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INTRODUCTION



its characteristics and behaviour.

Despite the differences of opinion on phenomena not yet 
fully investigated, there is a well-recognised body of 
knowledge in each of the specialised fields studying 
these entities, which constitutes a model representing 
the relevant »-ntity as we n< w understand it. The model 
of a cell for example is the collection of th<* generally 
accepted constructs which describe a cell with its nucleus 
m< :iibrane enzymes etc. which function together as an organ­
ised system surviving in a changing environment. Similar­
ly with ot he t entities ueh as an 01 g.in i :.rn nt an entire 
country, with its government, industry, economic subsystem 
etc.

This investigation aims t i rs lyat snowing that there are 
a large number of common characteristics in all these 
entities which display behaviour ind structure which one 
would characterise as organised and able to survive in a 
hostile environment.

When a large class of such important systems has a signifi 
cant number of ch ravterist ics in common, it is (at least) 
economically just i £iab1< to study these characteristics 
separately as a field in its own right. This avoids 
duplication of effort since the results obtained by 
studies in such a field aie applicable to several areas 
without having to be i c-invented very time. This is the 
premise of the General Systems approach which will be 
adopted here and explained in more detail later. It. is 
therefore the first urn of this dissertation to show that, 
such an approach is justifiable in the study of these 
class of systems and that it is useful to have a field 
which studies "organisation for the purpose of survival" 
as a subject in it own right, s< pa rate 11 0 m the specific 
physical forms which it takes in na'ure.
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CHAPTER 1

SURVEY OF RELEVANT TOPICS

The subject matter of this dlssei t.it ton is int erdisci­
plinary. Since it is concerned with buiildinj models of 
phenomena which are normally studied by dlffeient fields, 
there is a wide range of topics in the literature which 
aie in some way related to this work. A review will be 
given in this chapter of the most important areas of 
study which are related to this work and from which 
information is drawn.

1.1 GENERAL SYSTEMS THEORY

The relationship of General Systems Theory to this disser­
tation is that it provides the philosophical background 
and the basic approach of study.

The following survey explores the need for a General 
Systems Theory, its purpose, foundations, and the main 
S 'tiocls of thought and work which exist at the moment. 
While surveying the field, emphasis will be placed on the 
areas which are most relevant to this dissertation.

The past centu:ivs of scientific endeavour have brought 
science to a certain lev* 1 of maturity where a great store 
of spe ’ i a I i sec knowledge is i vu i 1 ub 11? on mos t tilings that 
affect human life. Now wo at< entering a phase where 
complexity in itself becomes a n-.il enough challenge.
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of different physical nature yut i at values .varr
portional at corresponding Analogy is baseu on the
similarity of the algebraic or differential equations
describing t he syst m. ! rn; • tipi ‘ h- analogy -
a mechanical harm i t
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1 . 1 . 6  Methodology

Klir's approach to G 
a great extent on moth

Klir emphasises that it 
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"system" are chosen in ueh w,. u .ow -iene>
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He starts from the basic eel
a phenomenon (or object) we no ! >. ompJ
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do is the following: W. mea u< oi -n u n
associated with certain attribu tb )t c m
a space-time reference frame. h, 1 luo: nti\ i, - uni
cal, as long as they are moan i 1 n •
and frequency of measv* .'ment unr
level. As a result we obtan 
(fig. 1.2).

By observing this activity w-
invariant relations exist inc .



FIG. 1.2. Activity of the system

The process above is termed ' defining a sys em or t 
object from a distinct point ot view". Once a system is 
so defined the objec* of the study becomes the system, 
not the object itself.

Obviou- there are many ways of choosing the quantities, 
record,.ig the activity and defining the system as was done 
above. Therefore "defining a system on the object" is 
defining a particular point of view. These vary irom one 
problem to the other and from one discipline to the other.

Are there any fundamental traits of systems in terms of 
which any point of view can be defined? Klir thinks there 
are: Experimental branches of science define a system on
the object in terms of:

(i) the set of quantities measured;
(11) the resolution level;

(HI) the time invariant relations between quantities;
(iv) the properties that determine the relations.





The above definitions have also been formulated mathemat­
ically |14, p.55).

These definitions can now be used for defining a system 
on an object under study. Klir illustrates this by many 
examples (14) on objects purposely drawn from diverse

... v  - ' -
a musical composition, a traffic Light system, a legai 
system, birth control, a potted rosebush, a model of the 
instinct of self-preservat ion, u'.d other.

Some modes of systems representations which he uses are 
shown in fig. 1.3 and tig. 1.4 b< low.

/4

.5

♦ S 1 S 2 S 3 S4

S 1 1 0 0

. 1 0 .4

S 3 .2 . 3 .5 0

S4 0 0 1 0

w/probabilit i. s

> S 1 S 2 S 3 S 4

S 1 0 1 0 0

H 2 1 0 0 1

S 3 1 1 1 0

S 4 0 0 1 0

w/o probabilities

FIG. 1.5. Typical modea of representing 
ST-structure



a 2> ^2 , a ^ a r e  relations 
.........  xr are variables

FIG. 1.4. Typical mode of representing 
UC-st ructurc

In specialised disciplines, the basic problem which we try 
to solve is the following: Some tra -t of an object (or
phenomenon) are given and we are required to define other 
traits.

Equipped with the above definitions General Systems Theory 
would proceed to solve the above problem as shown in fig. 
1.5.

By defining the object of a specialised discipline in terms 
of General Systems Theoretical definition, it enables the 
investigator to draw from the body of general systems 
knowledge and thus produce information about the object 
which was not hitherto available.

The problems which General Systems Theory can attempt to 
solve are classified in three categories, according to 
Klir(14]: systems analysis, systems synthesis and systems
investigation.

Analysis is the process of determining the behaviour of 
ST-structure of the system, given its UC-structure (i.e. 
given the system components and their interrelations
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P = overall process 
P j , . . ,Pn * local subprooesses

first-level decision
units

Dr, ■ co-ordinator

FIG. 1.6. Hierarchical, multilevel, 
goal-seeking system

The basic subsystems ot the abovt diagram are the following.
A controlled proc * , P : M * Y it; decomposed into n
interacting subprocesscs, V j :N ) > L t -*■ Y i where
M * x ... « M are controls, Y * Y, * ... < Y are
o u t p u t s ,  and U = x ... < l are the interactions which

c m  be expressed in terms, of controls by interaction func­
tions, K ) : M ♦ U x . Ther< art n first-level control sub­
systems defined by the respective subprocess models 
P i:Mi * u i * Y i 'inr  ̂ a local performance function,

x y ̂ * (0 ♦ V, where 0 is t he co-ordination term
while V is ’he valut set. Finally, there is a second-level 
subsystem, termed a co-ordinator whose task is to select the 
co-ordination term 0 so that the first-level units, while 
being concerned with their local control problems, will
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approach is presented.

Since General Systems Theory does not study the nature of 
the specific events which constitute a phenomenon but is 
rather interested in the pattern of the interrelationships 
of components, it is not a surprise that this field was 
Introduced 6y Von %ertala 'ffy, h "blvflogist.

In his own words: "since th< fundamental character of the
living thing is its organisation, the customary investigation 
of the single parts and processes cannot provide a complete 
explanation of vital phenomena. This investigation gives us 
no information about thf co-ordination of parts anu pro­
cesses." (I] It was this need for a theory which can help 
study organisation as such which prompted the development 
of General Systems Theory.

Von Bertalanffy’s approach to the application of General 
Systems theory is essential-1 y empirical. On the basis 
of experimental results, isomorphic relations between 
different systems are established and studied. Finally 
gene ral systems principles applicable to all systems of 
that class are formu^ated.

Von Bertalanffy uses the concept of an open system to 
study complex interrelationships between a set of elements 
within the system as well as between system and environment.

An open system is one which exchanges material and inform­
ation with its environment [1]. In a living organism for 
example there is a continuous inflow and outflow of 
material, a simultaneous breaking and building of components, 
thus maintaining itself in a steady state.

Based on the above, Von Bertalanffy goes on to study the
features of organisms. He borrows the classical rep^e — 

ggri4 ation of dynamical systems by means of di & . renti&l 
equations,
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Assuming this system possesses the nique trajectory C 
property (as defi in (9|), 1c

c(t) " (x1(t), . . . (t)} be a traj ctory and let

c(0) ■ (0)t be the state point of the

system at t=0. We say that:
, • * • • •  * » * »

(a) c(t) is bounded (on the right) if, for any 6 > 0 ,
3 a positive number M such that

| x ) (0) - x. (0)| < 6  - |> , (t) - x, (t) « < M

for all t > 0 and all i=l,...,n

(b) c(t) is weakly stable (on the right) if given any 
t, > 0, 3 6 > 0 such that
|xi (0) - x,(0)| < A * !x (t ) - x (t)| < t

for all t > 0, i*l,...,n

(c) c(t) is asymptotically stable (on the right) if
3 a 6 > 0 such that

I x^ (0) - x (0)| • 6 - 1 nr x (t) - x t (t) | ® 0
t * t"*’

( i 1,. . . , n)

(d) c(t) is unstable (on the right) i f  v6 > 0,
a trajectory C(t) such that

|x (0) - x (0)| < A and lim x (t) - x (t)| > ♦'<-
1 1

for at least one 1, (i 1,...,n)

The above could I«' termed stability of behaviour. Another 
stability can also be considered: that of a stable state:

dx
Consider the system f;(xj,...,x^) aid the traject-



ory definei1 by the solutions (t) = where
C 1 = constant (i»l,...,n). Obviously since the rates 
of change of the variables are zero, once the system 
arrives at this state it will stay in this state forever. 
This is the critical point of the system.

The next question is that of stability of critical points: 
When a system reaches such a state, will it return to it 
after a perturbation?

A critical point of the system is just a special traject­
ory (where all its variables are constant)? therefore 
the definitions of stability (a), (b), (c), (d) formulated
above are the same here, with the additional special con­
dition x^(t) = C, (i-l,...,n).

Rosen explains some powerful criteria (enunciated by 
Lyaponov) for determining whetner a critical point of a 
dynamical system is stable or not f9, p. 10 .

In returning the perturbed values of the state variables 
to the critical point a system acts as if it were opposing 
an attempt to push it out of that state. In other words 
such a system has regulatory properties in appropriate 
neighbourhoods cf any of its asymptotically stable 
critical points.

Wha- happens if instead of simply perturbing the values of 
the variables we modify the structure of the system itself; 
in other words modify the equations of motion themselves?

Rosen gives an example of an oscillator and perturbations 
of its dumping parameters. Some of his conclusions are 
that a dynamical system can display particular topological 
characteristJ cs of trajectories for each specific structure, 
and a system is structurally stable if the topology of its 
trajectories is preserved under sufficiently small perturb­
ations of its structure.
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l a t i o n s  o f  t h e  s p e c i e s  f l u c t u a t e s  p e r i o d i c a l l y  a n d  the 
p e r i o d  d e p e n d s  o n  t h e  r a t e s  o f  g r o w t h  a n d  d e c l i n e  a n d  
i n i t i a l  p o p u l a t i o n  s i z e s  [11# P • 92] as s h o w n  m  fig. 
1 . 8 ,  a n d  t h e  a v e r a g e  p o p u l a t i o n  o f  e a c h  s p e c i e s  is i n d e ­
p e n d e n t  o f  its i n i t i a l  v a l u e .  T h i s  s y s t e m  r e s p o n d s  i n  
s p e c i f i c  w a y s  t o  outside interference as a n a l y s e d  b y  
V o l t e r a [ r i ,'p. 93]. * • •

Trajectories of the system

FIG. 1.8. Graph of population of spec.es

The same formulation can be used to study concentrations 
of substances in chemical reactions, as done by Rosen 
in [9].

Similarly La Violette- used the same model to study the 
stock marked as a predator-prey situation in [13, p. 181].

1.2.2 Living Systems

A work which is the most relevant to this dissertation 
is Miller's [6].

Miller deals with the special class of living systems. 
This system comprises monerans, fungi, plants, animals, 
groups, organisations, societies, and supranational
systems.

The general living systems theory which his dissertation
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For example the phenomenon ol ijrowt n of t <11 t i 1 - » 
tree is a spatiotempural object consisting of a success 
of time slices, each describing the tree at that inter j! 
in time (fig. 2 . 2 ) . Note that this is not the g< r.eral 
concept of "tree". This is the percept of » particular 
tree.

TIME

X

TIME SLICES

GROWTH OF A TREE

FIG. 2.2. Spat totvmpot al oL ject

2. 3 THE PERCEPT SI:'.

This is a set of elements, each representing i percept, 
which is identifiable by i word or sequence of words. A 
set of points of the observation space can now be mapped 
on to an elomen* of the percept sot. This can be defined 
a., the perception mapping. Thus we can represent any 
observation with an element of the p« rcept set end identify 
it by the use of language. A phenomenon can consist of one 
or more entities changing in time or it can consist of 
one or more entities unchanged during a time interval.
For example the specific tree of tig. . 2 may be seen 
not as a phenomenon oi chan-'n but nimplv a particular 
entity that wv want to identify, ignoring ny changes 
(fig. 2.3).



OBSERVATION SPACE

A

PERCEPT SET

TREE

PERCEPTION MAPPING " PERCEPT

FIG. 2.3. Perception mapping

2.4 THE RESOLUTION 1 EVE!

In t e r m s  o f  ^ h e  above concepts we can define resolution 
leve1 as follows;

Consider an entity e.g. a particular orgai ism. A per­
ception mapping (P,' maps a set ot elements of the obser­
vation space on to a point of the percept set identified 
a s  (say) John Smith. Now we can consider another pei- 
ception mapping (P , which maps subsets ot our spatio- 
temporal ob i ct , each onto .i different point of the 
concept set . E.g. John Smith's r.tomach, John Smith :>
h e a r t ,  etc. (fig. 2.4). We say that P2 is at a finer
resolution level than P ^ .

