event

Normal Runge Kutta Herson Method
Compute state derivatives EKl..E5 for each state variable
Compute local error estimates for each state variable : ERR(I)
Determine the maximum local error estimate: ERRMAX

ey e St i . i e e e S . e . e —— - - - - - i

Then Update Time : T =T+ H
Store values of new states

Figure 5.10 Processling of Time Events only'




PAGE 131

Set NTIMEV = 0
Set NTIMUP = 0

Injitialization

f------ e o e e e e |

Compute value of discontinuity function(s)

IZ (Integration is at Zirst step)

[ Then | COmpute and store state variables at T using the normal

! |  Runge Kutta Merson Method.

| | Compute wvalue of discontinuity fuonction(s)

i1f (No. of Iterations NOT = 1)

Interpolation

TE- (NTIMEV = 0)

'U H

Sozt table values

Interpolation
Check wvalidity of
Compute states ac

the modified RYK

-

Build Aitken In:e*polah_on Table
Locate time of discontinuity by Aitken

Compute state values at interpolation time

|
i
i
| Check validity of Intexpolation Table
{
1 using the Modified RX Merson Method

Call MQODUPD (Model Update

%or Time Event)|

NTIMUP = 1 (In.eg'ation at

Time Event)

Stoxe previous state values
Compute state values at T + H

|

|

| |

| |

| |

| !

[ o ————— e —————————————— e —— e — e — |
| |

| |

| | using nozmal RX Merson method
( 2

|

Lt {Model Update due
to State Eventg)

e Previous state values
ute state valiues at T + H
;nq the normal RK Merson

Event using the modified RK
Merson Metheod

Check for monctonicity and select crosaover
Compute time of state event by Aitken

Interpolation Table
interpoiated time using
Merson method

{(State event wvalues cutsicde tolerance band) |
Prepare for higher order iszerpolation



—

. PAGR 132

85.3.3 Program Structure

Figure 5.12 shows the pictorialw;iéw-or & program using
the disconéinuity-proceseing method to drive the simulation
of a model: ' For Bysteﬁs known to have +time event
_discontinuities only, subroutines- DISFUN, AITKEN, SOﬁT\ and

SELECT are not utilized.

MAIN Program

Thils is very\gifiiar to the main program for the Runge-
Eutta Method. However, it makes callg to the subroutine

DISCON~$6/6;;Z; out the run-time activifies for the model.

,

Subroutine INIT , ] -

| This ~subroutine {5; linked to +the MAIN program and
utilizes the XMENU software within the IBM environment to
allow the user to interactively initialize the appropriate
model parameters, initial values, and other expe:imentation

-

variables.

Subroutine DISCCON

This subroutine i1g 1linked directly to the MAIN program
and contalnse the body of +the discontinulty processing
algorithm., It makes calls to other subroutines which are

involved in the integration of the model.

)
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Model Dependent
' .
L MAIN P INIT -
PROGRAM E (XMENU)
Model
ylndependent
DISCON |« _»| DISFUN
L »] NORMIN g »{ DERIV
- RKD < T
- »{ AITKEN -
——] SORT
- »] SELECT"
» MODUPD
!
I OUTPUT
(for screen)
p»{ GRAPH
(DISSPLA)

Figure 5.12 Modules of an Interactive Procedural Program using the

Discontinuity Processing Algorithm
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Subroutine RKD

This subroutine utilizes <the varlable step RE-Merson
method to drive the simulatlon rlight up to the discontingity‘
point which has been detected in the last step. As soon as
‘& discontinuity is detected the normal routine is stopped
and the step is repeated witﬁ a new étep slze HDIS = THOR -
T computed by the algorithm dealing with the discontinulty.
This step size, assuming the estimated error does not go
beyond the specified tolerance, allows us to step right uf
to the discontinuity poeint computed by the algorithm and
pass 1t. If +the _errdr does go beyond the specified
tolerance, the integration will be repqated over a muitiple
of sublntervals, using a fraction of the step size, as is
necessary, until the last step ends up exactly on the

discontinuity point located by the algorithm.

Subroutine NORMIN

: {
This subroutine utilizes the variable step RK-Merson

method to sdrive the simulation at -each step where a
discontinulty has not been detected. Integration using the
normal Runge-Kutta Merson algorithm continues throughout the
gimulation wuntil ;n event discontinulty (time or state)
occurs or the end of the simulation Qoes, whichever comes
firgt. In the former case, the ﬁormal routine is disabled
and the modified routine takes over as explained above. As
goon as the point of discontinulty ims reached and the model

updated, control 1is returned to the normal routine.
7
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Subroutine MODUPD /
Y .

]

This subroutine contains the model update information.
This consists of the update of state variables or parameters
and the conditions which should trigger them. It ig a model

independent subroutine.

"Subroutine AITKEN

This sub:outine is responsible for generating the
interpolation table in the quest for determining the time of
the state events discontinuilty. The validity of the
interpolation table' generated 1is also checked and any

useless points are discarded and the table generated once

more.

Subroutine SORT

This subroutine 1s model independent. It is responsible
for rearranging the interpolation table in ascending order

of the discontinuity functions after each 1lterative

interpolation. ol

Subrovtine DISFUN

- This subroutine ig model dependent and contalns the
discontinuity functions that exlet in the model. The zeros

of these tunctions indicate when a model updete should occur

'~ ag a Tresult of a state event.
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Subroutine SELECT

R

This subfoutine selects the useful -polnts which will
increase the convergence rate and discards those polnts
which should producs absufd interpolafion results . It also

performs & monotonlic check.
R4

Subroutlne OUTPUT

}
(mfﬁ;he values of the outputs at each communicatlon time are
stored and an interactive tabular dlsplay is shown to the
uger during the simniation run. This subroutine i1s called

from the subroutine DISCON.

Subfoutine GRAPH

This subroutine linked to the MAIN program utilizes the
Dissﬁla software within the IBM environment to provide post-
run hard copy graphic dipplays of the desired mo&el outputs
with time. - |
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CHAPTER 6 |

GEST RUN-TIME LIBRARY - SECTION 3

6.1 QUALITY ASSURANCE IN MODELLING AND SIMULATION IN °
THE ARTIFICIAL INTELLIGENCE ERA

6.1.1 Introduction

The validation of models and verification of simulation
programs are extremely lmportant factors especlally in large
scale simulation studies. Additionallf, the topic requires
attention in 1ight of the fact that huge amounts of money
are being epent annually in developing, using and
'maintaining computer models worldwide. It is widely
accepted that modelling and simulation may add othér gources
of error to the large number of errors that may exist in
basic computerization. As a result, gquality assurance along
with reliability of models used and associated software is
of primo&dial importance. As defined by Oren (1986¢):
"QualrtéyAssurance of an element of a simulation study 1s an
aggessment of 1ts characteristics to certify its
acceptablility or +to recommend ways and means for 1ts
improvement or to recommend its rejection”.

Quality assurance for traditional modgiiing and
simuletion has been well elaborated in the literature over
the yeurs and is only briefly discussed here. Oren (1987a)
gives a global taxonomy of studles and references that deal
with the topic. The main focus, however, in this section 1s

to . digocuss +the currently advanced quallty assurance
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concepts.

The main problems that are investigated to ensure the

© quality assurance in traditional modelling and simulation

include :
1) Applicabllity of validity and verification of

experimental condltions.
~ 2) Computatlonal validity
3) Experiment and Model Compatibility

4) Formal checks for model 1integrity., consistency,

completeness and comprehenslblity

5).Software quallty assurance of the Run Time Library
In addition, due +o the 4increasing applications of
simulation studles, the development~ of an assessment
methodology is essential. The quallty assessment studles
fall under two maln categories (Oren 1984a). They are : 1)
Descriptive assegsment which consistse E\EI . syntactic
aggessment, morphologlcal asgegament, and gemantic
assessment. 2) Normative assessment consilsting of pragmatic

assessment and ethilcal assessment.

6.1.2 ADVANCED QUALITY ASSURANCE CONCEPTS IN
MODELLING AND SIMULATION

With the advent of advanced knowledge processing

paradigms squ ag knowledge based systems or the llke in
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complex systems, & neﬁ class of quallty assurance technidgques
ave required. The need for such techniques are %o

1) Avold additibnal gourcesg of errors to already

complex systems.

L 2) Take advantage of artificial intelligence techniques

to eliminate some types of errors.

As & result, three additional areas of advanced qualilty
assurance technigques have been formulated by Oren (1987a):
1) Quality assuTance in cognizant modelling “and

b

gimulation

v

2) Cognizant quality assurance. in modelling e&and

a

3) Cognizant gquality assurance in cognizant modelling

‘simulation

and simulation
ﬁ

CogniZant gimulation or artificial intelligenée based
gimulation 1is the terﬁ given to a gimulation where the
modelling environment and/or simulatlon system  have
cognitive abilities. Cognizant simulation systems may allow
goal directed modification of a model's structure during a
gimulation study while cognizant gimilation environments can
be used to specify modelé, parametersg, etc., as well as to
monitor the simulation process. Tt is clear that such a
gystem Tequires gpecial mneeds foT quality assurance.
rTraditional concepts that must be extended to such systems

include adéquacy, completeness, consletency and integrity of
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both static and dynamic knowledge bases which may include
model and rule bases which are critlcal components of

current expert and knowledge based systems.

For static knowledge bases, techniques mneed to be
developed and implémented to ensure knowledge base adequacy,
combleténesa and consisﬁency. Dynami.c knowledé@‘baaes may
exist in an gdvaﬁced slmulation environment such as those
that need updating as a result of machine learning to
" provide knowledée fich environments for specifications and
executions of simulations. In such. a case, one needs to
additionaliypsheure knowledge base intedgrity. Each time a
need for an update occurs, correct#ess and conslstency of
the knowledge base needs to be assured via relevant
gyntactlc and semanfic checks. This should ‘help to ensure
that catastrophes do not occur when knowledge processing
takes place. A similar need occurs 1ln rule-based simulation

systems. In such systems, the rule base must be carefully
monitored Bincé logical programming can gquite easlly give
way to erroneous answers. This can occur as the inference
engine can function and generate answers even in the absence
of a rule or if another rule is added to the original rule-

bage. As a result, automated coneistency checks of the rule-

base are critical after every change of rules.

There are two main ways in which cognizant quality
assurance can be utilized in modelling and simulation (Oren

1986¢c). In the first case, one can use cognizant techniques

h ]
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such as rule based programming to emhance quallty assurance

operations by building a rule base for such operatlons.

Secondly, 6ne can assure quality by using cognizant
techniques to gulde the user in the specification phﬁse"or
the gimulation in order to e¥ninate some types of error
such as morphological and semantic ones (Oren 1987a). This
"on line" apprqach allows -immediate remedial action at each
stage, say, 'Qf- a specification rather than to check the
ex;stenceT of cases which need to be impioved as q}ality
assured. ThiB feature is present in Magest (Aytac and Oren
1986) which is an advisory system for simulation modeiling
that carries out a varlety of semanti; checks to assure
completeness and compatibllity of specificatlions. The system
additionally, provides in its advisory mode, user friendly

explanation and can also suggest alternatives to correct

e

The third area peiiaining to cognizant quallty assurance

them.

in cognizant modelling and simulatlion is in 1ts early stages
of development. Concepts and~te?hniques need to be generated
to deal with this probiem. Typical technigues should include
the use of a dynamically enhanceable knowledge bage
containing knowledge or knowledge processing knowledge '
relevant to .quality agsurance operations for qugility

assurance of cognizant simulation or simulative environments

(5re? 1987a). q
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8.2 QUALITY ASSURANCE OF THE RUN TIME LIBRARY
IN THE GEST ENVIRONMENT

A

' ' 3 .The quality assurance of the run-time library is an
"\;,/“*4"

important subset of +the quality assurance required in
traditional modelling and simulétion. This 18 easily
concelvable if one reallzes the role of the run-time library
in the continuous simulation process. The 1ibrarj is 'the
engine which is responsible for driving the slmulation to
~deternine its resulting behaviour. The alm of this sectlon
is to highlight theIQuality asgurance conslderatione present
in the run-time library. Also, potential ways in which the
Gest environment can be utilized in the future-to enhance
the quality assurance 1s discussed in this section and in

section 6.3. This can be seen as an important subset of

cognizant quality assurance in modelling and gimuiation.

- . AB d?scussed in chapter 3, the Iinformation about the

" 'specific.vmodel to be gsimulated and the conditions under

whlch the. results are to be obtainedlafe speclfied by the
user in the Gest language with the aid of .the Magest
system. After transiation of the specification by the Gest
translator, the program is executed using the Gest run-time
library. The latter 1s developed with careful consideration
for the attribute of 'robustness’' as specified by Céllier'
(1979). In doing 80, the user 1s relieved &as much as
posslible of those aspecﬁs that deal with the execution dr

his model such as +the Ilntegration step slze and other

assocliated parameters. The user is not required to provide
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any information he does not have at his disposal but instead
is allowed to concentrate on those factors involving the
~specification of hls model in Gest . As & result, in the
zimpleﬁenﬁation of +the run-time 1library, +the user when‘
gpecifying a discontinuous model, 18 given ﬁhe option of
specifylng & maximum step size. As mentioned earlier in
Chapter 5, this is impoftant in‘raducing the probability of
the‘detéction criterion missing a discontinuity. For the
other algorithms in the run-time library, there is no need
to specify a maximum step size, HMAX. This would
unnecessarily restrict the rate of integration which should
be controlled by the tolerance or accuracy of the
integfation required by the user. However, in each algorithm
of the run-time library, the optlon of spécifying a minimum
step size is given. This i1s important so as to prevent the
possibility of & run-time error occuring due to overflow
exception. This can occur if the algorithms are used in the
integration of Btiff or oscillating modele where the step
'sizé control mechanism can force the step size to be reduced
to a very emall value for the user tolerance specifiled. bn
the other” hand, the value of HMIN should not ba.relatively
large, -since this woﬁlq cause the Llntegration to be
interrupted unnecessarily. Once the values are specilfied,
the Magest system could do appropriate simple checkse to
determine thelr acceptabllity. Thege checks l1nvolve
determining whether the given values are valid ones. The

accuracy and stability of the methods is dependent on their
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o .
values being positive and less than one. Additilonally, the
value of HMAX for the discontinulty processing algorithm

must be greater than the wvalue specified for HMIN The

-ueers are alerted if the specified valués axé 1nvalid at-

whlch . point Mageet would suggest an appropriate optimal‘ y

range and request the user to make the approprilate changes,

If the user does not specify any values then the algorithm

'automaticelly assigns the above mentioned values for these

variables.

- The user ie‘not allowed to éEEEIfy\the initial step size
for the integration in all of the algorithme of the run-time
library except the Fourth- Order Runge- Kutta method where 1t
is allowed- as ;% option. "This feature 1s a slgnificantly
important ope wvhich some available cddee.neglect and the
ueerlie requested to guess some inltial step size. Thie‘is
en unsatiefacrory procedure to which users egpuld not be
subjected. éInetead of specifying the step size, the step
Blze controlled integration algorithms require the user to

provide & tolerance for the accuracy of the results desired.

In all the algorithms in the run-time 1ibrary, the

algorithms are automatically assigned an initial step size

besed‘on the_fermula derived by Shampine and Gordon (1975).

It is given by: | |
HINIT = min(HBOUND, ((abs(0.5 * TOL/FDER)} ** G.5)/4)

where . ) . |
! HBOUND 18 the upper bound on the initial egep size

[N
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TOL 1s the-user specified tolerance
FDER is the mazimum value of the derivative

Sk 4
functions at the initial point

A value for HBOUND should be:specified by the user. This

- yalue which indicates the general scale of the. problem is

~

important so as to prevent any difficulty due to a state

derivative being zerov in the computation of the initial step

glze HINIT. As mentioned earlier, some flexlbility has been
allowed for specifying an initlal step size. Ih‘sbme cases,

the user may have a good reason for specifying an initial

step size for his/her simulation run. In these cases, the—"

user should use the Fourth-Order Runge-Kutta me%hod whilch

has this option available. However, before proceeding with

this step size the algorithm checks to see whethsr the value
of HBOUND has been exceeded. If so, the user is warned that
this is the case, and is given the option to use the value

specified for the initlal step size or to use the value of
HBOUND.

4

As mentioned above, the value of "TOL 4is 1mportant in

controlling -the Tate or step size of the integratiom, .

Magest could also carry 'out checks on the value of TOL
supplied';byf the user to ensure its valldity. It must

necessarily be a positive nnmberhand should be very small

less than one. .

The run-time library also has internal mechanisms to

control the integration process and.also to indicate wheﬁ

-

\
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the algorithm is unable to proceed prbperly. These include:

1) Ensuring that the integration proceeds efficiently.
This . réquires that the integration advance as close to
optimal aé possible at each step. This is pertiﬁent to all
algorithms in theﬁiibraﬁy excluding the Fourth Order Runge-
Eutta. In some avaiiable codes, this aspect is not
consider;E} serlously. The step size update proceduré is
carried out-. qulte arbitrarily. The following étép slze
Qontfﬁifabheme proposed by Birta (1980) ensures an efficlent

-

update close to optimality. | LT
H = 0.9 * HPREV' * ((TOL/E)) ** 1/D

Then,

I

H . /D <= H/HPREV. <= D
HNEW =4 HPREV/D H < HPREV / D

D*HPREV H > D*HPREV

E represents MAX] (Ej)
Ej -gapresents local truncation error estimate
TOL represents the speclfied user tolerance

{
D represents the order of the method

2) In the discoptinuity processing algorithm, at the end
orZQach'integration Btep slize, a check is made to asgcertain

whether the new step size produced by the élgorithm is

3 | : .
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larger than the value of HMAX. If it 1s, the value of the
new s8tep size  is replaced by the value of HMAX, +thus
ensuring that the algorithm does not ever proceed with a

step size greater than HMAX as desired.

'3) For all the algorithms in the run-time library, the
user l1s alerted and the integration suspended 1f the new
step eiie produced by the algoritﬁm is smaller than HMIN.
The system has dialogue wilth the user to try to rectify the
sltuation by requesting the use;‘%o elther speclfy a smaller
HMIN or a less etringent TOL if practically feasible so that
the integration etep may proceed past this point. If 1t is
not precticelly feasible, then the simulation is aborted and

the user requested to investigate the model closely.

4) A check is done to ensure that an output polint is not
‘required at a step size less than or equal to HMIN after the
next integration etep is taken. If such a case exlsts, the:
new step size is replaced by the value (TCOM - T)/2 where
TCOM is the communication time where output 1s requlred, -and
T 18 the ‘present computational time. This will avoid
UnNecessary ,euepeneion of the 4integration and possible
abortion since the step size H would be less than or equal
to HMIN. The 1ntegration 1s repeated with this step slze
until TCOM is reached Once the output point is reached, the
-etep slze update is carried out according to the step size
control scheme described a e in 1 algorithms except the

Fixed Step Runge-Kutta method wheTe the initial step slze is



PAGE 148
again employed. The abé%e features present in the run-time

library are responsible for ensuring ite 'robustness’.

L

6.3 FUTﬁRE POSSIBILITIES FOR TINTEGRATION ALGORITHM _
SELECTION WITHIN THE GEST ENVIRONMENT ' (
In the run-time 1library, a .range of 1integration
algorithme are offered for the user to choose from in
carrfing cut the Bimulétion of his cdnt;nuous model.
Unfortunately, even in recently developed languages the user
- ;s-not aided in determininé the optimal choice of algorithm
frem amongét those avallable 1n the run-time library for
'éimulating his spééific model. This non-trivial problem is
further complicated by the fact that in the majority of
cases, the users though knowledgeable about the préblem
domain area may not be in a positioﬁ to make such a
decision.  The end result of such a situation 1s usually a
poor choice, the user specifying some algorithm he may be
familiar with or merely using the default option that may be

avallable in the run-time library.

FPor the Gest environment, this limitation can bé somewhat
overcome. It 1s proposed that Magest perform checks on the
model provided by the user +to determine whether his
specified algorithm is indeed a suitable and optimal choilcs.
If Magest 18 not in agreement, it advises the user as to
‘which algorithm, ia‘the most appropriate one to be chosen

from the Qest run-time library and the reasons for its
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wgoonolusions. This task requires considerable research and
experimentation to develop and validate appropriate rules
forsgiving advice on the choice of a particular 1lntegration
algorithm for a specific model. The aim of this section 1is
to provide ineight and information as to whgt factors should
be conslidered and utilized in the formulation of such rules.
A well developed set of Tules would be a valuable asset of
such an environment and would further enhance 1ts abillties

a8 a computer alded modelling tool.

In the ‘current run-time library, the user 1s able to
choose from five lntegration algorithms. ihese consist of
1) Fixed Step Runge-Kutta 2) 'VariableE Step Runge-Kutta
_Fehlberg 35 Adams Predicfor Corrector Méthod 4)
Discontinuity Procéssing Algorithm and 5) Multi-Rate

Integration Algorithm.

?he first three algorithms are termed general purpose
algorithme, while thé disco?tinuity procesging algorithm and
Multi-Rate algorithm are spécialized algorithms.

- 3 (Y

The Tules that could be utilized Dy Magest in advisipg
.that the discontinuilty algorithm bé\ gselected 4in +the
simulation of a particular system is quite\sﬁraightrorward.
1) “\J

- IF the model has a 'model update' section

THEN the.dlscontinuity processing algorithm

should be used.
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2)
IF there 18 an "if then else" structure in

the derivatlive sectlion

THEN the discontinuity processing algorlthm
should be used.

The rules that could be usedf.by Magést in advising the
multi-rate integration algorithm be selected is not as
straightforward. PFirstly, it must be determined under which
condltions the algorlthm can be advantageously utilized. For
coupled models with several coﬁ;bnenﬁ models the advantage
of using the algoriﬁhm q?oq}d be dependént on the numbei of
interconnections that exist in the internal coupling sectlon
of the specification. Although, Palusinski (1983) does not
make dlrect reference to it for his algorithm, the results
of his experimente indicate as wcﬁld be expected that the
CPU. time savings decreases with the number | of
interconnection variables. This 18 undersfandable in 1ight
of the fact that although considerable CPU time is achieved
by partitioning the original system into two component
systems with similar characteristics, the amount of
interpolation rTequired in integrating the resulting
gtructure 41increases with the number of interconﬁection
variables. It is c¢lear that at some  number of

interconnection variables, +the amount of interpolation
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requ.’gred does not warrant the use of the multi-rate method.
As expla.ined'previously. Birta (1980) conducted numerical
experiments to investigate‘this problem for his algorithm
and concluded +that & maximum of three interconnection
variables should be allowed for his method to be feasible.
From the numerica.l experiments given by Palueinski (1985)
this number seems like a sultable rough benchina.rk ror his @
.algori‘chm. . Needless to say, as mentloned earlier, deta.iled
experimentation should be carried out to provide a much more-
'a.cc:ura.t;e benchmark. It hgs previouslf been citgg that the
method is usua;.lly advantageous for large dynamlc systems.
Another questidn ‘arises as to how one defines large.
Ad.ditionally. the algorithm is particularly favorable when
the dimension of the slow system 1s significantly grea.ter/'\
than +the fast system. Experimentation 18 required /
develop rules ;a:ged on the above information which Magesﬁ
can ‘then use

in providing the user with advice on the

applicability of the Multi-Rate integration algorithm.

In general, two situations may occur. Firatly, the user
has been able to partition the system beforehand and has
used t-he Geegt definition for a systém emploving the use of
multi-rate integration, that is, slow and fast component
models have been specified etc. In this case, Magest would
carry out +the appropriate checks Dbased on ‘the rules
developed. If the conditioz;s of the checks do hold then
Magest ensures that the multi-rate integration algorithm is

used. If one or more of the conditions is violated, then
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Magest advises the ﬁser that the multi-rate algorithm must

be used because of the structure of the model specification,

‘but that no sadvantage in terms of CPU savings may be

achieved by using the algorithm. At this point, the user
may use the algorithm and run the simulation or respecify
the simulation and use an appropriate “general purpose

algorithm with ald from Magest once more.

-

The other possibility involves a system belng Bpecir%ed
wlth as a coupled model as opposed to a multi-rate modei
which satisfies the conditions of the checks made by Magest
for the applicabllity of multi—raté integration. For such a
system , Magest indicates that the multi-rate 1ntegration‘
algorithm could berpotentially advantageous if a suitable

partition for establishing- a slow and fast system could be

determined by the user. Magest does not allow the multl-rate

algorithm to be used untll the system has been properly

partitloned and respecified for use by the multi-rate

integration. At +this point, the user has +the option of

merely using a general purposge algorlthm with the aid of
Magest, or determining a suitable partitioning and then
respeclifying his model so that K the multli-rate integration
can be used. The partitioning problem up till now has been
1ert entirely up to the responsiblility of the user. The user
must examine the qualitative features of the process in
order to determine a suitable partition (Palusinski 19885).
In chapter 7, an expert monitor is proposed to aid the‘user
in the partitioning problem.

&0
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Once an appropriate partitioning is found (if possible),
then the user re*specifies:the model in the gppropriate form
including a fast'and glow system etc. Magest then ensures
multi-rate integration; 1s used \for the simulation. This
procedure is hardly worthwhlle for a simulation that is to
be carried out only once. However, in practice this 1s
usually not +the case. Large dynamic processes require
freqﬁent experimentation with the initiai vﬁlue problem that
describes the process, and from thilg polnt of view the

procedure could very well prove effective.

The choice of a particular general purpose algorithm
involves conslderation of a few factors while examining the
system. It 18 clear from previous discussions , the
cpnditions under which one of the general purpose algorithms
is conseidered fo; selection. 1) An update sectlon is not
present in the dynamic structure of the specification nor
does an 'if then else' structure occur in the derivative
section. 2) The model specified as a multi-rate model
satisfies the condltione under @hich the multi-rate
integration algorithm ig potentlially advantageous. 3) The
gystem 1s specified aB & coupled model even though the use
of the mlti-rate algorithm could have potential advantages.
However, for some reason, such as a sultable partition not
able to be defined, the user desires not to use the multl-
rate integration and Magest allows the flexibllity of using

a general purpose algorithm which it gives advice on.
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Once i1t has been ascertained by Magest that a general
purpose algorithm is to be used in the lntegration, three
main factors should be considered and investigated to
defelbp appropriate fules to be used by Magest in advising
on the bhest cholce of general purpose 'algorithm to bhe
employed. These comnsist of : 1) the accuracy requirements
of the model 2) the frequency of output requ;red by the
model and 3) the expense of the function evaluations in the

model.

As Cellier'(1979),pointslout, the CPU cost to execute a
speclific model can be graphad versus the required‘rélative
accuracy as shown in Figure 6.1. The rulés for accﬁracy

' could be based on the rule of thumb cilted by Celllier and may

have the form

IF the toleramce specified by the user
s 10 :t(;4)

THEN the Fixed Step Runge Kutta

algorithm is favoured

1 IF the tolerance specified by the user
< 10 **(-4)

THEN the Adams method or the Runge Kutta

Fehlberg algorithm is favoured.

For the frequency of output criﬁeria. Cellier (19%9)
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Figure 6.1 CPU-time versus Tolerance Reqmrements for Low and High
 Qrder Algorithms
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ghows the accumulated CPU-cost graphed versus the simulation
clock for one step and multi-step integration as shown in
‘Figure 6.2. The graph illustrates the fact that one step
methods are more economic initially because of their selfl
gtarting mechanism.. However, the multi-step algorithm.
becomes more economic ovér a longer perlod of fime provided
the problem is a purely continuous one. Finally. the low
order gingle atep algorithm favours continuous problens
where frequent output is required as opposed tO thelr higher .
order equivalents. Frequency of output could be easlly
determined by Magest, . from the‘ cpmmunication interval
specified and the values for the start and end times of the
gimulation as specified by the user. The number of output
pointe 4is given simply DY (TFIK - TINIT)/COMINT. In
sﬁmmariz;ng: factors should be considered 1n developing

rules for this griteria would be :

IF a high rrequency of output 1s computed from the «

appropriate information in the specification

~

TEEN the Fixed step Runge EKutta algorithm

is favoured.

IF a low frequency of output 1is computed from the-

appropriate information in the specifibation

THEN the Runge Kutta Fehlberg or the Adams Predictor

algorithm ie favoured.
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| Accumulated
CPU-time

4

Multi - Step
method

One - Step
m}thod ,

-

Simulation clock

“ Figure 6.2 Acccumulated CPU-time Versus Simulation Clock for
One-Step and Multi-Step Integration
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The final oritsria concerning the expense of function

-gvaluations 1s investigated by Magest déterm;ning a relativq

. J
complexlity fdctor from the equations describing the model.
A sultable \bpsnchmark 1s required for this non-trivial

problem to distinguish a high complexity model from & low ~

'cbmplexity one. A-hiqP complexity model favours the use of

the Adamg predictor <corrector algorithm while &  low
complexitf model favours one of the one step Runge Kutta
methodse. The followlng factors should be used in developing

rules for this criteria to be used by Magest in recommendin; '

i general purpoee algorithm for a particular model.

: _ , A
-;iF ~the model has been ascertained to have a high

complexity factor “~m\

THEN the Adams Predictor Corréctor Method -

.'ls favoured.

[

IF - the model has been ascertained to have a.low
. . ) f .

qg?plexity factor . . T - "

THEN either the Fixed Step Runge Kutta or the

ck' ’ Runge Kutta Fehlberg algorithm is favoured:

qf.
3 .
Figure 6.3. summarizes tﬁe conditidns*pnder_Which each of
ithe genéral. purpose algérithms is favoured based on the
factors descrihed above. Asbshﬁgld be evident, a number of
‘ipossible comblnations of factors may exist for a particular \

™

-t . -

—\\ o ] ) 1
.model. However, the number of rules could be significantly
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Fixed Step Size

Runge -Kutta . / : \ \/¢ - ' \/ ‘

Method i -
= ¥
& ’ .
Variable Step Size
" Runge -Kutta - '/ \/ " \/

- Fehlberg Method

Adains Predictor / | \/ | \/

Corrector_ Method

-

N | o | o .
Figure 6.3 Factors Affecting Selection of General Purpose Algorithms
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~reduced as follows. Firstly, Dbecause “of the problems

y

assoclated with restarting the Adama method, Magest!should
only consider this adgorithm when the user specifies & long.
communication interval. Secondly, the accuracy requésted by
the user via the spébified value for TOL should be deeméd
the most important criterla. Thls is a viable assumption in
light of the fact that, with the‘ increasing power of
computers, the other factors are becoming less and less

important. .

These considerations not only drastically reduce the
numbei of rﬁles needed but improves the abllity of Hégeét to
select the appropriate general purpose algorithm despilte thé
combinations of factors that may have to be considered for

any'particular‘model.

4
J

i

As a F?sult, the followling ~factors can be summarized
which could be used in the development of rules for Magest

in selecting an approprlate general purpose algorithm for a
r

particular model. - i

1) The Adams .Predictor Corrector - Method would be
advantageous in all cases where the model has a high

complexity factor and a high tolerance 1s specified

\ by the user.

2) The Runge-Kutta ~ Fehlberg Method would be
advantageous in all cases where the model has &a low
complexlity factor and,a high tolerance, 18 specified

e N .
by the user.
. » . t

B

<
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. .‘EnAa.ll other cases, the Fourth Order Runge-EKutta

Method would be recommended for use.

In a nutshell, each of the algorithms in the run-time

library may, be édvanta.geous' for a particular model. The
_ Yy 2

Magest sysg_bjem gshould be able to provide advice concerning

N

the gelection of the integration algorithm for & model.

* Further research and detailed experimentation utilizing the

on,

knowledge above should result in the development of a set of

rules that Magest can use to this end.

4

/

R

.,

I ' s e
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CHAPTER 7
_ ' CONCLUSIONS AND FURTHER STUDY

-

In ‘thfs thesis, geveral isBues 'ooncer?ing "%he
applications of Artificial Intelligence in Simulation are
.d'scussed. The main theme, however, deals with advanced
J imulation environments, 1n particular the one based on
‘Gest' as discussed i1n Chapter Thfee. The corréspondence
shown between the structures of the dest apecirication
programs and thelr equivalent procedural programe along 'with
the test examples «iemonstrate how the translator for the
Gest eonvironment is to function thus providing aid in its
construction. The run-~time 1ibfary for the Gest environment
has ©been developed %o handléu non-stifr initial wvalue
problems and the algorithms are used to drive }ihe test

examples in the thesis. /’

A number of areas for further study are possible apart
from those mé@ﬁioned as future di;ectiong ‘for artificial
intelligenﬁe applications in simulation environments in
section four of Chapter two. As indicated previously in the
thesis, .one should. use the algorithm that 1is most -
advantageous for a:oertain class of problems. As a result,
it 1is highly recommended that the run time 1library be
expanded to dinclude other algorlthms for handling the/
different problem areas- in E“htinuous simulation as outlined
by Gear (1981). In pa.rticula.r. an algorithm for handling

stiff psysteme, preferably Gear's algorithm (Gear 1971)




PAGE 163

should be included. * |

It 1s recommended that & get of rulas to be used by
Magéat in advising the user as to @he integrétion algorlthm
to be selécted from the rTun-time 1library for a particular
moéel be well developed using sectlon 6.2 of chapter 6 as a
base and then implemented. As stressed in section 6.2, this
will require further research and a gerles of
exper%meﬁtations to determine +%thé relative importance of
these éﬁgseations.'mhe succassful implementation'or this set
of rules would further enhance the computer aided modelling

3

abilities of the Qest environment.

As mentioned in Chapter - 6, +the development and
implementation of the intelllgent monitor during simulation
run time could be a useful ald to the user in dealing with
the partitioning problem for use of multi-rate integration.
The user would first shorten the length of the simulation
time so‘that'the glmulation is run fof a sufficient period
of time that the model is behaﬁing in 'steady state’'. This
usually occurs a failr length of time after the dinitial
transient +time has elapsed and is estimated from the

dynamics of the process. Additionally, a varlable step

method 1s chosen " to drive +the simulation. During the

4

‘gimulation, the monitor would collect statistice gilving the
welght each state had in controlling the step size. This, it
would determine by studying the locel error estimates of the

state variables at each step. The use of the monitor in this
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way could ald in the partitioning process. If certaln state
variables have large error estimates responsible for slowing

the rate at which the system integration proceeds, then

. these can he Ildentified as being potential fast system

vaf%ablés. It,iqknecessary'tg incorporate into the final
degésion of the ﬁgftitioning any a priorli knowledge of the
quaiitﬁtive features of the system. Preliminary studies done
using the electronlic oscilllator model . cofifirmed +the
usefulness of the monitor in alding the user to determine an
appropriate partitioning. Additionally, assuming the run-

time. library has been expanded as outlined above, this

. 'lintelligent' monitor could be  further enhanced by’

incorporating into +the system functions of sgtiffness
detection, order selection and abnormal phenoména processing
as discussed by Xlong and Scng (1988). Appropriate rules
for these situations would be collected and put into a
knowledge bhase. The knowledge base would have a Jsafning
~mode as discussed by Xiong and Sbng and the inference

strategy would be a sequential onme.

The present post-run graphf%s ability of the run-time

.library could be improved to include interactive abilities

80 that the trajectory of the simulation can be monitored

f
during each estage of the simulationmn.
4

Further studies into th%;%choice of interpolation
algorithm for subsystem interf&cing could be extremely

useful. Palusinski (1985) mentions +this as being very
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important in the design of a multi-rate integration
algorikthm for ‘partitioned gystem simulation. Thils is also a
);na.:]or consideration and handicap in the use of the quasi;
parallel method prop’osed by Birta as discusged in Chapter
four. 1s this handicap could be overcome, the proposed
algorithm by Birta (1980) could be most advantageous if the
large dynamic system consisted of component systems with
known general characteristics such as discontinuous and
stiff component systems i"or example. With the expanded
vorsion of +the run-time Jlibrary, the ‘use of the best
integration a.lgor‘ithms for each component~ system can be

employed so that each com onent gystem moves forward in time

independently. In thls case,

en, it 1is clear that such a
method would have distinct agvantages over the traditlional
method‘}i‘ dealing with & system having several component
Byétems with known general éhara.cteristics. Gear's algorithm
(Qear 1971) would be utilized in the integration of the
stiff compoﬁent gystem while the discontinuity algorithm

would be utilized for the discontimuous component system.

‘- Alternatively, the implementation of the algorithm
proposed by Brosilow (1985) would be most advantageous for a
sysfem having component systems with known gensral
characteristice since it would allow the parallel processing
of ~the 4individual component systems | uslng the Dbest
integration algorithms for each component ayatém. However,

this method would require software %hat runs on parallel

processors.

-~
—_
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APPENDICES. EXAMPLES FOR GEST TRANSLATOR

Appendiz A. THE DIABETES MELLITUS MODEL: NORMAL PERSON
' 4

Al Pfoblem Definition

Thié example utilizes the Differential Model of Dilabetes
Mellitus (Davies 1976) to simulate thei blood sugar ' and
insulin levels of a normal person over a tfpical day. The
"model for the normal person consists of two differential
equations deséribing thé state derivatives of the model, the
~ food source inpuf, and the associa%ed. parameter set. The
.sfate variables consist of the sugar level and insulgp level
in the blood. The Fourth Order Runge-Kutté method is used as
"the method of .integration. Figure A.l shows the pictorial

representation of this component model. The results are

identical to those given in tvhe article by Davies.