As we move from a coarser to 1 finer resolution level we 
distinguish details of our s p a t iotempora1 object. By 
"distinguish" we mean that while a set in the observation 
space was mapped ont< a single element of the percept 
space, we now partiti< n the set into subse1s and map each
onto a differ, nt el* -nt of the percept space.

W will need to distinguish two types of resolution level 
differences; in the example of fig. 2.4, mapping is at 
a spatially finer resolution level; it distinguishes



parts of our object in space, not in time* The second 
type of resolution level difference is illustrated in 
f i . 2 .i. In this cm s v percept ion nuipp i n<| I* is at a 
temporally t iner resolution level.

OBSERVATION SPACu

30HN SAAlTH

■ 'VHN SMiTN'i
HE*- ’

*OKN "ITWX
.rô > "

y  /

percept set

FIG. 2.4. Fpa'ial r< solut ion

,/ A

■* '• t ‘ k  N O  1 4 S c  _ , 4 t o

' ' r kkie . kv- I

» t- tA k i N/r uca. -  M  / *)

OBSERVATION
percept set

FIG. 2. S. T e m p o r a l  r e s o l u t i o n
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E X A M P L E  1

EXAMPLE 2 m k t H T
I 6EU.

U*U6H1 HV  . t u

EXAMPLE 3 V

I IC». .'.11. Examples of schema* ic 
representation of interaction



EXAMPLE 1

Pfcutirwrtlr CELL
♦ AkiNT
CELLE X A M P L E  2

, Cl i L
X u. y

EXAMPLE 3

bey

f i(>* 2.11. Examj I os of schema t ic 
representation of intetact ions
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D E P A R T M E N T  A 
D U R I N G  A t ]

D E P A R T M E N T  B
D U R I N G

At DEPARTMENT D 
DURING At„

FACTORY

FIG. 2.12. A factory as a 
spatiotemporal object

Taking a time slice At^ and the tactory departments 
A and B, two interactions can be distinguished (fig. 2.13a 
and 2.13b).

s m\ KObt,

A
a

DEPARTMENT A fwA< H in t 
VArrtNbMiT

vi<r,

FIG. 2.13a. Department A as an interaction
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pAivr

v< t L tut1*DFPARTMENT

FIG. 2.13b. Department B as an interactior

Now look i nq .t t he a f  i v i t i es of (h'pa r t m m  t I) during At 
we have (fig. 2.14)

NUrS

li ■ ■ -'
1

FIG.  2 . 1 4 .  Department D as an i n t e r a c t i o n

■



In this way we can distinguish the various single inter­
actions in the factory during At. Finally the whole 
object can be described in terms of in eractions shown 
in fig. 2.15.

' • r e t  l

Rrb1*

wEtbt><6

be, vTi N UTS(ceMpriUNt rMK'Nfcxt
A B

F I G . 2.15. Example of interact ion network













INTERACTION NETWORK

FIG. J.20. Synthetic in eraction nutwoi<

2.11 CATALYSTS

Consider the interaction in fig. 2.21. Entities 1 and 
2 enter into interaction to produce entities 1 and 3. 
Therefore entity 1 * s unaffected by the interaction but 
necessary.

Interaction involving 
a catalyst

An entity can be defined as a cat a lyst of an int eraction

unchanged, and if the interaction under study docs not 
take place unless the entity is present.
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Example

Exampli

As seer

(B) : In the process ot L<. inj
blood to produce 1 11 11 bl loci 
all the entities con: 1 ik 1 i 
cept the kidneys. The k 1dne\ 
which produces the change int 
our definition of cat 11vt ik

(C) : As in the example (
u y s 1 n 1

r it?

A

X
1 j ‘ rtofk

Si ARE' ✓  \
, »Ai  * I N t  \VOul 6K j
NrtbfV

. 2.23. The at t1 1 but e
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is irrelevant in the context of our interaction network. 
The gain of knowledge is a change from one entity to 
another which is distinguishable because it interacts 
di fferently.

IN&Kt
f r t t H V ,

NOT AN APPLE
PIE OK REQUIRED 
STANDARD

JOHN SMITH IN STATE N

AN APPLE PIE 
OF REQUIRED 
STANDARD

7 ) JOHN SMITH IN STATE 1

FIG. 2.24. Di1 renee in information states

A more obvious example of information being a change from 
one object to another is the act of (say) John Smith 
writing down the recipe (fig. 2.25) . Here the object A 
is changed into object B in the sense that if another 
person interacted with the object A he would not change 
his state of knowledge while he would, if he interacted 
with object b (as described in fig. 2.24) .

TRANSFER OF INFORMATION: All changes in information con­
sidered above are a result of interactions that took 
place. This is commonly name transfer of information. 
What should I emphasised hero i ; that tiunsfer of Inform­
ation being an interaction (or network of interactions) 
involves an interaction i te, i.e. the coming close of a



INK

OBJECT A

FIG. 2.25. Information ay a change of 
one object to another

"transmitter" and a "receiver" of information. For 
example in order that John S m ;•h i< arns how to make an 
apple pie, he will have to come relatively close to a 
book or a letter or a telephone receiver or another 
person, so that tht (information transfer) interaction 
can take place.

INI QRMATIQN 1 'MANNFI.: If m  information transfer takes
place from an entity A through an interaction network 
to an entity B , then the interaction network between 
entities of interest (A and B) is the information 
channel (fig. 2.26).
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£ L

STM E

FIG. 2 . 2 b . Information hannrI

Two types of transfci of into n. »11 on can be distinguished $

1. Information ttansfVi b\ ransportation where the inter­
action network in u ves r.ovcmcnt of an information 
carfit-» in svac< t i f. 2 . : 7) .

Posting of letters is a typical example of such trans­
fer of information. Similarly the transmission of 
messages through the circulatory system of animals by 
releasing hormones in the blood. These a < information 
carriers (or Marxers) which physically move to the 
receiver and result in its change of state.

2 . Information ttansfo i h%. t_r ansmi s s i. ,n who re the inter­
action network involves informal ion carriers which do 
not move in space but rather change states successively 
as shown in fig. 2.28.

Transfer ol information by waves in a medium is a 
typical example. In the case of sound waves the change 
of A t to h x represents a change of pressure of a 
small volume of air. Each small volume of air causes 
the pressure in the neighbouring volume to change.
The chain reaction produced propagates the change of



wtNSrttrrt

FIG. 2.2(->. Informal ion channel 

Two types of transfer of in 1 01 m. > t ion < m  l.>c di >t. inyui h<- i:

1. Tnformatlon ttansfor by I: an pi rl at ion where the inter­
action network involves movement of an Information 
carrier in space (fig. 2.27).

Posting of letters is a typical example of such trans­
fer of information. Similarly the transmission of 
messages through the circulatory system of animals by 
releasing hormones in the blood. These art information
carriers (or markers) which physically move to the
receiver and result in it > chan n of state.

2. information tr.msf» i by transmi -.ion w h e r e  the inter­
action network involves informali"n carriers which no 
not move in space but rather ehangt states successively 
as shown in fig. 2.28.

Transfer of information by waves in a medium is a 
typical eximple. In t hr c ase of sound waves the change 
of A | to B t represents a c h a n g e  oi pressure of a 
small volume of air. E a c h  s m a l l  volume of air causes 
the pressure in the n e i g h b o u r i n g  volume to change.
The chain r e a c t i o n  p r o d u c e d  pi ipagates the change of



r INFO. \ IN LOCATION 
t-kneil*y! A

TKAN^P^K’

\ IN LOCATION 
L dkiy

UTAlt m o

RECEIVER

FIG. 2.27. Information t i ans f< t 
t ransport .it ion



I NFC. ̂ IN LOCATION 
U  A

ihff X IN LOCATION 
I • kV :

RTVtiVC R

FIG. 2.21. Infot mat ion t i annf< i 
t ranaport atj on





FIG. 2.28. Information transfer by 
transmission

state (pressure) until it reaches the receiver as 
shown in fig. 2.28. The saim scheme represents the 
transmission of impulses through a chain of neurons 
in the nervous system.
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CHAPTER 3

SELF-MAINTAINING ORGANISED SYSTEMS

3.1 IN T R Q D U C T I O N
In the previous chapter the necessary concepts, terms,
,ind meani' of represent at ion for th« ci< r Ipt ion of ‘
ena have been established. These will 1e used in this
chapter to investigate the characteristics of self-main­
taining organised systems.

After identifying and describing the physical systems to 
be analysed
be identified and formulated in terms of interaction net­
works .

3.2 T H E  P H Y S I C A L  E N T I T I E S

Following is a quick view of the m tin classes cf identi­
fiable entities in nature. ?

If we start with the smallest identifiable entities which 
represent the finest resolution level possible presently, 
we have subatomic particles - protons, neutrons, electrons, 
etc.

At a coarser resolution level we have atoms which consist 
of a network of interactions containing subatomic par­
ticles .





country. T h e  o r e  in r h< q- ou..-i, 1 .■ iimoaph.!' , 11 •
as w e l l  as o t h e r  c o u n t r i e s  will 1 regarded h>
v l r o n m e n t  o f  t h e  s o c i e t y  being ].

In t h e a b o v e  d e f i n i t i o n  the dist .ci  Lou betwevi. u. orua! 
i s e d  s y s t e m  a n d  its environment is irbitrary, but one 

*"deciaed*it *is f i x e d  and the analysti that follows "wi *! h 
b a s e d  o n  it. Furthermore we art not going tn cons Id i 
c h a n g e s  in t h e b a s i c  structure or overall behaviour oi 
the s y s t e m s , i.e. w e  w i l l  s t u d y  the system over peri <■ 
of t i m e  A t  w h e r e  t h e r e  are no significant structural 
c h a n g e s  a s s o c i a t e d  w i t h  what is known a dt 'c i.opmen* r 
d e c a y . In other words tht time period At will b- sma 
c o m p a r e d  w i t h  what is known as the lifespar ■ h- rqa: 
i s e d  s y s t e m  b e i n g  studied.

1.3 B A S I C  C H A R A C T E R I S T I C S  OF
SELF-MAI N T A I N  IN<:_OFi'AF r S K O  
SYSTEMS'"

W h a t  d o  c e l l s , organisms and societies have in common 
At f i r s t  sight these entities are so different that 
c o m p a r i s o n  seems h a r d l y  possible.

Yet in spite of the difference in s.ze, content, and 
b e h a v i o u r ,  they have the following characteristic in 
c o m m o n :
1. T h e y  survive in a changing environment, by makino »h< 

a p p r o p r i a t e  internal and external adjustments.

E x a m p l e :
C e l l s : An  amoeba draw;, away from a toxic substance.
O r g a n i s m : Perspires when the environment temperature

i ncreases.
Society: Central heating is switched on 1n winter m

most of the buildings.



2. There is a continuous exchange of matter and eneigy 
with the environment.

Example:
Cellss absorb nutrients.
Organisms; eat food.

3. The entities consist of distinguishable parts which 
are involved in specific processes.

Example:
Cells; Structures exist such as chrome: otv.« , mito­

chondria, ribosomes; and biochemical processes 
take place, such as the decoding and trans­
mission of the DNA code to produce specific 
proteins.

Organisms: They have a specific anatomy (heart,
stomach, kidneys), and processes such as 
digestion, blood circulation etc.

Societies: Roads, harbours, factories, and people
are some of its c o m p o n e n t ; some of the 
processes involved are clothes manufactur- 
V  telephone communications etc.

Entities which possess these three fundamental character­
istics will be referred to as self-maintaining organised 
systems. These characteristics will now be investigated 
formally as interaction networks.

3.4 STABILITY OF IDENTIFYING 
VARIABLES

Any entity, when examined at a finer resolution level, is 
an interaction network. The entitles which we are examin­
ing are also interacting with the environment. In terms 
of our interaction networks, such an entity is represented
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SYSTEM

BNVIRONMBNT

FIG. 3.1. Interaction with 
the environment

A special relationship howevei will have to exist between 
the Interactions in order that survival in a changing en­
vironment can be achiev i.

It is suggested here that survival is defined as the 
stability of the identifyir j variables. In othci words if 
the entity under study is investigated a finer resolution
level so as to distinguish its characteristics and their 
variation, these vary only within limits which are indis­
tinguishable at j coarser resolution level.

For a specific organism for example survival means the 
variation of characteristics such as heartrate, temperature, 
anatomy, etc., within certain limit (it is on these 
characteristics that the perception mapping is based, as 
described in sections 2.3 and 2.4). Non-survival or death, 
is the variation of these characteristics outside these 
limits and failure to return within these limits.
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Suppose that x x n are the component entities of 
an interaction network, and V i ' • • • 'Ym t îe component 
entities of the environment which interact with the 
network.

All the possible states of the entity can be represented
*

can be represented by an m-dimvnsional space. it ttie 
entity under study is a self-maintaininy organised . .. tun., 
then the system of equations

dx
ITT ” 1 i (xi» • • •'xnyl'* * ‘ ̂ m*

d y i"3 t ” f j (xi ' * * • ,xn ,yl ' • • *'Ym

describing the relationships cf all the interactions and 
entities involved, is such that if the entities Y i ,,,,,Ym 
change states then the trajectory of the states of 
x 1,...,xn returns to the same volume of the n-dimensional 
space. As illustrated in fig. 3..:, when the state of the 
environment changes in the volun > E, then the system after 
an initial perturbation always returns to a point inside 
the volume S of its state space.

j  = l ,m

(3.4.1)

FIG. 3.2. State spaces of tntity
and environment
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There is, however, a boundary a round volume such that
if the environment changes to a state outside f., then 
the system does not return to S.

Having defined the system of equations (3.4.1) which 
represents the interaction network being studied, and 'he 
requirement that it must satisfy, the reader is referred 
to the work of Rosen (9], from which a more detailed
mathematical analysis can be derived. Rosen uses systems
of differential equations for the study oi properties 
such as stability, equifinality and regulation in biologi- 
calcal systems. Hi; analysis is also applicable to the 
general class of self-maintaining systems as defined above.