CINPUT | COMPONENT MODEL OUTPUTS
. NORMAL ~  [=m———eeee > Y1(T)
c1¢.) I— > -

PERSON | e—em—e ~—> ¥2(T)
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A.2 Gest Specification of The Diabetes Mellitus Model: Normal Person

Program StudyOfNormalPerson

ContinuousModel NormalPerson

StaticStructure
Inputs ' o
Z (* Food Input *}
States
Y1, ’ {* Blood Sugar Level ‘ : *)
X2 ‘ (* Blood Insulin Level ) *}
Qutputs .
Y1, (* Blood Sugar Level ‘ *})
Y2 : {* Blood Insulin Level . *})
AuxiliaryVariables '
H {* Step Function %)

Constants YI1l, YI2 .
¥YI1 = 100 (* Initial Sugar Level *}

Y12 = 0 (* Initial Insulin Level *)
EndConstants .
L3
Parameters : '
a1, - (* Sensitivity of sugar level
) gradient to insulin D]
A2, (* Sensitivity of sugar level :
' gradient to low blood sugar : ‘
levels *)
A3, . (* Sensitivity of sugar level
_ gradient to the input *)
B1, {* Sensitivity of ‘insulin level '
' gradient to high blood sugar
levels : *)
B2, : {* Sensitivity of insulin level
o gradient to insulin levels *}
QFO0D[3], ' {(* Quantity of food at three
' meal times o ‘ *)
TFOOD 3], (* Meal times )
KFOOD [ 3] {(* Delay parameter . . *)
EndStatieStructure . : '
DynamicStructure , . '
Derivatives
If ({Yl - Yil) < 0.0) - ' ] -
‘Then H = 0 )
Else H = 1
EndIf . _ : o
Y% = —-Al*Y1*Y¥Y2 + A2% (YI1l-Y1}*{1-H) + A3*Z Lo
Y2 = BLl*{(Yl-YI1)*H - B2*Y2 S
EndDerivatives T

EndDynamicStructure : .,
EndModel NormalPerson

Parameter Set 1
Parameters
Al
A2
A3
Bl
B2
FOOD[1]
FOOD[2]
QFOOD [ 3]

WU R T oW oD
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=
oo
oo
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KFQQOD[1)
KFOOD [ 2]
RFOOD[3]
TEQOD[1]
TFOOD[2]
TFOOD{[3] =
EndParameters
EndParameter Set

TR I I BT
b
o000

NH OB O

puny

Parameter Set 2
Parameters
Al
A2
A3
Bl
B2 )
QFO0OD[1]
QFQOD[2]
QFOTD[3)
KFQOD (1}
KEQOD [2]
KFoOD[3)
TFOOD[1]
TFOQD([2]
TEQOD [3]
EndParameters
EndParameterSet 2

SCoooo
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o Ww

Experiment 1
TimeUnitIs Hour
StartTime = 0
IntegrateBy Fourth-Order Runge Kutta.
RelError = 0.001 .
Communicate at every 0.5 Hour
SimulateUntil Time =~ 24
InitialStates
¥YI1 = 100.0
¥YIz = Q.0
EndInitialStates
SaveQOutputs Y1,Y2
Input Function 2
At Times TFCOD (I)
IF (T.GE.TFOOD(I))

: THEN Z = QFOOD(I)*EXP (- KFOOD(I)*(T TFOOD(I)})

ELSE 2 = 0
ENDIF >
EndInput Functlon Z
EndExperlment 1

JRun 1
ToObserve NormalPerson
WithParameterSet 1
InExperiment 1
WithPostRun
QutputModule 1 On Printer
EndPostRun
EndRun 1

_Run 2

ToObserve NormalPerson
WithParameterSet 2
ILnExperinent 1 _
WithPostRun : \\

P

'
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QutputModule' ) Cn Printer
EndPostRun
EndRun 2

OutputModule 1
New Page
Heading ForFirstPage 1 Line
fStudy of NormalPerson’
List Parameters And InitialConditons
PlotandList Y¥1,Y2
EndQutputModule 1

" EndProgram StudyQfNormalPerson

o
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A.3

Input

Qutput

Program Variables :

. . DY1(15)-DY4(15)--Working

Equivalent Fortran Program With Results For
Diabetes Mellitus, Model: Normal Person

N
Y (1) =Y (N)
TINIT

TCOM

-T

. TFIN

COMINT
HBOUND
HMIN
HINIT
H .
TOL
TIME
YVAL
YVAL3
Y (N)

DY (N)

F1(15)-F3(15)

NFLAG

HPOS

NPL

FDER

PRGGRAM MAIN

Variable List
—-Dimension of the Vector of State Variables

—-Initial Values of State Variables

-——Initial Time of Simulation

-—Communication Time

——Computational,fime

L—End Time of Simulation

——Communicafion Interval o .

--Upper Bound on Initial Step Size

~~Minimum step size integration isg
allowed to proceed at

—==-Starting Integration Step Size

~-Current Integration Step Size
--Tolerance or Accuracy specified by user
~-Vector of times of Output Values
—zzjctor of Values of Y1 at Output Points -
——Vector of Values of Y2 at Ohtput Points
--Statg Variables Vector

--Derivative Vector of State Variables

Routine
with up

Vectors in Integration
of integrating systems
state variables.

capable
to 15

--Working Vectors in Integration
capable of integrating systems
to 15 state variables.

h - -

--Flag Which Signals Collection of Output
Variables.

Routine
with up

PAGE 1%0

: : “
~-Intermediate variable used in computing HINIT

~-Counter used for Graphics Routine,

--Maximum value of derivative functions at
initial time

DIACOD20
bIAQO030
DIA00040
DIA00Q50
DIAQ0060
DIAQQQ70
DIAQ0080
DIZAQ0090
DIAQQL00

DIAQC0110

DIA00120
DIAQ00130
DIAD00140
DIAQ0150

DIA00160.

DIAQ0170
DIA00180

-DIAQO0190
"DIAQ0200

DIA00210
DIA00220
DIA00230
DIA00240
DIA00250
DIA00260
DIA00270
DIA00280
DIA00250
DIA00300
DIA00310
DIA00320
DIA00330
DIA00340

DIAQO350 .

DIAOO360
DIAQ0370
DIAQQ380
DIAQO390
DIAQO400
DING0410
DIADG420
DIAQ0430
DIAD0440
DIAGQ450
DIAQO460
DIAQ0470
DIA00480
DIAD0490
DIAOQ500
DIADQS51O
DIAOD520
DIACOS530
DIAQ0540
DIADYS550
DIAOUSB0
DIAQ0570
DIAQO580
DIAQOS590
DIADQG00
DIAOQ610
DIAGOG20
DIX00639
DIACO0640
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c This is a test program utilizing the Fourth Order ‘ - DIAQOG50
C Runge~Kutta Integration Algorithm to drive the _ DIADOGE60
C Simulation ¢of A Component Model DiabetesMellitus. DIAQDOG70
DIAQQO680O
IMPLICIT REAL (A-H,0-~Z) _ ; T DIADO690
DIMENSION Y (5). DIA00700
REAL*4 YVALlfBOO),YVALZ(BOO},TIMBl(BOO) o ! DIAQ0710
EXTERNAL DERIV ) - DIA00720
COMMON/DIFF/YVAL(342),YVAL3({342), TIME (342),NPL _ - - DIAQQ730
COMMON/PAR/YI(2),TFOOD(S),KFOOD(3) QFOOD(B) Al,A2,A3, Bl BZ Z DIAQ0740
COMMON/SAME/PU (24) . : DIAQO750
CHEARACTER*1 CHOICE . . ‘ y _ DIAQOQ760
T ‘ " DIAQQ0770
PRINT*,'Welcome To The Diabetes Mellitus,Siﬁulator' ‘ . DIAQQ780
PRINT*, * ! ' . N DIAQO790
PRINT*, ‘Would You Like To Perform a Slmulatlon ? /My DPIAQQ800
REARD*, CHOICE < C ) DIAQQ810
IF (CEOICE .EQ. "Y'} THEN : o . . _ - DIAQ0820
200 CALL INIT ” : - DIAQQ830
: ‘ . » . - _ © 7 DIA00840
~"C Initialization from Menu. ‘ DIAGO850
C , _ ‘ . ; DIAQOB60 _
C - Initialize Parameters DIAQQ870
199 A1 = PU(1) . T - DIRQOB80
. A2 = PU(2) : . IA00890
A3 = PU(3) : ' S , © T DIR00900
Bl = PU(4) : , '+ DIA00910
B2 = PU(5) ‘ o . . L DIAG0920
(QFOOD (1) = PU(6) . . - ‘ - DIA00930
QFOO0D (2) = PU(7) : L . oL oo DIAQQS40
QFOOD (3) = PU(8) , - o ¥ ~ - :DIA00950
TFOOD (1) = PU(9) N Lo oo ‘ - DIA00960
TFOOD (2) = PU(10} ot - ' : . . " DIADQ970
TFOOD (3) = PU({11) - . i ‘ R DIA00980
KFOOD (1) = PU(12) o C e . LT e ~ DIAD0S90
KFOOD (2) = PU(13) L - DIADL000
KFOOD (3) = PU(14) : . - ' DIAQL1010
.. o S DIA01020
' - T DIAD1030
. . : DIA01040
. o o . ) DIAQLOSO
C. S ' '~ Initialize State Variables " DIA01060
N =.2 ‘ ‘ DIA01070
v Y (1) = PU(16) ’ o ) ’ DIAD1Q80
Yi{2) = PU(17) , : DIAQLO90
"YI(1) = ¥(1) o = ' . ' © DIAQL100
YI(2), = Y (2) ' < - DIAQ1110
t 4 B © DIA01120
C Inltlallze External’ Input DIAQ1130
c. . e - Vaxiable DIAD1140
'Z - = PU(15) , DIAQ1150
. : o DIAQL160
‘ . , , . DIAO1170
C 4 : Initialize Run Control Variables DIA01180Q0
TINIT = PU(18) ‘ : : . ‘DIAO01190 ~
TFIN v= PU(19) . : ' . : ~ DIA01200
COMINT = PU{(20) . T DIAQ1210
- HMIN = PU(21) : . . . DIAQ1220
. . ‘ 2 / . , . . R

- . ’ .‘
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PU(22) y DIA01230

HBOUND - )
. Tolerance Specified by user for .DIA01240
ot computation of initial step size DIA01250
. ’ DIA01260
" TOL = PU(23) ) : . DIARD1270
HINIT = PU(24) - o DIALL280
: " - ' : _ DIA01290
T " = TINIT . ' - . DIAD1300
DIAR01310
. DIA01320
e e R - : DIA01330
; . : ' ' DIAQ1340
NPL = ] ~ . DIAQ01350
Pre-Run Output : DIA01360
. Set Up Output Format and DIAQ1370
- Output Initial Values DIA01380
. . DIAQ1390 ,
WRITE({(8,17} DIAQ1400 d
17 FORMAT(1¥X, "Method:’,1X, 'Tixed Step Fourth-Order Runge~Kutta’/19X/ DIA01410
. +5X,Study Of Normal Person’/19X/ DIA01420
+1X, 'Problem: Component Model DiabetesMellitus’/19X/4X, Time’,7X, DIAOL430
+"Value of Blood Sugar 4X,"Value of Blood Insulin’) DIAQ1440
PRINT*, * ’ _ - DIAD01450 <
WRITE (8,21} T,Y({1l),Y(2) ' ' DIR01460
21l FORMAT (1X,¥8.3,5X,F8.3,5X,F8.3) : ' DIAQ1470
PRINT*, * ' .o ' ‘ DIA01480

TIME (NPL) = T
YVAL (NPL) = Y (1}
YVAL3 (NPL) = Y(2)

* Run-Time Activities
Integrate by Fourth-Order
Runge-~Kutta Method.

. . - DIAO1550
CALL RK4(T,Y,N,TFIN,H,HINIT, HBOUND, BEMIN, TOL, COMINT, DERIV) " DIAOL560
Post-Run Output: . DIAQL1570

.Tabulate Values of State  DIAQL1580

Variables and Time at -  DIAG1590

Qutput Peoints. DIA01600

)} C . DIAQ1610
&% DO 99 I = 2,NPL : -~ DIA01620
WRITE(8,87)yTIME(I), YVAL(I) YVAL3 (I} - DIADL1630

87 FORMAT (1X,F8.3,5X,F8. 3 5X,F8.3) —_ DIADLG40
PRINT*, ' d e : DIAOL650

99 CONTINUE DIAQ166Q
Plot Values of State DIA0167Q0

N Variables with Time . DIA01680

CALL ANYDEV DIAQ1690
CALL GRAPH (YVAL,TIME, NPL) ) _ Y DIA01700
CALL GRAPHL (¥YVAL3,TIME,NPL) DIAQL1T10
PRINT*, ‘Do you wish to carry out another simulation (Y/N} 2’ DIAQ1720
READ*, CHOICE DIAQ01730

IF (CHOICE.EQ.'Y’) THEN DIAQ1740
CALL INIT PIAQ1750

GOTO 199 . - DIA01760
ENDIF ’ DIA01770
ENDIF - DIAQ1780
STOP . DIA01790
END ) ~ DIA01800

DIA01810
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SUBROUTINE DERIV(T
IMPLICIT REAL{A-H,
DIMENSION Y (N),DY(
COMMON/PAR/YI (2), TFOOD (3) , KFOOD (3), QrooD (3}, Al A2,A3,Bl1, BZ Z

¢ X DY, N}
-ZY)
N

This is the derivative evaluation
subroutine where the user specifies
the system derivatives that describe
his model. As an example, the model
Qiabetes Mellitus is used.

?T.LE.TFOOD(Z)))‘

IF (_(¥(1) - YI(1) .LT. 0.0)) THEN
X H=10.0 ‘
ELSE -
H=1.0,
ENDIF .
IF ( T.LT.TFOOD(1)) THEN
2 =20.0
© ELSE IF. ((T.GE.TFOOD{1)) .AND.
" " Z = QFOOD({1) * EXP((-KFOOD(1})

13

* (T = TFQCOD{1}}) ,

"ELSE IF {(T.GE.TFOOD(2)).AND. (T.LE.TFOOD(3))) THEN
* (T - TFOOD({2)}))

Z = QFOOD (2)

* EXP ((-KFOOD(2))

ELSE IF (T.GE.TFQCOD(3)) THEN
= QFOQD{(3) * EXP({{-KFOOD(3})

+

END

VALMIN =
DO 13 I =
IF (YVAL(I).GT.VALMAX)
VALMAX = YVAL(I) - :
ELSE IF{YVAL(I).LT.VALMIN) THEN
VALMIN = '

" ENDIF, :
DY (1) = {-Al * Y (1} * Y(2))
+ A3 * 2
DY{2) = Bl * (Y(1) - YI(1))
RETURN

-

+ A2 *

*;H -

SUBROUTINE GRAPH (YVAL, TIME, NPL)
. This Subroutine Provides A
Graphical Display Of The
Component Model. Value Of
Y Is Plotted Against Time.

IMPIICIT REAL*4 (A-H,0-%)
DIMENSION YVAL(NPL),RIME (NPL)
VALMAX = YVAL (NPL)

ENDIF

CONTINUE
MAXVAL = VALMAX + 1
MINVAL = VALMIN - 1
SPACL = (TIME (NPL)

SPACZ =

YVAL (1)
1,NPL

YVAL(I)

THEN

- TIME(1))/10.0

CALL HWROT ('MOVIE’)
CALL 'SWISSM
CALL PAGE(8.5,11.0)

CALL AREA2D(6.0,8.0)

(MAXVAL - MINVAL}/10.0

* (T - TFOOD(3)))

(YI (L)

(B2 * Y(2))

-

THEN

- Y(1}) * (1-H)

" PAGE 173

‘DIA02900

pI202910
DIA02920
DIA02930
DIR02940
DIA02950
DIA02960
DIA02970
DIA02980
DIA02990
DIA03000
DIA03010.
DIA03020 .
DIA03030
DIA03040
DIA03050
DIA03060
DIA03070 .
DIA03080
DIA03090

DIA03100

DIA03110
DIAD3120
DIA03130
DIA03140
DIAC3150
DIA03160
pIa03170
DIA03180
DIA03190
DIAQ3200

- DIA03210
. DIA03220
. DIA03230

DIAO3240
DIA03250
DIA03260
DIa03270
DIA03280
DIAO3290
DIA03300
DIAQ3310
DIAQ03320
DIARCG3330

-DIA03340

DIAG3350
DIA03360
DIA03370
DIAD3380
PIAD3390
DI203400
DIA03410
DIAD3420
DIAa03430
DIAQ3440
DIAD3450
DIAD3460

+ DIA03470

DIAO03480 .
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CALL
CALL
CALL
CaLL
CALL

HEADIN (* COMPONENT MODEY, DIABETES MELLITUSS’,100,1.5, 2N
HEADIN (' STUDY OF NORMAL PERSONS',
XNAME (" TIME (HQURS) $" ,100)

YNAME (*BLOCD SUGAR(PPM)S$’,100).
GRAF (TIME (1), SPAC1, TIME (NPL) , MINVAL, SPAC2, MAXVAL)

~

™~

4

DRAW CURVE WITH ROUNDED AND THICKENED LINE AND

RATIONAL SPLINE INTERPOLATION

i3

CURVE(TIME YVAL,NPL, 0)

CALL RASPLN (1.5)
CALL THKCRV (.015)
CALL THKRND (0.
CALL

CALL ENDPL(0)
"RETURN

END

SUBROUTINE GRAPHl(YVALB,fIME,NPL)

This Subroutine Provides A
.Graphical Display Cf The
Component Model. Value QF
Y Is Plotted Against Time.

IMPLICIT REAL*4 (A-H,0-32)

DIMENSION YVAL3 (NPL), TIME (NPL)
. VALMAX = YVAL3(NPL) -
VALMIN = YVAL3(1)
DO 13 I = i,NPL

IF (YVAL3(I)GT\.VALMAX)

ELSE IF(YVAL3(I).LT.VALMIN)

MAXVAL = VALMAX + 1
MINVAL ‘= VALMIN - 1
SPACl = (TIME(NPL)

SPACZ =

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

VALMAX = YVAL3(I)

VALMIN = YVAL3(I)
ENDIF
CONTINUE

SWISSM

PAGE(B.S,ll.O)

AREAZD(6.0,8.0) ’ , '
HEADIN (' COMPONENT MODEL DIABETES MELLITUSS’,100,1.5,2)

HEADIN(’STUDY OF NORMAL. PERSONS’
XNAME (‘ TIME (HOURS}S’,100)

YNAME ( BLOOD INSULIN (PPM}S‘,100)
GRAF (TIME (1) ,SPAC1, TIME (NPL) ,MINVAL, SPAC2Z, MAXVAL)

THEN K//

-~ TIME(1))/10.0
{MAXVAL - MINVAL)/IO 0
HWROT (' MOVIE’)

(100,-1.15,2)

c DRAW CUORVE WITH ROUNDED AND THICKENED LINE AND

C RATIONAL SPLINE INTERPQOLATION
RASPLN (1.5)

THKCRV (.015)

THKRND (0.}

CURVE (TIME, YVAL3,NPL, Q)

c

C
C

Qo0

CALL
CALL
CALL
CALL
CALL

ENDPL(0)

RETURN

END

f

SUBROUTINE OUTPUT(Y,N,T)

This Subroutine stores values of Output Variables
at communication times.

Additionally,

an _interactive tabular display of the results.

100,-1.15, 2)¥

\

it provides
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©. DIAO03530

DIAD3490
DIAO3500 .

. DIA03510

DIA03520

DIA03540
‘DIAD3550

-DIAQ3560

DIAD3570
DIAO3SB0
DIA03590
DIA03600

-DIAQ3610
- DIAQ03620

DIA03630

‘DIAQ3640,

DIAQ3650
DIAD3660
DIA03670
DIA03680
DIAQ3690
DIA03700
DIA03710
DIA03720
DIA03730
DIA03740 .
DIA03750
DIAO3760
DIA03770
DIAD3780
DIAQ37¢0
DIA03800
DIAQ3810
DIA03820
DIA03830
DIAD3840

" DIAQ3850

DIAO3860
DIAO3870
DIAQ3880
DIAD3890
DIA03900
DIA03910
DIAD3920
DIA03930
DIA03940
DIAD3950
DIA03960
DIAD3970
DIA0G3980
DIA03990
DIA04000
DIA04010
DIAC4070
DIAQ4V30
DIAU4040
DZA04050
DIAD4060
DIA04070
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B 8

.. | : DIA04080

L™
IMPLICIT REAL (A-H,0-2) > ‘ . -DIAQ4090
DIMENSION ¥ (N) o : i DIA04100
€OMMON/DIFF/YVAL(342), YVAL3 (342), TIME (342),NPL . " DIA04110
T * ' ) DIAD4220
WRITE(6,23) T,Y(1),Y(2) : - . L DIR04130
FORMAT (1X,F8.3,5X,F8.3,5X,F8.3)} . o - - DIAQ4140
NPL = NPL + 1 o . . : DIA04150
TIME (NPL) = T . . DIAQ4160
YVAL(NPL) = Y (1) ] ‘ . ' A ' DIAD4170
YVAL3 (NPL}= Y (2) . . o DIA04180.
RETURN ‘ - e - DIA04190"
END . r ' . DIA04200
: . DIA04210
DIA04220
SUBROUTINE INIT : ' o 7 DIAQ4230
: g . - - " DIA04240
INTEGER NUM, RC, RLEN : . o DIAD4250
REAL RES1 : R DIAQ4260
CHARACTER*8 KEY,MENUN .o ' DIA04270
CHARACTER*8 FLDN(24) A o - 'DIA04280
CHARACTER*4 CC . .o DIAQ4290
COMMON/SAME/PU (24} Lt .. DIA04300
: ' : o o DIAQ4310
Xmenu used for Parameters and Initial Conditions . . DIAG4320
' . , ‘ DIAD4330
FLDN(1) = ‘Al’ . ‘ L DIAG4340
FLDN(2) = ra2‘ _ " - -DIAQ4350
FLDN(3) = A3‘ : ' . - : DIA04360
FLDN(4) = ’B1‘ ‘ . DIA04370
FLDN(5) = ’'B2’ ' X ' .DIA04380
FLDN(6) = ’QFOOD1’ . - . " DIA04390
FLDN(7) = ‘QFe0D2’ ‘ ' MDTA04400
FLDN(8) = (QFOOD3’ - - , - DIA04410
FLDN(9) =" 'TFOODL’ - ' DIA04420
LELDN(10)= ’TFOOD2Z’ . ' : . DIA04430 .
FLDN(1l)= ’TFQOOD3’ ’ : - _ DIA04440
FLDN(12)= ‘KFOODl’ - , DIA04450
FLDN(13)= "KFOOD2' . , o ‘ DIAQ4460
FLDN (14)= ‘KFOOD3’ - s, T DIA04470
FLDN(15)= "2’ . , ' L ' - ,DIA04480
FLDN(16)= ’Y1’ : ’ 5 - DIA04490
FLDN(17)= ‘Y2’ ‘ \\‘\\\ S .. DIAD4500
FLDN(1&= fTINIT’ \ a DIAQ4510
FLDN({19)= *TFIN’ ‘ ‘DIA04520
FLDN(20)}= ’COMINT’ ‘ ‘ ) * DIA04530
FIDN(21)= fHMIN‘ o : o o DIAD4540
FLDN(22)= ‘HBOUND’ ., DIAD4550
FLDN(23)= ’TOL"" . o DIAQ4560
FLDN{24)= ‘“HINIT' r ‘ ) DIAO4570
" DIAQ4580
MENUN = ‘DIABETES’ oo DIA04590 -
CALL MCLSCR (NUM, RC) : ' DIA04600
CALL MLOAD (NUM, RC,MENUN) . ' ) : DIA04610
CALL MPFMAP (NUM,RC, 1) DIAQ4620
CALL MALARM (NUM,RC, 1) . : DIA04630
CALL MPRINT (NUM,RC, 2, PROUT) : DIA04640
CALL MDSPRD (NUM,RC,KEY) . : N DIAQ4650
CALL MEXIT{NUM, RC) - S DIA04660



25

S 23

T 29

(KEY .EQ.

IF (KEY .EQ.

—~q,
'PEL0") GOTO 25

‘PFl27)

DO 23 I = 1,17

'CGALL MSCR2D (NUM, RC, FLDN(I) cC, 4, RLEN)
CALL MCVTCF (PU(I),RC, qg 4,1)

CONTINUE

Do 29£I = 18,24

L MSCR2D (NUM,RC, FLDN(I) CC,7,RLEN) .
CALL MCVTCF(PU(I),RC cC, 7, l)

CONTINUE

‘RETURN

END

»~

STOP

.-
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DIAD4670
DIAD4680
DIAD4690
DIAQ4700
DIAD4710
DIAD4720
DIAQ4730
DIAQ4740
DIAQ4750

-DIAD4760

DIAD4770

‘DIA04780
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SRR SRR RS TETRE T - S S S U 7Y

KINDLY INITIAUIZE VARIABLES

Mode|l Pa?aneters

& External Input (Z)

= 0.05
= 0.50
= 100.
= 13.0
= 4.00

~

Prass:

A2 = 1.00
B2 = 2.00
OF3 = 100.
TF3 = 20.0
KF3 = 4.00

i

A3
oF
TF1
KF 1

Z

PF10 - to start

LTS T I SR SRR TR, TR
2

Experimentation Variables

Initial Sta}p? Control Variables

[ -
QVONOMEUN—LOUDOIDU L& WRN -

= 4 00 HINIT = 0.00
= 50.0 Y1(0) = 100. TINIT = 0.01
=500 _ Y2(0) = 0,00 TFIN = 24.0
= 4,00 COMINT = 0,50
= 0.00 . TOL = 0.00010
HBOUND= 0, 1000
MMIN = 0.00081 . 21
. 22
simulation PF12 - to quit | 23
: 24
.+....4....+...ﬂs....+....8....+....?....+.:t.8+
Menq For The Diabetes Me!l)itus Model: Normal Person
o \ i \
. - 3
R o X .
¢ 3
2 .
0 ‘
. ¢ . X
* N
i\
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Matpybd: Flxed Step Fourlh-Or. ar “lunge—Kutte

Prpblem: Componaont lodael DigbotezMe!lltus
Study of NHormol Person

.Tlm-

0.000
, 0.500

1.000

1.500
‘2,000
2.500
3.000
3.500
4.000
4.500
5.000
3.500
8.000
8.500
7:000
7.500
'8.000
8.500
9.000
9.500
10.000
10,500
11.000
11,500
12,000
12.500
13.000
13.500
14.000
14.300
1%5.000
15,300

16.000,

16.500
17.000
17.500

18,000-

18,500
19.000
19,300
20,000

20,500 -

21.000
21.300
22,000
22.500
23.000
23.500
24,000

Blood Sugor

100,000
100.000
100.000
100.000
100.000 *
100.000
100.000
100.000
100.000

. 100.000
100,000
100,000
100.000
100.000
100.000
100.000
104,887
137.67%
123,274
107.539
99.,27%
27.199
97.4368
98.12%
98.744
99.194
99.49%
151.532
136,847
110.583
98.069
95,374
95,928
97,060
98,041
98,747
99,218
99.515
99.703
99.819
99.889
181.794
138,907

' 110.580
98.038
95,353
95,915
97.051
98.038

Biood lnsulin

0.000
0.000"
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000 '
0.000
0.000
0.000
0.000
0.000
4.838
8,588
4.563
2.030
0.747,
Q.27%
0.10%
0.037
0.014
0.003
7.227
10.455
7.078
3.023
1.113
0.410
0.1351
0.053
0.020
0.008
0.003
0.00% &
0.000
0.000
7.269
10,492
7.090
3.027
1.114
0.410 - s
0.151
0.033
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CQMPONENT MODEL DI AIETES MELLITUS
- STUDY OF NCRMAL PEHS@N -

. o
I’ o

. \
182.0
1
+

'15|5.2

148.4
1
~ -

141.8

|

134.8

1211.2 128.0
|

BLOOD SUGAR(PPM) -

1

114.4

L

107.6

100.8
1
N—

84.0

i i I ] 1 LS ] -l I j
7.2 0.6 12.0 144 18.8 18.2 218 24.0

- TIME(HOURS)

o
o
w
>
»n
<




BLOOD INSULIN(PPM)

6.0 61.2 7.4
1

3.8 -
1

1.4 2.6
]

0.2

-1.0 -

L)
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Appendix B. THE ELECTRONIC OSCILLATOR MODEL- C

) B.1l Problem Definition |

This test example 18 of the electronic oscillator model
as described by Palusinski (1985). It consists of six main
blocks namely: ' .

- -An Oscillator

-~

A Squaring Operation.

A Sixth-Order Lumped-Parameter Model

Of Thermistor Inertia and ﬁon;Linearity

|

A Summing Element

|

A Square Root Operation Y

- The Inertia Of Feedback
The oscillat&r is meodelled by the Van derlPol differential
equation and +the non-linearities are represented by
elementary functlons of omne varlable. The resulting single
component model is integrated using the Fifth-Order Runge-—
Kufta Fehlberg over an Yinterval of-éo seconds and the
parameter set suggested by Palusinski (1985, p.269). The
initial states were asslgned the values as specified in the

Gest specification of the modeY in Section B.2.



B.2 Gest Specification of The Electronic Oscillator Model

P

Program StudyOfElectronicOscillator -

StaticStructure -

States
Y1,

‘Y2,
XI';-

X2,

v X3,
X4,

X5,

X6,

-V,

S

~

Outputs

X3,
5

Parameters

. R1,
» RrRZ,
R3,

R4,

R5,

] Rsf
' Cl,
c2,

cs3,

c4,

Cs,

cé

o=

EndStaticStrvcture
DynamicStructure

)

X1’
X2 =
X3’
Xar
X5 =3
X6’
Y1lr
Yz2r
v!
S!

[

I

a e nn

EndDynamic

Derivatives

2*Y1*Y2/R1
X1/R2*C1 -
X2AR3*C2 -
X3/R4*C3 -
X4/R5*C4 -
X5/R6*C5 -
Y2

-64*Y1 + 7
X6/C6

+ (X2-X1

(1/R2*C1 .

(1/R3*C2

{1/R4*C3

(L/R5*C4
(:/R6*C5

3% (2 + S

v,/’éontinuousModel ElectronicOscillator

in
in
in
in
in
in
in
in
in

Resistance
Resistance
Resistance
Resistance
Resistance
Resistance
Capacitance
Capacitance
Capacitance
Capacitance
Capacitance
Capacitance

in
in

y/R1*C1

+ 1/R2*C2) *X2
+ 1/R3*C3)*X3
+ 1/R4*C4) *X4
+ 1/R5*C5) *X5
+ 1/R6*CB) *X6

.= Y1*%2.,0) *

in’

kChms
kOhms
kChms
kChms
kChms
kChms
microFarads
microFarads
microFarads
microFarads
microFarads
microFarads

+ X3/R1*C1
F X4/R3*C3
+ X5/R4*C4
+ X6/R5*C5

Y2

0.02*Abs (36 - 5.29 * Sgrt (Abs(V))) #** 1,2 *
Sign(Abs (36 - 5.29 * Sqrt (Abs(V))
EndDerivatives ) .

Structure

EndModel ElectronicOscillator

)

Parameter Se
Parameters
RL = 8.0

. R2 = 8.0
R3I = 8.0

R4 = 8.0

R5 = 8.0

Ré = 8.0

ClL = 6,2

C2 = 4,2

C3 = 1.2

C4d = 1.2

t1

-

Lo

) — 0.,02%5)
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S C5 = 1,25
Cé = 1,25
EndParameters

EndParameter Saot 1

Experiment

TimeUnitIs Second
StartTime = Q.0

1

IntegrateBy Runge-Kutta Fehlgerg
Tel = 0.5

Communicate at every 0.2 Second
SimulateUntil Time = _20.0

InitialStates
Xl~= 80.0
X2 = B8S5.0
X3 = 40.0
X4 = 45,0
X5 = 50.0
X6 = 55,0

Y1 = 60.0

. Y2 = 70.0

V = 60.0

S = 65.0
EndInitialStates

SaveQutputs X3,5 )
EndContinuousMedelElectronicOscillator
EndExperiment 1+ .

Run 1

ToObserve ElectronicOscillator
WithParameterSet 1
InExperiment 1

WithPostRun

OutputModule 1 On Printer

EndPostRun

"EndRun 1

[

OutputModulé 1

New Page

Heading ForFirstPage 1 Line-

Study of ElectronicOscillator’
List Parameters And InitialConditions
PlotandList X3,S

EndOutputModule 1

Program StudyOfElectronicOscillator

-

/;*
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C B.3 Eguivalent Fortran Program With Results Fox

c

OOOOOOOOOOOO000000000(')(')OOOOODOOOOOOOOO_OOOOOOOOOOOOOOOd-

Electronic Oscillator Model

Input

Output

' N

.
-

TY{1)-Y(N)
TCOM
T
TETIN
HBOUND

HMIN

H¥NIT
H
oL

COMINT
ORD

TIME

YVAL

Program Variables

Y (N)

DY (N)

DY1(15}-DY4(15)--Working Vectors in Integration
capable of integrating systems
to 15 state variables.

F1{15}-F3(15)

*

NFLAG

RPOS

NPL

’

o

Variable List

»

-=Communication Time

--Computational Time

required

!

-~

~-Working Vectors in Integration
capable of integrating systems
to 15 state variables.

--End Time of Simulation

~-Integration Step Si:ze

--State Variables Vector

--Starting Integration Step Size

~

K

--In1tial Values of State Variables

--Upper Bound 'on Initial Step Size

--Minimum step size.integration is
allewed to proceed at

~-ORDER OF THE INTEGRATION METHOD

--Vector of times of Output Values

. -

--Flag Which Signals Collection of
Variables.

~-Dimension of the’ Vector of State Vahi%bles

T

)]
—-—-Tolerance or Accuracy specified by user

~—Interval at which output of SLmulatlon is

‘——Vector of values of Y at Output Points

—--Derivative Vector of State Variables

Routine

with up

Routine
with up

Output

--Intermediate variable used in computing HINIT

--Counter used for Graphics Routine.

Pt
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FELOOO1O
FELOOO20
FELOOOQ30
FEL0OO0040
FELOOOS0
FELOQQO®GO

" FEL00O70

FEL0QO080
FEL0OOOGSNH
FELOQL1C0
FELOOL1O0
FELOQ120

00130
FELOC140
FELOO150
FEL00160
FELOO170
FEL0Q180
FEL00190
FEL0J200
FELOQ210
FEL00220
FEL00230
FEL00240
FEL00250
FELQOZ60
FELQOZ70
FEL00280
FELOQ230
FELOO300
FELOO310
FELO0320
FELO0O330

FELOO340

FELO0350 .

FELQO360
FELO0370
FELQQ0380
FEL(Q39%0
FEL004GO
FEL0O0410
FELO0420
FELOD430
FEL0O0440
FELO0450
FELO0460
FELOO47G
FELOO480
FELDO490
FELO0OS500
FELOO510
FELO0520
FEL00530
FELO0540
FELO0550
FELO0560
FELO0570

FELGO580

FELOOS590

-



LOoooooaaoan

(PReNe]

138

ERR (N}
—Variables
ERRMAX —--Maximum vaiue of Local Error Estimates

-

This Test Program Demonstrateés the use of the Variable
Step Runge-Kutta Fehlberg Integration Algorithm in the
Simulation of a Couﬁled Model.

PROGRAM MAIN .

IMPLICIT REAL*4 (A-H,0-2)

DIMENSION Y (10),DY(10),ERR{10)
COMMON/DIFF/YQAL(400),TIME(400),YVALB(QOO},NPL
COMMON/PARS/C1,C2,C3,C4,C5,C6,R1,R2,R3,R4,R5,R6
COMMON/XMEN/PU(28)

CHARACTER*1 CHOICE

EXTERNAL -DERIV

PRINT*,'Welcome.to the Electronic Oscillator Model®
PRINT*, ' ’ .
PRINT*, "Would You Like To-:Perform a Simulation ? (Y/N) 7

-=Values of Local Error ﬁstimates of State

READ*, CHOICE
IF (CHOICE .EQ. ‘Y") THEN
' CALL INIT | Cod
Initialization from Ménu
Initialize Parameters
s .
Rl = PU({(1}
R2 = PU(2) .
R3 = PU(3) é
R4 = PU({4) N .
RS = PU(5) o
R6 = PU(6) .
Cl = PU(7)
C2 = PU(8)
C3 = PU(9)
C4 = PU(10)
C5 = PU(11)
C6 = PU(12) -
Initialize State Variables
N = 10 '
Y (1) = PU(13)
Y(2) = PU(14)
Y(3) = PU(15)
Y(4) = PU(lo6)
Y{5) = PU(1T)
Y(6) = PU(22)
Y(7) = PU(18)
Y{(8) = PU(19)
Y(9) = PU{(20)
Y{10} =PU(21)

‘Initialize Run Control

Variables
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FELO0600
FELO0610
FELO0620
FELO0630
FEL00640
FELO0650
FELO0660
FELO0670
FELO0680
FELO0690
FELO0700
FELOQ710
FEL0Q720
FEL00730
FEL0Q740
FEL00750
FEL00760
FEL00770
FEL00780
FEL00790
FEL00800
FEL00810
FEL00820
FEL00830
FEL00840
FEL00850
FEL00860
FELO0870
FELOO

FELO0930
FELQ0940
FELQO0950
FELQOQ0S%60
FELO0S70
FELO0980
FELGD9590
FELOLO0O
FELO1010
FELO1020
FELO1030
FEL01040
FELQ1050
FELQO1060
FELO1070
FEL01080Q
FELO1090
FELO1100
FELO1110
FEL0O1120
FEL01130
FEL01140
FEL01150
FELO1160
FELO1170
FELO1180
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QOO0

17 FORMAT(1X,’Method:’,10X,’Variable Step Runge Kutta Fehlberg‘/lox/
+ 1X, Problem:’

+ ‘Time’, 10X, Value of X37,10X,’Value of S')

21

87

99

e PN23)
TFIN = PU(24)
COMINT= PU(25)
HBOUND= PU (27)
HMIN = PU(28)
TOL = PU(26)
ORD - = 5 :

NPL = ]
‘ Pre-Run Output

' PAGE 186

FELO1190
FEL01200
FEL01210
FELD1220
FEL01230
FEL01240
FELO1250
FEL01260
FELQ1270
FEL0G1280

Set Up Qutput Format and OutFEL01290
put Initial Values of T and FELC1300

WRITE(8,17)

(10X, ‘Coupled Model ElectronicOscillator’/10X/1¥,

DRINT*, ' ¢
WRITE(8,21) T,Y(l),Y(6) -
FORMAT(1X,F8.3, 15x ¥8.3,15X%, Fg. 33
TIME(1l) = T |
YVAL(1) = Y (1)
YVAL3 (1) = Y (6) ,
CALL RKFEL(T,Y,N,TFIN,H, ORD HBOUND HMIN, COMINT,DERIV, TOL)
Post-Run Output:
Tabulate Values of State
~  Variables and Time at

Output Points
DO 99 I = 2,NPL L.

WRITE (8, 87)TIME(I),YVAL(I) YVAL3 (I)

FORMAT (1X,F7.2,15X,F8.3,15%,F8.3)
PRINT*,"
CONTINUE

Plot Values of State

Variabkles with Time
CALL ANYDEV

CALL GRAPH(YVAL, TIME,NPL)

CALL GRAFPHL (YVAL3, TIME, NPL) - *
PRINT*, ‘Do you wish to carry out another 51mulatlon (YAN) 27
READ*, C.10ICE
IF (CHOICE. EQ.'Y’) THEN

CALL INIT |
GOTD 189S ‘
ENDIF ’ v
ENDIF
STOP _ s

END . 4

@

SUBROUTINE GRAPH{YVAL TIME ,NPL)
This Subroutine Prov;des A Graphmcal Display Of The
Component Model. Value Of $ is Plotted Against Time.
DIMENSION YVAL (NPL),TIME (NPL) ) 3
MINT = TIME (1) ‘
MAXT = TIME (NPL)
VALMAX = YVAL (NPL)

VALMIN = YVAL (1)

D6*14 I = 1,NPL  °

-

FELO1310
FELO1320
FEL01330
FELO1340
FEL01350
FEL01360
FELO1370
FELQ1380
FEL0O1390
FEL01400
FEL01410
FEL01420
FELO1430
FEE01440
FELD1450

FELO1460
FELD1470
FELQ1480

FELOLT90
FELO1500
FELO1510
FEL01520
FELO1530,
FEL01540
FEL01550
FEL01560
FEL01570
FEL0O1580
FEL01590
FELO1600
FEL01610
FEL01620
FEL01630
FEL01640
FELO1650
FEL03160
FEL03170

_ FEL03180

FEL03190
FELD3200
FEL03210
FEL03220
FEL03230
FEL03240
FEL03250
FEL03260
FEL03270



14

LS

C Draw Curve with Rounded and Thickened Line and
C Rational Spline Interpolation .

-~

IF (YVAL (I).GT.VALMAX) THEN

VALMAX = YVAL (I)

ELSE IF (YVAL (Iy.LT.VALMIN) THEN

L.