Consider the following two sets of states for an entity:

1. “entity in normal state" = <-nt ity in one of the states
in volume S (fig. 3.2) of
the state spac'.

2. "entity under stress" = entity state not in S.

Then survival by continuous adjustment can be represented 
as in fig. 3.3.

System
under
stress

ENVIRONMENT

ENVIRONMENT

System in
normal
state

FIG. 3.3. Survival by continuous 
adjustment



T h e  b a c k b o n e  of  e v e r y  self-maintaining organised s y s t e m  
is a p r o c e s s  which can be termed "self-maintaining c y c l i c  
p r o c e s s " o r  metabolism. This is represented in fig. 3.4 
and e x p l a i n e d  below.

ANABOLISMCATABOLISM

FIG. 3.4. Self-maintaining cyclic process

In c o n s i d e r i n g  this process the existence and structure 
of p h y s i c a l  component entities of an interaction network 
w i l l  be considered.

Acc rding to the second law of thermodynamics every 
i s o l a t e d  physical entity disintegrates because irrevers­
i b l e  processes cl »nge it to a state of high -r entropy.

If an interaction network consists totally of physical 
e n t i t i e s  which don't disintegrate this belongs to the 
class of trivial self-maintaining systems. Trivial in 
the s e n s e  that at the next finer resolution level, the 
c o m p o n e n t s  of the system are themselves stable and 
c o n s t a n t .















CHAPTER 4

JWALYSi.S ''( .'NTLRNAl _ . . .

4.1 INTRODUCTION 

This chapter will ident
processes taking place In st 1 iv >‘ 0 :
systems The component t,! it i i
proces« ill also be corv i d< 
from physical entities n whi; *

T* following format of pre: - :

A. General model: A descrip.
of the proces eic 1 
li) ,ol »d.

B . Examples from c 11 .

<J. Examples f.om organisni .

D. Examples from societi

A point that has to be borne ■ m u: that e;>t x •
in their level of specialisation and differentiat io; 
defined in section 3.7. Thus whi1« t he types o; pro v
which are considered in the model exist If all entiti 
certain subsystems are more di f . rent I at t: nan a he i .
A process which is perform*, d i om /st em by i, number 
components which are p re son' n < 11 part, of the systei ,
is | e > formed in another ys< • ■ !■ « ;p" If i • ipe *i i ser:
sfructurc.



4.2 INPUT PROCESSES AND ■ UT CATES

MODEL
An input p r o c e s s  is one which contains in its initial 
time slice entities of the environment, which at the 
final, time s l i c e  appear is entities if the system, with­
out necessarily having undergone any structural changt -*. 
The catalysts of this process will be called the input 
gate of the system (fig. 4.1).

Note that the distinction between an environment entity 
an'l a system entity depends on the definition of the 
system.

Example: Cell membrane.
Certain molecules outside the cell interact with the 
cell membrane resulting in these molecules being admitted 
into the cell and taking part in the metabolism.

The following diagram presents the function of the cell 
membrane as seen in biochemistry (fig. 4.2). (Or* on & 
Neuhaus (8)).

cyst CM
ENT1T1ENTITY

FIG. 4.1. Input gate (model)

CELLS



EXTERIOR OF CELL

T M w u o tM to W  A *  < #& &  R E re v t M' fl.6«?OWITtON

INTERIOR OF CELL

FIG. 4.2. Input gate (cell)

ORGANISMS

E x a m p l e ; M o u t h  
Nose

Before an a p p l e  is eat« \ it is considered as part of the 
environment of the animal. From the moment it is intro­
duced into the mouth and chewed it is part of the organism.

SOCIETIES

Example: Mines
Dams 
Farms

A mine is an interaction site where the set of entities t h a t  
constitute t h e  mine (people, machines, etc.), interact with 
the ore w h i c h  up to this point in time is considered as 
part of the environment. This interaction results in the 
ore becoming part of the socio-economic system (e.g. beirj 
transported in a truck to a processing plant).



A farm is an interaction site where environmental entities 
such as photons from the sun, v '  ̂ molecules t rom the 
atmosphere, and minerals from the soil interact in an 
input process (involving farmer, tractors, seeds, etc.) 
to become vegetables (part of society).

•  #  « *  * #» %  • -

4.3 THE TRANSPORT PROCESS
THE TRANSPORT Si’hhYSTEM

MODEL

A transport process is one which re u 11 s in a change of 
location of the entity being transported. The collection 
of catalysts in the transport process is the transport 
subsystem (fig. 4.3).

LOCATION 2LOCATION 1

FIG. 4.3. Transport subsystem (model)

CELLS

Entities in a cell mov. mainly by means of random 
collisions therefore a great number of entities act as 
catalysts of th« t r.msp< t process.

ORGANISMS

Examples: Cardiovascular system
Trachea, Bronchioles



T h e  c a  r d i o v a s c u l a t  / s t e m  is .1 set o: ont i t ’ <" '■ 1 M -s *
a r t e n v s ,  c a p i l V a r i t  i a n d  ho »rt ) w h i c h  i n t e r a c t  w i t h  the 
b l o o d  r e s u l t i n g  11 t h e  c h a n g e  • -f l o c a t i o n  o f  « aoh v o l a n t  
of b l o o d .

Trach* a and 1 1 onchit 1< a 1 - - part if the set ot er* >t it
whic:* T alt a 1 r ; i * . d 1 • ■ . t,ra
mouth (input .pit ̂ s ) to t i. ' alveoli of the lumis.

Ureters convey t;u a n  n< from t .* kidneys to the urinary 
bl addt ■ .

Examples: heads
Aeroplanes

It e> actions of ont Ltit a such as t ruck , cars , and >0 op 1 
with r ads, result 5 1 . t at e:uv ?e of local ion of those
ont 1 ties.

Aeroplanes and shJj % interact with passengers and cargo 
r e s u l t inc in changi' of their location.

4 . 4 STORACK F’RO'_’j fShi 
Si ORAGE SUBSYSTEMS

A storage process 1 3 ar. 1 *it * t a c  ion network whic a rt.ii'lts 
in m lintainittg cvri 1 in en» 1 < i • a; wi Lh i • an area oi s p a c  
where they can inter ict w i t 1 other entities of the system 
at a later time. The set ot eat. -lys1 s involved ire the 
storage sub.-'.yster ( : 3 . 4.4;.

SOCIETY

M r I

VsroMOl
< \,UKS'»Ttis t o m t.

/ N T i r r

Wrf <Kt 4 k 1 r Ik

IN S T O R A G E  A R E A IN R E S E R V O I R

FIG. 4.4 Storage subsystem FIG. 4.5 Watei reservoirs





) Interactions of which some reactants have not under­
gone any structural changes since they entered the 
organised system (fig. 4.6 A).

) Interactions whose reactants are products of other 
metabolic interact'ons, and whose products are reac- 

. . . .  . . . . (fig. 4.6 B).

Interactions whose products do not undergo any further 
structural changes before they are released to the 
environment (fig. 4.6 C ) .

FROM THE 
ENVIRONMENT

T O  T H E  E N V I R O N M E N T
REACTANT 

OF C
PRODUCT REACTANT PRODUCT 
OF A OF B OF B

I N T E R A C T I O NINTERACTIONINTERACTION
B

FIG. 4.6. Metabolism (general model)

CELLS

Example: Enzymes and metabolism

The various enzymes interact with the molecules of 
precursors (raw material) resulting in molecular 
changes thus producing intermediates and final products

The metabolism of the cell is a network of biochemical



ORGANISMS

Examples: Mouth
Stomach
Intestine

. • . . . . .  
fled by chewing and mixing with saliva. The product ot 
that interaction in turn interacts with the stomach 
(muscles and gastric juices) to produce u different 
entity (the digested food). This product interacts with 
the intestines which separates it into the substances 
which a e absorbed in the bloodst ream and the waste whi 1 1. 
is released to the environment (fig. 4.").

*v*uiu>NUTtl iSAttvA

> M A 1T&

|M»uTh

FIG. 4.7. Met ibolism (organisms)

SOCIETY

Examples: Indust ry
Farming

A whole chain of interactions of the factors of production 
(land, labour, capital) processes materials from the environ



nent to produce consumer goods or producer goods. Con­
sumer goods interact with people to produce satisfied 
people and waste. The producer goods replace obsolete 
capital or add to the existing capital ftools, reserves 
etc.). This is the network of interactions which const! 
tutes the metabolism of this organised system known as

•e.* all*
sumption) (fig. 4.8).

ffUiM *|N £4

PlUxEs.Vf 
V PLANT

PURE

wiRTTRtNLltACTPRX

PRCMV

FIG. 4.8. Metabolism (society)



Following are examples of some aspects regarding the 
metabolism of a system.

STEADY STATU. GROWTH, DECAY;
If the rate of the following interaction:

Catalysts + Materials - Catalysts 4 Products
is equal to the rate of the interaction:

Catalyst -» Waste
then the system will remain in a steady state. If not, 
then a growth or decay oi the quantity of entities in the 
system occurs.

EXAMPLES:

CELLS: During grew f the cell the enzyme production 
is highei ' m  t he disintegration of enzymes.

ORGANISMS During growth ot an organism the number of 
cells produced and maintained in the tissues 
is greater than the decay rate

SOCIETY: When pi duct ion i s greater than consumption,
then the extra unconsumed products are extra 
capital being available as a catalyst for more 
production. This is the cast ol a growing 
economy.

THE MULTIPLIER EFFEC T :

Every interaction in a self-maintainimi cyclic process 
will not take place unless t he necessary react ant s are 
present in the interaction site.

It thus happens that although the main ingredients of a 
particular interaction aic p r e s e n t , the absence of a 
necessary entity results in the s low rate, or non occurrence 
of an interaction. As every interaction in the self-main-
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: mo\ ■ ' I,

.t / of ir.on< y is 
LC'ns • ' teh of which.
- For example 
; a builder will

>200 000 i note 
i . i 1 lust rat e-.i

piatxe

.K»UM

! 'N\fi. I/■tiy



EXAMPLE: Of LL'.Ti UV METAH 1 .

CELLS
unit t inu-.

ORGANISM; As in coil t L v< 1 t if
isms car be meaeu: ed in ui.j t... oi e m  y . • *

»  • *  «» * * * *  »  •  »» an it time.

SOCIETY: GNP, 1 * iu- ,
of all c -one ii in' • - . o •
during t i i vt .

4.6 OUTPUT PROCESS)
OUTPUT GATES

MODEL

Sim iariy to the input ; < , •
interactions which resul s t . -
leased to the environir- . Th- - » i
cess are the output e ( . i.

Examp 1' : Membrane
As in the procest. of capturing nutrients ton, t ii . i . x . j ,  

ment, waste products of the 1)' nvo iboli nr- .:<• re least d

Nf'f <tnim

otnfvT

FIG . 4.10. Outout g . te  n 1

CELLS



into the environment (f uj. 4.11).

Mf'V.tA'tlt't

OjlCPL*'

1'IG. 4.11. Output pi t < . (e 11)

ORGAN I,',MS
Examples: Pores of the skin

Uret or
Waste and other subs t an cos e.g. swt it) irt released to 
the environment by special structures in the anatomy of 
the organism (fig. 4.1. .

FIG. 4.12. Out] it gates (organisms)

SOCIETY

Examples: Chimnoys
Hat hours

At various points In the network of interactions of 
society there are entities leaving the society to become 
part of the society's on"iionment.
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The smoke being released by chimneys for example, be­
comes part of the atmosphere wh oh is considered as part 
of the environment of society.

Waste rejection is ot course only part of the output 
processes. Other countries are part of a society's 
env re amer . * & ' ~ + *, f r i *• r! o oeuat * le
is an output process. It ent it i-n outside t tie border of 
a country are considered as part of it: environment ,
then hareours, airports, etc. are output gates of the 
society (fig. 4.13).

r ocoi^ > 
I N 

NltftCWMlK'

4 . 7 INFORMAT I ON PHOCt:.-S i S 
INFORMATION SUBSYSTEM

MOD hi,

The distinction between comii'un i c.nt t o_n and i n for mat ion 
processing is a matter of di-grve ot complexity of the 
interaction network ot this subsystem.

Communication p n  -es tes ,ii <- those intci ict ion networks 
wnich effect information tianst( rs ovei relatively long 
distances by mtuns of a network of information channels. 
This makes it possible foi certain interactions taking 
place at an input : i t v f tin network to t <-sul t in specific 
interactions taking place .it a certain output site, which

-« r.r
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is relatively far in space. The interaction network 
constituting tne communication process is relatively 
simple.

Information processing on the ot hri hand is a relatively 
complex Interaction network of Information transfers. 
Relatively she: t 4ist awe« in) on  at t a 11 m 1.. ters tak< 
place from each entity to several others and 1rom se eial 
entities to one. As in the communication subsystem it 
has input and output sites. However, the relationship 
between interactions at an input sit. and those taking 
place at an output site is not a one to one :orrespondence, 
hence the idea that the information has been processed, 
i.e. changed.

Example: Messenger RNA

An RNA molecule of specific structure is produced by thv 
intvraction of DNA with the components of the RNA. The 
RNA molecule then travels to an interaction -ite (inform 
ation transfer by transportation) where it catalyses the 
production of a s; aciflc enzyme (jrotein).

The phenomenon as seen by biochemistry is shown in fig.

CELLS

4.14.

r R  AN t C M  KTlOft »  PR O T E I ND N A - R N A

FIG. 4.14. Internal communication 
in cells (biochemistry)

In terms of our interaction networks this is shown in 
fig. 4.15.
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R n A

FIG. 4.1'j. Internal communication in cells 
(as in interaction network)

ORGANISMS

Examples: Endocrine system
Peripheral nervous system

The endocrine system effects communication by transport- 
ation. A certain interaction (for example, the function 
of the pituitary qland) produces a hormone which is trans-
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ported by the transportation system (cardiovascular) 
to Dther interaction sites (for example other heimone 
glands). At these sites other hormones are produced 
which travel further to Intel act with tissues and result 
in changes In the states ol the relevant organs (for 
example faster he.irt rate).