VALMIN = YVAL {I)

END IF
CONTINUE

MAXVAL = VALMAX + 1

MINVAL = VALMIN ~ 1 ’ '

SPACY ="

{MAXT - MINT)/10.0

SPAC2 = (MAXVAL - MINVAL)/10.0 N

CHLL
\ CALL
CaLL
CALL
CRLL
CALL
CALL
CALL
CALL

CALL
CALL
CALL
CALL
CALL

RETURN

END

SUE.ROUTINE GRAPHI{YVALB TIMEl WEL)

14

This Subroutine Provides A Graphlcal Dlsplay Of
Component Model,. Va%ye Of § 'is Plotted Agalnst Ti

DIMENSION YVALB(NPL) TIMEL (NPL)

MINT,
MAXT

HWROT (' MOVIE’) S
PAGE(B.5,11.0)

AREA2D (6.0,8.0)

SWISSM "
HEADIN(’ELECTRONIC OSCILLATOR MODEL$' .100,1.5, 2) -
HEADIN (/PLOT OF S WITH TIMES$’,100,-1.15,2) - .
XNAME ( TIME (SECS)S$‘, 100)

YNAME (’ VALUE OF S$5$/,100)

GRAF (MINT, SPAC1,MAXT, MINVAL, SPAC2, MAXVAL)

L

RASPLN (1.5)

THKCRV (.015)

THKRND (0.}

CURVE (TIME , YVAL +NPL, 1) .
ENDPL (0) - y .

-

= TIME1 (1) .
= "!TME1 (NPL) .

VALMAX = YVAL3(NPL)’

VALMIN = YVAL3{1}

DO 14

I =1,NPL

IF (YVAL3(I).GT.VALMAX) THEN

ELSE IF (YVAL3({(I).LT.VALMIN) THEN

VALMAX = YVAL3(I)

.

VALMIN = YVAL3.{I)

END IF : - 3

CONTI

NUE

MAXVAL = VAIMAY.+ 1

MINVAL =

SPACL
SPAC2
CALL
CALL
v CALL
CaLL
CALL
CALL
CALL
CALL
CALL

VALMIN - 1

= (MAXT - MINT)/10.0 )

= (MAXVAL ~ MINVAL)/10.0 . . A
HWROT (" MOVIE')
PAGE(8.5,11%.0) {\
AREAZD(6.0,8.0)
SWISSM

HEADIN (‘' STUDY OF ELECTRONIC OSCILLATOR MODELS$’,100,1.5,2)

HEADINF PLOT OF X3 WITH TIMES$’,100,-1.15,2)
XNAME (“ TIME (SECS) S5/, 100)

YNAME (*VALUE OF X3$’,100)

GRAF (MINT, SPAC1,MAXT,MINVAL, SPAC2, MAXVAL)

'PAGE 187

‘FEL03280

FEL03290
FEL03300
FEL03310
FEL03320
FEL03330
FEL03340
FEL03350
FEL03360
FEL03370
FEL03380
FEL03390
FEL03400

- FELD3410
FEL03420

FELO3430
FEL0O3440
FELO03450
FELO03460

- FEL03470

FEL03480
FEL03490
FEL03500
FEL0O3510
FEL03520.
FEL03530.
FEL03540
FEL03550
FELO3560
FEL03570
FELO3580
EL03520
?gLOBGOOA
FELO3610
FEL03620
FEL03630
FEL03640

FEL03650

FEL03660
FELO3670
FELO3680
FELO3690
FEL03700
FEL0O3710
FEL0O3720
FELO3730
FELO3y740

FELO3750

FELO3760
FEL0O3770
FELO3780
FELG3790
FELO3800
FELO3810
FELO3820

EL03830

EL03840
FELO3850
FELO3860
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DRAW CURVE WITH ROUNDED AND THICKENED L%NE AND
RATIONAL SPLINE INTERPOLATION

CALL RASPLN (1.5}
CALL THKCRV (.015)
CALL THKRND

(0.)

CALL CURVE(TIME1, YVAL3,NPL,1)" o ’
CALL ENDPL(0). ‘ -
RETURN -

END

SUBROUTINE OUTPUT(Y,N,T)

This Subroutine stores
at communication times.
an interactive tabular

IMPLICIT REAL*4

values of Qutput Variables
_Additionally, it provides
display of the results.

(A-H,0-2)

DIMENSION Y (N)

COMMON/DIFF/YVAL(400) , TIME (400), YVAL3 (400), NPL

WRITE (6,23} T,Y(l),Y(6) .
FORMAT (1X,F5.2, 3X,F6.3, 3X,F9.3)
NPL = NPL + 1

TIME (NPL)
YVAL (NPL)

23

= T
= Y (1)

YVAL3 (NPL} = Y(G)
RETURN

END

.

SUBROUTINE DERIV({T,Y,DY,N)

IMPLICIT REAL*4 (A-B,0-Z)

DIMENSION Y (N),DY (N)

COMMON/PARS/C1,C2, c3 C4,CS5, C6,R1,R2,R3, ‘R4, RS, R6 '

DY (1)
’€+.

DY (2)

DY (3)

DY (4)

DY (5)

DY (6)
+

DY (7).

DY (8)

DY (9)

I

I

1

Subroutine consists of Slow System
Derivatives which are specified by
the user for his particular model.
Y(10) /(R3*C2) - (1/(R3*C2)+1/ (R3*C3) ) *Y (1) +
Y(2)/(R3*C3)
Y(1)/(R4*C3I) - (1/(RI*C3)+1.0/ (R4*C4) ) *¥ (2) + Y(3)/(R4*C4)
Y(2)/(RS*C4)-(1/(R5*C4)+l/(R5*C5))*Y(3) + Y (4)/(R5*C5) *
Y(B)/(RG*CS) - (1.0/(R6*CH) + 1.0/ (R6*CBH))*Y (4)
. E '
Y(4)/Cce -

) LA 2%

0.02 * ABS(36.0 - 5.29*SQRT (ABS(Y(53)))
)3)) - 0.02*%Y(6)

SIGN(1.0,ABS (36.0~5.29*SQRT (ABS (Y (5)
Y (8) '
~64.0%Y(7) + 7.5%(2.04+Y (6)~ (Y (T)*Y (TT)) *Y (8)

2.0%Y'(7)*Y(8) /RL + (Y(10)-Y(9})/(R1*C1) |

DY (10}=Y(9)/(R2*C1)-¥ (10) *(1.0/ (R2*C1)+1.0/ (R2*C2) )} +¥ (1) / (R1*C1)
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FEL03870
FELO3880
FEL03890
FEL03900
RELO3910
FEL03920
FEL03930
FEL03940
FEL03950
FEL03960
FEL03970
FELO3980
FEL03990
FELQ4000
FEL04010

- FEL04020

FELQ4030
FEL04040
FEL0O4050
FEL0O4060
FELQO4070
FEL04080
FELQ40S0
FEL04100
FEL04110
FEL04120

FELO4130 -

FEL04140
FEL04150
FEL04160
FEL04170
FEL04180
FEL04190
FEL04200
FEL04210
FEL04220
FEL04230
FEL04240
FEL04250
FEL04260

FEL04270 - °

FEL0O4280
FELD4290
FELO4300
FEL04310
FEL0O4320
FELQ4330
FEL04340
FEL04350
FEL04360
FEL04370
FEL04380
FEL04390
FEL04400
FEE04410
FEL04420
FEL04430
FEL04440
FEL04450
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" PAGE 188
RETURN . FEL0O4460
END - ' _ : FEL04470
- - FEL0O4480
FELG4490
FEL04500
. . FEL04510
SUBROUTINE INIT S : FEL04520
, : FEL04530
" INTEGER NUM, RC, RLEN - FEL04540
CHARACTER*8 KEY,MENUN . ‘ , FEL0O4550
CHARACTER*8 FLDN(28) . ' o - FEL04560
CHRRACTER*4 CC ' : - _ , 'FEL04570
COMMON/XMEN/PU (28) . FELD4580
. FEL04590

Xmenu used for Parameters and Initial Conditions FELO4600
. . ) FELO4610
FIDN(1}) = fR1’ . ‘ : FEL0O4620
FLDN(2) = *R2* . ) - " FEL04630
FLDN(3) = 'R3’ . : . i T FEL04640
FLDN(4) = ‘R4 ‘ _ FEL04650
FLDN(5) = 'R5' ) o FEL04660
FLDN(6) = 'R6’ A ) ‘ FEL0O4670
FLDN(7) = 'C1* ' ' FEL04680
FLDN(8) = ’C2* . o , FELO4630
FLDN(9) = rC3'. . FELD4700
FLDN(10) = rC4r - - ) FEL04710
FLDN({(ll) = rC5* : : : \ _ FEL04720
FLDN(12) = ’C6&” FEL04730
FLDN(13) = ’X3‘ , FEL0O4740
FLDN(14) = rX4' - s FELQ4750
FIDN(15) = /X5° A : FEL04760
FIDN(16) = ’X6* FEL04770
FLDN(17) = 'v~ ‘ ‘ ' FEL04780
FLDN(18) = ‘Y1’ . T " FEL04790
FILDN(19) = ry2r - . , FEL04800
FLDN({20) = rx1’ . . : - FEL04810
FLDN(21) = ’X2’ - - , . FEL04820
FLDN(22) = 7g-* ' ; o FEL04830
FLDN(23) = *TINIT’ d : : ' FEL04840
FLDN (24) = *TFIN' FEL04850
FLDN (25} = ‘COMINT’ . ‘ ! FEL04860
FLDN(26) = *TOL’ : . ] ' FEL04870
FLDN({27) = ’HBOUND’ . : FEL04880
FLDN(28) = ’HMIN' - : , - FELD4890
S (f ‘ FEL0O4900
MENUN = ‘QSSIE’ : T . FEL04910
CALL MCLSCR (NUM,RC) o FELY4920
CALL MLOAD (NUM, RC,MENUN) , , : FEL04930
CALL MPFMAP (NUM,RC, 1) . - . : - FEL04940
CALL MALARM (NUM,RC, 1)} ‘ . _ ' FELO4950
CALL MPRINT (NUM, RC, 2, PROUT) o . FEL04960
CALL MDSPRD (NUM, RC, KEY) . FEL0O4970
CALL MEXIT (NUM,RC) AN FEL04980
IF (KEY .EQ. ‘PF10’) GOTO 25 - FEL04990
IF (KEY .EQ. ‘PF12’) STOP FEL0OS000
DO 23 I = 1,22 ' FELOS5010
CALL MSCR2D(NUM, RC,FLDN(I),CC, 4,RLEN) FEL05020
CALL MCVICF (PU(I),RC,CC,4,2) FELO5030

CONTINUE ' ) FEL05040
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29 DO 33 I = 23,28 - : FEL05050
CALL MSCR2D (NUM,RC,FLDN(I),CC,7,RLEN) | S - FEL0S060
CALL MCVTCF(PU(I),RC,CC,7,2) : FEL05070
-33  CONTINUE . - FEL0S5080
. RETURN - S - - I e . FEL0O5050
. . END _ . S oo FEL05100
, : FEL0S5110

FEL05120
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KINDLY INITIALIZE VARIABLES

Mode | Paorometers

6.25 mF

4.25 mF
mF
1.25 mF
mE
1.25 mF

Pross:

NN N Y TN Wt

PF1

0O ©O O o m o @&

.00
.00
.00
.Q0
.00
.00

kQObms
kOhms
kGhms
kQhms
kOhms
kOhms

~ to start simulation

N

Experimentation Variables

Initial States

X3(0) = 40.0 Y1(0) =
X4(0) = 45.0 v2(0) =~
X5(0) = 50.0 X1(0) =
X6(0) = 55.0 X2{0) =

v(0) = 60.0 S(0) =

PF12

R T

-
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J

Control Variables

20.0 TINIT = 0.00
L]

70,0 TFIN = 20.0 .

80.0 COMINT = 0.20

TOL = 0.50000

85.0

65.0 HECUND= 0,10
HMIN = 0.00001

- to quit
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Varigble Step Runge=Kutta Fehiberg

Coupied Mode| ElectronicOsciliator

value of X3

40.000
40.358
40.70%
41,041
41,388
41.682 .
41,989
42,288
42.%7%
42.852
43.124
43.387
43.641
43,888
44.129
44,380
‘44,585
44,804
45.01%
45,220
45,419
45,811
45.797
45,978
48,151
48.319
48,481
45,838
48,790
46.936

47.077 ¢

47.214
47.344
47.470
47.592
47.708
47.820
47.927
48,030
48.128
48,222
48,312
48,398
48,480
48,357
43.830
48,700
48,766

X

-

Yalue of S

§3.000
64.777
64.574
84,392
64,229
64.088
83,960
63.852
83.761

63.688
63.627
63.583
63.353
63.538
63.537
63.548
63.573
63.509
83.658
§3.718
6§3.790
6.3.873
63,967
64.070
G4.184
64.308
64,441

64,584

84,735
64,896
65.065
65.243
65.428
65.622
-65.823
§6.033
66.248
66.472
86.704
66.941
67,184
57.436
67.694
67.958
768,227
88,503
68.787
69.074
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9.50
9.80
10.00
10.20

10.40%
-10.80

10.80
11.00

11,20 -

11.40
11.60
11.81
12.01
12.20
12.40

12.60

12.80

13.00

13,20
13.40
13.60
13.80
14,00
14,20
14,40
14.60
14.80
15.00
15.20
15.40
13.60
15,80
18.00
16.20
16.40
16.60
16.80
17.00
17.20
17.40
17.60
17.80
18.00
18.20
18.40
18.80
18.80

©1§9.00

19.20
19.40
19.80
19.80
20.00

48.828
48.887
48,942
458,993
49.041
49.088
49.127
49.1563
49.1399
49.231
49,259
49.284
49.308
49.324
49.340
49,353
49.364
49.373
49,380

49.354

49.387
49,387
49.385
49,382
49,378
49,368
49.358
49.346
49,333
~N9.317
49,300
49,280
49,260
49.237
49,212
49.188
49.158
48.128
49.097
49.084
49,030
48.994
48.956
48.917
_48.877
48.835
48.790
48.745
43.699
43.653
48.60%
48.557
48.535

59.366
69.668
69.970
70.280
70.585
70.917
71.242

71.573 .

71.906
72.250
72.592
72.949
73.303
73.651
74.012
74,378
74.748
75.122
75.501
75.882
76.267
76.657
77.052
77.447
77.847
78,252
78.661
79.069
79.484
79.901
80.323
80,743
81,172
81.603
82.040
82.478
82.918
83,358
83,802
84,249
B4.700
85.155%
85.611

86,076,

B6.527
B86.991
87.480
87.928
£88.399
88.873

89,349

89.828
90,122
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Appendix C. THE RUDDER CONTROL MODEL,

C.1l Problem Definition

This test example uses the Adanms Predictor Corrector
Method to carry out the integration. fhe'example is adapfed
from the article by Elzas (1979). "As can be seen from the
résults, the control responds quickly and the trajectories
follow closely within the first one-tenth of a second. The

full ‘specification of the model is shown in Section C.Z2.



C.2 _Gest Specification of The Rudder Control Model

Progr%m StudyCfRudderControl
-
ContinuousModel RudderControl
StaticStructure
States Y1, Y2
RangeQf Y1 = ( >= -10.0,
RangeOfy Y2 = ( >= -20.0,
Qutputs Y1l,Y2
Parameters A
EQdStatig§tructure

DynamicStructure
Derivative
Y16 = Y2

Y2/ = A*( 1.0 - Y1**2 ~ Y2%%2 )*( Y2 - Y1)

EndDerivativ
EndDynamicStrucé&ie
EndModel RudderControl

b

ParameterSet 1
Model RudderControl
Parameter
A= 5.0 -
EndParameter
EndModel RudderControl
EndParameterSep 1

Experiment 1
TimeUnitIs Second
StartTime = 0.0

IntegrateBy AdamsPredlctorCorrector

RelExrror = 0.00001

-

<=10.0 ¥~

<=20.0 }

Communikate at every 0.10 Second

Simulafelntil Time = 1.0

Model RudderC
InitialStates)
¥i = 2.0
Y2 = -2.0!
EndInitialStases
SaveQutputs Y1, -¥2
EndModel RudderControl
EndExperiment 1

Run 1
ToObserve RudderControl
WithParameterSet 1
InExperiment 1
WithPostRun
OutputModule 1 On Printer

EndPostRun

EndRun .l

Qut >utModule 1
New Page s
Heading ForFirstPage 1 Line
Study of RudderControl

1

PAGE 195

1 4



List Parameters And IhitialConditidns
PlotandList ¥1,Y2
EndOutputModule 1

EndProgram StudyOfRudderControl

~
L]

PAGE 198
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Input

OUTPUT

:

Equivalent Procedural Program With Results
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For Rudder Control Model

: N

Y(K,1)-Y(K,N}--Initial Va

T

TINIT

TFIN
- TCOM

COMINT

H

HINIT

HBOUND

HMEN

TOL

NORD

: T.
Y(K,1})-Y(X,N)

PRTGRAM VARIABLES
“Y (K, N}

DY (N)
VP (N)
vem
ERR (N}

ERRMAX

Variable List

~

-~-Dimension of the Vegfor of étate Vgriables

State Variables
~-Computatijonal Time:
--Initial Tlime

~=End Time of Simulation
——Communication Time

——Communicatién Intervél
-~Integration Step Size . .
—LSt;rtingAIntegration Step Size
--Upper Bound On Initial Step Size _

~-Minimum.step size integration is-
allowed to proceed’ég_

--Tolerance or Accuracy specified by user

L .‘
—-0Order of the Integration Methgd

+

e

'—--Vector of times ©of Output Values

--Vector of Values of Y at Qutput Points
..

--State Variables Vector <
--Derivative Vector of State Variables
--Vector of Predictor Variables
--Vector of Corrector Variables
--Vector of Local Error Estimatesl

—-Variable containing Maximum Error

DY1(N)-DY4 (N) ~Working Vectors in R-K Starter Routine

P1(N)-P3 (N)

T1-T3

--Working Vectors in R-K Starter Routine

. Y '
~—Variables storing three time values generated by
the R-K Starter

ADADOD20
ADAOO030
ADADOD40
ADRO00S0
ADAC0060
ADROOO70
ADROOOSBD
ADAQOOS0
ADAOOQL00 |
ADAOO110
ADA00120
ADADD130
ADAO0140
ADAO01S0
ADAOO160
ADAO0170
ADADO180
ADAD0190
ADAO0200
ADA00210
ADAD0220
ADA00230
ADAD0240
ADAOO250
ADAOD260
ADAQ0O270
ADADO280
ADADD290
ADAQOO3DO
ADAOO310
ADAQO320
ADA00330
ADADD340

 RDA00350

ADAQO360
ADAOGD370
ADADO380
ADAO0390
ADAO0400
ADA00410
ADA00420
ADAO0430
ADAQOD440
ADA00450
ADAO0460
ADAD0470
ADAQO0480
ADA00490
ADAQO500
ADAOOS10
ADRO0520
ADA00530
ADA00S540
ADAOOSS0
ADADOS60
ADAOOS570
ADAQ0580
ADAO0590
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200

193

Y1-Y3 --Variables storing three values of State VariablesADA00610
generated by the R-K Starter. ADAQ0620

ADACO630

HPOS —-Intermedlate variable used in determlning HINIT ADAQC640

_ . ADAO0O650

NPL --Counter’used for Graphics Routine . - ADAQOE60

- . ' ADAR0OGT70

NSTEPS --Number Of Steps For Stiffness Check : ADADOG80

: ‘ . ADACO690

NCRECK --Actual Number Of Steps Taker During Simulation ADADOT700

' | ' : _ ADADO710
NFLAG --Signals A Communication Time ADADQO720

‘ ADADO730

' T ADAODT40

PROGRAM MAIN . . . ADAOOTS0
% This test program illustrates ‘ ADAD0760
the utilization of the Fourth- ADAQO770
Order Variable Adams Method —_—— ADAQQ780

in the simulation of a single ADAQQO790
Component Model \ . ADAQOBQD

’ ADADO810

VARIABLE DECLARATION ADAOCSB20

IMPLICIT REAL*4 {A-H,0-2} ) ADAQOSB30
DIMENSION T(6000), Y(GOOO 5} ’ ADAQOB40
COMMON/DIFF/ YVAL1(300},YVALZ2(300), TIME(BOO),NPL N ADAD0O850
COMMON/PAR/A ADAQOBEO
COMMON/SAME/PU({3) ADAOOST0
EXTERNAL DERIV ™ ‘ ' - ADAODSBSO
CHARACTER*1 CHOICE ) ADAO0BY0
. ADACO0S00
PRINT*, "Welcdme To The Rudder Control Slmulator ADAOO910
PRINT*, * ‘ ADADO920
PRINT*, 'Would You Like To Perform a Simulation ? (Y/N)y * ADAQOO930,
READ*, CHOICE ADAO0S940
IF (CHOICE .EQ. ‘¥Y") THEN ADAQOQS950
CALL INIT ‘ : ADAOQ960
. ' ADAQO970
Initialization from Menu ADAOOS980

‘ Initialize Parameter ‘\\hﬁﬁGQQSQ

A = PU(1). : ' ADNJLB00
o ADAD1010

. v - Initialize State Variables ADA01020
N = 2 : T ADAQO1030
Y{(1l,1) = PU(2) ADRO1040"
Y{(1,2) = PU(3) ADAQLOS0
IF ((¥(1,1).LT.-10.0).0R. (¥Y{1,1).GT.10.0)) THEN ADAQ1060
PRINT*,’ Sorry,This Model Requires Y to be greater-than or ADAD1076
+equal to -10 and less than or equal to 10. Kindly ADA0L1080
+Enter "Y" and Reinitialize ¥ ADAQL0OS0
READ*, CHOICE : ’ ADA01200

IF (GHOICE .EQ. "Y’) GOTC 200 : ADAO1110
ENDI?YfQH ' ADAQL1120
IF ({¥(1,2).LT.-20.0).0R. (Y(1,2).GT.20.0)) THEN ADAQ1130
PRINT*,’ Sorry,This Model Requires Y1 to be greater than or ADAQL1140
+equal to -20 and less than or equal to 20. Kindly ADAOL11S50
+Enter "Y' and Reinitialize Y1 ADAGL160
READ*, CHOICE . ADAO1170

PAGE 188

ADA00600

IF (CHOICE .EQ. 'Y’) GOTO 200 ADRO1180

Ly
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ENDIF
. : Initialize Run Control Variables
T(l) = PU(4) : :
TFIN = PU(5)
COMINT= PU(6}
HBOUND= PU(7}
HMIN = PU(8)
Tolerance Specified by user for
computation of initial step size
TOL = PU{9)
C" L ]
NPL =1
ORD = 4

Pre-Run Qutput : . :
Set up Cutput Format and
- Output Initial Values of
T(l) and Y(1,1)
WRITE(8,17)
FORMAT (1X, 'Methed:",19X,’Variable Step Adams’/1X,’'Time’,17X,
+ ‘VALUE OF. Y1l’,7X,‘VALUE OF Y2')
PRINT*, ' ! .
WRITE{8,21) T(1),Y(1l,1),¥Y(1,2)
FORMAT (1X,F5.2,5X,F8.3, 5X,F8. 3}
PRINT*, "
TIME (NPL) = T(1)
YVALL (NPL)= Y{1,1)
YVAL2 (NPL)= Y (1,2)
o Run-Time Activities
- : Integrate by Fourth-Order
Adams Predictor Method

CALL ADAMg(T,Y,N,TFIN,H,ORD,HBOUND,HMIN,DERIV,COMINT,TOL,K)

Post-Run Output:
Tabulate Values of State
. Variables and Time at
" Output Points.

PG 99 I = 2,NPL
WRITE(8,87)TIME(I),YVALL (I),YVAL2(I)

FORMAT (1X,F5.2,5X,F8.3,5X,F8.3)
PRINT*,"

CONTINUE

Plot Values of State
Variables with Time
CALL ANYDEV
CALL GRAPH(YVAL1, YVALZ, TIME,NPL) .
PRINT*, ‘Do you wish to carry out another simulation (Y/N) ?
READ*, CHOICE
IF (CHOICE.EQ.’Y’)} THEN
CALL INIT
GOTO 199
ENDIF

ADACL1190
ADAQ1200
ADA01210
ADA01220
ADAD1230
ADAQ1240
ADAD1250
ADAQ1260
ADA01270
ADAD1280
ADAD01290
ADA01300
ADA01310
ADA01320
ADAD1330
ADAD1340
ADAD1350
ADAO1360

" ADA01370

ADAQ1380
ADA01390
ADA01400
ADA01410
ADAD1420
ADAD1430
ADAD1440
ADAR01450
ADAD1460
ADAQ1470
ADA01480
ADAQ1490
ADAO1500
ADA01510
ADAO1520
aDA01530
ADAQ1540
ADAD1550
ADAD1560
ADADLST0
ADAQLS580
ADAQ1590
ADAQ1E00
ADAQL610 .
ADA01620
ADAQOL630
ADAD1640
ADADL1650
ADAD1660
ADARO1E70
ADAD1680
ADAO1690
ADA01700
ADAD1710
ADA01720
ADAOL730
ADA01740
ADAQD1750
ADAOL1760
ADAQ1770
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ENDIF

STOP

END

SUBROUTINE DERIV(T,Y,DY,N,K)

IMPLICIT REAL*4 (A-H,0-2)

DIMENSION Y (6000,5),DY(6000,5),T (6000}

COMMON/PAR/A .
This is the derivative evaluation
subroutine where the user specifies
the system derivatives that describe’
his model. As an example, the model
Rudder Control is used.

DY(K,1) = Y(K 2}

DY(K,2) = A*(l O-(Y(K,L)*Y (K, 1)) - (Y (K, 2)*Y(Kr2))) L

+ {Y({Ky2) - Y(K,1))

WRITE (6,23)-DY(K,1),DY(K,2),¥Y(K,1),¥Y(K,2),K,T(K-1}
23 FORMAT (1X,F9.4,1X,F9.4,1X,F9.4,1X%,F9.4,1X,I3,1X,F9.4)
RETUR e
END
.

SUBRQUTINE GRAPH (YVALl, YVALZ, TIMEl,NPL)
This Subroutine Provides A
Graphical Display Of The
Component Model. Value Of
Y Is Plotted Against Time.

IMPLICIT REAL*4 (A~H,0-2)

DIME

NSION YVALL (NPL), YVALZ(NPL),TIMEl(NPL)

VALMAX = YVAL2 (NPL)
VALMIN = YVALZ(1)
bo 13 I = 1,NPL -

I
E
E

13 CONT
MAXV

F (YVALZ(I).GT. VALMAX) THEN
VALMAX = YVAL2(I) '
LSE IF(YVALZ(I).LT.VALMIN) THEN
VALMIN = YVAL2(I)
NDIF
INUE
AL = VALMAX + 1

MINVAL = VALMIN - 1

SPAC
SPAC

CALL

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

1 =
2 =

{TIME1l (NPL} - TIME1(1))/10.0

(MAXVAL - MINVAL)/10.0

HWROT (" MOVIE’)

SWISSM

PAGE(8.5,11.0)

AREAZ2D(6.0,8.0)

HEADIN({’ Study Of Rudder Control Model$’,100,1.5,3)
HEADIN (‘' Adams Predictor Corrector Method$’,100,1.25,3)
HEADIN (" Fourth-Order$’,100,-1.15,3) .
XNAME (Time (seconds) §$7,100)

YNAME (*Values Of ¥$7,100)
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ADA01780
ADAO1790
ADADO1800
EDAO1B10C -
ADAD4330
ADAD4340
ADAD4350
ADAO4360
ADAQ4370
ADAO4380
ADARO4390
ADAO4400
aDA04410
ADARO04420
ADAQ4430
ADA04440
ADAQ04450
ADRD4460
ADAQG4470
ADAD4480
ADAD4430
ADAD4500
ADAD4510
ADA04520
ADAQO4530
ADAO4540
BLDAD4550

-ADAQ04560

ADA04920
ADA04930
ADA04940
ADAD4950
ADA04960
ADA04970
ADA04980
ADA04990
ADA05000
ADA05010
ADA05020
ADA05030
ADA05040
ADAO5050.
ADA05060.
ADA05070
ADADS5080
ADA05090
ADA0S5100
ADAD5110
ADA05120"
ADAD5130
ADADS5140
ADAODOS5150
ADA05160
ADA05170
ADAQS5180
ADA05190
ADA05200
ADA05210
ADA05220



CALL GRAF (TIME1 (1},SPAC1,TIMEL (NPL),MINVAL, SPAC2, MAXVAL)

C DRAW CURVE WITH ROUNDED AND THICKENED LINE AND
C RATICNAL SPLINE INTERPOLATION

c

Qoo

23

CA $PLN (1.5)

CALL THKCRV (.015)

CALL THKRND (0.) ,

CALL CURVE(TIME1, YVALl,NPL, 1)

CALL CURVE (TIME1, YVAL2,NPL, 1)

CALL ENDPL(0) - )
RETURN : : g

END

L communication times. Additionally, it provides
interactive tabular display of the results.

IMPLICIT REAL*4 (A-H,0-2)

DIMENSION Y (6000, N) : ' : .

COMMON/DIFF/YVALL (300}, YVALZ2 (300), TIME (300) ,NPL

WRITE (8,23) TNOW,Y(K-1,1),Y¥YTK~1,2) -
FORMAT (1X,F8.3,5X,F8.3, 5X,FB.3)

NPL = NPL + 1

PIME (NPL) = TNOW

YVALL (NPL)= Y (K-1,1)

YVAL2 (NPL)= Y (K-1,2)

RETURN : : -
END' _ ‘

SUBROUTINE INIT

INTEGER NUM, RC, RLEN

REAL RES1

CHARACTER*8 KEY,MENUN

CHARACTER*8 FLDN(9)

CHARACTER*4 CC )

COMMON/ SAME/PU (9) : *

Xmenu used for Parameters and Initial Conditioné

. FLDN(1) = ‘A’
FLDN(2) = ’Y*
FLDN(3) = ‘Y1’ | ~
FLDN(4) = ‘TINIT’ .
FIDN(5) .= ‘TFIN’
FIDN(6) = fCOMINT’
FLDN(7) = ‘HBOUND’
FLDN (8) = ‘HMIN'
FLDN(9) = fTOL’

MENUN = fRUDDER’

CALL MCLSCR (NUM, RC)

CALL MLOAD (NUM, RC, MENUN)
CALL MPFMAP (NUM,RC, 1)

CALL MALARM (NUM,RC, 1)

CALL MPRINT (NUM, RC, 2, PROUT)

CALL MDSPRD (NUM,RC,KEY)
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ADA05230
ADA05240
ADA05250
ADA05260
ADA05270
ADA05280
ADA05290
ADA05300
ADA05310
ADA05320

'ADA05330
‘ADA0S5340

ADA0S5350
ADAD5360
ADA05370
ADADS5380
ADA05390
ADAOS5400
ADA0S5410
ADA05420
ADA05430
ADA0S5440
ADA05450
ADA05460
ADA05470
ADAOS480
ADA05490
ADA0S5500
ADA0S5510
ADA05520
ADADS530
ADA05540

ADA0S5550 .

ADAQS560
ADAQS5570
ADAQ5580
ADAO05590
ADAQ5600
ADA05610
ADAQ5620
ADA05630
ADAQ0S5640
ADAQOS5650
ADADS660
ADA05670
ADAOS5680
ADAQO5690
ADAQS700
ADADS5710

- ADA05720

ADAO5730
ADAR(S5740
ADAQS5750
ADADS3760
ADAROS5770
ADAGS780
ADAO5730
ADAQO5800
ADAOS810



25

23

i.

CALL MEXIT(NUM, RC}
‘PF10’) GOTO 25

IF (KEY
IF (KEY

DO 23 I = 1,9
CALL MSCR2D (NUM,RC,FLDN(I),CC,7, RLEN}
CALL MCVTCF(PU(I),RC,CC,7,2)

CONTINUE
RETURN

END

.EQ.
.EQ.

"PF12") STOP

~

e

.-

+

WERE R

RE AR
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ADAQ5820
ADAQS5830
ADAOSB40
ADAOS5850
ADAOS860
ADAQOSE70
ADAO5880
ADA0S890
ADADS5800
ADAQ5910
ADAQS920

ADAQS5930

ADA05940
ADA05950

. BDADS960

ADAQS5970

ADA{5980



DO NP, DS

10

T

PAGE 2053
+ S SRV Y RN T Oy S . D S U SR ¥4
- INITIALIZATION
KINDLY INITIALIZE VARIABLES
Model Parameter Experimentation Variables
Initial States Control Variobles
A= 5,00 e Y(Q) w 2.000 TINIT = 0.00
TFIN = 1,00
. Y1{0) = -2,00
COMINT = 0.100
\ i . TOL = 0,00001
' HBOUND= 0.010
HMIN = 0,00001
Press: PF10 - to start simulation PF12 -~ to quit
:‘h...+....l....+....2....+....5..‘..+....4....+....5....+....5....+....7....+....8+

¥ Menu For Rudder Control Model

L [}

: -

MR RIMIA - = — st a e
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PAGE 204
Problem: St:ﬁy Of The Rudder Contro!l Model
Method: Adoms Predictor Corrector Method . . . i .
Time VALUE OF Y1 VALUE OF Y2 . o .
?3':'60 ' 2.000 *  ~2.000
0.10 2,067 . 1.758
0.20 2.271- 2.215
0.30 2.504 2.460
0.40 2.765 2.72%
0.50 3.050 3.01%
Q.60 3,564 3.332
'0,7Q 3.809 3.781
0.80 4.103 | 4.077
0,90 4,531 4.509
1.00 5.006 4.,98%
.
|;'-| « ™
o _'b: - ‘|
o [
Fmen ‘ . : b L
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_ RN
v
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Values Of Y

1.0

0.2

Study Of Rudder Control Model
Adams Predlctor Corrsctor Method
. Fourth-Order

@
o
1
-
-
1
~ g
o~ -
[ C—
e
I ] I 1 I l |
0.0 1.0

] i I
01 02 03 O04 085 06 0.7 08 0.9
- Time(seconds)
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Appendix. D THE BOUNCING BALL MODEL

D.l Problem Definition

]

~

This model is used to demonstrate the use o the
discontinuity processing algorithm 4in the processing of
state events. The trajectory of the height of the ball with
time 18 observed. The ball, being initially at rest is
dropped from a height of lon. The model consists of a simple
set’” of differential equations. To prevent the hazardous
. detection of an erromsous cross-over which could occur in
this model, the height of the ball is set to zero in the
HODUPD subroutine once the ball hits the ground (i.e. the .
state event has heen detected and located). If this is -not
supplied, erroneous results ﬁould occnr. These erroneons
results caused by the_ralse detectlon of a crossover are as
& result of the slopse pf the switching function changing but
the sign of the function remaining the same. The algorithm
may nllow the ball to go underground for a short distance
instead. of bouncing. This is due to the inverae altken
inuerpolation terminating as soon as the tolerance 18 met.
The algorithm integrates_ the system to a small distance
underground and the model update at this polnt allows the
ball %o start $ts upward climb. However, in the next
integration step,- the algorithm detects a change 4in sign
once more and hence an engonébun 'crogs-over'. The 'new'

point of discontinuity is located and the update involving

L 4
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the change in sign of the velocify ence again activated.
The ball would thus start its downward descent and this
. Process is coﬁtinually repeated giving rlse to an ihcorrect
trajectory whereby the ball oscillates within a gmall range

about the origin..

LS
x
-
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D.2 Gest Specification of The Bouncing Ball Model

Program StudyOfBouncingBall : . )

ContinuousModel BouncingBall
StaticStructure . %
States Y1,Y¥Y2 {* Y1 vertical velocity *)
Qutputs Y2 {* Y2 height ' -
Constants G, K ) : : ‘
G = 9.807 (*~ G gravity constant *)
K= 20.8 {(* K bouncing constant ° : *).
EndCenstants
EndStaticStructure
DynamicStructure
Derivatives
Y1/ = =G
Y2r = Y1
EndDerivatives
Updates '
When Y2 Crosses 0.0 ( Telerance 0.01 ),
Yl = -K*v1 , :
Y2 =10 ~ o
EndUpdates : L
EndDynamicStructure o
EndModel BouncingBall

Experiment 1 i
TimeUnitIs Second v
InitialStates

Y1 =0

¥2 = 10.0
EndInitialStates ’
IntegrateBy DiscontinuityProcessingAlgorithm
Communicate at every 0.1 Second

\ Display OutputModule 1 on Screen and on Laser(QMS
SimulateUntil Time = 10.0 Seconds

JEndExperiment 1

Run 1 -
ToObserve BoucingBall
InExperiment 94 _
EndRun 1 . >

OutputModule 1 .
Heading ForFirstPage 1 Line _ ' -
StudyOfBouncingBall
PlotAndList Y2 Versus Time :
EndOutputModule 1 - "

EndProgram StudyOfboucingBall

-~
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.
C D.3 EQUIVALENT FORTRAN PROGRAM WITE RESULTS : BALOOOD30
c FOR BOUNCING BALL MODEL ) BALO0040
. H BALOOOS0
( BALO0060
: BALOOO70
c . Variable List’ L BAL0008O
c & . BAL000S0
C Input : N --Dimension of the Vector of State Variables °* BAL00100
C . - : BALQ0110
C . NDF - —--Dimension of the Vector of Discontinuity BALQ0120
C - Functions : BALO0130
e - ' BAL00140
C . Y{1l)-Y(N) —-Initial Values of State Variables . BALOQ150
c ' , i ) BALO0160
c G ' -—-Constant used in differential eguation for V BALOO170
c- N ‘BAL00180
c K -—-Constant used in Model Update BAL00190
c ' _ BAL00200
c T --Computational Time . . BALOD210
c . . ‘ BALOO220
c TINIT . —--Initial Time Of Simulation . BAL00230
o . BAL00Z240
c TFIN ~-End Time of Simulation , BALQ0250
C BAL0OO0260
c TCOM ~~-Commuhication Time - P BALOG270
c : 3 ' BALO0280-
C COMINT ~-Communication Interyal BALOO2S0
o . BAL00300
c TE --Vector Of Times At Which Time" BALOO310Q
c Events Occur BAL00320
-C . ' BALOO330
c THOR --Horizon Time . ' BAL00340"
c BALOO350
c H *-Integration Step Size BALOO360
c . - / . BALD0370
C HINIT ——Star%ing Integration Step Size BALOO380
c . BALOO390
c . HMAX --Maximum step size integration is BAL00400
c allowed to proceed at A BALOO410
c . ‘ BALO0O4290
C EBOUND - =-Upper Bound On Initial Step Size BALO0430
c - ‘ . BALOO440
C HMIN # —-Minimum step size integration is BAL00450
c allowed to proceed at BALQOQG460
c . ’ BALO0G470
c TOL —--Tolerance or Accuracy specified ?} user BALO0480
C - BAL00490
C NORD --Order of the Integration Method BALDO500
C BALOOS510
COUTPUT T -=Vector of times of Output Values BALO0520
c : ‘ BALOO530
C YVAL (N) --Vector of Cutput at Output Points BALOOS540
c _ BALOO550
C YVALI(N) 1 —-Vector of Output at Output Points BALQOOS560
C BALOOS70
CPROGRAM VARIABLES : ’ . BALOO3S80
C Y (N) ~~State Variables Vector BAL00%90
c : BALOO0600
C DY (N) --Derivative Vector of State Variables _ BALOO®10

»
-

-
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-

BALOO620
BALOO630
BALOO640
BALOOGS0O
BALOOG60
BALO067Q
BALO0GBO
BALOO690

.BALQO700

BALOO710
BALOO720
BALO0730
BALO0O740
BALQ0750
BALO0760
BAL00770
BALOQO780
BAL00790
BALO0BOO
BAL0O0S810
BALO0820
BAL0O0830
BALO0840
BAL0O0850
BALOOB60
BALOQB70
BaLobsso
BALOOBS0
BALO0900
BAL0O0S10
BAL0O0920
BAL00930
BALO0940
BAL00950
BALQ0960

BALO0970
BAL0OOS80
BAL00990

" BAL(C1000

- ™
ER(N) --Vector of Local Error Estimates
.JERMAX_ --Variable containing Maximum Error -
HPOS ' ;jIntérmediate variable used in determining HINIT
NPL --Countexr used for Graphics Routine
YVAL, TIME =zSingle-Precision copies of output Vectors
¥ ed to run Disspla Graphics Package
YLAST (N) --Last Values of State Variables
. ! ‘
DF (DDF) --Present Values of Discontinuity Functions
PDF (DDF) ~~Previous Values of Discontinuity Functions
F(l10,5) --Working Arrays used in Aitken Interpolation
Table J _
TS (10,10), --Working Arrays used in Aitken Interpolation
. Table :
NUM - --Identifies the Discontinuity Function which
. .- has changed its sign in the preceding Step
NOT —-A Flag used to ‘indicate whether the value of the
Discontinuity Function is within the Tolerance
Limit
NUMTE —-Number of Time Events
ITER --Iteration Number
NPL , ~~Counter for plot of E%tput
NTIMEV -~Flag Showing Time Event Taking Place.
NEFIRST —--Flag Showing Initial Step\to be Processed
NTEALL --Flag Showing Discon. are all Time Events .
NTIMUP --Flag Showing Time Update took place
2 G --Constant Used In Differential Eguation For V
JtParameter Useg In Model Update
Variable Peclaration
- IMPLICIT REAL*8 (A-H,03Z2)
DIMENSION Y (5)
REAL*4 TIME1(500),YVAL2{500),YVAL3(500)
COMMON/DIFF/YVAL(500), TIME (500) , YVAL1 (50Q) , NPL
COMMON/FLAG/NUMTE, NTIMEV\ NFIRST, NTEALL
COMMON/CON/G -

COMMON/UPD/C

BAL(01010
BALOL1020
BALQ1030
BAL(01040
BALOL10O50
BALQ1060
BALO01070
BALO1080
BAL01090
BALO01100
BALO1110
BAL01120
BALO1130
BAL01140
BALOL150
BALOL1Y6D
BALO1170
BAL(01180
BAL0L190
BALO1200
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)

COMMON/WHY/COMINT, NOUT, NTIMUP BALQO1210
COMMON/ INTEG/ORD BALC1220 .