Peripheral nerves on the other hind effect commun » 
by transmission. For example an inters ion in a < irtain 
part of the spinal cord results in a nerve impulsf wnich 
via an interaction chain, as that described in fig. 2.28 
ultimately results in the interact ton between a nerve 
cell and the cell of a skeletal muscle. This causes a 
contraction, i.e. a change if state at the muscle.

Information processing takes place in the 
complex interaction network exists between neurons in a 
relatively small volume compared to th. distances m -  
v d v e d  in the peripheral nervous system.

SOCIETY
Examples: Telephone (communication)

post (communication)
O f f i c e  b lock  w i th  i t s  contents  (i  form­

a t i o n  process ing )

The post and telephone are part of t a communication sub- 
system of society (by transportation and transmission 
respectively). In all cases an interaction at an input 
U t e  of this process results in a corresponding interaction 
at aome output point of the p r o c e s s .

An office block in a city with all its contents (including 
people) is an example of part of the information processing 
subsystem of society. Hero people talk to each other, read, 
write, listen to the telephone etc. This is a complex r e ­

work of information transfers which involve changes of 
mental states of people.

s - s n u s
hierarchical organisation of complex information processing,
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O n  t h e  o t h e r  h a n d  ensuring the integrity of the system 
c a n  r a n g e  f r o m  simple avoidance of certain environmental 
c o n d i t i o n s ,  to active seeking of favourable conditions, 
t o  s t r u c t u r i n g  of the envi ronment so as to make con­
ditions favourable.

E X A M P L E S :

CELLS: Amoeba move: sway from toxic environment.

ORGANISMS; Escapes from danger or seeks shelter or
constructs sheltcz. All these are performed 
as a sequence of receptor-environment inter­
action, information processing, and finally 
effector-environment interaction.

S O C I E T Y :  A weather station inter icts with the atmos­
phere (receptor-environment interaction).
An interaction of technicians, instruments 
and decision makers follows, constituting 
the realisation ot danger (information pro­
cessing) . finally preparation for a hurri­
cane take plac .

Walls ( r castles are built to protect 
society "rom wild animals or foreign armies.

5.5 SURVIVAL MARGINS

For he appropriate interactions t' take place, the 
required reactants must be present in the interaction 
site. in the present study there art' two broad reactant;
involved: the o:gan i sed sys tern and the environment. The
p r e v i o u s  sections studied the role of the organised 
s y s t e m  in the system-environment interaction. These 
w e r e  a sequence of system s t ate which were required lor 
the satisfact ion of needs. Th( environment however 
b e i n g  t h e  second reactant must also have the required 
s t a t e s ,  properties, or entities. Thus ar organised 
s y s t e m  can proceed with the satisfaction of needs only
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w i t h i n  a c e r t a i n  set o f  environmental c o n d i t i o n s , b e y o n d  
w h i c h  it c a n n o t  s u r v i v e .

A set of e n v i r o n m e n t a l  conditions can t h u s  b e  a s s o ­
c i a t e d  w i t h  a n y  organised s y s t e m , and defined as t h e  
s u r v i v a l  m a r g i n  of th< r . leva n t  system.

EXAMPLES: 

CELLS:

ORGANISMS

S O C I E T Y :

A certain concentration of nutrients, range 
of temperatures, absence of poisonous ma- 
erials, etc. constitute the survival margin 

of a cell.

Availability of a minimum quantity of food, 
oxygen, noise level, and a certain level of 
stimulation of the brain at some of the 
characteristics of an organism's survival 
margin.

Minimum and maximum of sun, rain, wind, 
minerals, temperature, etc. characterise a 
society's survival margin.

T h e  s u r v i v a l  margin could be a criterion tor comparing 
a n d  s t u d y i n g  organised systems. For example two societies 
(a t e c h n o l o g i c a l l y  advar ced one and a primitive one) could 
be c o m p a r e d  a n d  relationships could be established between 
o r g a n i s a t i o n a l  structure and survival margin.

As a s e c o n d  example organised systems oi different levels 
(i.e. c e l l s  organisms societies) could be compared and the 
c o n c l u s i o n  d r a w n  that as one moves up the hierarchy the 
s u r v i v a l  m a r g i n s  widen, from an aqueous solutions oi 
s p e c i f i c  concentrations, to the human society's ability 
t o  s u r v i v e  a deep sea, in the desert and in space?
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>.4 KNVlk. N M i r A L  CHAT

As the e n v ; n nment change •; wi. tui .: vaJ margii.,
the system':. ! t hav|out chanqe , . . • he state of the
system changv t h-j* H ;tng , f f* rent int eractions w t;.
the envlronm nt . This lesults in ^he maintenance of

*

behaviour# t it- . ; • til u t - sponni to thf
environment.

The prove: ; of responding t t h* t nvironment can be 
described by th.« loop of fig. 5.1.

I N f  C R M  AT I C W  

lu bSy >Ttrv\
E N V i K v N M t N l  AU

ORf AN IS ED SYSTEM ENVIRONMENT

FIG. .1. Res pons- to » ho environment

5 . -> A NOT). ON Ri:i>RODtlCTION

The organ is- lyst- m  h a  b e e n  c o n s  l<leted a an i s o l a t e d  
system in an e n v i r o n m e n t ,  p e r ro r m i n g  the a p p r o p r i a t e  
a c t i v i t i e s  to insure its o w n  s u r v i v a l .  T h e r e  is o n e  
n e e d  h o w e v e i  ind the c o n  - spt .dine; sc - o f  i n t e r a c t i o n s ) 
n a m e l y  thai ■ ! r e p r o d u c t i o n ,  w h i c h  ia net c o n n e c t e d  w i t h  
the s u r v i v a l  v r the ?v. • » o,„. T h  i; t • ted w i t h  the

i



fact that an organised system oi certain complexity hat 
to be initially produced (born), is welJ as product 
a n o t h e r  similar system, and the f-it it it is not 
s t a t i c  b u t  r a t h e r  that there is a developmental chanq< 
f r o m  b i r t h  t o  m a t u r i t y  to dea»h.

Ai; 4 h i e  d i s s e r t  ation Irun.stig.itvs (inly, m  . i imct.ion.s of 
t h e  o r g a n i s e d  s y s t e m  at a certain intc v i' 1 ime ■ 
s e c t i o n  3.2) a n d  it is b yond its scope t ; udy dev, ><
mental c h a n g e s ,  the needs of reproduction have be i 
o m i t t e d  f r o m  consideration since they are needs cone, u 
w i t h  the development (birth-death) of the system, 
s h o u l d  b e  born< in mind however as a need, and 
s a t i s f a c t i o n  follows the same principles as th' the 
n e e d s .

5.6 THE ORC.ANISKO KNVIRONMENT

In the previous sections the interactions of an organ 
ised system were considered. The only assumpt1 nb u> 
t h e  environment was that it fluctuates randomly within 
(or o u t  of) t h e  survival limits while the organised 
s y s t e m  changes behavioural states us to maintai 
identifying variables.

A n  environment which docs not fluctuate randomly out  
i t s e l f  an organised system, can now be considered. Ceil, 
h a v e  b e e n  s e e n  as independent organised systems in < 
a r b i t r a r y  e n v i r o n m e n t .  Now their behaviour within ai 
o r g a n i s e d  s y s t e m  (an organism) c m  be considered Phi 
o r g a n i s m  has also been considered within an arbitrary 
e n v i r o n m e n t .  Now it can be considered w i t h i n  a societ. ,
i.e. w i t h i n  an organised environment.

T h u s  h a v i n g  investigated tlit common characteristic?- of 
s t r u c t u r e  a n d  behaviour of cells, organisms, and so 

c i e t i e s ,  the common characteristics in the co 1 1s-oigan- 
i s m  a n d  o r g a n i s n s - s o c i oty relationships can now be in­
v est 1 gated.



5.7 micro-mi;c;a n e t w o r k  r e l a t i o n  hips

T h e  statement that an organised system is within an 
o r g a n i s e d  environment means that t h * environment can be 
d e s c r i b e d  as a network ol m t  erart it ns ich possesses 
t h e  characteristics of an organised system.

W i t h i n  this mega-network of interactions the organised 
s y s t e m  is an entity character sod by changes of state, as 
a r e s u l t  of interaction with other entities of the organ­
i s e d  environment. For example an organised system with 
two states can be described as in fig. 5.2. When in state 
S| interaction with environmental entity (or set of 
entities) B results in a change to state . When in
s t at e S^,, interaction with entity A results to state
V

FIG. 5.2. Interaction with entities of an 
organised environment

H e r e  the entity £ , and S is a network of interactions 
itself and the changes of state S ; — » Sj and S — >S. 
a r e  responses to the environment R and A respectively.

T h u s  control of a component of a megasystem can be 
achieved by controlling the immediate environment of 
t h a t  component. In order to maintain its identifying 
v a r i a b l e s  the component will then respond by changing 
to the desired st ite.
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EXAMPLES:

C e l l - o r g a n i s m  r e l a t i o n s h i p :
I n t e r a c t i o n s  in the brain o f  an a n i m a l  r e s u l t  in the
m o v e m e n t  of a muscle cell. Th< processes Inside the
c e l l  w h i c h  resulted in the contraction of the muscle

. . . .

o c c u r r e d  as a response of the muscle cell to its 
e n v i r o n m e n t , i.e. the nerve impulse on its membrane.
T h e  train does not control the metabolism inside the 
c e l l s  o f  the organism but rather controls the environ­
m e n t  o f  the.e cells. By changing these environments 
the internal interactions of cells are indirectly con­
trolled.

O r g a n i s m - society relationship:

A  f o r e m a n  i n s t r u c t s  a worker to perform certain tasks 
a n d  as a r e s u l t  the worker moves a muscle. Here again 
the f o r e m a n  s e t s  the environment of the worker. The 
w o r k e r  in t u r n  c o n t r o l s  the interactions in his body,
i.e. m o v e  t h e  required muscles in order to do the job.

5.8 MICRO-MEGA NLS.LS

If the mega-system investigated in the previous section 
s u r v i v e s  and is not in the process of disintegration, 
t hen its needs can be traced to the needs of the micro­
s y s t e m s  which constitute it. As regards the input which 
e a c h  micro-system receives from it ; organised environ­
m e n t  (which is the mega-system), it has to ultimately in 
s o m e  (mo s t l y  different) form be obtained from the environ­
m e n t  o f  the mega-system.

E X A M P L E S :

C e l l - o r g a n i s m  relationships:
T h e  n u t r i e n t s  required by t h e  cells in an organism w h i c h
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EXAMPLES:

Cell-organism:

The sea sponge in ar organised system of low complexity 
and lives in the same environment u* single cells (i.e. 
the sea water). Its input and generally its need satis­
faction is slit1 : <; i to that o t the single cells contained 
in the sea sponge.

A complex organism on the other hand can live in the 
desert under the hot sun, where its cells could not 
survive, and eats food which undergoes many changes 
before it is transformed into nutrients acceptable by 
the cells.

Organism-socie*y:

A primitive society lives in a kind of environment 
which is similar to that of single individuals. Its 
needs (meat, wood, etc.) are very much the same as 
those of individuals.

A complex societ' however has need i as coal, oil,
uranium, which are mite different fn • :ie needs of
individual members





CHAPTER 6

MODELS OF INTERACTION NETWORKS

6.1 INTRODUCTION

In chapter 2 the basic conceptua. 
The concepts of entity, interactb 
work were chosen so that they can 
phenomena from different disci pii 
and 5 a general indication was gi 
can be used in expressing featun 
self-maintaining organised system 
nature (cells, organisms, societ i<

ools were described, 
i, and interaction net — 
>e used in describing 
?s. In chapters 3, 4 
■n of how this approach 
which are common to 
of different physical

In this chapter the technique of modelling which is 
suitable for this approach will be presented. This will 
be followed in the next chapter by a detailed example
of the applicatii his techmou*

6.2 MODELS

ate
, it is 
se specific

7n order to compare different systems or postu 
f atures which are common to a class of system 
desirable to have a medium for representing th 
systems, as well as any theoretical postulates about them, 
with something which is clear, unambiguous and c-m be 
examined repeated!y and by different investigators.

A concrete model such as a comput 
propert?e s .

i model has the ab

Once a phenomenon has been described as an interaction 
network, such a concrete model of the phenomenon can be
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The interaction mode characterises the type of change 
which is taking place.

2. Once the type of changes taking place have been identi­
fied (in step 1 above), the change in the state of each 
of the vntities can be calculated. In doing this, each 
entity la considered independent . y , and t tie change of 
state is calculated based in the modes of the inter­
actions in which this entity is involved (fig. 6.4).

FIG. 6.4. b'ntity affected by a 
number of interactions

Fig. 6.5 below shows the general algorithm which can 
be used to implement the above.

Steps 1 and 2 can be calculated in terms of any arbitrary 
algorithm given by the study of the phenomenon in the 
special field oi .study.

6.5 STEPS CONSTRUCTING A MODKI.

In order to construct a model of a phenomenon it is 
necessary to proceed through a sequence of steps. This 
is illustrated in the next chapter during the modelling 
of a production/consumption phenomenon. In the follow­
ing sections of this chapter some of the main consider­
ations involved in those steps will be briefly discussed.



i w /t /a h  * (

—  tNi> i * re' (
7 "

fit ( u lAi l Vt 
CHAWAf IN TH( /
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FIG. 6.5. General algorithm of the 
Interaction network model

The main considerations are:

1. Analysis at the right resolution level.
2. Temporal analysis of the net work.
3. Information flow aspect and the mode1 diagram.





with other entities may b> r placed with > i 1 
interactions as shown in ■ iq. * . bf lov.

PRODUCTION at a f'insr 
resolution level

/ R A W  
MkriRi k

PRODUCT

RAW

Interaction II at a finer 
resolution level

FIG. 6.7. Interaction network v i ! mi 
resolution level
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In analysing PRODUCTION at a finer resolution level, 
the Production Scheduler may be considered as shown in 
fig. 6.8 below.