EXTERNAL DERIV . ' BAL01230

C Initialization BALQ01240

cC Inig;alize Constants BALD1250

G = 9.807D0 BAL01260

_ o = 0.8 : BAL01270

c: BAL01280

C : Initialize State Variables BALQ12990

Y{1) = 0.0  BALO1300

Y{2) = 10.0 ) ~ BALO1310

c _ Initialize Rdn Control Variables BAL0O1320

' T . = 0.0 BAL01330

TFIN = 10.0 BALOL3407 "

HMIN = 0.,000001 BALQ1350

TOL = 0.00001 BALO1360

ORD =4 . . . BALO1370

COMINT= 0.10 : ' : BAL01380

NDEF = ] : g ‘ BALO1390

N = 2 ‘ — BALO1400

NPL = ] BAL01410

NUMTE = (0 BALQ1420

NTIMEV = { r BAL01430

C . Flag Showing Initial Step to be Processed BAL01440

NFIRST = 0 : : BAL(O1450

c ' 4 Flag Showing Discon. are all Time Ewvents BALO1460

NTEALL = 0 ‘ _ : BALO1470

C _ ./ “Flag &Showing Time Update Took Place BALOL480
* NTIMUP = 1 . ] BALO014%0

C Pre-Run Qutput BALO1500

c Set up Output Format . BALO1510

- BAL01520

WRITE (8,17) . ' BALD1530

17 FCORMAT (1X, ’Problem f,19%, {Study Of Bouncing Ball Model’y¥ BAL01540

WRITE (8, 79) BAL01550

79 FORMAT(1X,’Method:’, 19X, Discontinuity Processing Algorlthm ‘ BALQ1560

+ /30X,’Based On Runge-Kutta Merson’ : BALO1570

+ - /10X/1X, " Time’, 6X,’Height ’,6X,’Velocity') BALQ1580

\ ' BAL0O1580

PRINT *,° ! BALO1600

TIME (1) = 0.0 BALO1610

YVAL1 (1) = 10.0 BALO1620

o BAL01630Q

CALL DISCON(T,Y,TE,N, TFIN, HMIN, DERIV, TOL, NDF} BAL01640

) BALO1650

‘DO 33 I = 1,NPL 3 : BALO1€u0

TIMEL(I) = TIME(I) ’ BALO1670

YVALZ (I) = YVAL(I) BALO1680

YVAL3(I) = YVAL1(I) -~ BALO1690

33 CONTINUE ! BALO1700

o - Post Run OQutput BAL01710

‘ ‘ BALQ1720

DO 59 I = 1,NPL ) BALO1730

WRITE(8,23)TIME(I),YVAL1(I),YVAL{I) BALO1740

23 FORMAT (1X,¥F5.3,5X,F8.3,5X,F8.3) BRL0O1750

59 CONTINUE ® BALO1760

C PRINT*, ‘VALUE OF D IS' D \? BALQL770

CALL ANYDEV ’ BALO1780

BAL01790

CALL GRRPH(TIMEI,YVALB,NPL)



QOO

a0

C

13

PAGE 212

" STOP

END

SUBROUTINE DISFUN(Y,T,M,L,DF)
IMPLICIT REAL*8 (A-H,0-2)
DIMENSION DF{L},Y (M) '
This Subprogram is Responsible For Evaluating The Value

of The Discontinuity or Switching Function.The User Creates

This Module According to His Model
DF{1)=Y(2)
RETURN
END

SUBROUTINE DERIV(T,Y,DY,N)
IMPLICIT REAL*8 (A-H,0-Z2}
DIMENSION Y (N)},DY({N)
COMMON/CON/G }
This is the derivative evaluation Subroutine where the

user should write the model’s system derivatives.
DY (l) = -G
DY(2)= Y (1)
RETURN
END

SUBROUTINE GRAPH(TIMEl,YVAL3,NPL)

This Subroutine Provides A Gfaphical Dlsplay of The

BouncingBall Model.Height is plotted agalnst Time.
DIMENSION TIMEL (NPL), YVAL3(NPIL)
VALMAX = YVAL3(NPL)
VALMIN = ¥YVAL3{(1l}.-
DO 13 I = 1,NPL

I¥ {YVAL3(I) .GT.VALMAX) THEN

VALMAX = YVAL3(I)
ELSE IF(YVAL3(I).LT.VALMIN) THEN
VALMIN = YVAL3(I)

ENDIF
CONTINUE .
MAXVAL = VAIMAX + 1
MINVAL = VALMIN - 1 - -
SPAC1l = . (TIME1l (NPL) - TIME1(1})})/10.0
SPAC2 = (MAXVAL - MINVAL)/10.0 ]
CALL HWROT (‘MOVIE’)
CALL SWISSM )
CALL PAGE(8.5,11.0) N
CALL AREA2D(6.0,8.0)
CALL HEADIN('Study Of Bouncing Ball Model$’,100,1.5,3)
CALL HEADIN({'Discontinuity Processing Algorithm$‘,100,1.25,3)
CALL HEADIN(’Based On RK-Merson$‘,100,-1.15,3)
CALL XNAME (' TIME(se Y57, 100)
CALL YNAME (‘Height ( ,100) .
CALL GRAF{TIME1(1),S Cl,TIMEL1(NPL),0.0,SPAC2,MAXVAL)

C DRAW CURVE WITH ROUNDED AND THICKENED LINE AND
FATIONAL SPLINE INTERPOLATION

CALL RASPLN (1.5)

BAL01800
BAL01810
BAL01820
BALO1830
BAL05330
BAL05340
BARL05350
BAL0S5360
BAL0S5370
BAL05380
BAL05390 .
BAL05400
BAL0S5410
BAL0S5420
BAL05430
BALO5440
BAL0S5450
BALOS460
BAL05470

-BALO5480 -

BAL(OS5490
BALOS5500
BALOS5510
BALOS5520
BALOS5530:
BAL0S5540
BALQ5550
BALO7960
BALO7970
BALO7980
BAL(O7950
BALOBOOO
BALO0B010
BALOBO20
BALOBO30
BAL(OBO40
BALO8050
BALOEOGO
BALO8070
BALOBO0BO
BALOBOSC

BALOB100 -

BALO8110
BALQOB120
BAL08130
BAL08140
BAL08150

BALORB160 -

BALO8170
BAL(08180
BALOB130
BALOE200
BALOB210
BALOB220
BAL0B230
BAL08240
BAL08250
BAL0O8260
BALOBZ270
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CALL THKCRV (.015)
CALL THKRND (0.)

CALL CURVE(TIME, YVAL3,NPL, Q)

CALL ENDPL (0)

RETURN : :

END _ . i

SUBROUTINE OUTRUT(Y,N,T)

IMPLICIT REAL*8 (A-H,O-2)

DIMENSION Y (N)
COMMON/DIFF/YVAL (500) , TIME (500} , YVALL (500) , NPL |

WRITE (6,23) T,Y(2),Y(1) ‘e ~
FORMAT (1X,F5.2, 3X,F9.3, 3X,F9,3)
NPL = NPL + L~

TIME (NPL) = T

YVAL (NPL) = Y (1)

YVALL (NPL) = Y(2)

RETURN

END

SUBROUTINE MODUPD (DF,NDF, T, Y, N, TOL)
This subroutine is model dependent and is supplied by

the user. It contains all time and state events for
the model involved.
DIMENSION Y (N),DF (N) '
COMMON/UPD/C

IF ((DF{l).GE.-TOL) .AND.
Y(1) = =(C * Y(1))
 Y(2) = 0.0
ENDIF
RETURN
END

(DF (1) .LE.O0)) THEN

Iy
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BALOB280
BAL08290
BALO0B300
BAL0B310
BAL08320
BAL08330
BALO0B340
BAL0B350
BALOB360
BALO8370
BALOB380
BAL08390

" BAL0B400

BALDB410
BAL0B420
BALO8430
BAL08440
BALO8450
BALQO8460
BAL0O8470
BALO8480
BALOS8490
BALOB500
BALO8S510
BAL08S20
BAL08530
BALO8S540
BALOS8550
BALO8560
BAL0S8570
BALOSS580
BALO8590
BALO8600
BAL08610
BAL08620
BALO8630
BALO8640



PAGE 214

Method: Discontinuity Processing Algorithm
Bosed On Runge~Kuttao Merson

Problem: Study Of Bouncing Ball Model

Time Height i
(1) (r2) - :
0.000 10.000
‘J 0.100 9.951
0.200 9.804
0.300 9.559
0.400 9.21%
0.500 8.774 S
C.600 8.235
0.700 7.597
C.800 6.862 .
0.900 6,028
1.000 5.096
§.100 4.087
1.200 2,939
1.300 1.713
1,400 0,389
1.428 0.000 .
1.500 0.781
1,500 1.781
1.700 2.684
1.800 3.489
1.900 4.195
2.000 4.804 -
2,100 5.314
2.200 5.727 .
2,300 6.041
2,400 6.257 .
: 2.500 6.376 . .
2.5800 6.396 . ¥
2.700 5.3}8 ) " ‘ . . a
2.800 6.142 . :
2,900 5,868
3.000 5.495
3.100 5.025
3,200 . 4.457
3,300 3.791
3.400 3.026 o
3.500 2.164 : - Lo
3.600 1.203
3.700 0.144 <
INn3 0.000 '
3.800 Q.743
3.900 1.50%
4.000 2,169
4.100 2.735 . _
4.200 3.202 . R
4.300 3.572 .
4.400 3.844
4.500 4.017 .
4.600 4,092 .
4.700 | 4,070 ' . : 1
4.800 . 3.949 p - :
4.900 3.730
5.000 3.413
5.100 2,998
5.200 2.486
5.300 1.87%
5.400 1.165

5.500 0.358. . .
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Mathod: Discontinuity Processing Algorithm
Bosed On Runge-Kutta Merson

Problem: Study Of Bouncing Ball Moda)

Tima Height
5.541 0.000
5,600 0.407 \\
5.700 1.017 -
5.800 1.529 . ‘
5.900 1.943 ' .
6.000 2.259
6.100 2.476
6.200 2.595
6.300 2.618
5.400 2.541 . . .
§.500" 2.367 oo .
§.600 2.094
6.700 1.723
6.800 1.255
§.900 * 0.688 : ; i
- 7.000 | 0.023
—— 7.0053 0.000
7.100 0.509 .
7.200 0.939
7.300 1.271 :
7.400 1.504 - ' :
7.500 1.640
7.600 1.677 _ . _
7.700 1.616 e . o .o .
7.800 1.458 : ‘
7.900 1.201
B.000 0.846
8,100 0.393
8,173 0.000
8,200 0.120
8.300 0.503
B.400 0.789
8.500 0.976 . : o
8.500 1.065 : . o
8.700 1,057
8.800 0.950
8.900 0.745
9.000 CD.442
$.100 0.041 N : :
9,109 0.000 . e
9.200 ) 0.294 :
© 9.300 0.522
9.400 0.653
9.500 ¥ 0.686
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&

Helght(m)

4.8

6.0

0.0

7.2

|

i
Study Of Bouncing Ball Model
Discontinuity Processing Al gorithm .
_ laged Cn RK-M@V@@W :

7

0.0

T
1.0

T T =T T T f T T
20 3.0 4.0 5.0 8.0 - 7.0 8.0 9.0

TIME{t ecrnde)
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Appendix. E THE SAFETY PARACHUTE MODEL

E.1 Problem Definition .

This model 4illustrates the use of the discontinuity
processing algorithm in the processing of time and state

events. The simulation simulates the trajectory' of a

parachutist starting at a height .of }gOOm at the point of

leaving the aeropiané, to the speclfic time of popping the
parachute at T ~ 5 geconds, to the point when the emergency
parachute"’pops at a height of QOOm. and. the subsequent

descent. The aeroplane is assumed to be flying at a fairly

‘level trajectory before allowing the parachutist to Jjump.

~ Thus the initial horizontal component of veloclty is given

to be large as opposed to the upward vertical component of
velogity which i§ very small. The world view taken is that
the upward vertical velocity and the eastérly horizontal
component of._velocity, were Dboth positive. The reverse
directions were mnegative. The iesults displayed by the
simulation ére as expected. They 1ndicate a drastic
reduction in the horizontal component of the velocity and a
quick change of an upward to a downward component of
velocity in the first second. THe horizontal component of
velotity continues to fall at a reduced rate while the
downward vertical component of wveloclity increases rapidly
and gradually levels off. At the +time of the first

discontinuity, it 18 assumed that +the parachute falls
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t

opening only partially and uhence increasing the drag
coefficient slightly. This point occurs at T - 5.where the
vertical compopent of velocitg" decreases only slightly. When:
the salety ;igéchute is pulled, the d£ag ,coefficient
inéreases and the wvertical component of wvelocity reduces
' sharply. The desceﬁt hereafter sees the horizontal
component diminish 'to zero over time with the verticai
component stabilizing at a .constant velocity' untlil the

parachutist finally larnds.

BT

(AW
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E.2 Gest Specification of The Safety Parachute Model

Program StuciyOfS_afetyParachuter .

ContinuousModel SafetyParachute
StaticStructure
States Y1,Y2,¥3 (*.Y2 Vertical Component of Velocity *)
*.Qutputs ¥1,Y2 {(* Y1 Horizontal Component of Velocity *)
AuxiliaryVariables V (* V Velocity , Y3 Height *)
Constants G
G = 9.807
EndConstants
Parameters M,D,TE {(*-TE Parachute Opening Time (s)
D Drag Coef. (kg/m)

M Mass (kg)
EndStaticStructure

DynamicStructure
Derivatives
- Y1/ = —{D*V*Y1} /M -
' Y2' = ~G-(D*V*Y2) /M
v = SqQrt (Y1l**2+Y2**2)
Y3’ - Y2
EndDerivatives
Updates

When Time = TE | > :
D= 1.5 (* Update of parameter *)

When ¥3 = 9040 : ;
D 27,0 (* Update of parameter *)

-~ " EndUpdates . ) :
EndDynamicStructure o T
t

EndModel SafetyParachute

Model Parachute
Parameters
TE = 5.0
M = 70
D= 0.7
EndParameters
EndModel Parachute .
EndParameterSetl .

irrameterSet 1

Experiment 1
TimeUnitls Second
InitialStates
Yl = 800.0
Y2 = 10.0
¥3 = 1000.0
EndInitialStates
IntegrateBy Discontinuity Algorithm
Communicate at every 0.3 Second
Display QutputModule 1 on Screen and on LaserQMS
SimulateUntil Time = 20.0
- EndExperiment 1 .
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Run 1
ToObserve Parachute
WithParameterSet 1
InExperiment 1
EndRun 1 . &

OutputModule 1
NewPage _ . .
Heading ForFirstPage 1 Line o : — - .

StudyofSafetyParachute
PlotandList Y1,Y2,Y3 Versus Time
EndOutputModule 1

. N ' A
EndProgram StudyQfFaultyParachute : . - (
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b

Equiivalent Fortran Program With Results
For Safety Parachute Model

Variable List j . ' .

C

c ' .

C Imput : N ~ ~-Dimension of the Vector of State Variables~
g NDF —-Dimengion of the Vector of Discontinuity
C Functions

g Y{1)-Y (N) =-Initial Values of State Variables

g G --Constant used in differential equatioﬁ for v
g K --Constant used in Model Update

g T ~-—-Computational Tirhe

g TINIT ~~Initial Time Of Simulation

‘g TFIN ~-End Time of Simulation

g TCOM ~~Communication Time’ N

g COMINT ~-Communication Interval

g TE - ‘ --Vector Of Times At Which Time

c Events Occur

g THCR - —--Horizon Time

g H --Integration Stfp éiﬁe b

g HINIT --8tarting Integration Step Size

g HMAX --Maximum step size integration is

c allowed to proceed at

C HBOUND --Upper Bound On Initial Step Size

g BEMIN --Minimum step §§;e integration is

C allowed to proceed at

g " TOL ~~Tolerance or Accuracy specified by user
E NORD -~-Order oi%the Integration Method . .‘
COUTPUT :7 ‘ --Vector of times of Qutput Values

g YVAL (N) --Vector of Qutput at OQutput Points

g * YVALL (N) --Vector of Output at Output Points ,
CPROGRAM VARIABLES

C Y (N) —--State Variables Vector

g DY (N) ~-Derivative Vector of State Variables

g ER (N) ~-Vector of Local Error Est:imates’

g ERMAX --Variable containing Maxi. um Error ’

SAF00010
SAF00020
SAF00030.
SAF00040
SAF00050
SAF00060
SAF00070
SAF00080
SAF00090
SAF00100
SAF00110
SAF00120
SAF00130
SAF00140
SAF00150
SAF00160
SAF00170

- SAF00180

SAF00190
SAF00200 -
SAF00210
SAF00220
SAF00230
SAF00240
SAF00250
SAF00260
SAF00270
SAF00280
SAF00290
SAF00300
SAF00310
SAF(00320
SAF00330
SAF00340
SAF00350
SAF00360
SAF00370
SAF00380
SAF00390
SAF00400
SAF00410
SAF00420
SAF00430
SAF00440
SAF00450
SAF00460
SAF00470
SAF00480
SAF00490
SAF00500
SAF00510
SAF00520
SAF00530
SAF00540
SAF00550
SAF00560
SAF00570
SAF00580
SAF00590
SAF00600
SAF00610
SAF00620
SAF00630
SAF00640
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o

HPOS
NPL

YVAL, TIME

YLAST (N}
DF (DDF')
PDF (DDF)

F(l0,3)
TS(10,10)
NUM

NOT

NUMTE
ITER
NPL

>
NTIMEV
NEIRST

-

NTEALL

NTIMUP
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.--Intermediate variable used in determining EBINIT

—--Counter used for Graphics Routine

--Single Precision copies of output Vectors
needed to run Disspla Graphics Package

~-Last Values of State Variables %,

—-Present Values of Discontinuity Functions

+ ——Previous Values of Discontinuity Functions

—¥Working Arrays used in Aitken Interpolation
Table

~-Working Arrays used in Aitken Interpolation
Table

——Identifies the Discontinuity Function which
has changed its sign in fhe preceding Step:

=-A Flag used to indicate whether the value of the
Discontinuity Function is within the Tolerance
Limit .

-—-Number of Timé'Events

--Iteration Number

~=Counter for plot of Output

--Flag Showing Time Event Taking Place

--Flag Showing Initial Step to be Processed

--Flag Showing Discon. are all Time Events

--Flag Showing Time Update took place

Variable Declaration.

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION Y (5),TE(5)

REAL*4 TIME1(500),YVAL2(500),YVAL3(500),YVALA4 (500)
COMMCN/DIFF/YVAL(500) , TIME (500), YVAL1 (500), Y4(500) NPL
COMMON/FLAG/NUMTE, NTIMEV, NFIRST, NTEALL

COMMON/DER/D, G, M :

COMMON/WHY/COMINT, NOUT, NTIMUP

COMMON/INTEG/NORD

EXTERNAL DERIV

M 70.
G
D

natn

0.7

Y(1) = 800.0
¥{2) = 10.0
Y(3) = 1000.0

T = 0,6
TFIl = 20,0
TA{l) = 5.0

9.807D0

Initialization
Initialize Constants

Initialize State Variables

Initialize Run Control Variables

SAF00650
SAF00660
SAF00670
SAFQ0680
SAF00690
SAF00760
SAF00710
SAF00720
SAF00730
SAF00740
SAFQ0750
SAFQ00760

SAF00770

SAF00780
SAF00790
SAF00800
SAF00810
SAF00820
SAF00830
SAF00840
SAF00850
SAF00860
SAF00870
SAF00880
SAF00890
SAF00900
SAF00910
SAF00920
SAF00930
SAF00940
SAF00950
SAF00960
SAF00970
SAF00980
SAF00990
SAF01000
SAF01010
SAF01020
SAF01030
SAF01040
SAF01050
SAF01060
SAF01070
SAF01080
SAF01090
SAF01100
SAF01110
SAF01120
SAF01130
SAF01140
SAF01150
SAF01160
SAF01170
SAF01180
SAF01190
SAF01200
SAF01210
SAF01220
SAF01230
SAF01240
SAF01250
SAF01260
SAF01270
SAF01280
SAF01290
SAF01300
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17 FORMAT (1X, "
+ /13X,'Time And State Events’) ‘ <

: PAGQE 223
TE(2) = 7.02

COMINT = 0.3

HMIN 0.0000001 .

TOL 0.00001 : -
NORD ‘

NDF
N
NPL
NUMTE

MW

FLAG SHOWING TIME EVENT TAKING PLACE
NTIMEV

|
(]

FLAG SHOWING INITIAL STEP TUéBE PROCESSED

n
o

NFIRST
FLAG SHOWING DISCON. ARE ALL. TIME EVENTS

]
(o]

NTEALL
FLAG SHOWING TIME UPDATE TOOK PLACE
NTIMUP :

I
[

Pre-Run Odtput .
Set up Qutput Format

WRITE (8,17)

Problem:’,1X ,"Study Of Safety Parachute Model’

WRITE (8,11)

11 FORMAT(1X, *Method:’,1X ;’Discontinuity Processing Algorithm’)

33

23
59

. ok

PRINT *,- !

TIME(l) = 0.0

YVAL(l) = B0@.0

YVAL1 (1)= 10.0 '

Y4(1) = 1000.0 *
CALL DISCON(T Y,TE,N, TFIN, HMIN PERIV, TOL, NDF)

bo 33 I = 1,NPL Q§
TIMEL(I) = TIME(I)
YVALZ2 (I) = YVAL(I) —_
YVAL3({(I) = YVAL1{I)
YVAL4 (I} =Y4(I) .
CONTINUE :
. - Post Run Qutput
DO 59 I = 1,NPL
WRITE (8,23) TIME (I),YVAL(I), YVALL (I} ,Y4 (1)
FORMAT (1X,¥6.2,5X,F8.3, 5%, F8 3,5%,F8.3) N
CONTINUE \
PRINT*, ‘VALUE OF D IS’,D

CALL ANYDEV h .
CALL GRAPH (TIME1, YVAL3,NPL)

CALL GRAPH (TIMEL, YVAL2,NPL)

CALL GRAPH({TIME1, YVAL4, NPL)

STOP

END

SUBROQUTINE DISFUN(Y,T,M,L,DF) -
IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION DF(L),Y (M)
This subprogram is responsible for evaluating the value
of the discontinuity or switching function. The user creates

this module according to his model.
DF(1) = Y(3) - 3800
RETURN

SAF01310
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SAF(01330
SAF01340
SAF01350
SAF01360
SAF01370
SAF01380
SAF01390
SAF01400
SAF01410
SAF01420
SAF01430
SAF01440
SAF01450
SAF01460
SAF01470
SAF01480
SAF01490
SAF01500
SAF01510
SAF01520
SAF01530
SAF01540
SAF01550
SAF01560
SAF01570
SAF01580
SAF01590
SAF01600
SAF01610
SAF01620
SAF01630
SAF01640
$AF01650
SAF01660
SAF01670
SAFO1680
SAF01690
SAF01700
SAF01710
SAF01720
SAF01730
SAF01740
SAF01750
SAF01760.
SAF01770
SAF01780
SAF01790
SAF01800
SAF01810
SAF01820
SAF01830
SAF01840

.SAF01850

SAF01860
SAF05340
SAr05350
SAF(05360
SAF05370
SAF05380
SAF(05390
SArG5400
SAF05410
SAF05420
SAF05430



C DRAW CURVE WITH ROUNDED AND THICKENED LINE AND
C RATIONAL SPLINE INTERPOLATION

e NN e

END

R

I's

SUBROUTINE DERIV(T,Y,DY,N) : .

IMPLICIT REAL*8
DIMENSION Y (N),DY(N)
COMMON/DER/D, G, M

A-H,0-2)
( . Y

This is the derivative e

— subroutine where the userns

write the model’s system derivatives.

V o= SQRT(Y(1)*Y (1)+Y(2)*Y (2))

DY{1l) = =~ (D*VxY (1)) /M
DY{2)= =G —(D*V*Y (2)})}/M -
DY(3)= Y(2)
TURN
ND

SUBROUTINE GRAPH{TIMELl, YVAL3,

This Sy

Bouncin
DIMENSION TIMEL (NPL
VALMAX = YVAL3 (NP
VALMIN = YVAL3{1)

/
routine Provides
all Model.Heigh

raphical Display of The .
is plotted against Time.
VAL3 (NPL)

DC 13 I = 1,NPL
IF (YVAL3(I).GT. VALMAX) THEN

VALMAX = YVAL3(I) '

ELSE IF(YVAL3(I).LT.VALMIN) THEN

VALMIN = YVAL3(I) , .

ENDIF )

13

CONTINUE : - LR
MAXVAL = VALMAX + 1 : S

MINVAL = .VALMIN - 1

SPACL =
SPAC2 =

CALL
CALL
CALL
CALL
—CALL
CALL
CALL
CALL
CALL
CALL

CALL

{(TIMEL (NPL) - TIME1(1))/10.0

(MAXVAL - MINVAL)/lp.O

HWROT { MOVIE") '

SWISSM

PAGE (8.5,11.0)

AREA2D (6.0,8.0)

HEADIN (" Study Of Safety Parachute Model$’,100,1.5,3)
HEADIN (‘Discontinuity Processing Algorithm$,100,1.25,3)
HEADIN (' Based On' RK-Merson$’,100,-1.15,3)

XNAME (' Time (4edonds) $7,100) .

YNAME (' Helght(m)s' 100)

GRAF(TIMEI(I),SPACl TIMEL {NPL) ,MINVAL, SPACZ MAXVAL)

RASPLN (1.5)

CALL THEKCRV (.015)

CALL THKRND (0.)

CALL CURVYE (TIMEL, YVAL3,NPL, 0)

CALL ENDEL(0) .
RETURN : ! ) -

END -

SUBROUTINE OUTPUT(Y,N,T)

IMPLIT

DIMENSION Y (N)

CIT REAL*8 (A-H,0-2)

e

COMMON/DIFF/YVAL(500), TIME(500),YVAL1 (500),Y¥4(520),NPL

/ WRITE

(6,23) T,Y(2),Y{(1) "

23 FORMAT{1X,F5. 2 3X,F9.3,3X%,F9.3)
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SAr054490
SAF05450
SAF05460
SAF05470
SAF05480
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SAFO05500 |
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[oRe N 9!

4

NPL = NPL + 1
TIME(NPL) = T
YVAL(NPL) = Y (1)
‘YVALL (NPL) = Y (2)

Y4 (NPL) = Y{(3)

RETURN

END -
L.

SUBROUTINE MODUPD (DF,NDF, T, Y N, TOL)

This subroutine is model dependent and is supplled by
It ¢tontains all time and state events for

the user.

.the model involved.
DIMENSION Y (N),DF(N)
COMMON/DER/D, G, M

IF (T.EQ.S5.0) THEN

D= 1.5
ENDIF

IF ((DF(l).GE.-TOL ) AND.
. D= 7.0

ENDIF

RETURN '

END 3

({DF (1) .1LE.O
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‘Problem: Study Of Sofety Porochute Mod,l

Time And Stote Events

Method: Discontinuily Processing Methos

Time

(M
.00

.60
.90
.20
.50
.80
.10
.40
.70
.00
.30
.60
.90
.20
.50
.80
.00
.10
.40
.70
00
30
.60
.90
.00
.20
.50
.80
10
.40
.70
.00
.30
N-14
.80

10.20

10.50¢

10.8¢

11.10
. 11.40

11.70

12.C0

12.30

12.60

12,90

13.2Q

COVVIRD ALY LDV VU RE R HWUWRNPDN 220000

13.50 -

13.80
14.10
14,40
14.70
15.00
15.30
15.60
15.90
16.20
16.350
16.80

17.10

17.40
17.70
18.00
18.30
18.60
18.90
19.20
19.50
19.80
20.00

30

qulocity

)

800.0C00
235.299
137.933
97.533
75,440
61.467
51.816
44.726
39.27%
34,928
31,339
28.355
$25.773
23.516
21,513
19.716
18.088
17.083
16.086
13,565
11,566
9.937
8.581
7.436
6:459
6.1861
4,244
2.745
1.906
1.368
0.998
Q.733
0.543
G.402
0.299
0.222
0.185
0.122
0.0%1
0.067
0.0350
0.037
0.028
0.021
Q.015
0.011
0.008
.0.006
0.005
0.003
¢.003
0.002
0.001
0.001
0.00%
0.001
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Velocity
(v2)

10.000
1.038
-1.725
-3,732
~5.494
-7.146
-8.73%
-10.280
-11.789
-13.263
-14.699
~16.091
~17.433
-18.718
-19.940
21.091
-22.169
-22.844
-22.463
-21.650
-21.181
~20.928
-20.811
~20.776
-20.791
-20.804
-15.968
-12.734
~11.318 -
-10.632

-10.284
|\ -10.103
~10.009

~9.959
~9.932
-9.519
-9.91
~9.907
~9.905,
-9%90%
-9.9
-9.903
~9.903
~9.903
~3.903
~3.903
-9.903
~9.903
-9.903
-9.503
-9.903
-3.903
~3.903
-9.903
~3.303
~9.903
-9.903
-9.903
-9.903
-9.903
-9.903
-5.903
-9.903/
-9.903
-9.903
-9.903
-9.903
-9.90%,
-9.903 -
-9.903

he lght
(r3)

1000.000
1001.219
1001.082
1000.234
998,866
996,968
994,585
§91.731
988.420
984 .661
980.466
975.846
970.816
965.392
959.592
953.435
945.944
942,442
940.178
933.571
927.154
920.841
914,383
908.347
802.112
900Q.000
-B96.412
B92.178
866.587
885.316
882,185

879,130 .

876.114
873.120
870.137
867.159
B64.185
861.212
858.240
855,269
852,298

849.327

846,396
B43.383
B40.414
B37.443
B34.472
831.501
828,530
825.559
822.588
819.518
B16.647
B813.576

810.705 .

807.734
804.763
801,792
798,821
795.850
782.879
789.908
786.938
783.967
780.998
778.025
775.054
772.083
769.112
767.132

Ceaten Lot [ERIELENEER

PAGE 226



PAGE 227

-

Study Of Safety Parachute Model
Discontlnuity Processing Algorithm
Based On RK-M@R‘S@W
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Vertical Component Of Velocity{m/s)

7.8 11.0 .

4.2

L -12.8 - -0.4 -8.0 -2.8 0.8 -

- -18.2

-18.8

-23.0

]
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Study Of Safety Parachute Model
Discontinuity Processing Algerithm
Based On RK-Merson . .

0.0

[ T I I -I. 1 1 /4
2.0 4.0 6.0 8.0 10.0 12.0 140 18.0 18.0 2000
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Helght{m)
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1
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- Study Of Safety Parachute Model
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. Appehdix. F THE TREE BIOMASS MODEL

F.1 _ Problem Description

Thig simulation is <fully described by Goldatein and
Harrlis (1873). It is a deterministic model to simulate tree

biomass dynamics of a closed canopy, forested watershed on a

‘year to year basls. The model is conceived on the basis of

measurable forest p%ocesses.inrluencing change in biomass.
Trees are divided into threes gize classes: 1.3-8.8, 8.9-23.8
and »23.8 dbh (diameter at breast height) and the Tesulting

coupling between the different compartments i1s as shown in

"Figure F.1l. The live above ground biomasses are deslgnated

X1, Y2 and Y3 respectlvely. There are three variables Y4,

Y5 and Y6 for the three size classes of standing dead

- material and Y? is the total live root biomass in all the

classeés. The equations defining the rate of change of these'
variagaes‘and a&l other model information is shown in.the
Gest specification 4in séction F.2. The simulation 1is.
carried out over a 300 year period with %he following
initial conditions for each sector Yi: 10000, 30000, 60000,

2500, 2000 and 32000 (measured in kilograms per hectare)

The resulta are similar to those shown in the article by

Goldstein and Harris (1973).
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’AIIORTALITY

- PRODUCTION
ABOVEGROUND - :
LIVE SMALL [—OUTGROWTH—® \EpmoM [—OUTGROWTH -+ LARGE
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Figure F.1 Schematic diagram depicting compartments and transfers of nonfoliar

biomass for SERENDIPITY

f
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F.2 Gest Specification of The Tree Biomass Model
: . &
Program StudyOfTreeBiomassDynamics . .
CoupledModel ForestBiomass
ComponentModels
LiveAbovegroundBiomass
StandingDeadCompartments
RootBiomass _ ‘
EndComponentModels _ &
ContinuousModel LiveAbovegroundBiomass
StaticStructure ' . .
States . ‘ )
Y1, (* Live Aboveground Biomass of the
small size class *}
Y2, . (* Live Aboveground Biomass of the
™ medium size class *)
Y3 : : {* Live Aboveground Biomass of the . .
oL large size class *)
« Outputs
' Y1,
Yz,
Y3’ ) '
BIOSUM (* Total Aboveground_Biomass S*)
AuxiliaryVariables ' .
PY2({3], (* Live Aboveground Biomass of the

medium, size class in the last

3 consecutive years *)
f PY3(3] (* Live Aboveground Biomass of the
i . large size class in the last .
3 consecutive years . *)
Parameters ! <
" Prods, (* Production rate in small size
class *)
ProdM, ' (* Production rate in medium size
: class *)
ProdL, {(* Production rate in large size
class *) :
Outgs, (* Qutgrowth from small size class *}
OutgM, 4 (* OQutgrowth from medium size class *Y v
Cutgl, (* Outgrowth from large size class *)
Morts, {(* Mortality from small size c¢lass *)
MortM, (* Mortality from medium size class *)
MortL, {(* Mortality from large size class *)
YMAX, (* Maximum Aboveground Live Biomass
Density *)
I (* Ingrowth rate coefficient *)
EndStaticStructure
DynamicStructure -
Derivatives - )
Y1’ = (ProdS - QutgS) * Y1 * (1 —-(Yl + Y2 +Y3)/YMAX)
- MortS * Y1* (1 + (Y1 + ¥2 + Y3)/YMAX) + I *
(PYZ[3] + PY3([3]) * (L - (Yl + Y2 + Y3)/YMAX)
Y2’ = (ProdM -~ QutgM) * Y2 * (1 —(Y1l + Y2 +Y3)/YMAX)
- MortM * Y2* (1 + (Y1 + Y2 + Y3)/YMAX) + Outg$S
YL % {1 - (Y1 + Y2 + Y3)/YMAX)
Y3’ = ProdS * Y3 * {1 -(Yl + Y2 +Y3}/YMAX)

= MortL * ¥3* (1 4+ (Y1 +.Y2 + Y¥3)/YMAX) + OutgM



PY2(3]
PY2[2)
PY2[1)
PY3[3]
PY3[2]
PY3[1)]

*Y2 * (1 - (Yl + Y2 + Y3)/YMAX)

- PY2[2]
PY2(1]
Y2
PY3([2]
PY3[1)
Y3

EndDerivatives
QutputFunctions
BIOSUM = Y1 + ¥2 + Y3
EndOutputFunctions
EndDynamicStructure

EndModel LiveAbovegroundBiomass

W

ContinuousModel StandingDeadCompartments

StaticStructure
Inputs
Y1,
Y2,
Y3
States s
Y4,

Y5,

Y6
Cutputs

Y4,

¥5,

Y6
Parameters

Morts,

MortM,

MortL,

YMAX,
MdsS,

MdM,

MdL,

F£fmS,
FEmM,
Ffml

EndStaticStructure
DynamicStructure
Derivatives
¥4’ = MortS * Y1 * (1
* Y4

(* Standing dead material for small

‘size clas

(* Standing dead material for medium

size clas

(* Standing dead material for large

size clas

~

{* Microbial
standing
(* Microbial
standing
(* Microbial
standing

' PAGE 2395

s
]
S

~

decay rate of ‘small’
dead :
decay rate of ‘medium’
dead

decay rate of ‘large’
dead

(* Movement small standing dead to

forest floor

(* Movement medium standing dead to
forest floor

(* Movement large standing dead to

forest f1l

oor

+ (¥l + ¥2 + Y3)/YMAX) - (MdS + FfmS)

Y5/ = MortM * Y2 * (1 + (Y1 + Y2 + Y3)7YMAX) - (MdM + FE£mM)

* Y5

Y6’ = MortL * Y3 * (1 + (Y1 + Y2 + Y3)/YMAY) -

* Y6
EndDexrivatives
EndDynamicStructure

. EndModel StandingDeadCompartmentg

ContinuousModel RootBiomass

(MdL + F£mL)

*)
*)

*)

*}
*)

*).