FIG. 6.8. Omitting of redundant 
information in interaction networks

If the new schedule is produced by a given set c f ru_es 
and the state of the scheduler is not important, (it could 
have been important for example if error rate, absenteeism 
etc. were of interest) then the scheduler shown in the 
network is a redundant information and should be omitted.

6 .7 TEMPORAL ANAI. V CIS

The- analysis of the entity PRODUCTION shown in fig. 6.8 
above, is a spatial analysis. As defined in section 2.2, 
the identifiable phenomenon is a spatictemporal object.

If we consider production as a spatiotemporal object 
shown in fig. 6.9 below, then it is apparent that our 
analysis described in fig. 6.7 is essentially a projection 
of the spatictemporal object onto space (represented as 
two-dimensional in fig. 6.7, 6 .8, 6.9 and hence does not 
give any time information. This is however important
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PRODUCTION (a spatiotemporal -bi*- 1

FIG. 6.9. Projecti

information tor t 
means of a model.

The next step therefore in the aiia 1>■ 3is of a phenomenon
is to repteserit the space/time a:spe<ct (or plane - fig.
6.9) of the iriteraction network as in fig. 6.10 be low.

Suppose that <the network was con •red at the coarsest
temporal reso lution level. Then t he time slices 1# anti
3 would have 1constituted a singl itne slice. This view
would have g iven one interaction of the system as a who It
which would have consisted of t h roc time slices: initial
(time slice 0 ) , intermediate (time slices 1+2+3 where
the change in the system is tuki ng place) and final (time
slice 4) as per our original con cepit of interaction in
sect 1 on 2.6. In such a coarse tvmp>oral resolution level
the system as a whole changes st ate where we define the
system state as being the set of st ates of its component
entities.



1)1

TIME SLICE

•T it
intermediate 
time slice • 
for the system 
as a whole

FIG. 6.10. The space/t ime aspect
of the network

The temporal analysis above has analysed the intermediate 
time slice into three time slices (fig. 6.10) thus reveal­
ing just enough temporal information which provides the 
succession of interactions (11.1, 11.2) assumed to be 
significant in this case.

6  . 8  I N I ' O R M A T I m n  AND THi MODE: II AC HAM

At this stage all the required information is available. 
The last step is to translate this information into a 
specialised diagram which facilitates the programming 
of the model on the computer.

This diagram (shown in fig. 6.11 below) preserves the 
basic structure of the interaction network diagrams, 
but is specialised for the purpose of representing the 
information flow and processing which will take place in

V T ' ,
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TIME SLICE

int<mncdiaLe 
time slice 

» for the system 
as a whole

FIG. 6.10. ’ ne -space/time aspect
of the network

The temporal analysis above has analysed the intermediate 
time slice into three time slices (fig. 6.10) thus reveal­
ing just enough temporal information which provides the 
succession of interactions (II.1, 11.2) assumed to be 
significant in this case.

6.8 INFORMATION AND TUI MODEL PI Ad RAM

At this stage all the required information is available. 
The last step is to translate this information into a 
specialised diagram which facilitates the programming 
of the model on the computer.

This diagram (shown in fig. 6.11 below) preserves the 
basic structure of the interaction network diagrams, 
but is specialised for the purpose of representing the 
information flow and processing which will taki place *n

\    k m
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time slice 0

time slice 1

time slice 2

time slice 3

time slice 4

FIG. 6.11. Example of a model diagram

the computer mode] of the interaction network. It 
can be distinguished by the term Model Diagram as 
distinct from the interaction network diagrams used 
so far.

Its features are as follows:

1. Columns represent entities. Each entity may change 
as it moves down the column in the time dimension.
At the last time slice, it is assumed to have the 
most recent state acquired during this time movement. 
For example machine 1 at time slice 4 is in the same 
state as at time slice 2.

2. Interactions are numbered for identification, and
distingui.hed by small squares.



3. Entities are drawn only at the time slices where a change 
of state occurs and can show some indication of state
(if desired).

4. Lines represent information flow in the computer model.
For example, in order to determine the mode of inter­
action II.1 at time slice 1, the states ol entities 2 
and 4 are needed.

Note that machine 2 which in this case is a catalyst, may be 
changed in the broader network by some other interaction 
(e.g. it may be adjusted by an attendant). Because it does 
change, it is not redundant information, and therefore is 
represented in the broader diagram (of which the diagram in 
fig. 6.10 is a section). In the diagram of fig. 6.10 it 
provides information to the algorithm which calculates the 
mode of 11.2, and therefore only shown in time slice 0.

Note that the model diagram apart from preserving the idea 
of interaction (see 2.6) and preserving the structure of 
the interaction network which it represents, it a.so performs 
the function of a data flow diagram and a flowchart, since as 
the former it specifies the flow of data (lines) and as the 
latter it specifies the flow of control (sequence of time 
slices).

6.9 THE STANDARD PROGRAM MODEL

If we want to program the above, the computer must be taken 
through each time slice and calculate the nodes of interactions 
or the state of entities in each time slice. When calculating 
modes of interactions, information regarding the states of 
entities involved in this interaction must be used. These 
entity states should have been calculated during earlier steps 
corresponding to earlier time slices. Similarly when calcu­
lating entity states information on interaction modes (calcu-
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lated for previous time slices) will be used. Whicheve. 
language is used, the computer program must have the struc­
ture indicated by the model diagram (e.g. fig- 6.11). We 
use the term "program structure" in the same way as used 
by Yourdon & Constantime in "structured systems design" 12-] 
to which the reader is referred.

The main points are:

(a) A program statement (or subroutine call) represents an 
entity or an interaction and when executed gives the 
new interaction mode or the new entity state.

(b) The lines of information flow shown in the model diagram 
(e.g. fig. 6.11) should be represented in the program by 
the same communication structure [27]. E.g. a line drawn 
from an entity to an i n t e r a c t i i n  the model diagram is 
represented in the program by the statement representing 
the interaction, using (only) the state variable which
is calculated by the statement representing the entity.

(c) Finally the control structure [27] of the program 
of statements) must be the same as that of the i
diagram, i.e. the sequence of control (execntio
passed from one statement to the next should be *n tne 
same sequence as that indicated by the time slice 
numbers. Furthermore the whole model diagram represents 
one iteration to be repeated until the time interval of 
interest has been covered.

Thus by following the above a program can be produced with a
two-fold function:

1. It serves as a documentation of the structure cf the 
phenomenon.

2. It produces its behaviour when executed on the computer.
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Furthermore the structure is abstract in the sense that by 
changing the statements but keeping the structure (communication 
and control) [27] we can model different systems and demonstrate 
that their structure is the same. This would be the case, for 
example, if we are studying three different physical systems 
and have used one interaction network to show that they all 
have the same structure.

The statements of the program model of this interaction network 
will all be subroutine calls (and of course the communication 
and control structure is the same as discussec above). Now we 
can have a different set of subroutines for each of the three 
physical systems each calculating the specific entity states 
and interaction modes relevant to that physical system.

Thus we have a simulation program which separates the structure 
which is common to a class of systems from the specific: 
of each physical system.

Where we had three different phenomena simulated by three 
different programs, and were able to say that these systems 
are "analogous" in certain respect, we can (by using the 
above method) extract that analogy (structure) in the form of 
a concrete standard program.

EXAMPLE

Consider the interaction network shown in fig. 6.12 below.
It represents the system of two chemical reactions which 
was considered in section 2.8.

From this network, the model diagram can be constructed as 
shown in fig. 6.13 below.

It should be stressed that arrows in a model diagram represent, 
flow of information between the algorithms in the computer 
program which calculate interaction modes and entity states.



On the other hand arrows in an interaction network diagram 
(fig. 6.12), if and when used, represent whatever is required

II

FIG. 6.12. An interaction network for 
a system of chemical reactions

HI

FIG. 6.13. Model diagram of the 
chemical reactions

according to the definitions for that phenomenon. For example 
in fig. 6.12 above they represent flow of substances.

Suppose that the following information was given about the
phenomenon:

• The concentrations of the substances HI, H ^ 1j are 
denoted by [HI], [Hg],

• The rate of reaction 1 is = kj[HJ] , where k ^ - 0 ,  t>



• The rate of reaction 2 is = k 2 111 2 ̂ wheIC '"2 E ' '' '*

• For a given small time interval the rates do not change in
the present resolution level

• The change in the concentrations during a time interval
are A[HI] - 2(R2 - , M I 23 * H2 = R i ' R 2

We let the modes of interactions represent the reaction rates 
and the states of entities HI, Hj, I2 represent the concen­
trations. Then using equations (1), (2), (3) and (4) the pro­
gram shown below is written.

  !
C D A T A
  .

REAL I I , 1 2 , I I , M l , * 2
O A T  A H H .  I  1 ,  H I ,  K 1 ,  K 2 ,  TZ I ,  ,6 ^  Ob , .OA, 0 /

  .
C S U P L R # I S 0 K  R O U T I N E
C.......     1

H K I T t C b .2 )
2 FORMAT!'  TIME HH IT H I " , / )

1» MR 11 (. ( b • 200 T, HH, I I , M I  
20 FORMAT ( U ,  1F6.  3)

T = T+1
IF ( I . E 3 . 3 5  )G0 TO 230Q . --

c I I M t  S L I C E  1 ( I NTER A: I I  OSS) I
c -.............................. *.....  1

I I  = U  • HI • HI  
1 2 = < 2 * H i . I  I

C .............     " I
c T I M E  S L I C E  I  ( E N T I T I E S )  I
  .

H H = H H + I l -  I 2 
n =  I i *  I : . - 12
H I = H 1 » 2 . ( 1 2 - I t  )

C  ............................. - ............................................................................ .
C E N U
u................................................... *

GO TO io;
2)0 LOCt S 

STOP 
END
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.standard rorm 
Th© DATA and 

ialisation, contro. 
viour of the systei

iich we will use to model 
SUPERVISOR ROUTINE sections 
rol of iterations and

IME SLICE 1” and "TIME SLICE 2 
the time slices shown in our 

:ME SLICE 1 the new inter­
equations (1) and (2) above, 
states [HI] [H-] and [I2] 

lice of this interaction 
TIME SLICE 2 the new entity 
, (3) and equation (4) above, 
ction modes calculated by 
the state of the entities 

interaction (time slice 2

q r ar

ano iiow

interaction 
il (sequence 
iich variables 
I are as given

he system is shown

< .
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TABLE b .I 
The behaviour of the system

TIME HM 1 I HI

0 1 .000 0.800 0. 03 0
1 0 .966 0.766 0.064
2 0.9 39 0.7 39 v. 123
3 0.912 0.712 v. r  7
<i ) .666 0 .) 16 u. 225
5 0.666 3.5 56 j.266
6 0 .647 0.6*7 u. 33 5
7 0.631 3.6 31 u. 336
6 0.817 0.617 0.34b
9 0.805 3.5)5 v. 39 0

10 0.794 0 .5 »4 . . 414
11 0.786 0.536 w. 429
12 0.776 3.5 76 0»44 3
13 0.772 0.57 2 0.4)6
14 0.767 3.567 u . 4S o
15 0 .763 3.963 0.47 5
16 0.7)9 3.5 5 9 0 . 48 d
17 0.755 3.5 56 u . 49 0
18 0.753 0.5 > 3 w. 49 )
t» 0.751 0.4*7
20 0.750 3.5)5 o. 53 2
21 0.746 3.) 46 0 . 5) 4
?2 3 .7,7 0.547 o.63b
23 3.746 3.546 0.53b
24 0.745 3.545 O.510
25 3.545 o.5ii
26 0.54 4 o.5l2
27 0.744 3.544 0.51 J
26 0.743 0.543 W.514
?» 0.743 o.5»*
30 0.743 o. 515
31 0.742 0.542 o.5l 5

0 .742 3.542 O.Sio
3.3*2 o. 5.b

34 3 .742 o.51 6
35 0.742 3.5 42 0.514)
36 0.742 0.542 0.51/
37 U. 51 /
36 3 .742 3.,42 0. 51/
3 1 3.5*2 o.5;/
40 3.742 3.3 42 0.51 7
4 1 3.742 3.542 0.51/
42 0.7 41 3.5*1 o.5l/
43 5 .741 3.5 4 1 o.5t7
4 4 3.74 1 3 .) « 1 *.5;/
45 3.74 1 3.541 o.5l7
46 0.741 3.) 4 I 0.517
4 7 0.741 3.541 0.51/
46 0.741 3.541 o.5L/
4 ? 0.741 3.5 4 1 o.5l 7
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CHAPTER

A DETAILED MODEL

^ *X J. * L/L v. 1 .1 Lv

The ain of this cha er is to give a detailed illustratio
of the technique ou i. ned in the previous chapter, on a
specific phenomenon • enomenon has been chosen which
has already been analysed and mode lied by other more
specialised methods # so th at the results can be checked
thus establishing tb e this general approach.

c T U DI

stem of the system "society".
T eri <2 i C ̂ C ^X V • 1 3 O - * ' ~ ■ w • • w pr of prod uction of commodities
a Ti H i t" (’'ort umc t i b v the consumer. It is based on a
study made by Meacc in * is work "The Dynamics of Com-
vys z-\ /-) "i ♦- k 1 i I Vz u X >> *r x v m w V—• v- — #*1 G S which he analyses
factors of producti on cc "i s ump tion of commodities for
the purpose of stud y in q t he mechan isms i ,lvod in the

r* i qW i t U i - X w » V# » X XI *7 • In thes e cycles production, price
c tuate regularl y and are resistant

to stabilisation.

From the point of view of this dis sertation the interest
is in constructing a mode] r i the same data and the same
assumptions as thos o made by Meade w s , and in describing
the construction of he me)del from the initial interac­
tion network to th< final run of the computer model which
must agree in behav >ur w: th Meade w s 1 model.



M e a d o w s  u s e s  t h e  s i m u l a t i o n  l a n g u a g e  D Y N A M O  w h i c h  is 
e s p e c i a l l y  d e s i g n e d  for s i m u l a t i n g  t h i s  k i n d  of s y s t e m s .