*)
*)

*)



P

. {(MortS+*Y1l + MortM*Y2 +
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StaticStructure
Inputs
Y1,
Y2, - . i
Y3,, _ *
BIOSUM, - o )
PY2(3], .
‘PY3(3] . o
States s : .
Y7 (* Total live root biomass in all
‘ - dbh classes
Qutputs -
17, . .
. Ratio ra {* Root/Shoot Ratio
Parameters ' .
Morxts, : ,
MortM,
MortL, : i
YMAX,
Prods,
ProduM, ’ d Vﬂ
ProdL, -
I, * . :
RT, . . . {* Root Turnover *) .
* E (* Ratio of biomass translocated t
the roots to aboveground prodn. *)
EndStaticStzructure .
DynamicStructure
Derivatives
Y7/ = E * (ProdS*Yl + ProdM*YZ2 + ProdL*Y3 + I~
(PYZ2[3) + PY3([3]) * (1-(Y1l + ¥2 + Y3)/YMAX) ~
MortL*Y3}) * (1 +
(Y1 + Y2 + Y3)/YMAX) * (Y7/(Yl + Y2 + Y3))) - RT*Y7
EndDerivatives :
QutputFunctions
Ratio = Y7/BIOSUM
EndQutputFunctions
EndDynamicStructure
EndModel RootBiomass

InternalCoupling
RootBiomass.Yl <-- LiveAbovegroundBiomass.Yl

*)

*)

RootBiomass.,Y2 <--
RootBiomass.Y3 <--
RootBiomass.PY2[3)]
RootBiomass,.PY3{3]

LiveAbovegroundBiomass.Y?2
LiveAbovegroundBiomass, Y3
<~-- LiveAbovegroundBiomass.PY2[3]
<-- LiveAbovegroundBiomass.PY3[3]

StandingDeadCompartments.¥l <—- LiveAbovegroundBiomass. Yl .

StandingDeadCompartments. Y2 <~- LiveAbovegroundBiomass. Y2

StandingDeadCompartments.Y3 <-- LiveAbovegroundBiomass.Y3
EndInternalCoupling

ParameterSet 1
Model LiveAbovegroundBiomass

Parameters
ProdS .= 0,12
ProdM = 0.05S )
Prodh = 0.03
Outgs = 92.10
CutgM = 0,025
MortsS = 0.020
MortM = 0.010
MortL = 0.Q05
I = 0.001
YMAX = 400000

EndParameters



EndModel LiveAbovegroundiiomass

Model StandlnggpadCompartments

EndModel Sta

dingDeadCompartments

Parameters
MdS = 0.0001
MdM = (0.0001
MdL = 0.,0001
FfmS = 0.2000
. FEmM = 0,2000
FfmL, = 0,200 ===
MortS ., = 0.2200
MortM = g/ggoo
MortL = ¢.0050
YMAX =/ 400000
EndParametdrs

Model RootBidmass
Parameters .
ProdS = (0,12
ProdM = 0.05
ProdL = 0.03
MortS = 0.020
 MoreM = 0,010
MortL = 0.005%
I = 0,001
RT = 0.266
E =2.0

YMAX = 400000

EndParameters

EndModel RootBRicmass

EndParameterSet 1

Experiment 1
TimeUnitls Year
StartTime = 0.0

IntegrateBy Runge- KuttaFehlberg

Tol = 0.000001

-

Communicate at every 3 Years

SimulateUntil Time = 300.0

Model LiveAbovegroundBiomass

InitialStates
Y1 = 10000.0
Y2 = 30000.0
Y3 = 6§0000.0
PYZ2[1] = 30000.0
PY2(2] = 30000.0
PY2[3] = 30000.0
PY3[1] = 60000.0
PY3([(2] = 60000.0
PY3[3]) = 60000.0
EndInitialStates

SaveQutputs Y1,Y2,Y3, BIOSUM
EndModel leeAbovegroundBlomass
Model StandingDeadCompartments

o

: InitialSpates
' Y4 = 2500.0

Y5 = 2000.0

Y6 = 2000.0
_EndInitialStates

SaveQutputs Y4,Y5,Y6
EndModel StandingDeadCompartme

Model RootBicmass
InitialStates
Y7 = 32000.0
EndInitialStates

K
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SaveQutputs Y7,RATIO
EndModel RootBiomass
EndExperiment 1

Run 1
ToObserve ForestBiomass
WithParameterSet 1
InExperimentrl K:\\
WithPostRun )
OutputModule 1 On Printer L
OutputModule 2 On Printer
OutputModule 3 On Printer
EndPostRun
EndRun 1

OutputModule 1
New Page!
Heading ForFirstPage 1 Line
- 'Study of Aboveground_Live_ Compartments’
List Parameters And InitialConditions
PlotandList Y1,Y2,Y3

EndOutputModule 1

OQutputModule 2
New Page .
Heading ForFirstPage 1 Line
*Study of Aboveground_standing_Dead_Compa;tments'
PlotandList Y4,YS5, Y6 s
EndOutputModule 2
OutputModule 3
New Page
Heading ForFirstPage 1 Line
*Study of Root Biomass’
List ¥Y7,BIQSUM, RATIO
EndOutputModule 3 o
EndProgram StudyOfTreeBiomassDynamics o -

-
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c
c
o
C
C
C..
C
c
C.
C
c
C
C
C
C
C
C
c
c
C
C
Cc
c
C
C
Cc
C
C
C
C
C
C
C
C

C
C

C
C
C

C

C
C
c
c
c

C
C-
C
c
C

C

C

C
C

C

c

C

C

C

F.3

Input

Qutput

.
.
~

Equivalent Fortran Program Wlth Results
For Tree Biomass Model

N

Y (1) s (N)
T

TINIT
TFIN
TCOM

COMINT

H
HINIT
HBOUND

HMIN

TOL

TIME 4
Y (1) ~Y(7)
BIOSUM

RATIO

Program Variables

Y (N)

DY (N)

-DY1(15}-DY4(15)

F1(15)~F3(15)

NFLAG

HPOS

PAGE 2387

Variable List
--Dimension of the Vector of State Variables
-~Initial Values of State Variables
—-Computationaerimel

--Initial Time of Simulation

--End Time of Simulation

--Communication Time
--Communication Interval
—-Current Integration Step Size
--Starting Integration Step Size
—-Upper Bound oh Initial Step Size

—-~Minimum step 512e 1ntegratlon is
‘Variable List
-

I

-~Tolerance oz Accur;by specified by usex

—

-=-Vector of times of Output Values

—-Vector of values of Y at Qutput Points

--Total Aboveground Production of Biomass

--Biomass Tfansported to Biomass Production

--State Variables Vector
--Derivative Vector of State Variables

--Working Vectors in Integration Routine
capable of Integration systems with up
to 15 state variables.

~-Working Vectors in Integratlon Routine
capable of Integrating systems with up
to 135 state variables. ,
-~Flag Which Signals Collection of Output
Variables,

~--Intermediate variable used in computing HINIT

.

REKBO0O010-
RKBO00O20
RKBO0030
RIBO0040
RKBO0O0S0
RKBO0OO60
RKBOOO70
RKB(OO00B0

REBO00SO

RKB0O0100 .
RKBQ0110
RKBOO120
RKBOQ0130

~RKB00140

RKBQ0150
RKB00160
RKB0O0170
RKB00180
RKB0O0O190
RKB00200
RKB00210
RKB00220
RKB00230
RKBQ0240
REB00250

"REKB00260

RKB00270
RKB00280
RKB00290
RKB00300
RKB00310
RKB00320
RKB00330
RKBO0340
RKB00350
RKB00360
RKB00370
RKB00380
RKB00390
RKB00400
RKB00410
RKB00420
RKB00430
RKB00440
RKB00450
RKB00460
RKB00470
RKB00480
RKB00490
RKB00500
RKBO0510
RK300520
RKB00530
RKB00540
RKB00550
RKB00560
RKB00570
RKB00580
RKB00590
RKBO0600
RKBO0610
RKB00620



QOO0

OO0

199

NPT

FDER

This Test Program Demonstrates the use of the Fourth

PAGEIZSB

—-Counter used for Graphiés.Routine.

--Maximum value of derivative functions at
initial time

Order Runge-Kutta Integration ‘Algorithm in the

Slmulatlon of Coupled Model Tree Biomass

PROGRAM MAIN
IMPLICIT REAL*4

(A~H,0-2)
DIMENSION Y (10),DY(10)},ERR(10)

~

COMMON/DIFF/TIME(400)r!l(400) Y2 (400}, Y3(400) Y4(400) Y5(400)
COMMON/DIFF1/Y6 (400} ,Y7(400),BIO(400),RAT (400)
COMMON/PARS/DMORTS, DMORTM, DMORTL, YMAX, DMDS, DMDM, DMDL, FFMS, FFMM
COMMON/PARS1/PRODS, PRODM, PRODL, DI, RT, E,OUTGS, OUTGM, FFML, H
COMMON/COUNT/NK, PREVY2, PREVY3,P2 (3}, 93(3) ' o
COMMON/GRA/NPL ‘ :

COMMON/XMEN/PU (32)
CHARACTER*1 CHOICE

EXTERNAL DERIV

PRINT*, ‘Welcome to the Tree Blomass Model'

PRINT*, ‘Would You lee To Perform a Slmulatlon ?{Y/N)y

PRINT*, ¢ .
READ*, CHOICE.
IF (CHOfCE .EQ.

CALL INIT
DMORTS = PU(1)
DMORTM . = PU(2)
DMORTL = PU(3)
YMAX = PU(4)
DMDS = PU(5)
DMDM = PU{(6)

_ DMDL = PU(7)
FEFMS = PU(8)
FFMM = PU(9)
FFML = PU(10)
PRODS = PU(11)
PRODM = PU(12)
PRODL = PU(13)
DI = PU(1l4)
RT = PU(15)
E _ = PU(16)
QUTGS = PU(17)
OUTGM = PU(18)
N = 7
Y(1l) = PU(19)
Y(2) = PU(20)
Y(3) = PU(21)

*Y') THEN

AN

|

Initialization from Menu

Initialize Parameters

Initialize Staéz Variables

4

RKBU0 630

RKB00640
RKB00650
RKB00660
RKBO0670

" RKB00680

RKB00690

" RKB00700

RKB00710
RKB00720
RKB00730
RKB0O0740
RKB00750
RKB00760
RKB00770

. RKBOO780

RKBO0790
RKB00800
RKB00810
RKB00820
RKB00§30
RKB00840
RKB00850
RKB00860
RKBO0870
RKB008S0
RKB00890
RKB00900
RKB00910
RKBO0920
RKB00 930
RKB00940
RKB00950
RKB00 960
RKB00970
RKB00980
RKB00990
RKB01000
RKB01010
RKB01020
RKB01030
RKB01040
RKB01050
RKB01060
RKB01070
RKB01080
RKB01090
RKB01100
RKB01110

KB01120
RKB01130
RKB01140
RKB01150
RKB01160
RKB01170
RKB01180
RKB01190
RKB01200
RKB01210



QOOOOOO(‘)O

C
c

37

Y (4)
Y(5)
YY6)
Y (7)

T =
TFIN =
COMINT=
TOL . =
HBCUND=
HMIN =
HINIT =

NPL =

NK =

BIOSUM=
RATIO =
DO 37 I
P2 (I
P3(I
CONTINU

PREVY2

PU(22)
PU(23)
PU(24)
PU(25)

PU(26})
PU(27)
PU(28)
PU(29)
PU{30)
PU(31)
PU(32)

1
1

v
Y (1)+Y(2)+Y(3)
BIOSUM/Y (7)
=1,3
}= 30000.0
)= 60000.0
E

= 30000.0

PREVY3 = 60000.0

PAGE 239

RKBO1220
b . : RKB01230
, : . RKB01244Q .-
S . RKB01250
~ ‘ t . RKB01260

‘. Initialize Run Control RKB01270

- Variables ' RKB01280

- RKB01290

- REKB01300

o REB01310

R RKB01320

: . RKB01330

. o : RKB01340

. ' : ) . RKB01350
_ : [ RKBO1360

. RKB01370
S RKB01380

b RKB01390

A RKB01400

\ " RKBQ1410

i . RKB01420

. 7' RKB01430

? RKB01440

- u .RKB(01450

. T _ S "RKB01460
R RKB01470

RKB01480

RKB01490

S RKB01500

.o , Cw RKB01510

' RKB01520

RKB(01530

Fre-~Run Qutput : J RKBO1540
Set Up OQutput Format and OQutRKBO1550

put Inltlal Values of T and RKB(01560

WRITE(8,17) ng RKBO1570

17 FORMAT (lX, 'Method:’,1 ‘Fourth Order Runge- Kutta f/L0X/ 'RKB0O1580
+ 1X, Problem:’, 10X, "’ Coupled Model TreeBiomass’/10X/1X, RKB01590

+ fTIME’,6X,'Y1’, 6X,'Y2’ GX ‘Y3, 6X,'Y4" ,6X, Y57 ,6X,Y6E") RKBQ1600
RKBQ1610

PRINT*, ! RKBO1620
RKB01630

WRITE(B,17) RKB01640

17 FORMAT(1X,'METHOD:, 10X, ‘Fourth Order Runge-Kutta */10X/ RXB0O1650
+ 1X,Problem:’ lox,’Coupled Model TreeBiomass’/10X/1X, RKB0O1660

+ *TIME’, 89X, ’Y7’,9X,'BIOSUM’,9X,'RATIO’). RKBO1670

. RKB0O1680

PRINT*, * ! RKB01690
WRITE(8,21) T,¥Y{(l),Y(2),Y(3),Y (4}, Y{5),Y(6) RKB0O1700

21 FORMAT(F6.2,2X,F9%9.1,2X,F9.1,2X,F9. 1,2X,F7.1,2%X,F7.1,2%, F7 1)y RKB0O1710
RKB01720

WRITE(S,ZI) T,¥Y(7),BI0OSUM,RATIO RKB01730

21 FORMAT(IX,FG.Z,lX,FQ.l,lX,FB.l,lX,F6.3) RKB01740
T . . RKB01750
'TIME(l) = T RKB01760

£ ¥i{1) = Y{(1) RKB01770
Y2(1) = Y (2) RKB01780
Y3(1) = Y (3) . RKB01790
Y4(1l) = Y (4) RKB01800



(9]

QOO0 0n0n

87

99

67

97

- CALL

¥5(1) =
Y6(l) =
Y7(1} =
BIO(1)=
RAT (1)=

Y (5)
Y(6)
Y(7)
BIOSUM
RATIO

CALL RK4(T,Y,N,TFIN,H, HINIT, HBOUND, HMIN, TOL, COMINT, DERIV)

Post~Run Output: .
~ Tabulate Values of State
Variables and Time at

Qutput Points
DO 89 I = 2,NPL

- WRITE (8, 87)TIME(I) Y1(I),Y2(I),Y3(I), Y4(I),¥Y5(I),Y6(I)

FORMAT (F6.2,2X,F9.1,2X,F9.1, 2X,r9.1,2X,F6.1,2X,F6.1,2X,F8.1)
PRINT*, " A
CONTINUE '

DO 97 I = 2,NPL
WRITE (8, 67)TIME(I) Y7(I),BIO(I), RAT(I)

FORMAT(F6.2,3X,F9.1,3X,F9.1,3X%,F6.3)
PRINT*, "

CONTINUE

Plot Values of State

o Variables with Time
CALL ANYDEV

GRAPH (Y1, TIME, NPL) ,
GRAPH (Y2, TIME,NPL} !
GRAPH (Y3, TIME, NPL}
GRAPH (Y4, TIME, NPL}
CALL GRAPH (Y5, TIME,NPL)
CALL GRAPH (Y6, TIME,NPL)
PRINT#*, Do you wish to carry out another simulation
READ*, CHOICE
IF (CHOICE.EQ."Y’) THEN
CALYL INIT
GOTO 199
ENDIF
ENDIF
STOP ' _ -
END

CALL
CALL
CALL

(x/N) 2¢

SURRQUTINE GRAPH({Y1l,TIME, NPL)

This Subroutine Provides a Graphlcal Display Of The
Outputs Of The Component Moael With Time

DIMENSION Y1 (NPL), TIME
MINT = TIME({1l)
MAXT = TIME (NPL)
VALMAX = Y1 (NPL)
VALMIN = Y1 (1)
DO 14 I = 1,NPL
IF (Y1 (I).GT.VALMAX) THEN
VALMAX = Y1 (I) '
ELSE IF (Y1 (I).LT.VALMIN} THEN
VALMIN = Y1 (I}

(NPL)

H
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RKB01810
RKB01820
RKB01830
RKB01840
RKBO1850
RKBO1860

"RKB01870"

RKE01880
RKB0O18%0
RKB01200
RKB01910
RKB(019220
RKB01930
REB01940
RKB01950
RKB013960
RKB01970
RKBO1980
RKB019390
RKB0O2000
REKB02010
RKB02020
RKB02030
RKB02040

RKB0O20Q50

RKB02060 -
RKB02070
RKB02080
RKB02090
RKB02100
RKB0O2110
RKB(02120
RKB02130
RKB02140

"RKB02150

RKB02160
RKB02170
RKB02180
RKB02190
RKB02200
RKB02210
RKB02220

© RKB02230

RKB02240
RKB02250
RKB03270
RKB03280
RKB03290
RKB03300
RKB0O3310
RKB03320
RKB03330
RKB03340
RKB03350
RKB03360
RKB03370

RKB03380
RKB03390
RKB03400

/



14

" CALL

-

~

END
CONTINU

MAXVAL = VALMAXH\\l

IF
E .

MINVAL = VALMIN

. SPACL =
SPAC2 =

CALL

CALL
CALL
CALL
CALL
CALL
CALL

(MAXT - MINT}/IO‘

(MAXVAL - MINVAL)/10. 0

- CALL HdWROT (MOVIE’) ' : .
PAGE(8.5,11.0) . \
AREA2D(6.0,8.0)

SWISSM - ’

HEADIN (‘ TreeBiomass Model$’,100,1. 5, 2)
HEADIN (' Fourth-Ordex Runge-Kutta Method$'
XNAME (* Time (years)$’,100)
YNAME (‘Large Trees (kg/ha)§’
GRAF (MINT, SPAC1, MAXT, MINVAT, SPACZ,MAXVAL}

»100)

C Draw Curve with Rounded and Thickened Line and
"C Rational Spline Interpolation .

CALL RASPLN (1.5) :

CALL THKCRV (.015) ¢

CALL THKRND

(0.) .

CALL CURVE(TIME, Y1, NPL,0) ' :

CALL ENDPL(0) o

RETURN

by

IMPLICIT REAL*4

SUBROUTINE OUTPUT (Y, N, T)
¢’ THis Subroutine stores values of Output Variables
at communication times.
an 1nteract1ve taoular .disp

Addi ionally, it provides
of the rdsults.

(A-H,0-2) .

DIMENSION Y (N}
COMMON/DIFF/TIME{400) Y1(400},Y2(400),¥3(400),Y4{400}, 25(400)
COMMON/DIFFL1/Y6 (400),Y7 (400),BIO(400),RAT (400)
COMMON/GRA/NPI, -

COMMON/QUTP/BIOSUM, RATIC

WRITE(6,23)

v
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o

100,-1.25,2)

RKB03410
RKB03420"

. RKB03430

RKB03440
RKB03450
RKB03460
RKB(3470
RKB03480
RKB03490
RKB03500
RKBO3510
RKB03520°
R¥803530

- RKB03540

RKB03550

RKB03560

RKBO3570
RKB03580

RKB03590

RKB0O3600
REKB03610
RKEO03620
RKB03630
RKBQ3640

RKB03650

RKB03660
RKB(3670

REKB03680

RKB0O3690
RKB03700
RKB0O3710
RKB03720
RKBO03730
RKE03740
RKBO3750
RKB03760

RKBO3770

RKB03780
RKB03790
RKB03800
RKB03810
RKB03820
RKB03830
RKB03840
RKB03850
RKB03860
RKB03870
RKB03880
RKB03890

- . RKB03900

T Y(1)y,¥y(2y, Y(3),Y(a),Y(5) Y{6),Y(7)
23 FORMAT(1x,F6.2,1X,F9.2,1X,F9.2,1¥,F9.2,1X,F8.2, 1X, FS 2, 1X,F8.2,
+ 1X,F8.%) ‘
NPL = NPL + 1 ' ' .
TIME (NPL) = T ‘ )
Y1 (NPL} = Y(1) . : "
Y2 ({NPL) = Y(2)" : '
Y3 (NPL) = Y(3)
Y4 (NPLY = Y(4) ,
Y5(NPL) = Y(5) ’ e
Y6 (NPL) = Y (6) A
Y7(NPL) = Y(7) - :
BIO (NPL)= BIOSUM
RAT (NPL)= RATIO : .
RETURN “ ' ‘ . -

END _

SUBROUTINE QRERIV(T,Y,DY,N)
IMPLICIT REAL™*4
ION Y(N) DY (N) .

DIMEN

PR

75

(A-H,0-2) a

RKBO3910

- RKB03920

RKB03930
RKB03940
RKB03950
RKB03960
RKB03970
RKB03980

RKB03990

+
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COMMON/PARS /DMORTS, DMORTM, DMORTL, YMAX, DMDS, DMDM, DMDL, FFMS, FFMM
COMMON/PARS1/PRODS, PRODM, PRODL, DI, RT, E, OUTGS, OUTGM, FFML, H
COMMON/GRA/NPL

COMMON/COUNT/NK, PREVY2, PREVY3 PZTB) P3(3)
COMMON/OUTP/BIOSUM RATIOC

Subroutlne consists of Slow System
Derivatives which are specified by
the user for his particular model.

Y(1) + Y(2) + Y(3)

BIOSUM = .-
\.\ .
"RATIO. = Y {(7)/BIQSUM
4
BOUND = ((100 * H * NK) + 0.000000001) }
BOUND1 = ((100 * H * NK) - 0.000000001):

IF ({T.GT.BOUND1) .AND. (T.LT~BOUND)) THEN

P2(1) = Y(2)

P2{2) = P2({1)

P2(3) = P2(2) -
PREVY2 = P2 (3} c .

P3{(l) = Y(3) ' ‘

P3(2) = P3(1)

P3{(3) = P3(2)

PREVY®*= P3(3)
NK = NK + 1

ENDIF ,
a ]
DY (1) = (PRODS - OUTGS) * Y (1) * (L-(Y (L) +Y (2)+Y (3)) /YMAX)
+ : - DMORTS * Y (1) * (1+({Y(1)+Y(2)+Y(3))/YMAX)
+ + DI * (PREVY2+PREVY3) * (1-(371)+Y(21+Y(3))/YMAX)
DY(2) = (PRODM ~ OUTGM) * Y (2) * (1-(Y(1}+Y(2)+Y(3))/YMAX)
o+ — DMORTM * Y(2) * (1+(Y(L)+Y(2)+Y(3))/YMAX)
L+ + OUTGS * Y(1),* (L-(Y(Ll)+Y(2)+Y(3)})}/¥YMAX)
DY (3) .= PRODS * Y(3) * (1-(Y(1)+Y(2)+Y(3))/YMAX)
+ ’ ~ DMORTL * Y {3y * (1+(Y(1)+Y(2)+Y(3))/YMAX)"
+ + QUTGM * Y (2). * (1 (Y (1) +Y (2)+Y (3) ) /YMAX)

-

DY (4Ye= DMORTS * Y(l)*(1+(Y(1)+Y(2)+Y(3))/YMAX)—(DMDS-%FFI};S)*Y(é)

+DY(5) = DMORTM * Y(2)* (1+(Y(1)+Y(2)+Y (3} ) /YMPX) - (DMDM+FFMM) *Y (5)

+

DY (6} = DMORTL * Y(3)*(l+(Y(1)+Y(£)+Y(3J)/YMAX)-(DMDL+FEML)*Y(6)

o
o
-
i}

E * (PRODS * Y (1)+PRODM * Y(2)+ PRODL*Y (3) + DI *
(PREVY2+PREVY3) * (1-(Y (1) +Y (2)+Y (3) ) /YMAX) ) - (DMORTS*
Y(l)+MORTM*Y(2)+DMORTL*Y(3)}*(l+(Y(l)+Y(2)+Y(3))/YRAX)
*(Y(TJ/(Y(l)+Y(2)+Y(3)))-RT*Y(7)

. RKB04000

.

RKB04010

RKB04020 -

RKB04030
RKB04040
RKB04050
RKB04060
RKB04070
RKB04080

RKB04090
RKB04100

RKBO4110
RKB04120
RKB04130
RKB04140
RKBO4150
RKB04160
RKB04170
RKBO4180

~ RKB04190
'RKB04200
- RKB04210

RKB0O4220
RKBD4230
REB04240
RKB04250
RKBE24260
RKB04270
RKB04280
RKB04290 -
RKB04300
RKB04310
RKB04320

RKB04330 .

RKB(04340
RKB04350

‘RKB04360

RKB04370
RKB04380
RKB04390
RKB04400
RKB0O4410
RKB04420
RKB04430
RKB0444Q

" RKB04450

RKB04460
RKB04470
RKB04480
REKBQ4490
RKB04500
RKB04510
RKB04520
RKB04530
RKB04540
RKB04550
RKB04560
RKB04570
RKB04580
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RKB04590
RKB04600
‘ . ) . S < .. % RKB0D4610
RETURN ' L : o o - RKB04620
END - ' IR RKB04630
. : ' : - RKB04640
‘ e o -+ -+ -RKB048650
- - : ' B .+ " "RKB04660
L , i : - ) o : RKB04670
SUBROUTINE INIT . oo - ) . .RKB04680
- « . - . RKB04690
INTEGER NUM, RC, RLEN . . ' oo RKB0O4700
CHARACTER*8 KEY,MENUN Y . : .o RKB04710
CHARACTER*8 FLDN(32) O _ - " RKB04720
CHARACTER*4 CC =~ : ~© RKB04730
COMMON/XMEN/PU (32) E ' S RKB04740
: A : ‘ RKB04750
C Xmenu used for Parameters and Initial Conditions - " RKB04760
- : _ o : RKB04770
FLDN(1) = ’MORTS’ _ N o RKB04780
FLDN(2) = ’MORTM’ o S ' ‘ RKB04790
FLDN(3) = "MORTL' _—"~ e - RKB04800
FLDN(4) = ’YMAX' - RKB04810
FLDN(5) = 'MDS’ . , : RKB04820 -
FLDN(6) = ’MDM’ . S : RKB04830~
FLDN(7) = ‘MDL’ : S R RKB04840
FLDN (8} = ’FFMS’ S : , o RKB04850 -
FLDN(9) = ‘FFMM’ - ' ‘ x RKB04860
FLDN(10) = *FFML’ ' L RKB04870
FLDN(11) = ‘PRODS’ C » RKB04880
FLDN(12) = ‘PRODM’ . S RKB(04890
- FLDN(13) = ‘PRODL’ , ‘ . RKB04900
. * FLDN(1l4) = I - - ' ‘ : RKB04910
FLDN(15) = ‘RT’ . : . e RKB04920
wwm——--—  FLDN(16) = ’E‘ : SRR RKB04930
FLDN(17) = *QUTGS’ : - ‘ RKB04940
FLDN(18) = 'QUTGM’ o . , RKB04950
FLDN(19) = "Y1’ R : : RKB04960
FLDN(20) = ry2r B o . RKB04970
FLDN({21) = ’Y3* s , o RKB04980 -
r FLDN(22) = rv4’ ) ; : . RKB04990
FLDN(23) = ’rY5¢ : RKB05000
FIDN(24) = 'Y6' SN\_ C k " RKB05010
FLDN(25) = ‘Y7 _ ' ) . RKB05020
FLDN(26) = ‘TINIT' . : . ' : " RKBO0OS5030 °
FLDN(27) = ’TFIN’ o : ‘ - RKB05040
FLDN(28) = fCOMINT* o ; RKB(05050
FLDN(29) = *TOL’ : ' Co RKB0S5060
FLDN(30) = ‘HBOUND’ , ; RKB05070
FLDN(31) = ‘HMIN’ - ' - L RKB05080 °
FLDN(32) = ‘HINIT' - 3 RKB(05090
. ‘ ‘ RKB05100
MENUN“= ‘BIOMASS’ ‘ . S RKB05110
CALL MCLSCR (NUM, RC) RKB05120
CALL MLOAD (NUM, RC,MENUN) : . RKB0S5130
///QALLAMPFMAP(NUM,RC,I)' ) _ . RKB05140
CALL MALARM (NUM, RC, 1) T, ' _ ' RKB0S5150 .
CALL MPRINT (NUM,RC, 2, PROUT) ‘ , o * RKBO5160

CALL MDSPRD (NUM,RC,KEY} ", RKB0S5170 -

%/ ‘ ' ‘ "
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CALL MEXIT (NUM, RC) /
IF (KEY .EQ. ‘PF10’) GOTO 25 D T
IF (KEY .EQ. "PF12‘) STOP ' :
DO 23 I = 1,32 '
CALL MSCR2D (NUM, RC, FLDN(I),CC, 7, RLEN)
CALL MCVTCF (2U(I),RC, cc, 7, 1)

CONTINUE
RETURN
END
- - ¥
’ ‘ ‘.
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CODAIDN &GN -

MTS

Y™

MDL
FML
POL

TR T s S

Modal Parometars -

= 0.020 MTM =
= '400000. MDS =
= 0.0001 FMS =
- 0.200 PDS =
- 0.030 1 -
PE10

EIUTE T oot T

. " PAGE 245

. R T T Sy S

Q.
0.
0.
0.
0.
0.

.

INITIALIZATION

KINDLY INITIALIZE VARIABLES -
Experimentaotion Varicbles

Inftial States Control Varlables
Y1(0)= 10000.0 :

010 MTLw 0.005 ‘
0001 MOMw 0.0001 Y2(Q)= 30000, TINIT = 0.00
200 FMM= 0.200  Y3(0)= 60000, TFIN =~ 24.0°
120 POM= 0.050  Y4(0)= 2500.0 COMINT= 1.00
0010  RT= 0.266 = Y5(0)= 2000.0  TOL = 0.00010
100 OGM= 0.0250 Y6(0)m 2000.0 HBOUND= 0.2000

‘ Y7(0Q)= 32000.6 HMIN = 0.000011

to start simulation PF12 - to quit

+

LTI FUPE U S

Menu.For Tree Biomass Modal

R RE TETTE PN - ST S S S

B~

o
o+

2
]

.8+

s

[CP X P I
—O(D(PNGTMJDUN—‘D(D@\JO’M&UN-*

N R
L RPN



PAGE 246

-
© NETHOD : Fourth Order Runge-Kutta
’

Problem: ! Coupled Mcdel TresBicmoss

TidE - T Y2 Y3 Y4 Y5 Y&

0.00 10000.0 30000.0 60000.0 2500.0 2000.0 2000.0 ;

3.00 9888.3 32664.3 78320.3 1944,7 2005.4 2104.5 -

6.00 §7431.5 34980.5 99567.7 1657.3 2122.5 2506 . 4

9.00 9556.9 36877.9 123168.4 1518.3 2299.6 3144.9

12.00 9320.9 38304.9 . 148B201.9 1453.0 2503.4 3980.5

15.00 9031 .1 39238.6 : 173532.9 1427.9 2710.7 . 4974.7

18.00 8687.6 39688.,7 198020.6 1417.3 2903.7 6083.2

21.00 8295.7 39694.7 220699.1 1407.3 3069.1 7252.4

24.00 7865.5 39317.5 240922.1 1390.0 3198.3 8426.3

27.00 7409.3 3862%.5 258400.% 1361.5 3285.8 9554, 1

30.00 5940.5 37703.7 273144.7 1321,2 3334.5 .10597.0

33,00 6471.6 36606.8 2B85369.9 1270.3 3344.3 11530.1 -
36.00 6012.4 35395.3 295400.6 1211.1 3321.1 12343 .1

39.00 5570.8 34114,4 303594.9 1146.1 3270.8 13036.5

2.00 5152.2 32798.8 310295.2 1078.0 3199.4 11618.9

45,00 4759.,9 31474.5 315804.4 1009.0 3112.4 14103.0

48,00 4395.5 30159.6 320375 .1 940.9 3014.5 14503.2

51,00 4059 . 4 28867.2 324211.3 875.1 2909.5 14833.8

54.00 3751.5 27606.0 327474 .1 812.5 2800.5 13107.5

57.00 3470.2 26381.9 336287.8 753.6 2689.9 153335.6

60.C0 3214.,0 25198.3 332747.8 698.9 2579.4 15527.3

653.00 2681.,3 24057 .3 . 334928.9 €48.3 2470.2 - 15690.3 .
6§6.00 2770.4 22959.8 136879.8 601.9 2363.3 15830.5

6§9.00 2579.5 21906.0 138648, 4 5&9.4 2259.2 '5952.6

72.00 2407.0 20895. 4 1402654 .7 520.7 215B8.4 *6060.3

75.00 2251 .1 19927.3 J41752.0 485.5 2081.0 "6156. 4

78.00 2110.4 19000.8 343129.7 453.5 1967.3 6243 .1

81.00 1983.5% 18114.7 344411.8 424 .6 1877.2 16321.9- v R
84.00 1869.0 17267.7 345510.1 398.5 1790.7 16394.,2
87.00 1765.8 16458 .6 346732.9 374.8 1707.9 16461 .0

90.00  1672.7 15686.0  347788.9  353.5 1628.6 16522.9

93.00 i588.8 14948.5 348782.6 334.2 1552.7 16580.7

96.00 1513.2 14244.7 349719,9 318.9 . 1480.2 16634.8 .
99,00 1445 .1 13573.4 350603.8 301.2 1411.0 16685.8 .
102.00 1333.6 12933.2 351440.2 287.0 1344 .9 16733.4
105.00 1328.2 12322.9 352230.5 274.3 1281.7 16778.3
168.00 1278.3 117411 352978.9 262.8 1221.5 16820.7
111.00 1233.3 11186.7 3531687.5 252.4 1164.1 16860.8
114.00 1192.6 10658.4 354358.2 243.1 1109.3 16898.7
117.00 1156.0 10155.2 354993.7 234.7 1057 .1 16934.5
120.00 1122.9 9675.9 355596.6 227.1 1007.3 16968. 4
123.00 - 1093.0 §219.5 ° 356168.0 220.2 959.9 17000.6
126.00 1066.1 B784.9 356708.7 214.0 914.7 17031.0
129.00 1041.7 B371.2 357222.8 208.4 871}7 17059.8
132.00 1019.7 7977.4 357709.3 203.3 830 .7 17087.2
135.00 999.8 7602.5 358170.6 198.8 791]7 17113.2
138.00 981-.8 7245.8 358608.9 194 .7 754. 17137.7
141.00 G65.6 6§906.3 359025.3 190.9 719.9 17161,0
144,00 §50.8 §583.3 359419.9 187.6 685.5 17183.1
147.00 937.5 §276.1 3597%3.6 184.,5 653.4 17204 .4
150.00 925.4 5983.7 J6Q148.6 181.,7 622.9 17224 .1

153.00 214.5 5705.7 J60485.9 . 179.2 593.9 17242.8

"y
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METHOD:
Prob|oem:
TIuE

156.00
159.00
152,00
165.00
168.00
171.00
174.00
127.00
180.00
183.00
186.00
189.00
182,00
185.00
198.00
201.00
204.00
207.00
210.00
213.00
216.00
219.00
222.00
225.00
228.00
231.00
234.00
237.00
240.00
243,00
246.00
249,00
252.00
255.00
258.00
261.00
264.00
267.00
270.00
273.00
276.00
279.00
2B2.00
285.00
288.00
291.00

294.00
297.00

300.00

Tt

904.8
895.6
887. 4
880.0
873.3
867.2
861.8
856.5
851.9
847.7
843.9
840.4
837.2
834.2
831.6
829.1

" 826.9

§24.8
822.9
8212
819,86
8i8.1
816.8
815.6
B14.4
813.4
812. 4
811.5
810.7
80%.9
809.2
808.5
807.9
807.3
806.8
806.3
805.8
-805.4
805.0
804.8
804.3
B04.0
803.7
803.4
803.1
802.8
B02.5
802.3
802.1

Fourth Order Rungu—Kuttq

Coupled Model TroeSiomass

Y2

5441.2
5189.6
4950.4
4722.8
4506.5
4300.8
4105.2
3919.7
3743.4
3575.7
3416.4
3264.9
312019
2984.0
2853.9
2730.2
2612.7
2501.0
2394.8
2283.9
2198.1
2106.9
2020.4
1938.1
1859.9
1785.6
1715.0
1647.9
1584.2
1523.6
1466.0
1411, 4
1359.4
1310.0
1262.4
1216.9
1173.7
1132.6
1093.7
1056.8
1021.8
988B.5
857.0
927.0
898.6
871.8
846.0
821.7
758.7

Y3

360804.8
361107.0
361394.1
361667.7
361929.4
362173.3
362406.5
362631.5
362838,2
363039.9
363227. 4
363408.9
363577.6
363743.0
363893.0
364043.0
364178.5
364309.7
364440,7
354553.2
364665.7
364778.2
364875.9
364969.7
365063. 4
365157.2
365233.6
365308.8
365383.8
365458.68
365531.9
365588. 1
365644. 4
365700.6
365757.7
365815, 3
365872.9
365917.9
365956.8
365995,2
366033.6
366071.9
366110.3
366148.7,
366187. 1
356225.4
366257.1
366281.2

‘366304, 1

Y4

177.0
174.9
173.1
171.4
169.9
168.5
167.2
166.1
165.,0
164.1
163.2
162.4
161,7
161.0
160.4
159.9
159.4
158.9
158.5
158.1
157.8

157.5
157.2

156.9
156.6
156.4
136.2
156.0
155.8
155.6
155.58
155.3
155.2
153.1
155.0
134.9
134.8
154.7
154.86
154.3
154 .4
154.4
154.3
154.2
154.2
1541
154 .1
154.0
154.0

5

566.3
540.0
515.0
431.3
468.7
447.2
426.7
407.3
388.8
371.3
354.6
338.8
323.7
309.4
295.7
282.8
270.5
258.8
247.7
237.1
227.1
217.6
208.5
199.9
191,7
183.9
176.5
169.5
162.8
156, 4
150. 4
144.7
139.2
134.1
129.1
124.3
119.8
115.5
11,4
107.5
103.8
100. 4

97.0

93.9

90.9

88.1
-Bgs 4
82.9
80.5

Y6
17260.6

17277.6

17283.7
17309.0
17323.4
17337.3
17350.2
17362.,7
17374.5
17385.8
17396.3
17406.6
17415.9
17425.3
17433.5
17441.,7
17449.6
17456.6
17463.7
17470.6

17476, 4

17482.3
17488.1
17493.7
17498.5
17503.5
17508.2
17512.9
17516.8
17520.7
17524.6
175238.1
17531.7
17534.8

17537.8

17540.8
17343,9
17548."S

'17548.9

17551.3
17553.7
17555.7
17337.7

17558.7

17561.7
17563.8
17565, 5.

T 17566.7

17567.9
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METHOD:

y .

Probiem: .