I n  the following sections the object will be d e s c r i b e d  in 
o u r  terminology. For details of Meadows' study the r e a d e r  
. w . '' models ^

will be compared it is important to use the s a m e  f o r m u l a e  
a n d  data exactly as used in Meadows' model.

7 1 THE INTERACTION NETWORK AT 
Tl^ARST'REl^ T T T 11 'N l.h'.'L:

The entities involved (shown in fig. '.1 below) are

It

J i

FIG. 7.1. A producer-distributor-consumer network 
at a coarse resolution level

the f o l l o w i n g :

*
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1. T h e  p r i c e :  T h i s  is a n  i n f o r m a t i o n  c a r r i e r  w h i c h  
c a n  b e  v i s u a l i s e d  as c o n s i s t i n g  o f a l l  t h e  latest 
p r i c e l i s t s ,  p r i c e t a g s  etc. a s s o c i a t e d  w i t h  t h a t  
c o m m o d i t y .

2. I n v e n t o r y : T h e  c o l l e c t i o n  o f  all c o m m o d i t i e s  s t o r e d
a f t e r  p r o d u c t i o n .

3. The Distributor: The collection of all p e o p l e  a n a
equipment involved in establishing the price. O t h e r  
aspects, such as transportation ol commodities are 
of no interest here.

4 . Producer: The collection of all the people and e q u i p  
ment w h i c h  interact with some kind of Input and p r o ­
duce commodities.

5. Consumer: The collection of all people and . juip- 
ment which consume the commodities.

6. Input: The collection of all materials or any outside
entities used in the production of commodities. This 
entity is of nc significance in Meadows' study and 
will be ignored nere.

7. Output: The collection of all entities g e n e r a t e d  
during consumption (e.g. waste or o t h e r  c o m m o d i t i e s ) . 
This is also ignored in this study.

£. Environment. The collection of all entities influen 
cing the relevant decisions of the consumer.

The principal interactions are:

II: The distributor monitors the level of inventory in
order to decide any adjustment to prices.

12: He also monitors the consumer demand in ordei to
decide any expected drops in the level o f  i n v e n t o r y .



. .
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Note: Theoretically the above are continuous variables
and the above equation (1) could be written (

INV = INV + | (PR-CR)dt

However, Meadows makes che simplifying assumption of
'

intervals. As stressed in section 7.2 the present model 
will be based on the same assumptions and use whatever 
algorithms, formulae or cat^ as Meadows used. Then it 
will be possible to check the output of this model 
against that of Meadows. Furthermore the approach to

'
These will be discussed in the next chapter. i

nsists, frc oi nt o i > u, o w f c i
on trol inventc- r̂  ay ac. —s ». the selling

price. They are concern;bd with the 1 h of time for
44 dfc. Cf . L V V.urrent invent*- ry would sat i e f vr the anticipa

demand. Th is termed (Coverage (COV i n months) and i
the ratio of current inveintory (INV) to the expected
,'*s wx c 11 TT\ y~\ iXw. 4 4 O C ai 4 lit • C- -A. i 4 rate.

/ECR

Expected consumption ratf (ECR in uni ts/mlonth) is the
consumption wh ich the difBtributcr expects in the near
future. Th i s is assumed to undergo ad justment which i
proportions 1 to the diff<Brence be tween recent actual
consumption rate and th< previous expected consumption
rate.

ECR, = ECR. , + At ;< (CR. , - EC t — l Rt-1 ) x ECAD (3

X m ______
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where ECAD (in months) is the expected consumption rate 
adjustment delay. This parameter is the reciprocal of 
the expectation adjustment delay (1/ECAD), the meaning of 
which is illustrated in fig. 7.3 below.

ACTUAL CONSUMPTION RATE

CONSUMPTION
RATE EXPECTED CONSUMPTION RATE

TME

Information j?r

Price is taken by Mead< 
which the distributor r 
inventory at a desired 
level is d sirable for

ws as being the single 
anipulates in 
level. Conti 
the following reasons:

variable 
order to control the 
1 of the inventory





and is a measure of the agreement between .he actual 
and the desired coverage. Price then can be determined 
as function of RCOV. Meadows use: the g: ip>- :mown
fig. 7.5.

I 40
X

FIG. - 5. PRICE as a "unction oi l-

Interaction network formalisation:

Only 1 entity PRICE is required (fig. 7.1 .
actioi T2 involves entities COV and PRICE anc re -its
in a new state for PRICE. The desired inventory covera;
(DCOV) is a constant in Meadows model and there tore 
required as part of the interaction network. RCOV is 
also not required as i separate entity since from *
7.5 and equation (4) ’RICE cun be obtains- a: funct .cr
of COV.

7.8 CONSUMER 

Information provided:

As the price of a commodity is raised 1" is replace.-, m  
some of its "ses by other competing commodities, 
opposite occurs for drops in the price. The relation­
ship between the commodity price and the demana useu ; 
Meadows ‘ “ given by the graph show.r in fig. .6 belov.-. 
This gives the equilibrium per capita consumption (EPCU 
in units/man • month) as a function of price. This vari­
able represents the optimum consumption for a oiven price



I Ov«(■ ftOrmd < einifiodiH pm*

FIG. 7.6. EPCC as a function of PRICE

The consumer however does not respond instantaneous 
to a change in price. Psychological, physiological, 
and technological factors give the consumer a type of 
inertia of behaviour. Thus another variable, per 
capita consumption requirement (PCCR in units/man •month) 
reflects the actual requirements per consumer. This 
variable adjusts continuously towards the equilibrium 
per capita consumption (EPCC) variable. The speeu cf 
adjustment is reflected by the parameter: consumption
requirements adjustment delay (CRAD in months). PC^R 
is given by

At * (EPCCt_1 - PCCRt-l} /C\
PCCRt = PCCRt_1 + ----------- CRAD

Finally the actual consumption rate (CR in units/month) 
is given by

CR = POP x PCCR x INPUT (6)

where POP (in men) is the population and INFIT (no
units) is any extraneous noise which can influence the
demand.

I nteraction no two rk f <'rmal i n.it ><»:■:

The entities are EPCC, PCCR and CR (fig. 7.2). CR is



seen in Meadows model as "Consumption Rate" but the term 
"rate" would be appropriate for an interaction mod.'. 
However it is desirable to keep the same symbols where 
possible for comparisons therefore the symbol OR will 
be used for Demand (an information carrier entity).

*r<
change of state of EPCC using the graph in fig. 7.6. 
Interaction 19 ii volves EPCC and PCCF and results in 
change of PCCR as per equation (3). 18 involves POOR,
INPUT and CR and results in change of state of OR as 
per formula (6).

7.9 ENVIRONMENT 

Information provided;

This being the extraneous influences on the consumer 
(INPUT no units), it was used in this model to ar^i 
ficially increase the demand by 30% for an initial 
duration of 10 months, thus introducing a disturbance 
in the system in order to study its response.

Interaction r.ctw ■ • - '• '• • - '•

INPUT is kept by the supervisor routine of the model 
at the value of 1.3 for the equivalent duration of 10 
months after which it is changed to 1, thereafter having 
no effect on the system, as per equation (6) which 
describes interaction 18 (see fig. 7.2).

7.10 PRODUCER 

Information provided:
This is a more complex entity than the others, involving 
a more complicated information processing.

At the start of the process is the determination of 
the expected price and at the end as the final result,



is the adjustment of the physical production level.

The expected price (EP in $/unit) which the producer 
assumes in his calculations can be given by the formula

EPt - EPt , + • (PRICE, - E P ^ ,
t t-i e p a t

where EPAD in months is the expected price adjustment 
delay. This parameter reflects thf fact that the produ­
cer tends to discount recent changes in the price thus 
giving some stability to his plans.

For each expected price there corresponds a unique 
desired production capacity (DPCAP in units/month).
This is established in Meadows' study by using the graph 
in fig. 7.7.

L
*

IV*0 K'
{ ( Pr..« I«.l h> pioOucfo

FIG. 7.7. DPCAP as a function of PRICE

By comparing the desired production capacity to the 
actual production capacity it is possible to determine 
the capacity transfer in tiation rate (crip in units/ 
month2). This indicates .he change which has to be 
initiated in order to bring the production capacity to 
what it should be, and is given by

CTIR, = (DPCAP - PCAP - CBT) CTID (8)

CTID (in months) in equation (8) is the capacity tiansfer
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initiation delay and reflects the fact that changes to 
production capacity cannot be initiated immediately 
after they have been decided. There is internal com­
petition for personnel, finance, physical facilities, 
etc. Transferring resources to the task of transfer 
(such as construction, purchase of machinery, etc.) 
takes time. Hence the parameter CTID is used.

CBT (in units/month) is the capacity being transferred, 
i.e. the changes in the produc 1 on capacity which have 
been initiated and are now being implemented. It is 
given by

CBTt = CBT,_1 + At % (CTIRt_1 - C T C R ^ )  (9)

CTCR is the capacity transfer actually taking place 
(describee below).

Having initiated a production capacity transfer, the 
process of implementing this is started, and it takes 
time to be completed (actually construct new plants, 
order and deliver new equipment, etc.). This is com­
plicated further ) the fact that while the^e changes 
are being implemented, CTIR also changes, i.e. orders 
(and the accompanying resources) arrive which initiate 
the construction of more plants or cancellation of old 
orderr for machinery. As a result the capacity transfer 
completion rate (CTCR in units/month") is affected by 
CTIR through a dynamic delay relationship. The DYNAMO 
equation which Meadows uses is

CTCR •KL = DELAY3 (CTIR • JK, CTD)

DELAY3 is a special DYNAMO [22) curve-shaping intrinsic 
which generates certain functions transparent to the user, 
which ensure that the changes of the dependent variable 
follow those of the independent variable in a special 
delay pattern.
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In terms of the present approach this part of the  
phenomenon must be analysed in terms of the entities 
and interactions which comprise the mechanism of the 
delay. This is done as follows:

In situations such as the one on hand where the capacity 
transfer initiation rate changds yet the physical 
implementation of this takes time, there is some kind of 
a project schedule. Any capacity tranefet which has 
been decided (and the resources provided) is put into 
a schedule, where it will qo through a certain number 
of phases. For example: order, delivery, installation,
testing, or in a different case: design, construction,

tv CTS (capacity trans
fer schedule in units month ). This has a 2-aimenoionc.i
state CTS = (x n ,X-, as e:
it represents the capacity 
of two phases. State coiro< 
capacity transfer being in 
mentation schedule and >n 
the implementation sc)sduL 
plementation is actually t 
the capacity.

ac d in section 6.3 and 
schedule consisting 
represents all the 

it phase of the imple- 
phase of

change in

Any capacity 
have to progress 
phases un*il it

ins for which has been decided on, will
in orderly manner through the three 

is finally materialised, i.e. added 
he actual production transfer completion race.
' it is believed, represent the mechanism o. the

and CTCR. The three phases chosen 
represent the order of the DELAYn intrinsic [22] which 
has been chosen by Meadow as 3 and represents a 3-com­
partment delay.

The duration of the implementation capacity transfer 
initiated is CTD (capacity transfer delay in units/
month' ), therefore 
The equations to

eacn phase is CTD/2
an':





1
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Interaction network formalisation:

The entities used are LP, DPCAP, CTIR, CTS, CTCR, 
CBT, FCAP, CDR, CUF, INR, PRS, PUF, PR as shown in
fig. 7.2.

Interaction 14 invo Ives EP and PRICE an resu ts in
a state change of EP as per eq uation ( Interaction
117 involves EP and DPCAP results state change
of DPCAP as per the rule g x ve n in 1. i g . • 114 in-
volves DPCAP, PCA? an d CET and results in change of
state of CTIR as per equa t ion ( 8 ; • 1119 c*1 anges ctate
of CBT. In Meadows' mode 1 CTI R is a rate ariable.

11fth 4 rs intorX W i 1 \mS U ■ ' 1 1  ̂I t V. * 1 V * w. V. .Vacti on ne twork th1 ame symbol
(CTIR) is used, it re ents here the i nf o rmati on
carrier (i.e. a decis i on or a et c .) which gives
instructions for a ce rtai n cha nge of capaci ty. The term
"rate" is unsuitable for repre senting an en a i c
suitable for interact ion • * ̂ l 1Ving CTIR, CTS,

f- vV 1 V fx a Li LiJLJ v. cl . v.1 c c v v * er to the schecu le CTS at the
rate indicated by ent i t v CT1 R , s cap•acity to CTCR
as indicated by the seconid pha se of CT S accwording to
equations (10). 112 res in chang e to PCAP as per
A 11 34 ̂ 1 y\ T , 1 ts in change of St ate of CDR.
CDR in our model is ain ir itxon car r ie r t-7 V’S i O *' ' I") * o ̂
acts with PCAP result ing in a reducti on c oroduction
capacity. One of the> th 1ngs t.hat CDR may L)e representing
is a schedule to repl ace a ce rtain in a ch i n after its
iriciintenance Gxcg6ds a cgi*t.axn va 1 ug . 116 anci 11 l a n g g  
the states of CUF and PUT respectively. Ill results in 
a new state of INR and finally 110 sets up PR at the 
right production level. 15 is an interaction between 
the production plant and input (material etc. to produce 
products thus resulting in change of state of IN'. .

J t ' J
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The computer model:

1 T r RLt,
F I L E  e c u  n.  L "MCOl  i ." #Kl  K T - P F I  M :   ̂ ) . . . . . . . ____ ;
C , ........................ .............................................................................................................................................
C l  I « t  A .....................................................................................IQ I m m m m  m m  m m  m m  m m  m m m m m m m m m m m m m m m r n  m  m  m m  m m  m m  m m m m m m m m m

Rt Al  I 1,1  2 ,  I 3,  1 6 , 1  " ' , 16*  I ?,  U  , H ,  11 * 1 1 1 * 1 1 2 , 1 1  3* 11 <•* U  -
ftt A L I 16 # 1  ̂ r I 1 14 * 1 , ’ • • • • #* »

D I M E h S I J N  PTA3C  ̂ i , CATAb ( o 1 *CtTArt  16 ) » C T S ( 2  ) , P e S < ?  ) .  I I  C C 3 ) ,  I U <  i )
IA IA C L l A R . P U T A m , O C C v , C T l O , C T O . A L P C , P D , P C * / | , l , l O , 3 , 4 . < A ) , 6 , Z O t /

C A 1 A I N3 l T  * EPAO, £CAD, ChA C /  1 * 1 , i  , 1 5 “ * 3 /
DATA 0 T,  I * F T / 0  . ’ O  *0 /
,A T A £ P . C  U  ,PCAP ,1 ,ECe *PCCF *CT lfc» CT CP / b  » “>, e i, " ^  ^ * ’
•, A T A c T 3 l l ) , C r S C Z ) , ! N l,» P F » P f'<) t l > » P F ^ ( . M / C * l ' * 6 : r. . h - C , t  C»b«.u/

d a t a  E P : v / 3 /
DATA P T l h / l h V , 9 S . b . P ? . f J . 5 , b i * z r  ,  I ‘> • 7 .  b * u /
CATA CAT Art /£>» 60 * 2  TC . I DJ O^ l  ,  U  c 3 / r C T  AH/ 7 ,  6 . b , b # l  ,  0 .  3* C /

 ................................................................................... I
c i  i L F E P V l S C I *  R O U T I N E  ......................    1
C I ........................................................................................................................................................................

k R I l c C  6 . d0 > „
2u FOR^aTC-  T 1 PRI CE IA * r t ’ Ct-“ »7 )

GO Tu 1 > w 
JV 1FCR I . N i  .  10 ) GC T U ICO

RP I T l C  6 . 7 0  > T*DT ,PR I C t  , 1 RV * INF , P " , C A  
7 .. F0 RMATCr o . 1 *5F b . C  )

FT = C 
I X  F T = P !♦ 1 

T=T+1
I F  C I . G E . 5 C )  I \ PG T = 1 
I F ( 1 . G T . 5 C 0 )  Gn T t  l ^ j )

, i - - -  - - - -  - -  - -  - - - -  - - - - - - - - - - - -  -  - - -  - -  - -  - - - - - - - - - - - - - - -  - - - - - - - - i
q j  f i h £ S L I C E  1 ( 1N Tc. 6 a CT I ON S ) 1

C I ............................................................................................................................................................................................... ..
I 4 = 0 T " ( ' h I C E - E P ) / l f A C  
1 1 9* d T * ( l T I R - C T C R )
I 1 2=uT • (  CTC P- CD"  )
1 5 * 0  I * P S 
I 7 * D I * C R
I 2 * 0 J * < 0 M - E C r > / r C A C  
I 9  = 0 1 , ( l PCC-PCCR ) /CFAC

^ I . . .  - - - -  - -  - -  - - - - - - - - -  - - -  - -  - -  - -  - - - - - - - - - - - - - -  - - - -  - -  - -  i
c I T I M E  S L I C E  <’ ( E N T I T I E S )  1
C I ............................................................................................................................................................................................... ..

E P = E P ♦ U  
CHT=L4 T U  1 9 
PCAP = P C ( P + I 1 Z  
I NV =1 N V» 1 5 - 1 7  
E C P * l C P * 12 
P C C R s P f I F * I  >
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   ;
CI  T I M E S L I C E  J ( I NTERACTI ONS)  |
C I .................... ................................................................................................................................................................ ..

I S j  I * I N l ( E * / ? 0 )
I i r * L A T t d ( I * i ) » ( C A T 4 e ( I * 2 ) - C A T A T ( I + l ) ) * (  P " ' *  u ) / ? c  
l l = I m V / E c P

  ;
Ci  • t i m e  S L I C E  4 ( E N T I T I E S ) - -------
C 1..................................................................................................................................................................................... ..

UPC*H = 11 /
CUV =1 I

C 1..................................................................................................................................................................................... ..
c 1 T I - E  S L I C E S  ( I N T E M  ' I CNS)  I
C I - - ' ...............................................................................................................................................................................

I * 1 NT ( CJ *  ZDCOV/' '  . 2 5 )
I 5 - P i * d (  I *  l ) * ( p T A H ( l * 2 ) - F T A  ( l « i  ; ) « ( C (  v/[ -I* . )/ .
I 16 *». U T ( a
I I  5=PUT(  d

C I ...............  - ..................................................... .................................................................................. ..
Cl  T J “ E S L I C E  o ( E N T I T I E S )  I
ci -........... ....................................................... .

PRICE -  I *
CUE = 1 1 fc 
PUE=115

C I ............................................................................................................................   1
CI  T I - E  S L I C E  7 ( I NTERACTI ON: - )  I
C I   .................................... -  ..........................................................................................................................

I 1 4 = ( 0 P : A P - * G A P -  : T ) / C T I C  
11 P( . ) = ) I • ( CTS( - CTCf c) * 3/ Cl  L 
I 1 €(  t I  * (  CT S( i > - CTS( 2 ) ) *  3/  l ’ 
l l f (  i ) * ) T * ( C T  I N* CT S(  I )  ) •  3 / CT t
I 1 3*PC A* /AL PC
II I = P  C A * ' C U E
I l C ( l ) = ( p i y* 0 T « l o h S ( 2 ) - P P ) e3 / h D > * K F  
I I  0 (  c)  * )  I  • ( PRS(  I ) -PF-S(Z ) ) « 3 / F 0  
I l U ( j ) * ) I * ( I N R - P R S ( l ) ) « 3 / P C  
1 P = PuP • >uCP* I  NP'JT 
1 = I N I ( P » I C E  / 2 0 )
I 6 = C u T A H I * l ) * ( r* C l A d ( I * ? ) - C 0 T A ' j (  I i - 1 • ? . ) /  2 w

C I .............................................................................................    * .I
CI  T I - E  S L I C E  t  ( E N T I T I E S )  1
C I .................................................................................................................... I

C TI6'  = I I t
CTCPsCTCh* I  I 1 )
C T S ( 2 ) » : T S ( 2 ) * l 1 6 ( 2 )
C TS( i ) * : I S (  ! ) ♦  I 1 t (  3)
CDP=112 
IN R *  i  I I 
PN M  10(1 )
FRSC2 ) =» h S ( ? ) ♦ I l u ( 2  )
P R S ( l ) - >R S ( l ) * I l O ( 3)
C R ^ I t  
EPCC=I t

C I .......................................................................................................................................................................................
CI  E N u I
C I .......................................................................................................................................................................................

03 Tu S'
1 0  It L O C K  6 

5 TOP 
END



-- /ABLE 7.1 
OUTPUT FROM THE COMPUTER MODEL

1 1 * 1 P U L L IN V I N 4 CP

2 . C 5 5 . 56 7 * . 5 9 * . 6 w v • 70 6 .

4 .  U 5 7 . 5 Jbl  . 5 9 ? . 5 9 9 . 5 7 * .

b .  C 5 5 . 5 6 6 7 . 6 1 0 . 5 4 7 . 5 1 9 .

e .  C 5 3. 5 6 2 1  . b 5 1 . 5 4 6 . 5 4 9 .

1 0 .  v 5 2 . 54 7 0 . 1,94. 6 4 9 . 4 6 4 .

1 2 . 0 4 b. bl  1 9 . 7 1 6 . 6 3 1 . 5 3e' .
1 4 . c 4 b . 6 2 4 1 . 7 1 6 . 6 . 9 . 6 3 2 .
1 o .  0 4 b . b 2<* J. 6 9 * . 6 c 3. 69 r .

i m . c 4 7 . b 2 : 4 . 6 3 9 . 6 4 5 . 7 1 * .
2 0 . 0 4 ► . bl  6 ) . 5 6 1 . 6 t  M • 7 0 5 .

2 2 .  i. 4 9 . 6 1 2 0 . 5 3 5 . 6 t  2 . fb* '  .
5 0 . 6 , 7 1 . 5 C 9 . 6 £ 4 . 6 59 .

? o . U 51 . 60 t>. 5 C ?. S t  4 . T, 1 6 .

2 b .  J 5 2 . 59 39 . 5 1 1 . 5 51 . 5 7 7 .

3 0 .  0 5 3 . 5 6 9  2. 5 3 1 . 5 30 . 5 4 7 .
32. ' . ' 5 3. 5 r 7 7 . 5 5 6. 5 < 3 . 5 1 9 .

3 4 . 0 5 2. 56 9 j . 5 6 6 . 5 < 6 . 51 ».
5 1 . 5 9 2 3 . 6 1 6 . 5 4 3. 5 2 2 .

3 6 . ; 5 1 . 6 3 5 . 5 o 5 . 5 4 " .

4 . 5 0 . oO J 3. 6 * 4 . 5 t 9 . 5 6 * .
4 9 . 64 2. 64 . 5 9 4  .
4 9. 6 ) 5 7 . 6 3 1 . 6 2 5 . 6 1 6  .

- 4 9 . bO t> 3 . o 1 4 . 6 : 2 . 6 39 .
<» b .  j 4 9. 6 ) 5 6 . 5 9 4 . 6 3 0 . 6 35 .

50. . 5 U . 65 3 7 . ->77 , 6 £ £ . 631 .
5 2 . 0 5 u . 6 9 0  9. 5 6 4 . bL 6 . b?' '  .

5 1 . 5 9 7 9 . 5 5 7 . 5 , 4 . 6 CC .
5 b . 0 5 1 . 5 154 . 5 5 7 . 5 t * ‘ . 5 t  ° .

5 1 . 59 3 5 . 56  3. 5 70 . 5 74 .

b O.  v 5 1 . 5 9 2 5 . 5 74 . 5 b 5 . 5 6 4 .

2 .  0 5 1 . 5 9 2 5 . 5 6 5 . •> o 5 . 5 6 1 .
6 4 . : 5 1 . 59 3 4 . 5 9 7 . 5 6 9 . 5 6 " .

5 1 . 5 9 4 4 . 6 1 5 . 5 / 7 . 5 6 7 •

b e . . 5 0 . 5 9 b  2. 6 1 r  . 5 t b . 5 7 * .

7 0 .  v 5 0 . 59 7 3. 611 . 5 9 5 . 5 6 7 •
7 2 .  v 5 0 . 59 6 3. 6 f t . 64 2 . 5 9 6 .

7 4 .  ( 5 0 . 59 67 . 60 2 . 6 * 6 . 60 3 .

r . 5 0 . 59 6 7 . 5 9 5 . b\< b . 6 0 6 .

7 . 5 0 . 59 7 7 . 5 6 6 . 6 * 4 . 6 C 6 .

4 C . ; 5 0 . 5 9 7 . 5 6 2 . 5 4 9 . 6 0 ? .

■ . 5 0 . 59 5 7 . 5 7 6 . 5 9 4 . 5 97 .
5 0 . 59 47 . 5 7 7 . ,  t  P . 5 91 .

b b . l 5 1 . 5 9 37 . 5 79 . 5 6 4 . 5 6 6  .
5 1 . 5 9 2 7 . 5 6 ? . s t l . 5 6 1 .

y o .  u 5 1 . 5 9 2 7  . [ 3. 5 t 0 . 5 7 * .

? 2 . 0 5 1 . 5 9 2 7 . 5 * 1  . Stl. 5 7 7 .

y 4 .  o 5 J . 5 9 3 3 . , 9 5 . 5 t  4 . 5 7 * .

9 b .  0 5 0 . 5 9 4 J . 5 97 . S t  7 . 5 * 7 .

9 b .  0 5 0 . 59 4 3 . 599. 5 , 1 . 567.
no.w 5 0 . 5 9 4 , . 5 * 6 . 5 6 9 .

X
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7.13 CHECK or RESULTS

A graph of the states of entities INR, PR and P^IOE 
is shown in fig. 7.9. These show the behaviour of the 
system for a duration : 100 months which is the same 
as that of Meadows |21,p.33].

INR, PR

PRICE

COMMODITY INITIATION RATE

.COMMODITY PRODUCTION

PRICE

H>0GO 70ro 3o1Cto

FIG. 7.9. An aspect of producer-distributor-consumer

The DYNAMO equations used by Meadows are reproduced 
below (fig. 7.10). It is interesting to note that DYNAMO 
is a package specialised for use in these kind of systems 
and offers facilities such as the DELAYn intrinsic which 
save instructions and variables. It is noted however 
that the two programs have approx. the same number of 
statements and therefore from th” programming point of 
view, the present general method has not required more 
effort..
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CHAPTER 8

MODELS OF SYSTEMS INVOLVING CONTINUOUS VARIABLES

8.1 IN T R O D U C T I O N

Chapter 6 presented a technique for constructing models of 
interaction networks in the form of computer programs which 
represent the structure of the network as well as produce 
its behaviour when run on the computer.

Chapter 7 applied this technique in detail to an example.
The purpose of this was to demonstrate that the method does 
not break down under ti complexity of details and to compare 
the results with those obtained on the same problem using a 
simulation language.

S i n c e  we want to use interaction networks for m o d e l l i n g ,  
d i v e r s e  physical systems, we will in this chapter represent a 
physically very different entity (a living cell) in the form 
of an interaction network. We will again (as in chapter /) 
a t t e m p t  to relate this method to existing m ^ h o d s  of m o d e l l i n g .  
Her< we w i l l  reiate interaction networks to the e s t a b l i s h e d  
m e t h o d o l o g y  for modelling systems which involve continuous 
v a r i a b l e s ;  more specifically to differential equations and 
numerical methods for their solution. This is done m  the 
f o l l o w i n g  four sections:

Section 8.2 examines the physical system, represents it in 
the f o r m  of an interaction network, and constructs a computer 
m o d e l  which will give us the behaviour of the system. T h i s  
is t h e  s a m e  as what we did for the production/consumption
s y s t e m  in c h a p t e r  7.
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Section 8.3 represents the same physical system in the form 
of a system or differential equations and relates this to
interaction n works.