Tuii' : Y7
0.00 32000.0
J.00 ° 34419.3
§.00 ¥ 38419.5
9.00 43326.7
12.00 48725.8
15.00 542951
18.00 59747 .4

21.00 54839.2

24,00 69381 .4

27.00 73273.7

30.00 75480.9

33.00 79027.5

36.00 80978.8

39.00 . 82420.8

42.00 B3445.2

45.00  B4139.2

48.00 B4578.4

51,00 B4826.6

54,00 B4935,1

57.00 84944 .3

60.00 B4883.5

53.00 —B4775.4

§6.00 84635.9

69.00 B4479.2

72.00 B4310.4

75.00 B4141.5

78.00 Bl972.6

81.00 83807.3

84.00 Bl554.6

87.00 83504 .4

90.00 B3354.3

93.00 83217.7

86.00 83086.3

99,00 82958.5

102.Q0 B2845.9
105.00 82733.2
108.00 82628.4
111.00 82534 .6

114.00 82440.7

117.00 B2349.8

12¢.00 82273.9

123.00 82198.8

126.00 82123.7

129.00 82050.9

132.00 81991.6
135.00 81934.9
138.00 81878.6
141,00 818z22.2
144 00 81765.8

147.00 B1719.4

150,00 B1677.7

153.00 81538.2

156.00 815800.1
159.00 81562 .4
162.00 81524.8
165.00 81487.2
168.00 81449.6

171.00 81419.9

Fourth Order Rungc—Kutto

Coupled Model TreceDiomass

B1OSUM RATIO .
"160000.0  3.125
120872.9  0.285
144291.7  0.266
169603.2  0.255
195827.7  0.249
221802.6 0,245
246396.8  0.242
2686B9.4  _D.241
288105.0  0.241
304439.4  0.241
317783.1  0.241
328448, 0.241
335808.2\§ “Q.240
343280.1 ©  0.240
348246.3  0.240
352038.8  0.239
354930.1 0.238
3571379 0.238
358831.6  0.237
360139.8,  0.236
361160.1°  0.23%
361965.5  0.234
362610.0  ©0.233
363133.9  ,0.233
363567.0  0.232
363930.4 0,231
364240.9  0.231,
364509.9  0.230
364746.7  0.229
364957.2 0.229
3651475 0.228
365319.8  0.228
365477.8  0.227
365622.2  0.227
365757.0  0.227
365881.6  0.226
365998.3  0.226
366107.4  0.225%
366209.2  0.225
366304.9 .22%
366395.4  f0.225
366480.5 '0.224
366559.6  0.224
366635.7  0.224
366706.4  0.224
366772.9  0.223
366B36.6  0.223
366897,.2  0.223
366954.1  0.223
367007.1 © 0.223
3§7057.7  0.223
367106.1  0.222
367150.6  0.222
367192.2  0.222
367231.9  0.222
357270.5  0.222

$7309.2  0.222
367341.2  0.222
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METHOD :
Problem;
TIE

174.00
177.00
180.00
183.00
186.00
189.00
192.00
195.00
198.00
201,00
204.00
207.00
210.00
213.00
216,00
219.00
222.00
225.00
228.00
231.00
234,00
237,00
240.00
243.00
246.00
249.00
252.00
255.00
258.00
261.00
264,00
267.00
270.00
273,00
276.00
279.00
282.00
285.00
288.00
291.00
294,00
297.00
300.00

Fourth Order Runge-Kuytta

Ceupled Modal Treeliomoas

Y7

B1393.2
81368.8
81344.3
B1322.2
81300.5
81280.6
81261.0
B1242.1
81225.2
81204.4
81185.6
81166.9
B1148.1
81129.7
81117.2
81106.4
81054 .4
81083.2
81073.5
81065.3
81054.9
81045.6
B1037.4
B1030.6
81024.4
a1015.8
81008.3
81001.7
B0986.0
80991 .1
80987 .1
80981.3
80875.0
80869.3
80964 .4
809880.1°
80956.4
80953.4
80950.9
80948.9
BO946.0
80942.1
80938.3

Blo3UM

367373.3
367407.7
367433. 4
J67463.2
267487.6
3673141
367535.6
367561.2
367578.4
367602.3
367618.0
367635.5
387658.4
367668.3
367683.4
367703.3
3677131
367723.2
367737.7
367756.1
367760.9
387767.9
367778.4
367792.0
367807.1
367807.9
367811.6

357817.9

367826.9
367838.4
367852.4
367855.9
367855.5
367856.6
367859.8
367864 .4
367870.9
367879.1
367888.7
367899.8
367905.6
367905.2
367504.8

RATIO

0.222
.22
0.221
0.221
Q.221
o.221
0.221
0.2
0.221
0.221
0.221
0.221
0.221
Q.21
0.221
0.221
0.221
0.22%
0.220
0.220
0.220
0.220
0.220
0.220
0.220
0.220
0.220
0.220
0.220

0.220.

0.220
0.220
0.220
0.220
0.220
0.220
0.220
0.220
Q.220
0.220
0.220
0.220
0.220
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211}

27.4434 30.5068 33.5701 36.6335

Largse Troes (kg/ha)

1 1 1

1

18.2534 21.3167 . 24.3801

15.1800

12.1268

5.8686990.0833

o PAGE 250

TreeBlomass Model |
Fourth-Order Runge-Kutta Method

“"l!'k,(‘;

L

D 1 i ] T T T 1
80.0 90.0 120.0 150.0 180.0 210.0 240.0 270.0 300.0

Time(years)
‘Live Aboveground Blomass

(&)
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30"
100.02

- Small Trees (kg/ha). _ A
35.61  44.81  54.01 . 63.22 7242 8182  90.02
1 | | - i - | 1 1

26.41
]

1

17.21

8.01

TreeBiomass Model

Fourth-Ordsr Runge-Kutta Method

. G

0.0

30.0

80.0 90.0 120.0 150.0 180.0 210:0 240.0 270.0 300.0
Time(years)

Live Abovegrotvuad Biomass

¥
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|

2501.0

2266.1

2031.2

1796.3

1561.4

1326.5

Small Trees (kg/ha)

1091.6

¥

858.7
1

621.8

]

388.9

152.0

TreeBlomass Model
Fourth-Order Runge-Kutta Method

t

-4

T \ T T i 1 ' 1 L
0.0 30.0 80.0 80.0 120.0 150.0 180.0 210.0 240.0 270.0 300.0
Time{years)

Standing Dead Biomass

e
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Mediunm ﬁees {lcp/ha)

3345.0
g

: 10|58.8 13|85.4 1712.0 2038.8 2385.2 2691.8 301&4—
: | 1 1 1 ]

732.2

405.8
L

78.0

TreeBlomess Model -
Fourth-Order Run@@%‘utﬁa Maeathod

0.0

T T T T T T L
80.0 90.0 120.0 150.0 180.0 210.0 240.0 270.0 300.0
Time(years)

ftanding Dead Biomass
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“=90"
17.5605

_ TreeBiomass Model
F@wﬁh=©ardm P&ung@eﬂﬁuﬁ&a‘ Method

{

~bLarge Tress (kg/ha) . _
6.6702 8.2272  9.7843 11.3413 12.8984 14.4554 16.0125 .

5.1131

1.0890 3.5581

T T T i T T T 1
. 80.0 90.0 120.0 150.0 180.0 210.0 240.0 270.n 300.0
Time{yzcrs)
" Standing Dead Biomaas

e
v
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ﬁsppendix G. THE ELECTRONIC OSCILLATOR MODEL (Revisited)

J

G.1  Problem Definiti¢n

This '.test example utilizes the multi-rate integration

al_gorithm of the run-time librarywin ‘the revisitation of the .

'electronic oscillator model as described in Appendix B A

block diagram of the ‘partitioned. model for use of the multit

" ‘rate algorithm is shown in Figure G.1 . The full details of

t*he%e'cilfica‘.tion' of tHMis multi-rate. model is given in

‘Section G.2.. A8 can be seen, the results follow.closely to

those in ‘Appendix B the algorithm requiring sigdificantly
. P A

lower CPU-time. =~ . .. S \,—g

- . -
. N .

Ly

. - ) P

el \ o :'2 4



&ffrk Y2
. . 2
_ 'Y2' = -64Y1 + 7.5(2 + wl - Y1 )Y2
¢ X1 =2 17 B
_ - Y1Y2 + (X2~ X1)
R1 . RIC1
B 1 X2' = 1 1 1 _ 1
' X1 - C _ .+ ) X2 + W2 X2
R2CT R2CI Rac2 RICT.
Wl = & ' 5
| W2 = x3
P ‘ 'y .
Slow Routine
1}‘- X
X3' = 1 1 1 1 ’
. ’ X2 - ( + . ) X2 + X4
- : R3C2 .~ RBCZ R3C3T R3C3
X4' - 1 1 1 1
X3 .- ( + ) X4 + X5
R4C3 ° .. ' R4C3 Race . R4CZ
—l x5' -~ 1 1 1 1.
. X4 - ( + ) X5 + - X6
R6Cz . R5C4 RS5C5 R5C5 N
X6' = 1 IR 1 .
] A ' X5 ~ ( + ) X6
- R6CS REC5-. R6C6 '
V' - l
. X6
. F c8 - _
, : _ .5 1.2 .
: » 8' =0.02|36 - 5.29 (|v]) | sign 1361J
: -4
- -7 : -5 . .
- 5.29(|v[) | - 0.02s ¥
\" :Figurg G.l,ngﬁitioned Model Of Rlectronic Oacilllator
L 'f ? ‘ | ¢ . ‘ .
o

;

. Fast Routins

3
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G.2 Gest Specification’of/The Electronic Oscillator Model {(Revisited)

Program StudyCOfElectronicOscillator

MutirateModel ElectronicOscillator (* A Coupled Model with 2 Continuous
ComponentModels . (* Component Models which  has been
SlowContitruousModel Slow (* “Carefully partitioned to utilize

*)

FastContinuousModel Fast {(* Multi-Rate  Integration
EndComponentModels ;
* ContinuousModel Slow ° ‘ ”
StaticStructure ,
Inputs ' ~
XZ ) , . ) ) o
States ‘ e - :
X3;:
X4,
X5, ) <,
XG, ' : ] . ' i
v, S '
[ S
Outputs
XB, . :
- S . .
Parameters ' :
R3, ' {(* Resistance in kOhms : *)
" R4, . ' {* Resistance in kOhms ’ *} -
RS, (* Resistance in kOhms ' ‘ *}
4 RE, ) (* Resistance in kOhms ‘ *)
cz, Co (* Capacitance in microFarads ' *)
c3, (* Capacitance in microFarads R k)
c4, (* Capacitance in microFarads *)
cs, ' (* ,Cepacitance in microFarads *)
Cé (g Capacitance in microFarads ‘ *)
EndStaticStructure ' ’
DynamicStructure
Derivatives
X3 = X2/R3*C2 - (L/R3*C2y + 1/R3*C3)*X3 + X4/R3*C3
X4’ = X3/R4*C3 = (1/R4*C3 + 1/R4*C4)*X4 + X5/R4*C4

X537 = X4/R5#C4 -, (1/R5*C4 + 1/R5*CS)*X5 + X6/R5*C5 e T
X6’ = X5/R6*C5 - (1/R6*C5 + 1/R6*C6)*X6 '
¢ V' = X6/C6 , ' ,

§* = 0.02*Abs (36 - 5.29 * Sqrt (Abs(V))) ** 1.2 *

Sign(Abs (36 5.29 * Sgrt(Abs(V))) - 0.02*S)

EndDerivatives ' -
EndDynamicStructure , . ) ‘ " e
EndModel Slow ‘ . : Tl T

ContinuousModel Fast  \
StaticStructure
Inputs .
Sr . ' * . o .
X3 s
States
Y1, ‘ : .
Yzf L . v . .t ’ . - .
X1, . - U
‘ X2 ) ) \~
OQutputs ’ : !
X2 Qf
Parameters , i : _
f’ R1l, . (* Resistancé in(kOth‘ ' %)
| . .



R2,

Cc1,
EndStaticStructure
DynamicStructure

Derivatives
Y1* = Y2

{(* Resistance in kdhms

(* Capacitance in microFarads
(* Capacitance in microFarads

Y27 = -B4*Y1 + T,S5%(2 + S. = YL**2.0) * Y2
X17 = Z*Y1*Y2/R1l + (X2-X1)/R1*Cl

X2' = X1/R2*Cl -

_EndDerivatives °
EndDynamicStructure
EndModel Fast

InternalCoupling
Slow.X2 <-~ Fast
Fast.$ <-~ Slow
Fast.X3 <~~ Slow.

EndInternalCoupling

EndModel ElectronicOscillator

ParameterSet 1
Model Slcow
Parameters

R3 = 8.0
R4
RS
R6
cz
C3
C4
C5
Cée = 1.25
EndParameters ,
EndModel

|
@
o

-

R n D m
. . .
NN OO
i

B 8 ¥ 0 0o

H
[3%)
w

Model Fast
Parameters
Rl = 8.0
R2 = 8.0
Cl = 6.25
C2 = 4,25
EndPagameters
EndModel :
EndParameterSet 1

Experiment 1
Global
TimeUnitIs Second
StartTime = 0.0

{(1/R2*C1 + l/R2*C2)*X2 + X3/R1*C1

.X2
S

X3

-

IntegrateBy Multi-Rate Integration
Communicate AtEvery 0.2 Second >

SimulateUntil Tlme =
EndGloba'l

‘Model Slow
InitizlStates
X3 = 40.0
X4 = 45.0
X5 = 50.0
X6 = 55.0
V = 60,0
S = 5.0
EndInltlalStates

20.0

-
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*)
*)
*)



Tolers = 0.50
SaveQutputs X3,8 ‘
EndModel Slow ¢

Model Fast 4
InitialStates
Y1l = 60.0
Y2 = 70.0
X1 = 80.0
X2 = 85.0
EndInitialStates . \
Tolerf = 0.01
EndModel Fast
EndExperiment 1

Run 1 P :
. ToObserve ElectronicOscillator
WithParameterSet 1
eInExperiment 1
- WithPostRun :
QutputModule 1 On Printer
EndPostRun .
EndRun 1

OutputModule 1
New Page '
Heading ForFirstPage 1 Line
‘Study of ElectronicOscillator’

List Parameters And InitialConditions:

PlotandList X3,8§
EndOutputModule 1

EndProgram StudyOfElectronicOscillator

o
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&

Equivalent ‘Fortran Progr With Results For
Electronic Oscillator Model:Revisited

Variable List

INPUT: NS-- The Dimension of the Vector of Slow System State Variables

1

NF-- The Dimension‘of the Vector of Fast System State Variables

S(1)..S(N)-- Initial values of Slow System State Variables

F(1)..F{(M)-- Initial values of Fast System State Variables

Wl..W4-- Dummy Arrays

DFl..DF5. Required For RK-Merson Integration 7

F
HS-- Slow System Intégration Step §ize
S ' ’
HSMIN ~- Minimum Allowable Slow System Integration Step Size
. b
HBOUND-- Upper Bound On Initial Step Size

HEF

Fast System Integration Step Size .

HFMIN -~ Mlnlmum Allowable Fast System Integratlon Step Slze

_TOLERS—— User Tolerance for Slow System

TOLERF-- User Tolerance for Fast System

T ——Computational Time

TINIT -- Initial Value of Time .
TFIN -- End Time of Simulation \j.

TCOM -~ Communication Time

COMINT~~ Communication Interval
T-- Time at Output Points

S{K}--"Values of Slow System Variable at Output points

Program Variables

5(NS} —--State Variables Vector

¥

DS (NS) --Vector of Derivatives of Slow System State Variables

PS (NS)--Vector of Predlcted Slow System State Variables at
TN+HS/3

DPS (NS) --Vector of Derivatives of Slow System State Varilables
gt TN+HS/3 using Predicted Values

MUL00020 .
MUL00030
MUL00040
MUL0005Q

. MULOOO60
MUL00070

MULOOOSO
MULD0090
MULO0100
MULO0110
MUL00120
MULO0130
MUL00140Q
MUL00150
MUL00160
MULJ0170
MULO0180
MULO0190
MULO0200
MUL0D0210
MUL00220
MULG0230
MUL00240
MUL00250
MUL0OD260
MUL00270
MUL0OO0280
MULC0290
MULCO3Q0
MULOG310
MULOO320
MULO0330
MULO0340
MUL00350
MUL00360
MUL0O0370
MULOO380
MULO0390
MOLO0400
MUT.00410
MUX00420
MULY0430
MULCD440
MUL00450
MULO0O460
MUL0O0470
MULO0480
MULO0490 .
MULO0O500

MUL00510
MULO0520
MULO0S530
MUL00540
MUL00550
MULO0S60
MUL0O0570
MULOOS5B0
MUL0O0590
MUL0O06G0
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-

P1lS (NS)—-Vector of Corrected Slow System State Variables at

TN+HS/3

DP1S (NS)-~Vector of Derivatives of Slow System State Variables
‘at TN+RS/3 3. )

P2S (NS) --Vector of Estimates of State Variable Values at
TN + HS/2 ' '

DP25 (NS)--Vector of Deriwvatives of Slow System
at TN+HS/2 “. . ’

- ¥ . )
PBS(NS)——Vector o}

: Values at
TN + HS

Estimates of Stdte variable

A
DP3S (NS) --Vector of Derivatives of Slow System State Variables
at TN+HS. o
I;;§T2)--Vector of Interpolmted/Extrapolated Values of Slow
System Variables involved ;n coupling between TN
and TN + HS ;

ERR(NS) -~Vector of Local £rror Estimates
For Slow System Variables

‘ERRMAX-~Variable containing Maximpm Errox

For Slow System Variables

ER(NF)--Vector of Local Error Estimates
' For Fast System Variables

ERMAX--Variable containing Maximum Error
HPOS --Intermediate Variable Used in determining HINIT
NPL

~~Counter used for Graphics Routine

FDER --Maximum wvalue of Derivative Functlons
at Initial Time .

NFLAG——Slgnals The Detection Of A Communication Time

-

. Main Program Id

PROGRAM MAIN

This program utilized a Multi-
Rate Integration Algqrithm based
on Runge-Kutta Mersonts to simulate
_ a particular electronic osc111ator
~ model.

/

Variable Declaration

State Variables

MUL00610
MUL00620
MUL00630
MUL00640
MULO0650
MULO0660
MULO00670
MULO0680
MUL00690
MUL00700
MUL00710
MUL00720
MUL00730
MULO00740
MUL00750
MULGO760

wxu%ovvo
. MULD0780

MUL00790
MULOOSQO
MUL0OOB10
MUL00820
MUL00830
MUL00840
MULQ0850
MuLdo860
MUL0O0870
MULO0880
MUL00890
MUL00900
MUL00910
MUL00920
MUL00930
MUL00%40
MUL00950
MUL0O0960
MUL00 970
MUL00980
MUL00990
MUL0O1000
MUL01010
MULO01020
MUL01030
MULO1040
MULO1050
MULQ1060
MUL01070
MUL01080
MULQ1090
MUL01100
MUL01110
MUL01120
MUL01230
MUL01140
MULO1150
MUL01160
MUL01170
MULO1180
MUL01190
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199

-

IMPLICIT REAL(A-H,0-2)

REAL 5(8).F

CHARACTER*1 JCHOICE

COMMON/DIFF ARPU
+COMMON/PARS/C1,C2,C3,C4,C5,C6,R1,R2,R3,R4,R5,R6

- PAGE’ 262

- COMMCN/FAST/TOLERF, EFMAX, HFMIN

COMMON/SLOW/TELERS, HSMAX, HSMIN, COMINT

COMMON/QUT/NPL, SVAL (400},

EXTERNAL DERIVS

TIME (400}, SVALL(400)

PRINT*, 'Welcome to the Electronic¢ Oscillator Model’

PRINT*, '

r

PRINT*, 'Would You Like To Perform a Simulation ? (Y/N). "’

READ~*,

CALL

1
2
R3
R4
R5
R6
Cl
c2
C3-
C4
C5
ce

[T (A Y I |

S{1)
S{2)
S(3)
S(4)
S(5)
S(6)
F(1)
F(2)
¥(3)
F(4)

T
TFIN

CHOICE
iF (CHOICE .EQ.

INIT

g

-

PU(1).
PU(2)
PU(3)

LPU(4)

PU(S)
PU(6)
PU(7)
PU(8)
PU(9)
PU(10)
PU(11)
PU(12)

PU (13)
PU (14)
PU(15)
PU(16)
PU(17)

& na

PU(19)}
PU(20)
PU(21)
BU(22)

[ |

1

PU(23)
= PU(24)

TOLERF= PU[25)
TOLERS= PU(26)
HSMIN = PU(27)
HFMIN = PU(28)
COMINT= PV (29)

ORD

NF =

=5

4

Y} THEN

PU(18}.

Initialization grom Menu -

Initialize Parameters

\

Initialize State Variables

)

Initialize Time

Add Dimensions of Fast System
and Slow System ’

MULO1200
MULQ01210

‘MULO1220

MULO1230
MULO1240
MUL01250
MUL01260
MOUL01270
MULO1280
MUL01290
MULO130Q0
MULOL1310
MUL01320

. MUL01330

MUL01340
MULO1350
MULO1360
MUL0C1370
MUL01380
MUL01390
MUL01400
MUL01410
MUL01420
MULO1430

.MUL01440

MULO0O1450
MULO1460
MUL01-470

&mUL01480

MULO14380
MUL01500
MUL0O1510
MUOLO1520
MULO1530
MULO01540
MULO1550
MULO1560
MUL01570
MULO1580
MUL01590
MULQ1600
MULC1610
MULO1620
MULOLl630
MULOLl640
MULOLl650
MULOL660
MULOL670
MUL01680
MULO1690
MULQ1700
MUL01710
MULO1720
MUL01730
MUL01740
MULO1750
MULO1760
MULO0O1770
MULO1780
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NS = ¢ .
Y Add Graphics Counter
. NPL = 1 '
Results For Slow Routine at
the end of the simulation.
WRITE(8,17)

FORMAT (1X, 'Method:’, 19X, "Multi-Rate Algorithm Based on K
/28X, 'Runge-Kutta Merson’/10X%/1X,’Study Of Electronic
Oscillator’, 14X, "Slow Routine’/10X/1X,'Time’, 17X,
“fInput To Fast Routine’ /3X,'T',16x, X37,14X%,'8")
PRINT*, :
WRITE(8 3)T,S¢1),5(6) - . ‘

FORMAT (1X,F5.1,10X,F7.3,10X,F7.3)

TIME (NPL)= T
SVAL (NPL)= S (1) “
SVALL (NPL) = 5(6)

CALL SRATE(NS,NF,S,F,HS,DERIVS, T, TFIN)
Post-Run Qutput:

Cy Tabulate Values of State

Variables and Time at

y , Cutput Points &
99 I = 2,NPL .
'WRITE(8,87)TIME(I),SVAL(I),SVALL(I)
FORMAT (1X,F5.1,5X,F8.3,5X,F8.3)
PRINT*, 4

99 CONTINUE-

- -+ Plot results of outputs from
' the two routines

CALL ANYDEV

CALL GRAPH (TIME, SVAL,NPL)

CALL GRAPH{TIME, SVAL1,NPL)

PRINT*,’Do you wish to carry out anocther SLmulatlon (Y/N) 2
READ*, CHOICE

IF (CHOICE.EQ.’Y’) THEN

'Y CALL INIT

GOTO 199 : .
ENDIF ’

ENDIF
END

SUBROUTINE GRAPH (TVAL, SVALU,NPL)

This Subroutine Provides B Graphical Display of Component
Mo“el Master Routine. Output X3 is plotted agalnst Time.

DIMENSION TVAL(NPL},SVALU(NPL)
MINT = TVAL(1l) ~

MAXT = TVAL (NPL)

+ 1

VALMAX = SVALU(NPL)

VALMIN =
DO 13 I =

SVALU(1)
1,NPL
IF (SVALU(I).GT.VALMAX) THEN

VALMAX = SVALU(I) .
ELSE IF(SVALU(I).LT.VALMIN) THEN -
¥ VALMIN = SVALU(I) ’ '
ENDIF

MUL01790
MULO1800
MULO1810
MULO1820
MULO1830

MUL01860

"MULO01870
. MULO1880

MULO1890
MULO1900
MUL01910
MUL01920
MUL01930
MUL01940
MUL01950
MULO1960
MULO1970
MULGC1980
MUL01990
MULG2000
MULO2010
MULQ2020
MUL02030
MUL02040
MULO2050
MULQ2060
MULQ2070
MULQ2080
MULQ2090
MUL02100
MULQ2110
MUL02120
MUL02130
MULO2140
MULQ2150
MUL0O2160
MUL02170
MULD2180
MUL02190
MULQ2200
MUL02210
MUL05370
MUL05380
MULO5390
MUL05400
MUL0O5410
MULG5420
MULD5430
MUL05440
MUL05450
MUL05460Q
MUL05470
MULOS5480
MUL05490
MUL05500
MUL0OS510
MUL05520

'MUL01840
MULO1850 -
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13 CONTINUE
MAXVAL = VALMAX + 1
MINVAL = VALMIN - 1
SPACl = (MAXT - MINT)/10.0
SPACZ2 = (MAXVAL - MINVAL)/10.0
CALL HWROT ('MOVIE')
CALL PAGE{8.5,11.0)
CALYL SWISSM .
CALL AREA2D(6.0,8.0)
CALL HEADIN(’STUDY OF ELECTRONIC OSCILLATOR MODELS’,100,1.5, 2)
CALL HEADIN({'MULTI-RATE INTEGRATION METHODS’,100,-1.15,2)
CALL XNAME (' TIME(SECS)S’100)
CALL YNAME (‘VALUE OF X3§f,100)
CALL GRAF (MINT, SPAC1,MAXT,MINVAL, SPAC2, MAXVAL)
C DRAW CURVE WITH ROUNDED AND THICKENED LINE AND
C . RATIONAL SPLINE INTERPOLATION
CALL RASPLN (1.5)
CALL THKCRV {.015)
CALL THKRND (0.)
CALL CURVE(TVAL, SVALU,NPL,1) °

CALL ENDPL(O0) :
RETURN ¢
. END :
- SUBROUTINE GRAPH1 (TVAL, SVALU, NPL)
c THIS SUBROUTINE PROVIDES A GRAPHICAL DISPLAY OF COMPONENT
c MODEL MASTER ROUTINE. OUTPUT S IS PLOTTED AGAINST TIME,

!

DIMENSION TVAL (NPL), SVALU (NPL)
MINT = TVAL (1)
MAXT = TVAL(NPL) + 1 '
VALMAX = SVALU(NPL) —
VALMIN = SVALU (1)
DO 13 I = 1,NPL :
IF (SVALU(I).GT.VALMAX) THEN
VALMAX = SVALU(I)
ELSE IF(SVALU(I).LT.VALMIN) THEN
VALMIN = SVALU(I)
ENDIF
13 CONTINUE
. MAXVAL = VALMAX + 1
MINVAL = VALMIN - 1 ~ .
SPACl = (MAXT.-~ MINT)/10.0 '
SPACZ2 = (MAXVAL - MINVAL)/10.0
CALL HWROT ('MOVIE )

CALL PAGE(8.5,11.0)
CALL AREAZ2D(6.0,8.0)
CALL SWISSM ‘ .
CALL HEADIN(’STUDY .OF ELECTRONIC OSCILLATOR MODELS$’,100,1.5,2)
CALL HEADIN ('MULTI-RATE INTEGRATION METHODS$’,100,-1.15,2)
CALL XNAME (' TIME (SECS)S$‘,100)
CALL YNAME ('VALUES OF S$7,100)
CALL GRAF (MINT,SPAC1,MAXT,MINVAL, SPAC2, MAXVAL)

C DRAW CURVE WITH ROUNDED AND THICKENED ,LINE AND

C RATIONAL SPLINE INTERPOLATICON //
CALL RASPLN (1.5)
CALL THKCRV (.015) :
CALL THKRND {0.). .

/

T———

MULOS5530
MULO5540
MUL05550
MULGO5560
MULQS5570
MULGS5580
MULGO5590
MULCS600
MULOS5610
MULOS5620
MUL05630
MULO5640
MULO5650
MULOS5660

MULO05670
' MUL05%680

MULO56590
MULQ5700
MULO5710
MULO5720
MULOS5730
MUL05740
MUL0O5750
MUL(05760

- MULO5770

MUL05780
MUL0S5790
MULO5800
MUL05810
MUL05820,
MUL05830
MUL05840
MUL05850
MUL05860
MUL05870
MUL05880
MUL05890
MULO5900
MUL05910
MUL05920
MUL05930
MUL05940
MULO05950
MUL05960
MUL05970
MUL05980
MUL05990
MUL06000
MULO6010
MUL06020
MUL06030
MULO06040
MUL06050
MUL0606Q
MULO06070
MUL06080
MUL06090
MUL06100
MUL06110
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3
CaLL CURVE (TVAL,SVALU,NPL,1) MULQO6120
CALL ENDPL{{) ‘MUL06130
RETURN MUL06140
END MULO6150
" MULO6160
SUBROUTINE DERIVS{§,DS,NF,NS,F) MULO6G170
IMPLICIT REAL(A-H,0-2) MULOE180
REAL S(NS),DS(NS),F(NF) . . MUOLO6190
COMMON/PARS/CI c2,C3,C4,C5,C6,R1,R2, R3 R4,R5, R6 - MUOL0O620Q
Subroutine consists of Slow System Derivatives whlch are MULO6210
specified by the user for his particular model. MULO6220
MULO6230
. MUL06240
MULO6250
DS(1) = F(é)/(R3*C2)~(l/(R3*CZ)+1/(R3*C3))*S(l) + 8(2)/ (R3*C3) MUL06260
MUL06270
PL{2) = S(l)/(R4*P3)—(l/(R4*C3)+1 0/(R4*C4))*S(2) + S(3)/(R4*C4) MULO6280
MULO6290
DS (3) = S(2)/(R5*C4)~(1/(R5*C4)+1/(R5*C5))*S(3) + S(4)/ (R5*C5) MULO6300
’ MULO6310
DS{4}) = S(3)})/(R6*C5) - (1.0/(R6*C5) + 1.0/(R6*C6))*S(4) MUL06320
. ' MUL06330
DS({3) = S§(4)/Cs MYL06340
_ MUL06350
DS(6) = 0.02 * ABS(36.0 — S.29*SQRT(ABS(S(5))}) **1.2* MULO6360
+ SIGN(l.O,ABS(36.0—5.29*SQRT(AES(S(5))))) - 0.02*%5(6) MULQ6370
RETURN MUL06380
END MUL0OE380
MULO6400
MULOG410
SUBROUTINE DERIVF (F,DF,NF,NS, INTS) MUOLO6420
IMPLICIT REAL (A-H,0-2) MUL0O6430
REAL F (NF),DF (NF), INTS(2) MUL(6440
COMMON/PARS/C1,C2,C3,C4,C5,C6,R1,R2,R3,R4,R5,R6 MUL0O6450
' MULOG6460
Subroutine consists of Fast System Derivatives which are MULO6470
specified by the user for his particular model. MUL06480
MUL06490
MUL06500
DF (1) = F(2) MULO6510
. MULO6520
DF(2) = —-64.0*F{1) + 7.5%(2.0+INTS (1) =(F (1) *F(1)))*F(2) MULO6530
f MULO6540N’
DF(3) = 2.0*F(1)}*F(2) /Rl + (F(4)~F(3)}/(R1*C1l) F MULO6550
’ MULQ6560
DF(4)=F(3)7(R2*C1)~F(4)*(1.0/(R2*C1)+1.0/(R2*C2))+INTS(2)/(R1*C1) MULQOE€570
b MULO6580
RETURN i ‘ MULO6590
ENb . /MULO6600
™ 'MUL06610
MUL06630
MULO70Q050
SUBROUTINE INIT MULO7060
. . MULO7070
INTEGER NUM,RC,RLEN - : ™~ MUL0O7080
REAL RES1 ' MULO7090
CHARACTER*8 KEY,MENUN MULQO7100
CHARACTER*B FLDN{29) MULO7110
CHARACTER*4 CC MUL07120
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23

28

COMMON/DIFF/PU(29)

Xmenu used for Parameters and Initial Conditions

FLDN(1l) = ’R1L’
FLDN(2) = ‘R2’

FLDN(3) = ’R3’
FLDN(4). = 'R4"
FLDN(5) = ’R5’
FLDN(6) = ‘R6’
FLDN(7) = C1‘
FLDN(8) = ‘C2°
FLDN(9) = T3’

FLDN{10) =’C4’. L
FLDN(11) =’CS’

FLDN (12) =7C6’

FLDN(13) ='X3’ .

FLDN(14) =’X4’

FLDN(15) =’X5¢ ~

FLDN(16) ='X6" ' K
FLDN(17) =V’

FLDN(18) ='S’

FLDN(19) =’y1’

" FLDN(20) ='Y2°'

FLDPN({21l) ='X1'
FLDN(22) ="X2'
FLDN(23) ='TINITA
FLDN(24)' ='TFIN'
FLDN{25) =’'TOLERF’
FLDN(26) =‘TOLERS’
FLDN(27) ="HSMIN’
FLDN{28) ="HEMIN'
FLDN({29) ='COMINT'.

MENUN = ‘0OSCILS’

CALL MCLSCR (NUM,RC)

CALL MLOAD (NUM, RC, MENUN)
CALL MPFMAP (NUM,RC, 1

CALL MALARM (NUM,RC, I)

CALL MPRINT (NUM,RC, 2 OuUT)
CALL MDSPRD (NUM, RC, )g"
CALL MEXIT (NUM, RC) .
IF (KEY .EQ. "PF10’) GOTO 25
IF (KEY .EQ. ‘PF12’) STOP

DO 23 I = 1,22

CALL MSCRZD(NUM RC,FLDN({I},CC, 4, RLEN) .

CALL MCVTCF (PU{(I),RC,CC,4,2)

CONTINUE

DO 28 I = 23,29 - N
CALL MSCR2D (NUM,RC,FLDN(I);CC,7,RLEN)
CALL MCVTCF (PU(I),RC,CC,7,2)

CONTINUE

RETURN

. END’

+

SUBROUTINE OQUTPUT(T,S,NS)
IMPLICIT REAL (A- H 0-2)
REAL S (NS) ‘
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MUL07130
MULO07140
MULO7150
MULO7160
MUL0O7170
MUL0O7180

. MULO7190

MUL07200
MUL07210
MUL07220
MUL07230
MUL07240
MUL07250
MUL07260
MUL07270
MUL07280
MUL07290
MUL07300
MUL07310
MUL07320
MUL07330
MUL07340

_ MULO07350

MULO7360

MULQ7370

MULO0O7380
MUL0O7390
MULO7400

MUL07410

MULQ7420
MULO7430
MULO7440
MULO7450
MULO07460
MULO7470
MULO7480
MULO7480
MULOQ7500
MULO7510
MUL07520
MULC7530
MULO7540

MULQ7550

MULO7560

MUL0O7570

MULO7580
MULQ7590
MUL0O7600
MULO7610
MUL0O7620
MULO7630
MULO7640
MUL07650
MULO7660
MULO76%0
MUL07680
MUL07690
MULO7700
MULO7710

’
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COMMON/OUT/NPL SVAL(400), TIME(40 ), SVAL1(400) - : MULQ7720

Display values of Slow System O ts in Tabular Form MULO7730
NPL = NPL + 1 : . MULO7740
WRITE(6,98)T,S(1}, S(G) : : MULO7750
FORMAT (1X,F5.2, 10X F7,. 3 lOX F7. 3) - . \ : MULO7760
SVAL (NPL) = S(1) . B MULO7770
SVALL (NPL) = 5(6) . ‘ ‘ : MULQ7780
TIME(NPL) =T : . : . : . MULO7790
RETURN S , . o ‘ . -MUL07800
END S : S ' - I - o " MULO7810

»
‘ ) ’ ..A '
3.-1_‘ | :?, _
*I“ “mth \

4 ] ‘-”' el



COADR AN -

10

-

+. .

c1
cz2
c3
c4

. €5

ol

Mode| Parometers

5.2? mF

1.25 mf
1.25 mF
1.25 mF
1f25 mF

Preas:

4

-~

R1.
4.25 mF "R2

R3
R4
RS
R6

- 8.00
= 8,00
- 8.00
- 8.00
- 8.00
- 8.00

PF10 —

Menu
Mode

Lypetins

Y T TN R SUNUET VRN JE SR B S S

/INITIALIZATION'

KINDLY INITIALIZE VARIABLES. .
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Experimentation Variables

Inftial -States
S.5ystem  F.System

kOhms X3(0) = 40.0 Y1(0) = 20

KOhms X4(0) = 45.0 Y2(0) = 70.
kOhms X5(0) = 50.0 X1(0) = 80.

kObms V(0) = 60.0
kOhms S(0) = 65.0

to start simulation

For Elesctronic Oscillator
I: Multi-Rate Integration

.

-

.0
0.

0,

kOhms X6(0) = 55,0 X2(0) = 85.0

PF12 = to quit
R P IXETY TRUUS JRONS. NN TN R T S DU S

e

Control Variablexs

TINIT
TFIN

TOLEﬁF
TOLERS
HS&IN

- HFMIN

HBOUND
COMINT

ekl

- 0.00
= 20.0
= 0.01
= 0.50
= 0.0001
= 0,00001

= 0.10
= 0,20

N P Rt 5.

¥

DM LR -



Problem: Study Of Electronic Dacillotor

Method: Muiti-Rate Algorithm Bosed on
’ Runge—Kutta Merson

.
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’

Inputs To Faat Routine

X3

40.000
40,469
40.707
41.178
41.371

T 41.688

'41.995
42.293
42.582
42.862
43.222
43,398
437653
43.901
44,142
44,448
44.601
44.819
45.032
35.237
45.436
45.692
45.815
46,069
46.170
45.338

46,501 .

46.715
46.811
47.019
47.089
*47.238
47.372
' 47.502
47.668
47.751
47.870
47.98%
48.136
48,205
48.353
48. 411
48.508
48.627
48.694
48.814
48.866
48.947
49.02%
49.126
49.172
49.270
49,307

49,398~

43,430
49.488
49.542
49.609
49,644
49,6390
49.747
49.778
49.815%
43.862
497883
49.929
\ 439,948

S

65.000
64.713
64.576
64.327
64.234
64.091
63.966
63.859
63.769
63,695
63,621
63.594
63.566
63.551
63,551
63,570
63.589
63.626
63.676
63.737
63.810
63.924
63.988

64,139 -

64,207
64,332
64,466
64,663
64.761
64,995
65,092
65.270
65,457
65.651

.65.919

£6.063
$§.280

- 66.504

65.819
665.974
67.326

- 67,471

67.729
68.066
658,264
68.649
58.824
69.112
69.407
69.815
70.012
70.457
70.638
71.110
71.285
71.818
71.951%
72.392
72.637
72.988
73.448
73.699
74.0682
74.539
74,800
75.326
75.5%4
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| Method: .ulti-Rete Algerit:m Bassd on-
* Runge-Kutta Merson

L

Time
T

13.
13.
13,
14,
14.
14.
14,
T4,
15.
13,
1s.
15.
13,
16,
16.
16.
16%6
16.9
17.0
17.2
17.4
17.6
17.9
18.0
18.2
18.4
18.6
18.8
19.1
19.2 -

APRODOLOTVLRNOD AN OND N

- 19.4

19.6
- 19.8

20.0

’

\

Inputs To Fost Routine

X3

49.973
50.004
50.020—

+ 50.048

50.059
50.075
50.092
50.101
50.110
50.118
30.126
50.128
A0. 131
5¢.131
50,129
50.126
50.121
50.111

50,105 °

50.089
50.082
50.068
50.047
50.033
50.008
49,995
49.963
49.950
49.912
49.898
49.870

- 49,830

49.811
49.764

-

- Problem: Study Of Eiectrygpic Oscillater

s

75.937
76.431
76.715
77.263
77.507
77.309
78.427
78.723
79.134
79.550
80.114
80.380
80,996
81.243
B1.674
82.108
82.545
83.125
83.427
84.056
84,321
84.772
B85.350
B5.682

‘86,319

86.602
87.272
87.532
88.222

88.472

88.945
89.604
§9.898
90.591
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VALUE OF X3

7 e

N

4

ELECTRONIC OSGILLATOR MODEL
: MULTH-HATE HNTEGHATHON M[ETHO[D )

o
O -

m PR

K- -
@

-

. S
[

~

Ly’

@

v

© 45,8
. ]
—

42.3 43.4 - 445
1 1

41.2

. 401

38.0

0.0 2.0 40 8.0 . 8.0 100 12.0 14.0 18.0 18.0 20.0
TIME{(SECS)
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STUDY OF ELEGCTRONIC OSGILLATOR MODEL

VALUE OF &

84.0

78.5 -
1

MULTI-RATE INTEGRATION METHOD

81.0
)

88.1
)

5.2

Th.4
\
~

70.7 73.8

67.8

62.0

0.0 21 42 83 84 10.5 12.8 147 18.8 188 2.0 -
TIME{BECTS)
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Appendix H. INTEGRATTION ROUTINES FOR THE GEST RUN TIME LIBRARY
.‘ . . . - . t .
H.l- The Fourth Order Runge Kutta Algorithm . -
; - . .

= t
r

. i 'l .
SUBROUTINE RK4(T,¥Y,N,TEFIN,H,HINIT, HBOUND, HMIN, TOL, COMINT, DERIV) DIA01830.

Fourth - Order Runge Kutta.Method Used To . : DIAL18B40
Integrate Systems Having Prequent o - DIAQ01850
Output Points But ‘Not Requirlng A - DLACLB60
-High Level Of Accuracy . ) o 8 DIARD1B70

_ " DIAQ1880

_ . Variable Declaration .. . DIA01880

' .. : .. DIAO1S00

IMPLICIT REAL (A-H,0-2) E " DIA01910
DIMENSION Y (N),DY1(15),DY2(15),DY3(15), DY4(15) F1(15) F2(15), " © DIAR01920
+F3(15),DY(15) . . DIAQ1930
EXTERNAL DERIV e DIA01940
CHARACTER*1 CHOICE _ - e DIAQL950
Calculating Starting Step Size DIA0L960

CALL DERIV({T,Y, DY N) ' - DIA01970
FDER = 0.0 3 o DIA01980
DO 29 I = 1,N -F . - DIA01990
IF° (ABS(DY(I)}).GT?.FDER) ‘THEN DIA0200Q
FDER = ABS(DY(I}) o ' T DIAQ2010

ENDIF © . ' DIA02020" %

29 CONTINUE : . ‘ : JDIA02030
IF (FDER.NE.0.0) THEN o e - .. DIA02040
.HPOS = SQRT({(0.5 * TOL/FDER) , 7 -DIA02050

IF (BBOUND.LE.0.0) THEN o o : * DIAD2060

. HBOUND = 0.1 : ' DIAD2070Q
ENDIF i . i . DIAQ2080

IF (HPOS.GT.HBOUND) THEN - P DIA02090
HSTART = HBOUND , _ : DIA02100

ELSE LT DIAQ2110 .

HSTART = HPOS : - , - DIA02120

ENDIF : _ DIA02130
ELSE . . o DIA(G2140
IF (HBOUND.LE.0.0) THEN Tt ' BIA02150
HBOUND = 0.1 e e : DIAD2160

ENDIF : - T DIAQ02170

- HSTART = HBOUND . ' . *  DIA02180
ENDIF - - ) DIA02190
IF (HINIT.NE.0.0) THEN ' DIA02200
H = HINIT L. - DIAQ2210
ELSE A . . DIR02220
© HINIT = HSTART . . Lt DIA02230
= HINIT : - DIA02240

ENDIF s DIA02250
. ‘ DIRP2260

IF (H.GT.HBOUND) THEN : \ DIA02270
.PRINT*, " HINIT > HBOUND. DO YOU WISH TO CARRY OUT INTEGRATION DIA02280

+ WITH THIS HINIT (Y) OR HBOUND (N)?’ . DIAD2290
READ*, CHOICE . DIA02300

IF (CHOICE.EQ. Y’) THEN " <;~____\,_A DIA02310

H = HINIT | . DIA02320

ELSE DIA02330

H = HBOUND DIA02340

HINIT = HBOUND - DIA02350

ENDIF DIA02360
ENDIF ~ DIAQ02370



99
88

16

NFLAG = 0 o . DIa02440
TCOM = T + COMINT ‘ | . DIA02450
. ; Integrate system DIA02460
IF (T.LT.TFIN) THEN . e - DIAD2470
IF (T.LT.TCOM) - THEN L DIA02480
IF (({(TCOM - T).LE. (HINIT+ HMIN)) .AND. DIA02490 .
+ . (NFLAG EQ. 0)) THEN ' DIA02500
= (TCOM - T)/2.0 ' DIA02510
_ NFLAG= 1. - DIA02520
. ENDIF . DIA02530
Hl'= H * 0.5. . , DIA02540
CALL DERIV(T, Y,DY1,N) DIA02550
DO 6 I = 1,N ’ . DIAQ2560
F1(I) = DYL(I) * H/2.0 + Y (I} DIA02570
. CONTINUE ‘ DIA02580
" CALL DERIV(HY + T,F1,D¥2,N) ‘ DIA02590-
DO 8 I =-1,N . — - DIA02600
¥ L F2m = T w DY2(I) /2.0 + Y(I) . . DIAD2610
CONTINUE DIA02620
CALL.DERIV{(Hl + T,F2,DY3,N) DIA02630
DO 10 I = 1;N . DIAQ2640
F3(I) = H*DYB(I) + Y(I) U DIAQ2650
CONTINUE DIA02660
CALL DERIV(H + T,F3,DY4,N) DIA02670"
DO 16 I =1,N DIA02680
Y(I)=Y(I)+(DY1(I)+2 0*922(1)+2 0*DY3(I)+DY4(I))*H/6 0 DIADZ690
CONTINUE ° DIA02700
T =T +H o DIARD2710
Output Values Of Y and T at DIADZ2720
« each point of TOUT . DIAD2730
ELSE B ' ' . DIA02740
CALL OUTPUT-(Y{N,T) DIA02750
TCOM = TCOM + COMINT ' DIA02760
IF (TCOM.GE.TfIfl) THEN DIA02770
TCOM = TFIN DIA02780
ENDIF ) DIAQ2790
NFLAG = 0 g DIA02800
H = HINIT DIAG2810
GOTO 88 DIAO2B20
ENDIF Q; DIAD2830
‘GOTO 99 * DIA02840-
ENDIF 3 DIA02850
" CALL OUTPUT(Y,N, T) DIA02860
RETURN DIA02870
END

IF (COMINT.LE.8) THEN

COMINT = (TFIN - T)}/100

ENDIF

IF (HMIN.LE.0.0) THEN
HMIN = HINIZ/10000

ENDIF

4 I

-PAGE. 274

DIAQ2380
"DIAD2390
DIA02400"
© DIA024T0
-DIAD2420

"DIAD2430 .

DIAQZE80

&
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P ‘ . . . . o
A2 The Runge Kutta Fehlberg Algorithm .

SUBROUTINE RKFEL(T, Y, N, TFIN H, ORD HBOUND HMIN, COMINT, DERIV TOL) FEL0O1680

Sixth Order Variable Step R-K Felberg ~ FELO1620
used to integrate systems with . . FELO1700.
infrequent output to a high level of . o FEL01710
accuracy. . : ) FELO1720
_ .. . FELO1730
! Variagble Declaration . FEL01740 -
IMPLICIT REAL*4 (A-H,0-%) FELO1750
DIMENSION Y (10),DY (10}, DYl(lU),DYZ(lO),DY3(10),DY4(10) DY5(10),  FELOL1760
+E(10); F1(10),F2(10),P3(10) F4(10),ERR(10) FELO1770
. CHARACTER*1 CHOICE - ‘ FEL01780
REAL NUVAL : FEL0O1790
IF. (COMINT.EQ.0) COMINT = (TFIN-T)/70 : . FEL01800
(ﬁFLAG— 0 oy o FELO1810
TCOM = T + COMINT L . . . FEL01820 -
_ Calculate Starting Step Size FEL01830
CALL DERIV(T,Y,DY,N) . ‘ , FEL01840
FPER = 0.0 c e FELO1850
DO 29 I = 1,N . . , FEL01860
IF (ABS(DY(I)).GT.FDER)} THEN , > ' S FEL01878
. FDER = ABS (DY (I)) . o \ ’ FELO1880
ENDIF s : . FEL018%0
CONTINUE o : b o FEL01900
_IF (FDER.NE.O0.0) THEN t R o i FEL01%10
HPOS = SQRT(0.5 * TOL/FDER) . - :  FEL01920
IF (HBOUND.LE.0.0) THEN ' .+ FEL01930
HBOUND = 0.1 . ‘ . ’ FEL01940
ENDIF o T - ) FEL01950
IF (HPOS.GT.HBOUND) THEN : . ' . FEL01960
. HSTART = HBOUND - ‘ ' ' FEL0O1970
, ELSE : - . FEL01980
" HSTART = HPOS ‘ . FEL01990
ENDIF . FEL02000
ELSE ) = FEL02010
IF (HBOUND.LE.0.0) THEN - o ) FEL02020
HBOUND = 0.1 N s - FEL02030
ENDIF . : ‘ FEL02040
HSTART = HBOUND _ ' s FEL0Q2050
ENDIF - e ) C. FEL02060
IF (HINIT.NE.(0.0) THEN N . FEL02070
H = HINIT | ; FEL02080
ELSE : ' . FEL02090
HINIT = HSTART - ) FEL02100-
_ H = HINIT - , _ T FEL0O2110
ENDIF ' ' : ' - FEL02120
) ‘. . FEL02130
IF (H.GT.HBOUND) THEN : . FEL02140
PRINT*,"HINIT > HBOUND. DO YOU WISH TO CARRY OUT INTEGRATION FEL02150
+ WITH THIS HINIT (Y) OR HBOUND (N) 2 FEL02160
READ*, CHOICE ’ : FEL02170
IF (CHOICE.EQ.’Y’) THEN - : FEL02180
. H = HINIT ] L. PEL02190
ELSE : : . : FEL02200
© H . = HBOUND . FEL02210
HINIT = HBOUND § _ FEL02220

ENDIF ) ‘ FEL02230
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ENDIF
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IF (COMINT.LE.0.0) THEN /
ggMINT = (TFIN -~ T)/100
END .

“(HMIN.LE.0.0) THEN . ‘ -
HMIN = HINIT /1000

ENDIF

Integrate system

88 IF (T.LT.TFIN) THEN . . >

188

10

12

14

40

16

Ir

(T.LT.TCOM) THEN

IF (((TCOM - T).LE.
"H = (TCOM - T}/2
NFLAG = 1

ENDIF

(H + HMIN)) .AND. (NFLAG,EQ.0)) THEN

'CALL DERIV({T,Y,DY,N)

1,N - ' - 2
= DY(I) * B/4.0 + Y(I).

DO 6 I =
F({I)
"CONTINUE
CALL DERIV(H/4.0”+ T,F,DY1,N)
DO 8 I =1,

*F1(I) = (3. O*DY(I) + 8.0 * DY1(I)})*H/32.0 + Y (I)

- GONTINUE

CALL DERIV{3.0*H/8.0 +.T,F1, DY2 N}

DO 10 I = 1,W
F2(I) = (1932.0*DY (I} + 7296 O*DYZ(I) - 7200.0*DY3(I))
*H/2197.0 + Y(I)

CONTINUE
CALL DERIV({]2*8#/13.0 +'T,F2,.DY3,N)
DO 12 I = 1,N

- FP3(I}=B*(439. O*DY(I)/ZIS 0 - 8.0*DY1(I)"
/513.0 - 845.0*DY3(X)/4104.0) + Y(I)

CONTINUE )
CALL DERIV(T * ‘H,F3,DY4,N) , ' '
‘DO 14 I = 1,N ’

FA4(I)=H*(~-8.0*DY{(I)/27.0 + 2. O*DYl(I) -3544.0 * DY2(I)/
2565.0 + 1859.0*DY3(I)/4104.0~11.0*DY4(I)/40.0) + Y(I)
CONTINUE ~
CALL DERIV(T+H/2.0,F4,DY5,N)
ERRMAX = 0.0 ' .
DO 40 I = 1,N .
ERR(I)=ABS(DY(I)/360.0 - 128.0*DY2(I)/4275.0 - 2197.0
*DY3(I)/75240.0 + DY4({I)/50.0 + 2.0*DY5(I})/55.0)

IF (ERR(I).GT.ERRMAX) THEN
ERRMAX = ERR(I)
ENDIF
CONTINUE : -
IF (ERRMAX.LE.TQL) THEN
T =T + H '
DO 16 I, =1,N
Y(I) = Y(I) + H*(25.0*DY(I)/216.0 + 1408.0*DY2(I)/

2365.0 + 2197.0 * DY3(I)/4104.0 - DY4(X)/5.0)
CONTINUE

ENDIF

IF (NFLAG.EQ.0) THEN

+ 3680.0*DY2(I)

FEL02240
FEL02250
FEL02260
FEL02270
FEL02280
FEL02290
FEL02300
FEL02310
FEL02320
FEL02330
FEL02340
FEL02350
FEL02360
FEL02370
FEL02380
FEL02390
FEL02400
FEL02410
FEL02420

FPEL02430

FEL02440
FEL02450
FEL02460
FEL02470
FEL02480
FEL02490
FELO02500

'FEL02510

FEL02520
FEL02530
FEL(G2540
FEL0C2550
FEL0O2560

"FEL02570

FEL0Z2580
FEL02590
FEL02600

"FEL02610

FELD2620
FELOZ2630
FEL02640
FEL02650
FEL02660
FEL02670
FEL02680
FEL0O2690
FEL02700
FEL0271%

FELO2720

FEL02730
FEL02740
FEL02750
FEL02760
FEL02770
FEL02780
FEL02790
FEL02800
FEL02810
FEL02820
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-}

-

H=0.9 * K » (TOL/ERRMAX) ** . (1/0RD) ) FEL02830

IF (H.LT.HMIN) THEN ’ FEL02840
. PRINT*, ' HMIN Exceeded. Do you wish to change value of FEL02850.
+"HMIN (Y) or would you rather halt the 1ntegrat10n and further FEL02860
+1pvest1gate the model (N) 2’ FELO2870
: READ*, CHOICE FEL02880
\ JIF (CHOICE.®Q.7¥’) THEN o . FEL02890
| PRINT*, ‘Please enter new value of HMIN. Note that FEL02900
+for integration to proceed,it should be less than’,H FEL02810
: READ*, NUVAL . FELD2920
HMIN-= NUVAL ‘ FEL02930 -
e ELSE . ' . FEL02940 '
STOP , FEL02950. . :°
' ENDIF L S FEL02960. ...
ENDIF . : o , FEL02970:
c IF (H.GT.HMAX) THEN'_, : FEL02980%
c H = HMAX . .- : FEL02990.:
C. ENDIF , : ' : FELO3000
ENDIF : : : e '~ FELO301C-
p ELSE - o FEL03020
_ CALL OUTPUT(Y,N,T) : co e .FEL03030
. " TCOM = TCOM + COMINT o : : FEL03040
g IF ((TCOM.GE.TFIN) .AND. (T.NE.TFIN)) THEN - FEL03050
TCOM = TFIN : .-y = FEL03060
ENDIF R A 'FEL03070
_ NFLAG = 0 ' - A FEL0O3080
. GCTO 88 : o ‘ ' . . FELO3090
5 ENDIF o ' A FELO3100
GOTO 188 : ' : FEL03110
ENDIF ’ : . , FEL03120
CALL OUTPUT (Y,N,T) o _ - FEL(03130
. RETURN , ’ FEL03140

END S o I FEL03150
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H.3 The Fourth Order Adams Algorithm N

N

~

SUBROUTINE ADAMS(T;Y,N,TFIN,H,NORD,HBOUND,HMIN,DERIV,COMINT,TOL,K)ADA01860

FourthOrder Variable Step Adams Predictor Corrector Method . ADA01870

used to integrate systems to a high level &f accuracy. ADA018890

. ' -~ ADAQ1890

. _ Variable Declaration- ' ADA01900

IMPLICIT REAL*4 (A-H,0-2) ADAQ01910

DIMENSION T (6000),Y(6000,5),Y1(5),Y2(5),Y3(5}, : ADAD1920
+ Y4(S),vC(6000,5), TIME(SOO),YVAL1(300) YVAL2 (300), . ADA01930 °

+ DY (6000, 5) i , ADA01940

_ : ADAQD1930

EXTERNAL DERIV . : ADAD1960

COMMON/STIFF/NCHECK ’ = , ADA01970

CHARACTER*1 CHOICE ; : ADAD1980

REAL NUVAL @ : ADA01990

: ADA02000

K= 1 - L . ADAQ0201D

CACCULATING STARTING STEP SIZE - °*  ADA02020

" CALL DERIV(T,Y,DY,N,X) ~ ADAQ2030

FDER = 0.0 " } ADAD2040

DO 29 I = 1,N , - ADAQ2050

IF (ABS(DY(1,I)).GT.FDER) THEN ' - ADAD2060

FDER = ABS (DY (1,I)) ' : ADAD2070

: ENDIF ' o ) ADAO2080

29 CONTINUE » ADADZ090

IF (FDER.NE.0.0) THEN ' . ’ - ADA02100

HPOS = SQRT(0.5 * TOL/FDER) ADAQ2110

IF (HBOUND.LE.(0.0) THEN ADA02120

HBOUND = 0.1 + ADA02130

ENDIF : ) ADAD2140

IF (HPOS:GT.HBOUND) THEN : . " ADA02150

HSTART = HBOUND . g ’ ADARD2160

ELSE ‘ Co : ADAD2170

HSTART = HPOS . : . ADAD2180

ENDIF ' _ ) ADAD2190

ELSE ‘ ' BADAD2200

IF (HBOUND.LE.0.0) THEN o . : ADAD2210

HBOUND = 0.1 o ADAD2220

ENDIF *ADAD2230

HSTART = HBOUND - , ADA0Z2240

ENDIF ‘ : ADAD2250
| (HINIT.NE.Q.0) THEN _ , ADA02260

H = HINIT . ADA02270

ELSE ’ . ADA02280
HINIT = HSTART ADAD2290

H = HINIT T ADA02300

.ENDIF ADAD2310

ADAD2320

IF (H.GT.HBOUND} THEN ADA02330
PRINT*,HINIT > HBOUND. DO YOU WISH TO CARRY OUT INTEGRATION  ADA02340

+ WITH THIS HINIT (Y} OR HBOUND (N)of . ADA02350

READ*, CHOICE ADA02360

IF (CHOICE.EQ. Y*) THEN : ADA02370

H = HINIT ) ) .- ADAD2380

ELSE - ‘ ADAD2390

H = HBOUND : ADAD2400

HINIT = HBOUND AD20241Q
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ENDIF

ENDIF , .

IF (COMINT.LE.O) THEN - ‘ —
COMINT = (TFIN - T{(1))/30

ENDIF ‘

IF (HMIN.LE.(0.0) THEN
_HMIN = HINIT/10000

ENDIF .

TCOM = TCOM + COMINT

Tl = T(1l)

. Compute steps for StlfanSS check
NSTEPS = (TFIN-T1)/HINIT * 10

\ Compute the flrst three
R values by Fourth-Ordex
Runge Kutta
CALL RK4(H,Y,K,T1, DERIV Y2, T29Y3 T3,Y4,7T4,N)
NFLG = 1

MFLG = 1

NFLAG= 0

K =5

DO 62 I = 1,N
Y({K-1,I) =
Y(K-2,1I) =
Y{K-3,I) =

CONTINUE

T(K-1) = T4

T(K=2) = T3

T(K~3) = T2

TNOW = T(K-1) + H

IF (T(K-1).LE.TFIN) THEN . .

IF ((T(K-1).LE.TCOM) .OR. (MFLG.EQ.1l}) THEN

IF (((TCOM - T(K-1)).LE. (H+ HMIN)) .AND. (NFLAG.EQ.0)) THEN
H = (TCOM - T(K-1))/2. 0
NFLAG= 1

ENDIE , .

CALL ADCOMP(H,Y,T,N,K, ERRMAX,VC)

NCHECK = NCHECK + 1 '

IF¥ (ERRMAX.LE.TOL) THEN.
DO 101 I = 1,N

Y(K;I) = VC(K,I)
CONTINUE
T(K) = TNOW
MFLG = 0
NFLG = 0
K=K+ 1

ENDIF -

IF (ERRMAX .GT. 0.0) THEN -

IF ({(ERRMAX.LE.{(0.9*TOL)) .AND.
HOLD = H )
H= 0.9 * H * (TOL/ERRMAX) ** (1/0RD)

IF {((T(K-1) + 3*H).GE.TCOM) THEN
HOLD = TCOM - T({K-1) ‘ .
H . = HOLD

Y4(I)
y3(xy *
Y2(I)

(NFLAG.EQ.0)) THEN - *

ENDIF )
NFLG = 1
DO 59 I = 1,N

Y(K,I) = Y(K-1,I)
CONTINUE
Tl = T(K~-1)

ADA02420

- ADAOZ430

ADADZ2440
ADAQ2450
ADAOZ2460
ADRAO2470
ADA02480
2DA02490
ADAO2500
ADAD2510
ADA02520
ADAQZ2530
ADADZ2540
ADAQ2550
ADAQ2560

~ADA02570

ADA02580
ADA02590
ADAD2600
ADA02610
ADA02620
ADA02630
ADA02640
ADA02650 -
ADA02660
LADA02670
ADA02680
ADR02690
ADA02700
ADA02710
ADA02720
ADA02730

" ADAQZ2740

APA0Z2750
ADA02760
ADRAO2770
ADAO2780
ADAD2780
ADAC28B00
ADADZ2810
ADAQ2820
RDAD2830
ADAOZ2840
ADAQ2850
ADA0D2860
ADADZ2870
ADAOZ288B0
ADAQ28S0

ADAOZ300

ADADZ910
ADRQZ2920

CADAD2930

ADA02940
ADA02950
ADA029%60
ADA02970
ADADZ980
ADADZ2990

~2ADA03000
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1

CALL RK4(H,Y,K,T1l,DERIV, Y2 T2,Y3,T3,Y4,T4,N) . ADAO3010

50 65 I = 1,N ADA03020
Y(K+2,I) = Y4(I) _ L ‘ ADAO3030

. COY(K+1,I) = Y3(I}) - ADADS040
Y (K, I) = Y2(I) . : ADA0OB050

65 CONTINUE - : '\ ADA03060
. T(K+2) = T4 - . o . ) © ADA03070
T(K+1) = T3 . ' : , ‘ . ADAD3080

T (K) = T2 : . ADA03090

K=K+ 3 _ - ADA03100

ENDIF _ , - ADA03110
ENDIF | . ADAQ3120

IF (EhRMAX GT.TOL) THEN , : ADA03130
MFLG = 1 ' ' . .. ADA03140

H=0.9 *H * (TOL/ERRMAX) ** (1 /NORD) : ADA03150

IF {H.LT.HMIN) THEN ADAO3180

PRINT*, 'HMIN Exceeded. Do you wish to*bhange value of ADAQO3172
+ HMIN (Y) or would you rather halt the integration and further ADAD3180

+investigate the model (N) ?°' . ADAD3190
READ*, CHOICE ADA03200

IF (CHOICE.EQ.’Y’) THEN . ADA03210
PRINT*,'Pleasef{enter new value of HMIN. Note that ADA03220

+for integration to proceed, it{ should be less than’,H ADAQ3230
READ*, NUVAL ADA03240

HMIN =“WUVAL \ ADA03250

ELSE o . ADAD3260

. STOP ‘ . ADRO03270
ENDIF ADAO3280

ENDIF ADAG3790

ir NFLG.EQ.1) K = K-3 _ : ~ ADA03300

DO 150 I = 1,N ‘ . ADAO3310

- TY(K,I)=Y(K-1,I)} .- - ADA03320,
150 CONTINUE | : ' ADAD3330°
Tl = T{K-1) : ADA03340

CALL RK4(H,Y,K,T1, DERIV Y2,T2,Y¥3,T3, Y41T4 N) . ADAO3350

“DO 67 I = 1,N ADA03360
Y(K+2,I) =.Y4({I) s _ ADAD3370

Y(K+1,I) = Y3(I) - ' J ADA03380

3 Y(K,I) = Y2(I) ‘ ) oo ADA03390

67 CONTINUE ) , : ADAD3400
T(K+2} = T4 o ADAD3410

T(K+1) = T3’ , ot ' : - ADA03420

T (K) = T2 . ADA03430

K=K+ 3 ADA03440

NFLG = 1 ' _ : ADA(C3450

ENDIF : _ ADAD3460

TNOW = T(K-1) + H ADR(03470

T(K) = T(K~1l) + H : , ADAD3480
PRINT*,  TNOW = ¢, TNOW - ‘ "ADAD3490
PRINT*, "Y(K,1) = *,¥(K,1) ADAD3S00
PRINT*, Y(K,2) = /,Y(K,2) _ ADAO3510
PRINT*,'H = ’,H . ADA03520

o _ , , ADAO3530
ELSE _ - ADAQ3540~
CALL OQUTPUT(Y,N, TNOW, K) . ADA03550

TCOM = TCOM + COMINT . ADAD3560

IF ((TCOM.GE.TFIN) .AND. (TNOW.NE,TFIN)) THEN : ADAD3570

TCOM = TFIN : ‘ e : ADA03580

'  ENDIF . ADAO3590
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NELAG =
GOTO 88§
ENDIF
GOTO 99 ,
ENDIF -

CALL OUTPUT(Y N, TNOW K)
IF [NCHECK.GT.NSTEPS) THEN
h PRINT*,' Test, suspects Model to be stiff with time constants
v +varying greatly '
ENDIF '
RETURN ’
END

) &)
SUBROUTINE RK4 (H,Y.K,T1,DERIV,Y2,T2,Y3,T3,Y4,T4,N)

- - The Fourth-0Order Runge-Kutta Method
is used as a starter to determine RN
*the four previous function evaluations
needed by the Adams Method. It is
inveoked at the beginning of the simul-
P ation and at each step size.cﬁfnge.

» -

S

Variable Declaration

IMPLICIT REAL*4 (A-H,O-2) :
DIMENSION Y (6000, 5),DY1(6000,5),DY2(6000,5),DY3(6000,5),
+ DY4(6000,5),P1(6000, 5) ,R2(6000,5) ,P3(6000,5),Y2(5),¥3(5),¥4(5)
COMMON/STIFF/NCHECK
EXTERNAL DERIV .

Hl = H * 0.5
KC = 1
DO 5'KC = 1,3
CALL DERIV(T1,Y,DY1,N,K) B \
DO 6 I = 1,N ,
. P1(K,I) =(DY}(K (I)*H/2.0)  +, Y(K,I) |
6  CONTINUE
CALL. DERIV(H1 + T1,P1,DY2,N,K) :
DO 8 I = 1,N ’ '
P2(K,I) = H * DY2(K,I)/2.0 + ¥ (X, I)
8 CONTINUE
CALL DERLV(H1 + T1,P2,DY3,N,K)
DO 10 I = 1,N
P3(K,I) = H*DY3(K,I) + Y (K, I) -
10 CONTINUE - :
CALL DERIV(H + T1,P3,DY4,N,K)
DO 16 I =1,N

Y(K,I) = Y(K,I)+(DY1{K,I)+2.0*DY2(K,I) R
+ + 2,0*DY3(K,I) + DY4(K,I)) *H/6.0
16 CONTINUE .
IF (KC.EQ.1) THEN <

DO 11 I =1,N
Y2{I) = Y(K,TI)
11 CONTINUE
: T2 = T1 + H
ELSEIF (KC.EQ.2) THENW
DO 12 T = 1,N

o

ADAO3600
ADRO3610
ADAO3620
ADAO3630
ADAQD3640 -
ADAO3650
ADA03660
ADA03670
ADAO3680
ADA(O3690
ADA03700
ADAD3710
ADA03720"
ADAD3730
ADAQ3740
ADAD3750
ADAD3760
ADAD3770
ADAD3780
ADA03790

' ADA03800

ADAD3810
ADAO03820
ADAD3830

- RDAQ3840
" ADA03850

ADAD3860 -
ADAD3870
ADRO3880
ADA03890
ADAQ3900

- ADAD3910

ADA03920
ADA03930
ADA03940
ADA03950
ADAO03960
ADAQ3970
ADA03980
ADAD394Q
ADAD4000
ADAD4010
ADA04020
ADAO4030
ADAO4040
ADAQ4050
ADADA0AD
ADAD4070
ADA04080
ADAD4090
ADA04100
ADAO4110
ADA04120
ADA04130
aDA04140
ADA04150
ADAQ4160
ADA04170
ADAD4180



PAGE 282

Y3(I) = Y(K,I)
12 CONTINUE
T3 = T1 + H
ELSEIF (KC.EQ.3) THEN
DO 13 I = 1,N
Y4({I) = Y (K, I} .
13 CONTINUE
‘ T4 = T1 ‘
ENDIF
Tl = T1 + (KC) * H
5 - CONTINUE o
NCHECK = NCHECK.+ 3
RETURN
END

SUBROUTINE ADCOMP (H,Y,T,N,K,ERRMAX,VC) .
IMPLICIT REAL*4 (A-H,0-Z) .

DIMENSION Y (6000,5),T(6000),VP{6000,5),VC(6000,5),ERR(5),
+ DY (6000, 5} ,DVP (6000, 5)

This subroutine performs the calculations
of the predictor and corrector for the
Adams Method.

OO0

CALL DERIV(T,Y,DY,N,K-1)
CALL DERIV({T,Y,DY,N,K-2)
CALL DERIV(T,Y,DY,N,K-3)
CALL DERIV(T,XY,DY,N,K-4)

DO S0 I = 1,N
VP(K,I) = Y(K~1,I) + H/24.0 *(55.0*DY(K-1,I) - 59.0*DY(K-2,TI)
+ +37.0*DY(K~3,I})- 9.0*DY(K-4,I))
50 CONTINUE. )
CALL DERIV(T,VP,DVP,N,K)
DO 51 I.= 1,N
VC(K,I) = Y(K-1,I) + H/24.0*(9.0*DVP(K,I) + 19.0
+ * DY{K~1,I) - 5.0*DY(K-2,I)} + DY(K-3,I))
51 CONTINUE -
ERRMAX= 0.0
DO 100 I = 1,N
ERR(I) = ABS (VC(K,I)-VP(K,I))/(10.0%H)
IF (ERR(I).GT.ERRMAX) THEN
ERRMAX = ERR(I)
ENDIF
100 CONTINUE
RETURN
END

ADA04190
ADA04200
ADA04210
ADA04220
ADAD4230
ADA04240
ADA04250
ADAD4260
ADA04270
ADAO4280
ADA04290
ADA04300
ADA04310
ADA04320
ADAQ4330
ADA04570
ADA04580.
ADA04590
ADA04600
ADA04610
ADA04620
ADAQ04630
ADR04640
ADA04650
ADA04660

- ADAQ4670
 ADA04680

ADA04690
ADRAQ4700
ADAO4710
ADAQ4720
ADAD4730
ADAQ4740
ADAD4750
ADARQ4760
ADAD4770
ADRO4780
ADAQ4790
ADAQC4BOO
ADAD4810
ADAD4B20
ADAO4830
ADAO4840
ADA04850
ADA04860
ADAQ4870
ADA(4880
ADA04890
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The Multi-Rate Integration Algorithm

SUBROQUTINE SRATE (NS,NF,S,F,HS,DERIVS, T, TFIN)
IMPLICIT REAL({A-H,0-2)
REAL F(NF),S(NS),ERR(lO),PS(lOJ P25(10), PBS(lO),DPBS(lO)
COMMON/SAME/DS (10) ,P1S(10),DPS{10),DP1S{10),DP28(10)
COMMON/SLOW/TOLERS,HSMAX,HSMIN,COMINT

EXTERNAL DERIVFE,DERIVS

CHARACTER*1 CHANGE,

ORD

=5

A

IFr (COMINT.LE.Q.0) THEN

CCMINT =

ENDIF

TCOM = T + COMINT

(TFIN - T)/100

CALL DERIVS(S DS, NF, NS, F)

FDER = 0.

0

DO 39 I = 1,N
IF (ABS(DS(I)).GT.FDER) THEN
FRDER = ABS(DS(I))

ENDIF
CONTINUE

IF (FDER.NE.O. 0) THEN
HPOS = SQRT{0.5 * TOL/FDER) . ’ .

IF (HBOUND.LE.0.0} THEN

HBOUND = (.1

ENDIF

IF (HROS.GT.HBOUND) THEN

HSTART = HBOUND

ELSE

HSTART = HPOS

ENDIF

ELSE

<

IF (HBOUND.LE.0.0) THEN
HBOUND = 0.1

ENDIF
HSTART

ENDIF

= HBOUND

IF (HINIT.NE.0.0) THEN

HS5= HI

ELSE

HINIT
HS

ENDIF

NIT

HSTART
HINIT

[

IF (HS.GT.4YBOUND) THEN

PRINT*,
+ WITH THIS HINIT

READ¥,
IF (CH
HS=

*HINIT

CHOICE
QICE.EQ.
HINIT

CHOICE

HS- Slow System

Integration of Slow System
Utilizing Integration Algorithm

., Based on Runge-Kutta Merson

Variabhle Step Method.
HF- Fast System

Calculate Starting Step Size <i__

> HBOUND. DO YQU WISH TO CARRY OUT INTEGRATION

(Y) OR HBOUND ({N})?'

fY¥’) THEN

MUL02230
MUL02240
MUL02250
MUL02260
MUL02270
MUL02280
MUL02290
MUL02300
MUL02310
MUL02320
MUL02330
MUL02340
MUL02350
MUL02360
MUL02370
MUL02380
MUL02390
MUL02400
MUL02410
MUL02420
MUL02430

MUL02440.

MUL02450
MUL02460
MUL02470
MUL02480
MUL02480
MUL02500
MUL02510
MUL02520
MUL02530
MUL02540

MUL02550

MUL02560
MUL02570
MUL02580
MUL02590
MUL02600
MULO02610
MUL02620
MULQ2630
MULO2640
MUL02650
MULO02660
MUL02670
MUL02680
MULQ2690
MUL02700
MUL02710
MUL02720
MUL02730
MUL02740
MUL02750
MUL02760
MUL02770
MUL02780

v
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99 IF (T.LT. TFIN)

ELSE T
BS = HBOUND
HINIT = HBOQUND
ENDIF
ENDIF
IF (COMINT.LE.O)
COMINT =
ENDIF
IF (HMIN.LE.0.0) THEN
HMIN = HINIT/10000 -
ENDIF -

THEN ' ) o
(TFIN - T)/100 .

THEN,

IF (T.LT.TCOM) THEN -5
IF (((TCOM - T).LE. (HS + HSMIN))
HS = (TCOM - T)/2,
NFLAG = 1 '
ENDIF
TBEG = T :
Determine X1 for components of
’ - Slow System Represented By DS Below

188"
.AND. (NFLAG.EQ.O0))} THEN

CALL DERIVS(S,DS,NF,NS,F)

1}

Find Predicted Value of Slow
. System Vector Y for all its
. Compenents.

DO 12 T = 1,NS
PS{I) = B{(X) + HS5/3.0 * DS(I)
12° CONTINUE ' :
Integrate Fast System between
TN and TN + H/3 to determine
Components of X involved in
\ Coupling to Slow System
TF = T + HS/3.0 . —
CALL FRATE (NS,NF, S, F, ES, DERIVF, TF, T, TBEG)

v+ Determine K2 for components of

Slow System,
A}

CALL DERIVS(PS,DBS,NF,NS,F)

Determine K3 for components of
. Slow System.
DO 14 I =1,NS
’ P1S(I) = S(I) + HS/6.0 *
14 CONTINUE
CALL DERIVS({P1S,DP1S,NF,NS,F)
Integrate Fast System Between
TN + H/3 and TN +.H/2 to determine
Components of X involved in
Coupling to Slow System

(DS(Ii + DPS (1))

PAGE 284

MUL02790
MUL02800
MULQ2810
MULO02820
MUL02830
MOLQ2840
MUL02850
MULOZ860
MULOZ2870
MULOZ880
MULO2890
MULO2800
MULQ2910
MUL02920
MUL02930
MUL02940
MUL02950
MUL02960
MUL02970
MULQOZ2980
MUL02390
MULO30GC0
MULG3010
MUOLG3020
MUL03030

- MULQ3040

MUL03050
MULO03060
MUL03070
MUL03080
MUL03090
MUL03100
MUL03110
MUL03120
MUL03130
MUL03140

. MUL03150

MULOQO3160
MULO3170
MULO3180
MULO3190
MUL0C3200
MOUOL0O3210
MUL03220
MOL(}3230
MUL03240
MUL03250
MUL03260
MUL03270
MULQ3280
MUL03290
MULQO3300
MULO3310
MULO3320
MULO3330
MUL03340
MUL03350
MULO3360
MUL03370
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TE = TBEG + H5/2.0 MULO3380

CALL FRATE(NS,NF,S,F,HS,DERIVF,TF, T, TBEG) MULO3390

c MUL03400
DO 16 I =1,NS MULO3410

P2S(I) = §(I) + HS/8.0 * .(DS(I} + DP1S(I} * 3.0) MUL03420

16 CONTINUE MUL03430
c MUL03440
c Determine K4 for components of MUL03450
cC Slow System. MULO3460
CALL DERIVS(PZS DP25,NF,NS,F) MULO03470

C Integrate Fast System between MULO3480
c TN + H/2 and TN + H to determine MUL03490
C Components of X invelved in MUL03560
C Coupling+to Slow System MULQO3510
TF = TBEG + HS MULO3520

CALL FRATE (NS,NF,S,F,HS,DERIVF,TF, T, TREG) MUL0O3530

DO 18 I =1,NS MULO03540
'P3S(I)=S(I}+HS/2.0*DS(I})-3.0*HS*DP1S (L) /2.0+2.0*HS*DP2S(I) MUL0O3550

18 CONTINUE ) MUL03560

c - Determine K5 for components of MUL03570
C - Slow System, MUL03580
CALL DERIVS(PSS DP3S,NF,NS,F) MUL03590

C Determine Largest Error MUL0O3600
' ERRMAX = 0.0 MUL03610
DO 40 I=1,NS MUL03620

ERR(I) = HS * (DS(I}/3.0 - 3.0*DP1S(I}/2.0 + 4.0 * DP2S(I)/ MUL03630

+ 3.0 - DP35(1)/6.0) . MUL03640

IF (ERR(I) .GT. ERRMAX) THEN MULO3650

ERRMAX = ERR(I) MUL03660

- ENDIF _ ' MULO03670

40 CONTINUE . MULQ3680

C Tolerance Check MUL03690
IF¥ (ERRMAX.LT.TOLERS) THEN : MUL03700

« C Compute values of Slow System MUL03710
c Components at the end of the tlme stepMULO3720
MUL03730

d DO 29 I =1,NS : MUL03740
S{I) = S(I) + HS/6.0*(DS(I) + 4.0*DP25(I) + DP3S5(I)) ~MULO3750

29 CONTINUE MUL03760
- ELSE MULO3770
T =T - HS . MUL03780Q

ENDIF " MULQ3790

C T = T-HS,Then Change Value Of HS MUL0O3800
MULG3810

c Adjust Step Size If Necessary MUL03820
MULO3830

IF (NFLAG.EQ.0) THEN MUL03840

HS = 0.9 * HS * (TOLERS/ERRMAX) ** (1 /0RD) MUL03850

IF (HS.LT.HSMIN) THEN - MULO3860

PRINT*, ‘HSMIN Exceeded. Do you wish to change value ofMUL03870
+ HSMIN (Y) or would you rather halt the integration and further MULO3880°

+ +investigate the model (N) 2?7 MULQ3890
READ*, CHANGE MUL03800

IF (CHANGE.EQ.’Y") THEN ~ MULO03910

PRINT*,‘Please enter new value of HSMIN. Note that MUL03920

+For Integration Tc Proceed,it should be less than’,HS 03930
READ*, NUVAL - MULD3940

HSMIN = NUVAL i ‘ . * MUL03950

ELSE . ~ MUL03960
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STOP
ENDIF
ENDIF , .
IF (HS.GT.HSMAX) THEN
- HS = HSMAX ‘ _
ENDIF - _ . -
ENDIF -
ELSE
CALL OUTPUT(T,S,NS)
TCOM = TCOM + COMINT ,
IF ((TCOM.GE.TFIN) .AND. (T.NE.TFIN)) THEN
TCOM = TFIN -
ENDIF
NFLAG = 0
GOTO 99
 ENDIF .
GOTO 188
ENDIF
CALL OUTPUT(T,S,NS)
RETURN
END

SUBROUTINE FRATE (NS,NF,S,F,HS,DERIVF, TF, T, TREG)
IMPLICIT REAL (A-H,0-Z)

REAL F(NF),S(NS},W1(10),W2(10),W3(10),wW4(10),ERR(10},
+INTS(4) ,DF1(10),DF2(10),DF3(10), DF4(10) ,DF5(10)},DF (10)
COMMON/SAME/DS(lO) P1S(10),DPS(10),DP1S (10} ,DP2S (10)
COMMON/FAST/TOLERF, HFMAX, HFMIN

CHARACTER*1 CHECK

Subroutine For Fast Subsystem
Integration. The Runge-Kutta
Merson Method Is Utilized.

HEMIN = 0.0000000000000001

ORD = 5

HF " = HINIT

TNOW = T
IF (T.LT.TF) THEN

Depending on the time interpoclate
or extrapolate for values of Slow
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MUL03970
MULQ3980
MULO3930
MULO4000
MUL04010
MULO40z20
MULO40Q30
MUL04040
MULQ4050
MUL04060
MULQ4070
MUL04080
MULQ4090
MULO4100
MULO4110
MULO4120
MULO4130
MUL(04140
MUL(4150
MULG4160
MULQ4170
MUL04180
MUL04190
MULO4200
MUL04210
MULO4220
MULO4230
MUL04240
MULQ4250
MUL04260
MOLO4270
MULO4280
MUL04290
MUL0O4300
MULQ4310
MULQO4320
MULO4330
MULQ4340
MULQ4350
MUL04360
MUL04370
MULO4380
MULO4380
MUL04400
MUL04410

System Components invelved in couplingMULQ4420

IF (T .LT. TBEG + HS5/3.0) THEN
CALL INTER1 (T,TNOW,S,DS,NS,INTS)
IF (NFIRST.EQ.0) THEN )

Calculate Starting Step Size
CALL DERIVF{F,DF,NF,NS,INTS)
FDER = 0.0
DO 29 I = 1,NF
TF (ABS(DF(I}).GT.FDER) THEN
FDER = ABS(DF (I)}
ENDIF

-

MUL04430
MUL04440
MULQ4450
MUL(04460
MUL04470
MUL04480
MUL04490
MUL04500
MUL04510
MULQ4520
MUL0C4530
MUL04540
MUL04550
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CONTINUE
HPOS = SQRT (0.5 * TOLERF/FDER)
IF {(HFMAX.LE.Q0.(0) THEN

HFMAX = 0.1

ENDIF
IF (HPOS.GT.RFMAX) THEN
HINIT = HFMAX
ELSE ‘
HINIF = HPOS
ENDIF -’

IF "(HFMIN.LE.0.0} THEN
HFMIN = HINIT/10000
ENDIF
HE =.HINIT '
ENDIF v
NFIRST = 1
ELSE IF (T .LT. TBEG + HS/2.0) THEN
CALL INTER2 (T,TNOW,P1S5,DS,DPS,DP1S,NS, INTS)
ELSE IF (T .LT. TBEG + HS) THEN
CALL EXTRAP(T, OW,P1S5,DP25, NS, INTS)
ENDIF
CALL DERIVF (F, DFl NF, NS, INTS) a“
DO 31 I =1,NF
W1(I}) = DF1(I) * HF/3.0 + F{I)
CONTINUE
CALL DERIVF (W1,DF2,NF,NS,INTS)
DO 33 I=1,NF
W2(I}) = (DF1(I)+DF2(I))*HF/6.0 + F(I)
CONTINUE o
CALL DERIVF (W2,DF3,NF,NS, INTS)
DO 35 I=1,NF
W3(I) = (DF1(I) + 3.0*DF3(I)) * HF*0.125 +F(I)
CONTINUE 4 -
CALL DERIVF (W3,DF4,NF,NS,INTS)
DO 37 I=1,NF
W4 (I) = DF1(I)*HF*0.5- DFB(I)*HF*l 5+DF4(I)*HF*2 0 +F (I}
CONTINUE
CALL DERIVF (W4,DFS,NF,NS,INTS)

Determine Largest Error
ERRMAX = 0.0 f
DO 41 I =1,NF
ERR(I) = HF*(DF1(I} *HEF/3.0-1.5*HF*DF3(I} +4.0* DFQ(I)*HF
/3.0 -HF*DF5(I)/6.0)
IF (ERR{I) .GT.ERRMAX} THEN
ERRMAX = ERR(I}

ENDIF . :
CONTINUE '
Tolerance Check
IF (ERRMAX .LE. TOLERF)THEN .
T = T + HF

DC 29 I=]1,NF
F(I}) = (DF1(I) + 4, 0*DF4(I)+DF5(I))*HF/6 0+F (I)
CONTINUE
ENDIF
Adjust Step Size If Necessary "%
IF (ERRMAX .GT. 0.0)THEN r\~/>
HF= 0.9 * HF* (TOLERF/ERRMAX) ** (;/ORD)
IF (HF.LT.HFMIN) THEN

MULO4560
MUL04570
MULO4580
MULQO4590
MULO04600
MUL0O4610
MUL04620
MUL04630
MUL0O4640
MULQO4650
MULQ4660

' MUL04670

MULQ4680
MULG4680
MUL04700
MUL04710
MULO04720
MUL0O4730
MULO4740
MULO4750
MUL04760
MULO4770
MULG4780
MUL04790
MULO04800
MULO4810
MULO4820
MULQ4830
MULG4840
MULO4850
MULQ4860
MULC4870
MUL04880
MUL04890
MUL04900
MUL049810
MUL04520.
MULG4930
MULO4940
MUL042950
MUL04960
MULO4570

. MULO43S80

MUL0O4930
MULG5000
MULO05010
MUL05020

MULO5110
MULO5120
MULOS130
MUL05140
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PRINT*, ' HFMIN EXCEEDED. DO YOU WISH TO CHANGE VALUE OFMULQS5150
+ HFMIN (¥Y) OR WOULD YQOU RATHER HALT THE INTEGRATION AND FURTHER MUL0O5160

+INVESTIGATE THE MODEL (N} 2 fh MULO5170
READ*, CHECK ' ' ‘ MULQ5180
IF (CHECK .EQ.’Y’) THEN i 3 MULG5190
PRINT*, 'PLEASE ENTER NEW VALUE OF HFMIN. NOTE THAT MUL05200
+FOR INTEGRATION TO PROCEED, IT SHOULD BE LESS THAN’,HF MUL05210
" READ*, NUVAL ‘ . ' . MULO5220
HEFMIN = NUVAL . MULOS230
ELSE . ' . MUL05240
STOP ) . . ' MUL05250
. ENDIF MULO5260
ENDIF . ' MULO5270

IF (HF.GT.HFMAX) THEN o S MULO52
HF = HFMAX K _ . MUL05290
ENDIF ' . ' MULO05300
ENDIF o, o MUL05310
IF (HF.GE. TF -~ T) HF = TF-T C MUL05320
GOTO 5 ‘ - \ MUL05330
ENDIF MUL05340
RETURN . . , . MUL05350
END ' MULO05360
! . ‘ MULO5370
MULO6160
MULO6620
‘ MUL0O6630
SUBROUTINE INTERI1 (T, TNOW,S,DS,NS, INTS) : MULO6640
IMPLICIT. REAL (A-H,0-2) ' MULO6650
REAL S(NS),DS (NS),INTS(2) i MULO666G
' - MULO6670
Subroutine that returns values of Slow System, components MULO6680
invplved in coupling between TN and TN + H/3 MUL0O6630
- : { MUL06700
INTS(1) = 5(6) + (T-TNOW)}* DS (6) . . MULG6710
. MUL06720
INTS5(2) = S{1) + (TF-~T)*DS{1) MUL06730
, ' UL06740
RETURN MULQ6750
END . MULO06760
' MULOB770
SUBROUTINE INTERZ(T,TNOW,PlS,Dg,DPS,DPls,NS,INTS) ] "-MUL06780
IMPLICIT REAL(A-H,0-2Z) MULG6790
REAL P15({NS),DS(NS),DPS(NS),DP1S (NS}, INTS (2) MULOGS00
. MULO6810
Subroutine that returns values of Slow System components MULOG6820
involveg in coupling between TN + H/3 and TN + H/2 MULO6830
o MUL06840
INTS(1) = P1S(6)}+(T-TNOW) * (-DS(6)/4.0-DPS (6} + 9.0*DP1S.(6)/4.0) MULG6850
R - MULO6860
INTS(2) = PL1S(1l) + (T~TNOW)*(3DS(1)/4.0—DPS(1) + 9.0*%DP1S(1)/4.0) MUL0O6870
— : ) ‘ MULO6880
RETURN /,/ . MUL06890
END e K\h MULO6900
! S ' MUL06910
SUBROUTINE EXTRAP (T, TNQW,P1S,DP2S,NS, INTS) ‘ MULQ6920
- IMPLICIT REAL(A-H,0-Z) . MULO6930
REAL PlS(NS),DPZS(NS),INTS(éJ ‘ MUL06940
. MULQO6950
. Subroutine that returns values of Slow System components MULO6960

/
. 1



involved in coupling between TN + H/2 and TN + H

INTS (1) = P1lS(6) + (T-TNOW)*DP2S5(6)

INTS (2) = P1S(1)

RETURN
END
!

-

+ " (T~TNOW) *DP2S (1) -
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MUL06970
MULO6980
MUL06990
MULO7000
MUL07010
MUL07020
MULO07030
MUL07040
MUL07050
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4

7 . .
The Discontinuity Processing Algorithm

H.5
SUBROUTINE DISCON(T,Y,TE,N, TFIN,HMIN, DERIV, TOL, NDF) BAL01840
‘ BALO1850
IMPLICIT REAL*8 (A-H,Q-2) BALO1860
DIMENSION DY (5} ,F(10,10),TS(10,10),W4(9),ERR(9),ERD(9),DF (5) BALO1870
+,DY1(9),DY2(9), DY3(9) DY4(9),W1(9), w2(9) W3(9),Y(5),PDF(5),TE(5) BALO1880
COMMON/HOPE/YLAST(S),HINIT BRALO1890
COMMON/TIMVAL/THOR- BAL0O1900
COMMON/WHY /COMINT, NOUT, NT IMUP BAL01910
COMMON/FLAG/NUMTE, NTIMEV, NFIRST, NTEALL ¢ BAL01920
COMMON/DIFF/YVAL(SOO) TIME(SOO),YVAL1(500) NPL BAL01930
EXTERNAL DERIV BAL01940
CHARACTER*1 CHOICE BAL01950
- BALO1960
NOUT = 0 - \ BALQ1970
Calculate Starting Step Size BALO1980 -
CALL DERIV({(T,Y,DY,N) . BALO19%0
FDER = 0.0 : : BALO2000
DO 29 I = 1,N . A BALO2010
IF (ABS(DY{(I}).GT.FDER)} THEN BAL0O2020
FDER = ABS(DY(I}) BALO2030
ENDJF BAL0O2040
29 CONTINUE . BAL0O2050
IF (FDER.NE.0.0) THEN Co BAL0O2060
HPOS = SQRT (0.5 * TOL/FDER) : ' BAL02070
IF (HBOUND.LE.Q.0) THEN BAL0O2080
" HBOUND = 0.1 BAL02090
ENDIF BAL0O2100
IF (RPOS.GT.HBOUND) THEN - : - BAL0O2110
HSTART = HBOUND . : BAL02120
ELSE BAL0O2130
' HSTART = HPOS BAL02140"
 ENDIF . BALQ2150
ELSE BAL0O2160
IF (HBOUND.LE.O.Q) THEN BAL02170
HBOUND = 0.1 BAL02180
ENDIF- BAL02190
HSTART = HBOUND BAL02200
ENDIF BAL02210
IF (HINIT.NE.0Q.0) THEN , - BAL02220
H = HINIT ' - I BALD2230
ELSE . BAL0O2240 -
HINIT = HSTART BAL0O2250
H * = KHINIT BAL0O2260
‘ENDIF .BAL02270
. BAL02280
- IF (H.GT.HBOUND) THEN BAL02290
PRINT*, ' HINIT > HBOUND. DO YOU WISH TO CARRY OUT INTEGRATION BAL02300
+ WITH THIS HINIT (Y} OR HBOUND (N) 27 BALO2310
READ*, CHOICE BAL0O2320
IF (CHOICE.EQ.’Y’) THEN BAL02330
H = HINIT BALO2340
ELSE . BAL02350
H = HBOUND . BAL02360
HINIT = HBOUND - ~ ~..BAL02370
ENDIF BAL02380
ENDIF . BAL02380



IF (COMINT.LE.Q) THEN
COMINT = (TFIN - T)/100 |
ENDIF : ot
IF (HMIN.LE.0.0} THEN
HMIN = HINIT/10000
ENDIF
IT -1 .
NC w1 o .
ITER = 0
IF (COMINT.EQ.0.0) THEN

r

COMINT = (TFIN - T)/100

ENDIF
TCOM = T + COMINT

7 IF

Determine the current time horizon
(T.LT.TFIN) THEN
IF ((IT.LE.NUMTE).AND. (NTIMUP.EQ.1}) THEN
IF (TE{IT).LT.TCOM} THEN
THOR = TE(IT)
NTIMUP= 0
ELSE
THOR = TCOM
NTIMUP= 0
ENDIF

- ENDIF - -

IF ((IT.GT.NUMTE).AND. (NTIMUP.EQ.1l)) THEN
IF (TFIN.GT.TCOM) THEN
THOR = TCOM
NTIMUP=0
ELSE
THOR = TFIN
NTIMUP= 0 .
ENDIF i o
ENDIF
IF ((T + H.LT.THOR) .OR.
+IF (NTEALL.EQ.1l) THEN
IF (NTIMEV.EQ.l) THEN | C
‘ Model Update for Time Events
CALL MODUPD{DF,NDF,T,Y,N, TOL) ‘ .
CALL OUTPUT(Y,N,T) -
NTIMEV = 0
NOUT = Q- 3
IT = IT + 1
NTIMUP = 1

(NOUT.EQ.1) ) THEN

ENDIF
CALT, NORMIN(Y,H,T,TOL,DF,PDF, TLAST, TCOM, N, NDF, TFIN)
ELSE '
CALL DISFUN(Y,T,N,NDF,DF) .
NUM - =0
NOT =0 -
TE (NFIRST.EQ.0) THEN
/ NFIRST = 1 : :
/ ~CALL NORMIN(Y,H,T,TOL,DF,PDF,TLAST, TCOM, N, NDF, TFIN)
\ CALL DISFUN(Y,T,N,NDF,DF)

\

" ENDIF .
Detection of Discontinuities
I = ]
IF (i{.LE.NDF)THEN Ny, Iﬁ
IF (PDF(I}*DF(I).LT.T0>0)THEN
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BAL02400
BAL02410
BAL02420
BALO2430

BAL02490
BAL0O2500
BAL02510‘
BALOZ2520

BAL0Z2530
BAL02540
BALQ02550
BAL02560
BAL02570
BALO2580
BALO2590
BALO2600
BALDO2610
BALO2620
BAL02630
BALOZ2640
BALO2650
BALO2660
BALOZ2670
BALO2680
BALO2690
BAL02700
BAL02710
BALQ2720
BALO2730
BAL02740
BAL02750
BAL02760
BAL02770
BAL02780
BAL02790
BAL02800
BALOZ2810
BALO2820
BAL02830
BALO2840
BAL0O2850

BALO2860 ~

BAL02870
BAL02880
BAL02890
BAKS2900
BALD2910
BAL02920
BAL02930
BAL02940
BAL02950
BAL02960
BAL02970
BAL02980
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83

16

0

19

R

NUM=T BALD2980

Iir (DABS(DF(I)) GT. TOL)THEN BAL0O3000

NOT=1 BALQO3010

END IF BALO3020

END IF . BALO3030

I=I+1 N BAL03040

GOTO 2 BALQ3050

ENDIF BALQO3060

IF (ITER.NE.1l) THEN BALO3070

IF (NUM.EQ.O0)} THEN - - BAL(O3080

IF {(NTIMEV.EQ.1l) THEN - BALO3090

Model Update As Specified By 'Time EventBAL03100

No State Event In Last Step BALO3110

CALL MCDUPD (DF,NDF,T,Y,N, TOL) BALOBlgﬂ

CALL OUTPUT (Y,N, T) BAL(3130

NTIMEV = ( BALQ3140

NOUT = A BAL03150

IT = IT + 1 BALQ3160

NTIMUP = 1 BAL03170

ELSE BALO3180C

CALL NORMINW(Y,H,T,TOL,DF,PDF,TLAST, TCOM, N, NDF, TFIN)BALO3190

ENDIF BALO3200

ELSE BALO3210

I=1 .BAL0O3220

. IF (I.LE.NDF)}THEN " BALO3230

F(1,T)=PDF({I) BAL03240

F(2,I)=DF{I) BALO3250.

I=I+1 BALO3260

GOTO 83 ) BALO3270

ENDIF » ’ BAL03280

‘ TS(2,1)=T / BAL03290

TS(1,1)=TLAST o BALO3300

NC = 2 BALO3310

< J = 2 - BAL03320

NDIS = NUM " BAL03330

ITME =0 ) BALO3340

CALL AITKEN({(NC,J,TS,F,PDF,NDIS) BALO3350

HDIS = TS{NC,NC)-TLAST * BALUI360

ITER =1 BALO3370

T = TLAST BAL03380

I =1 BAL0O3390

IF (I.LE.N)THEN BAL0O3400

Y (I)=YLAST(I) BAL03410

I=T+1 BALQ3420

GOTO 90 . BALQO3430

ENDIF BAL03440

IIME=IIME+1 BALO3450

CALL RKD(N,T,Y,HDIS,DERIV,TOL) BALO03460

ENDIF . BAL03470

ELSETIF (NOT.EQ.0.AND.NUM.NE.D) THEN BAL03480

Discontinuity present and BALQO3490

within Tolerance.No interpolationBAL03500

required. Model Update done. BALO3510

Model Update by State Event BAL03520

CALL MODUPD (DF,NDF,T, ¥,N, TOL) BALO3530

CALL OUTPUT(Y;N T) BAL03540

NOUT BALO03550

NC “JP:QE\- BAL03560
ITER = 0 . - . i

’ | PAGE 292

BAL03570



000

oo N

OO0

46

11

94

IF (NTIMEV.EQ.0) THEN
CALL NORMIN(Y,H,T,TOL,DF,PDF,TLAST, TCOM,N,NDF, TFIN}BAL03590
ELSE
HDIS = THOR - T/
YVAL(NPL) = Y (1)

T=1
JF (I.LE. NDF)THEN . BALO3680
. PDF(I) = DF (I} BAL03650
I. . = T+] BALQO3700
GCTO 46 BALQO3710
ENDIF / BAL03720
- ENDIF . BAT.03730
ELSE ' ~ BAL03740
ITER = 1, Discontinuity present, BAL03750
. valueé of DY not within tolerance BAL0O3760
Need to interpolate. BALO3770
I=1 BALO3780
. ) IF (I.LE.NDF)THEN - ‘ . BALD3790
F{NC+1l,I)=DF(I) . BALO3800
I"n=TI+1 - BALO3810
GOTO 4 BAL(O3820
., ENDIF - BAL0O3830
© TS(NC+1l,1)= T " BAL03840
NC = NC + 1 BALO3850
. Sort in ascending order of D.F. from BAL0O3860
0,the D.F.’s and their corresponding © BALQ3870
Times. BALO3880
CALL SORT (F, TS, NC, NDF} BALO3890
CALL SELECT (F,TS,NC,NDIS, PDF, J NDF) - BALO3900
CARRY QUT INVERSE AITKEN INTERPOLATIONBALO03910
CALL AITKEN(NC,J, TS, F PDF,NDISY . BALO3920
HDIS = TS (NC, NC) -TLAST BALO3930
ITER = 1 BAL03940
T = TLAST BALQ3950
I . =1 - BAL03960
ir (I.LE N) THEN ~ BAL0O3970
Y(I) YLAST(I) BALO3980
I=TI+1 BAL03990
GOTO 94 BALO4000
ENDIF BALO4010
IIME=IIME+1 BAL(O4020
CALL R¥D(N,T,¥Y,HDIS,DERIV, TOL) BALO4030
ENDIF . BAL04040
ENDIF BALG4050
GOTO 8 £ BALQ4060
ENDIF A BALQ4070
Determine The Step Size needed to BAL04080
.reach the Time Event Discontinuity BALO4090
' cr the end time of the Simulation. BALO4100
Use the Modified R~K Merson to reach BAL04110
that point exactly BALO4120
BALO04130
IF (NTIMUP.EQ.0) THEN d . BAL04140
HDIS = THOR - T ' - BAL04150

" YVALL (NPL)
TIME (NPL)
NPL = NPL + 1

= Y {2) ' -

=T

CALL. RKD (N, T, ¥, HDIS, DERIV, TOL)

CALL RKD(N,T,Y,HDIS,DERIV,TOL)
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BAL(3600
BAL03610
BALD3&Z0
BALO3630
BALO3640

BALO3650
L03660
ALQO3670

- BALO4160



96

12

13
c
C

120

60

70

130

140

Im1 {
IF (I.LE.NDF)THEN . S

PDF(I) = DF({I) T
I - T+l S
GOTO 86
ENDIF
UT = 1’ ’

(THOR.EQ,TE(IT}) NTI

IF (T QR .EQ.TFIN)
CALE OUTPUT!(Y,

RETURN
END

SUBROUTINE AITKEN(NC,J,TS,¥,PDF, NDISf
IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION TS(10,10),F(16:;5), PDF(S)

TOL = 0.00001
DO 13 K=2,NC
DO 13 I=K,NC

TS(I,K)=(T§ (K-1,K-1)*(F (I, NDIS)+DSIGN(TOL PDF (NDIS)}*0.5)
+-TS (L, K-1) *(F (K-1,NDIS}+0.5*DSIGN(TOL, PDF(NDIS))))

+/(F(I,NDIS)~F(K-1,NDIS))
CONTINUE

IF (TS(NC,NC).GT.TS(J,1). OR.TS(NC,NC)".LT.TS (J-1,1)) THEN

WRITE(6,120) TS (NC,NC)
FORMAT (4X, QUT OF RANGE’, FlO.B)‘r
IF (J.EQ.NC) THEN s

T =1 4
IF (I.LT.NC)THEN . 2
- TS(I,1)=TS{(I+1,1)
~ Nl=1
/ IF (N1.LE.NDF)THEN
F(I,N1)=F(I+1,N1)} y
Nl=N1l+1
v GOTO 70 -~
ENDIF ‘ -
I=I+1 o
GOTO 60
ENDIF
J=J-1
NC=NC-1

WRITE (6,130}
FORMAT (10X, ’ERASE FIRST ROW’)}
GOTO 12

END IF

IF (J.EQ.2)THEN
NC=NC-1
WRITE(6,140)
FORMAT (10X, ' ERASE LAST ROW’)
GOTO 12 :

END' IF

TS(1,1)=TS(J-1,1) N\

%4

L4
L
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. Check Validity of Interpolatioh Table

(’ﬁ\:

BALJ4170
BALO4180
BAL04190

BALO4200,

BAL04210
BAL04220
BAL04230
BAL04240
BALO4RS0

"BALO4260

BAL04270
BALO4280
BALQ4290
BALO4300
BAL04310

BAL04320

BALO4330
BALO4340;4
BAL04350
BALQ4360
BAL04370
BALO4380
BALO4390
BALO4400C
BALO44190
BALO4420
BALQ4430
BALO4440
BALOQ4450
BAL04460
BALP4470

-BAL04480

BALO4490
BAL04500

AL04510
BaL04520
BAL04530
BAL04540
BAL04550
BAL04S50
BAL04570
BAL04580
BAL04590
BAL04600
BAL04610
BAL04620
BAL04630
BAL04640
BAL04650
BALQ4660
BAL04670
BAL04680
BAL0O4690
BAL04700
BAL04710
BAL04720
BAL04730
BAL04740
BAL04750

st
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TS (2,1)=TS(J, 1) BAT.04760
IT=l ) : BAL04770
80 g IF (I.LE.DDF)THEN BAL04780
; - F({1,I})=F(J-1,I) - . ‘ : b _ BAL04790
. F(2,I)=F(J,I) . o S BALD4RO0
, I=I+1 _ o - BALD4B10
GOTO 80° ' ' : ~ BALO4820
. ENDIF BAL04830
NC=2 BALO4840
Jm2 BAL04850
GOTO 12 BALO4860
END IF BAL04870
RETURN : : . BAL04880
END ' ' ' ] BAL04890
' BALQ4900
BAL04910
: BAL04920
SUBROUTINE NORMIN(Y,H,T,TOL,DF,PDF,TLAST,TQQMLELEEELTFIN) BAL04930
IMPLICIT REAL*8 (A-H,0-2) ' BAL04940
DIMENSION Y (5),DF(5),BDF(5) : BAL04950
COMMON/HOPE/YLAST (5) , HINIT - . . . BAL04960
COMMON/WHY/COMINT, NOUT, NTIMUP - - BAL04970
COMMON/TIMVAL/THOR BAL04980
EXTERNAL DERIV BALO4S90
HMAX ™ = 0.1 BALO5000 -
HMIN = 0.0000000001 BALO5010
24 TLAST = T ‘ EALOS020
I =1 . : BAL05030
T To prevent discontinuity detection BAL05040
hazards ' BALO5050
95 IF (I.LE.N)THEN _ “BADGS060
’ IF (YLAST(2).LT.0.0) YLAST(2) = 0.0 BALO5070
YLAST(I} = Y(I) s BALO5080
I I+1 BALO5090
GOTO 95 ' \ BAL0S5100
ENDIF , ‘BALO5110
I=1 . - BAL05120
96 IF (I.LE.NDF)THEN _ BAL0S5130
IF (DF(I).LT.0.0) DF(I} = 0.0 T~ BAL05140
PDF(I) = DF(I) (::} BALOS150
I = I+1. BAL0S5160
GOTO 96 \ BAL0S170
ENDIF , . BAL0S5180
. ; Qutput Values of Time with BALO5190
Corresponding State Values. BALO5200
Collect Output Values for plotting BAL0S5210
IF (NOUT.NE.1) THEN BAL05220
CALL RKN(N,T,Y,H,DERIV, TOL, HMAX, EMIN) BAL05230
ELSE BAL05240
' CALL OUTPUT(Y,N,T) . BALO5250
TCOM = T + COMINT BAL05260
NOUT = 0 BAL05270
NTIMUP = 1 BAL05280
ENDIF BAL05290
RETURN BALOS5300
END _ N BAL05310
’ BAL0S320
_ BALOS560
SUBROUTINE RKD(N,T,Y,H, DERIV,TOL) BAL05570
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12

40

18

14
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IMPLICIT REAL*8 (A-H,0-2)
DIMENSION Y(N),Wl(lO),W2(lO),W3(lO),W4(10) ERD(10),
+DY (10),DY1(10)},DY2{(10),DY3(10),DY4{(10)

C-

HD=H/C

Cl=0

CALL DERIV(T,Y,DY,N)

DO 6 I=1,N

W1({I}=DY(I)*HD/3.0+Y(I)

CALL DERIV(HD/3.0+T,W1,DY1,N)

DO 8 I=1,N

W2 (I)=(DY(I}+DY1(XI))*KED/6.0+Y(I)

GALL DERIV(HD/3.0+T,W2,DY2,N)

Do 10 I=1,N

W3(IJ=(DY(I)+3 0*DY2(I))*HD*0, 125+Y(I)

CALL DERIV(HD*0.5+T,W3,DY3,N)

Do 12 I=1,N
Wé(I)ﬂDY(I)*HD*O.S-DY2(I)*HD*1.5+DY3(I)*HD*2.0+Y(I)
CALL DERIV(HC+T,W4,DY4,N)

ERDMAX = 0.0
DO 40 I=1,NW
ERD(I)=HD*DABS(DY(I)*HD/3 o-1. 5*HD*DY2(I)+4 0*DY3(I)*HD/3 0
+e HD*DY4(I)/6 Q) :
IF (ERD (I) .GT.MAXERD) JHEN
ERDMAX = ERD(I)
ENDIF
CONTINUE

IF (ERDMAX.LE.TOL)GO TO 18
HD=BD*0.5

C=C+C

C1=C1+C1

GO TO 4

T=T+HD

DO 14 I=1,N ,

Y (I)=(DY(I)+4.0*DY3(T)+DY4(I))*HD/6.0+Y (I)
Cl=Cl+1

IF (Cl.EQ.C) RETURN

GO TO 4

END

SUBROUTINE RKN (N, T,Y,H,DERIV, TOL, HMAX, HMIN)
IMPLICIT REAL*8 (A-H,0-2)

DIMENSION Y (N)},W1(10),W2(10),W3(10},W4(10),ERR(10),
+DY(10),DY1(10),DY2(10) DY3(10),DY4(10)
COMMON/INTEG/ORD

CHARACTER*1 CHOICE

CALL DERIV(T,Y,DY,N)

DO 6 I=1,N

W1(I})=DY(I}*H/3.0+Y(I)

CALL DERIV(H/3.0+T,W1,DY1,N)

DO 8 I=1,N

W2 (I)=(DY (X)+DYL{I))}*H/6.0+¥(I)

CALL DERIV(H/3.0+T,W2,DY2,N)

DO 10 I=1,N

W3 (I)=(DY(I)+3.0*DY2(X))*H*0,125+Y (I)

BAL05580
BAL05590
BALO5600
BALO5610
BAL0S5620
BALOS630
BAL05640
BALO5650
BAL0S660
BAL05670
BALO5680
BAL05690
BALO5700
BALO05710
BAL0S5720
BAL05730
BAL05740
BAL05750
BAL05760

.BALO5770

BALO5780
BALO5790
BALOS5800
BALO5810
BALO5820
BALOS830
BALO5840
BAL()5850
BALOS5860
BALO5870
BALO5880
BALOS890
BAL05900
BALQ5910
BAL(O5920
BAL05930
BAL0D5940
BALO5950
BALO5960
BALOS5970
BALOS5980
BALO5990
BALOG600O
BALO6010
BALO6020
BALO6030
BAL0O6040
BALO6050
BALO6060
BALO6070
BALO6080
BALO6090
BALO6100
BAL06110
BALO6120
BALO6130
BAL0O6140
BAL06150
BALO6160
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CALL DERIV(H*0.5+T,W3,DY3,N)

DO 12 I=1,N

W4 (T)=DY(I)*H*0.5-DY2(I)*H*1,5+DY3 (I} *H*2,0+Y (I)

CALL DERIV(HC+T, W4, DY4,N)

ERRMAX = 0.0
Do 40 I=1,N

~

ERR(I)-H*DABS(DY(I)*H/3 0-1. 5*H*DY2 (I} +4. 0*DY3(I)*H/3 0

+-H*DY4 (I)/6.0)

IF(ERR(I).GT.ERRMAX) THEN

ERRMAX = ERR(I)
ENDIF

40 CONTINUE

14

IF ((ERRMAX.GT.TOL) .AND. (ERRMAX.NE.D0.0))
H=0.9*H * (TOL/ERRMAX)

IF (H.LT.HMIN) THEN

PRINT*, ' HBMIN Exceeded. Do you wish to change value of
+ HMIN (Y) or would you rather halt the integration and further

+investigate the model - (N)
READ*, CHOICE

IF (CHCICE.EQ.'Y")
PRINT*, 'Please enter new value of HMIN Note that
+for integration to proceed, it should be less than’,

e B4

READ*, NUVAL
HMIN = NUVAL

ELSE
STOP
ENDIF
ENDIF
GO TO 4(
ENDIF
T=T+H
DO 14 I=1,N

Y (I)=(DY(I)+4.0*DY3(I)4+DY4{I))*H/6.0+Y(I)

** (1/0RD)

THEN

THEN

IF ((ERRMAX.LT.TOL) .AND. (ERRMAX.NE.0.0)) THEN

H=0.9 * 4 * (TOL/ERRMAX)
IF (H.GT.HBMAX) H = HMAX

ENDIF
+~RETURN

END

52

54

SUBROUTINE SORT(F,TS,NC,NDF)

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION F(10,10),TS (10,10}, TSMIN(3)

This subprogram is model independent.
It is responsible for rearranging

the interpolation table in descending
order of Ts after each iterative inter-

1=1
IF (I.LE.NC- l)THLN
Il=]
IF (I1.LE.NDF)THEN
TSMIN(I1)=TS(I,Il)
I1=T1+1

polation,

_** (1/ORD)

.

H
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BALO&170
BAL06180
BAL0O6190
BAL06200
BAL06210
BALO6220
BALO6230
BAL(06240
BALO6250
BAL(O6260
BALO6270
BAT06280
BALO6290
BAL06300
BALO6310
BALQO6320
BALO6330
BAL06340
BALB6350
BALG6360
BALO6370
BALO6380
BALO6390
BALQO6400
BALO6410
BARLOBE420
BALO6430
BAL06440
BALOG6450

- BALO6460

BALG6470
BALO6480
BAL0OG490
BALOG500
BALO6510
BAL06520
BALO6530
BAL06540
BALQ6550
BALO6560
BAL0O6570
BALO6580
BAL06590
BALOG600
BAL06610
BAL06620
BAL06630
BAL06640
BALO6650
BALO6660
BALO6670

"BALOG680
" BALO66S0

BAL06700
BALO6710
BALO6720
BAL06730
BALO6740
BALO6750
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56

58

62

64

72

74

GOTO 54
ENDIF '
FMIN=F (I, 1)}
JMIN=TI
J=I+1
IF {(J.LE.NC)THEN
IF (F(J,1).LT.FMIN)THEN
Ii=1
IF (Il.LE.NDF)THEN
TSMIN (I1)=TS (J,I1)
I1=I1+1
GOTO 58 '
ENDIF
JMIN=J
FMIN=F{.J, 1)
END IF
J=J+1
GOTO 56
ENDIF
Il=1
IF (I1.LE.NDF)THEN
TS (JMIN, I1)=TS(I,I1)
Il=I1+1
GOTO 62
ENDIF
F {JMIN,1)=F(I, 1)
Il=1 :

-IF (I1.LE.NDF)THEN
TS(I,I1)=TSMIN(I1)
I1l=T1+1
GOTO 64

ENDIF

F(I,1)=FMIN

I=I+1

GOTO 52

-9

ENDIF
RETURN

IF (I.LE.NC)THEN

Il=1
IF (I1.LE.NDF)THEN

IF (PDF(I1)*F(I,I1).LT.0.0)THEN

J=1I
K=I1
GOTQ 2
END IF
I1=T1+1
GOTO 74
ENDIF

SUBROUTINE SELECT (F,TS,NC,NDIS, PDF, J, NDF)
IMPLICIT REAL*8 (A-H,0-Z) .
DIMENSION F(10,5),TS(10,10),PDF{(5),FF(10,5),TTS(10,10)
The subprogram selectsethe useful points which will
increase the convergence rate and discards those that

will not. It also performs a monotonic check:
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BALO6760
BALO&770
BALO6780
BALO6730
BALO6800
BALO6810
BALD6820

-BALDE830

BAL06840
BALO6850
BALO6860
BALO6870
BALO6880
BAL06890
BAL06900
BAL06910
BAL06920
BALO6930
BALO6940 .
BALO6950
BALO6960
BAL06970
BAL06980
BALO6990C
BALO7000
BALO7010
BAL07020
BALO07030
BALO07040
BAL07050
BALO7060
BALO7070
BALO7080
BALO7080
BAL07100
BALO7110
BAL07120
BAL07130
BALO7140
BALQ7150
BALO7160
BALO7170
BALO7180
BAL07190
BALO7200
BALO7210
BAL07220

BALO7230 -

BAL07240
BAL07250
BAL0O7260
BAL07270
BAL07280
BAL07290
BAL07300
BAL0O7310
BAL07320
BAL07330
BAL07340



C L
I=I+1
GOTO 72
ENDIF
2 NDIS=K
I=]
76 IF (I.LE.NC-2)THEN -

IF ((F(I+2,K)~F(I+1, K))*(F(I+1 K)-F(I,K)).LT.0.0)THEN _

IF (I.LE.J-2)THBEN
K=1 N
78 IF (K.LE.NC-I)THEN -
Il=1
82 IF (Il1.LE.NDF)THEN
- F(K,I1)=F(I+K, I1)
Il=I1+1
GOTO 82
ENDIF
TS{K,1)=TS(I+K, 1)
K=K4+1
" GOTO 78
ENDIF. . !
NC=NC-I :
J=J-I
WRITE(6,180) '
180 FORMAT (40X, ' CUT OFF HEAD FOR NON—MONOTONY’)
. GOTO 4 P
ELSE | { - &L
NC=NC-1 '
“WRITE (6,190).
190 : FORMAT(4OX,'NON-MONOTONY ,CUT OFF TAIL')
‘ GOTO 4
END IF
END IF
I=I+1
GOTO 76
ENDIF
.4 IF (NC.EQ.5)THEN
IF (J.LE.3)THEN i . .
NC=NC-1 .
WRITE (8,200) '
200 FORMAT (40X, ' NC=5, CUT OFF TAIL')
ELSE *
I=1
84 IF (I.LT,NC)THEN
’ : Il=1 ,
B6 IF (I1.LE.NDF)THEN _ :
F(I,I1)=F(I+1,I1) ’ b
I1=T1+1
GOTO 86
ENDIF
TS(I,1)=TS{I+1,1)
I=I+1
COTO 84
ENDIF
NC=NC-1
J=J~1
WRITE (8,210}
210 _ FORMAT (20X, ‘NC=5, CUT OFF HEAD')
END IF
END IF
9 RETURN
END
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BAL(7350
BALO7360
BALO7370

" BALO7380

BAL07390
BAL07400
BAL07410
BAL07420
BAL07430
BAL07440
BAL07450
BAL07460
BAL07470
BAL07480
BAL07490
BAL0O7500
BAL07510

 BAL07520

BALO7530

.BALO73540

BALO7550
BALO7560
BALO7570
BALO7580
BAL07590
BALQ7600
BALO7610
BAL07620
BALO07630
BALQ7640
BALO7650.
BALO7660
BALO7670
BALO7680
BAL07690
BALO7700
BALO7710
BALQ7720
BALQ7730
BALO7740
BAL07750
BALO7760
BALO7770
BALQO7780
BAL07790
BALO7800
BALO7810"
BAL07820
BAL07830
BALO7840
BALO7850
BAL07860
BAL07870
BAL07880
BALO7830
BAL0O7900
BALO7910
BAL07920
BAL07930
BAL07940
BAL07950
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