Section 8.4 examines the computer program models which are 
used to produce the behaviour of interaction networks and 
relates this to the numerical methods used to solve the 
system of differential equations.

Section 8.5 discusses the important issue of stability which 
must be considered when representing a system by using differ­
ential equations and numerical methods.

S e c t i o n  8.6 u s e s  an e x i s t i n g  p a c k a g e  for t h e  R u n g e - K u t t a  
m e t h o d  to p r o d u c e  t h e  b e h a v i o u r  of t h e  s a m e  s y s t e m  a n d  s e c t i o n  
8.7 compares the results with those of section 8.2.

8.2 REPRESENTATION’ OF HE1MNETS ' MODEL OF A _CCL̂ . AS ̂ Ah 
I N T E R A C T I O N  NETWORK

A model of a cell as a system of biochemical reactions will 
now be considered.

H e i n m e t s ,  [231 and [24] , has studied the modelling of bio­
c h e m i c a l  processes in the cell. One of his studies is the 
modelling of the cellular growth process, and this was imple­
mented on an analogue computer.

A system of 30 biochemical reactions which take place simul­
taneously in the cell, were simulated. Table 8.1 below shows 
this system of reactions as given by Heinmets.
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E a c h  o f  the a b o v e  s y m b o l s  (e.g. E p # r n < R e tc) r e p r e s e n t s  
o n e  of t h e  b i o c h e m i c a l  s u b s t a n c e s  w h i c h  are c o n t a i n e d  in the 
c e l l .  T h e s e  s u b s t a n c e s  t a k e  p a r t  in c h e m i c a l  r e a c t i o n s  w h e r e
t h e s e  s u b s t a n c e s  a r e  p r o d u c e d  a r d / o r  c o n s u m e d .  F o r  e x a m p l e

*

k8B + Mp ♦ Np

S u b s t a n c e s  B a n d  M p  c o m b i n e  to f o r m  the s u v s t a n c c  N p . 

T a b l e  8 . 2  c o n t a i n s  i d e n t i f i c a t i o n  o f  t h e  s y m b o l s  u s e d .

P O O L S

T A B L E  8.2 
T A B L E  O F  T E R M I N O L O G Y  A - D  S Y M B O L S

p - Extracellular nutrient pool 
p^ - General intracellular metabolic pooa
p1 - Amino acid pool for protein synthesis 
p - Nucleotide pool for P.NA synthesis

E N Z Y M E S
E  - T o t a l  p r o t e i n
E - R N A  p o l y m e r a s e  f o r  m e s s e n g e r

R N A  (M) s y n t h e s i s

G E N E S
G - G e n e s  f o r  m e s s e n g e r  R N A  (M) s y n t h e s i s
G  - G e n e s  f o r  m e s s e n g e r  R N A  (Mp' s y n t h e s i s
q  - G e n e s  f o r  the s y n t h e s i s  o f  R N A  f r a c t i o n  ofB r i n o s o m e
G c - G e n e s  f o r  t r a n s p o r t  R N A  (C) s y n t h e s i s
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MESSENGERS
M - Messenger (RNA) fo; prot« It. (E) synthesis
X - Messenger (RNA ' or E, synt ht. :• i;
B' - RNA fraction of ribosonv
B - Ribosome
C - Transport RNA
N - Ribosome and messenger complex for protein

(E) synthesis (template)
N - Ribosome and me 3singer complex for Lp s y n t h e s i s

(template)
N> - inactive state of N
N* - Inactive otat< of NP

- Metabolic which convert, templates N and Np
into inactive state

- Metabolic which converts inactive template N”
and N p into active state

COMPLEXEi

‘V n 1 "

c o m p l e x  of EP
and Pn

tC Pa ] - c o m p l e x  of C and Pa
:e p b  i - c o m p l e x  of Bv and B

IF P, ! c o m p l e x  of E and Pi
IE C) - c o m p l e x  of e p

and C

v - Various r t( constants 
1 * * ‘ n

Append . contains m  extract from Heinmct's explanation of 
these reactions in biochemical terms.

Since we will need to incorporate these symbols In a computer 
p rogram we will use si n h  . different symbols as shown in
t a b l e  8 . 3  b e l o w .

■
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TA9LL o . :i
TABLE OF SYMBOL CONVERSION 

(new symbol old symbol replaced

EP = E NP = Np E « E
P

PN = P„ N1 = N' GB « Ge
n

EPPN = [E P ] PA - Pa GC = Gg
r' 44

B 1 = B' CPA =[CPa ] GP - Gp
B = B PI = Pi GE Ge
C = c EPC =:F1 C] SI = s.
M = M EPB «[EpB] SI1 * s
MP = EP1 =[EP1 ]
N = N" NP 1 = N'p

The question now arises; can we use the approach to organises 
systems developed in this dissertation to represent the above 
system as was done for the production/consumption model in
chapter 7?

In order to construct our interaction network we will lei each 
interaction represent a chemical reaction and each cnti;-> 
represent a chemical substance. We thus construct the inter­
action network shown in fig. 8.1.

Note the following regarding the graphic symbols use 1:

Entities are represented by large circles containing in- 
symbol of * he chemical substance. Interactions are represented 
by the small circles containing the number oi the chemical 
reaction they represent as per table 8.1 of chemical read a c m  .

Interactions number 31, 32, 33 represent chemical reactions 
-21, -22, -23 which are the reverse reactions of 7 1, 22, 2 .
As table 8.1 shows these three are reversible react n dnCi 
each will be represented by two interactions.
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The lines represent as before the relationships between 
entities and interactions which in this physical system 
indicates that a chemical substance takes part in a cert; .n 
chemical reaction. As indicated in 2.9 the presentation of 
these lines can be Adjusted to enhance the communication 
value of the diagram. Here we did the following:
Arrows have been added to provide additional information.

0 ____> 0  indicates that chemical substance E is a

reactant in chemical reaction 1, i.e. it is being consumec.
indicates that E is a product of 1.

The part of the diagram which is covered by limes has been

O ------®

( H > -

0

means:

means:

means:

E

1' E

As in the production/corsumption system, the next step after 
constructing the interaction network is temporal analysis.
Here we want to establish whether there are any intermediate 
interactions (with a specific succession) between the initial 
and the final time slices of the total system.

This consideration in the present system doesn't reveal any 
succession of interactions. Unlike the production/consumption 
system of chapter 7, there is no procedure given here whereby 
certain interactions have to follow certain others in time.
All the biochemical reactions given take place at the same time. 
Thus the model would consider only one interaction as shown 
in fig. 8.2 below (according to our concept of interaction
developed in 2.6 and 2.7).
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CONCENTRATIONS OF SUBSTAJES TIME SLICE 0 (INITIAL)

CHEMICAL REACTIONS TAKING PLACE 
AT THE SAME TIME ....- TIME SLICE 1 (INTERMEDIATE)

NEW CONCENTRATIONS OF SUBSTANCES TIME SLICE 2 (FINAL) _

FIG. 6.2. Temporal analysis

We can now proceed to define exactly how each Interaction mode
and entity state will be calculated.

1 . The mode of an interaction will represent the "extent" of 
the chemical reaction between the initial and the final 
time slices. If At represents the time interval between
the initial time slice and the final time slice, then the
mode of an interaction tells us how much chemical reaction 
took place during At. If we knew the rate of the chemical 
reaction during the interval then the interaction mode h.

would be

R, = At * C i

2 . The state of an entity is the concentration of that chemical 
substance in the cell. If we knew the change of the concen­
tration during At then the state of the entity at the 
final time slice X., t would be

X j,t - + iXd

where X t is the state of the entity at the initial
time slice and A X ■ is the change of state between initial
and final time slices.

Now according to the laws of chemical kinetics 111'] the rate 
of the chemical reaction of the type



is Ci - k 1[X1H X 2H X 3] (8.1) where k, is the chemical 
reaction constant and tXjllXjllXj) are the respective 
concentrations of r actantS , X3•

Furthermore the change of concentration of a certain chemical 
substance is the algebraic sum of the changes producec by each 
chemical reaction in which it takes place l+ve if it is a 
product and -ve if it is a reactant). The magnitude of each
of these changes

AX = At x

where C is the rate of the chemical reaction producing the 
change. At is the time duration in which the change in the 
concentration of chemical substances occurs. In our inter­
action network this is the time duration between initial and 
final tim* slices (fig. 8.2).

Thus we will calcu itc our inter actio: as using:

R, = At • k i • H x r (8‘2)

where X is the state of an entity representing a reactant
for this chemical reaction.

Our entity states will be calculated using:

Xj.t * ^  RP " = Rr ' =

where R and F r are modes of interactions representing
chemical reactions in which entity j is a product or a 
reactant respectively.

Based on the above formulae, the temporal analysis or fig. 8.2, 
the interaction network of fig. 8.1, and the table of biochemi­
cal reactions of table 6.1,we can produce the following standard
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program model of the system. The notes following the program 
provide explanation of its contents.

f c k E S i f  FhE.£
F I LE  6 ( T I T L L = " C i P E P l " , K l N J = P P I N l E F )  
F I LE  f ( TITLL = "CI  REP*?"* K1 N 3 * P P I NT£k ) 
F I L E  8(1 1TLE="CIREPJ"»- 'KIN0=PHI  N1ER ) 
F I L E  9 ( l I T L L = " C I F E P 4 " , K l N 0 = P M N I E k )
Cl.......................................
Cl  D A T A
Cl

DIMENSION K(33>fMK(33)
HEAL H,HP*N#NP*Nl»NP1DATA RR/.04SL*.CACf*.0 1 2 / * . 0 2 lU*.C64f*.1093'.12 7 1 '.0421*. 1363*

1.1533*.040/*. C ^ 7 i '.02b$».024b,.107/,.0 10 3*.C 1 0 9 , .0603*.1307,
2.1051*.027b».C3h<?,.011F* .l'.l» .1*.1*.CC17 ..PC 54 ,.03*.2091 ,.0C6t» 
3.1278/
DATA EP.PN*81,E'NP*CPA,EPC*8*EP^*EPPN*PI*MP* 

1 PA,N,EPI* P E * M * G 8 # G C » C * G P * S I * S I 1 * M * N P 1 » G E  
1 / .2, .2* .1 * .2* .2* .72, .C-49, .2, .OCf * .0 76 , .2 * .2 * 
?.2*.2*.049,.115,.2,.2*.2*.2*.2,.2*.2*.2*.2*.2/
0T = 1 
T = 0

   --------
Cl S U P E R V I S O R  R O U T I N E  *
Cl.............................................................................. .
53 IF (T.GT.1J0)U3 TO 1000

«H I TE(b,103 ) T,PI,PA,PN*E.N 
I TE(7 * 100 ) T,m *C*MP*EP*3 

.HITE (6 *100) T.EPPN'Bl , N P , M * C P  A 
*R I TE(9,100 ) T*EPC*EPB*EPI*NP1 

ICO FORMATd H * I 3* 3 X, 5F lO.b)
T=T*0T

Cl
Cl
Cl

..................................  I
T I M E  S L I C E  1 ( I N T E R A C T I O N S  ) I

h ( 1 > = 0 T * M ( l  )*EP*PN 
8 ( 2 ) = 0T *Pff(2)*31*E 
R ( 3 ) = D T « H K ( 3 )*GR*PN 
H (4 ) = DT"HK(4 )*GC*PN 
H(5)=DT*HK(5)*G°*PN 
H(b)=0I*KK(6)'3E*EPPN 
H (7 ) = DT ‘h N ( 7 )*8*M 
k(fe)=DT*NN(6)*8*MP 
R ( 9 ) = DT«RK(9)«C*PA 
K 1 0 ) = D T * P N ( 1 0 ) « N « C P A  
R ( 11 )=DT«PK(11)* N P* CP A 
R ( 1 2 ) SDT*R7. (12)*M 
M  1 3 ) = D K(1 3 )*iP
R(14)=DT*Pi\(14)*6
H (15)sDT*RK(15)«C
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p r o g r a m  model  o f  t h e  s y s t e m . The n o t e s  f o l l o w i n g  t h e  p ro g ra m  

p r o v i d e  e x p l a n a t i o n  o f  i t s  c o n t e n t s .

S k E S l i  Fh f £  .
F I L E  b ( I I T L L  = " C I P E P l " , M N J = P P I N l E P )  
F I L E  ? ( T I T L E = " C I F L P Y " » P l N D = P P l N T E k )
FILE 8 (I IlLE="CIHEP3*,»'nlN0=PPINTrH )
F I L E  9 ( T I T L L  = " C I F E P 4 " , K l N 0 = P M N T E k  )
Cl
Cl
Cl
Cl  D A T *  1I

DIMENSION H (3 3),Hn(33) 
hf E AL M,MP,N,NP,N1'NP1
D A U  RA/.045C,.CKCr,.012r,.0ZlU,.C647,.109 3,.12ri,.0421,.l363,

1. 1 5 3 3 . .04 0 f , . C Y f I,.0263,. 0 2 4 5 , . I0 7 f ,.0103,.0109,.0603,.lOOF,
2.1051..02rf, .C3F?'.01 It,. l " l ' » 0 C i r , . 0054 ,.0 3,.2091,.OCft,
3. 127#/
DATA EP,PN,Bl,L,NP,CPA,EPC,H,EPh,EPPN,PI ,MP, 

lPA,N,EPI,PE,M, u B . G C . C , U P , S l . S l i , M , N P l , G E  
l/.2,.2,.l,.2,.2,.72,.049».2,.0Cf,.07#,.2,.2,
2.2..Z,.049,.ll5,.2,.2,.2,.2».2,.2,.2».2,.i».2/

DT = 1 
T = 0

01 S U P E P V l  s a k  P O U T l N c  1
C I ...............................................................................................

50 I F ( T . G T . l J0)G3 TO 1C00
. K I T E ( 6 , 1 0 3 )  T , P I , P A , P N , E , N  
"P I TE(7 , 1 0 0  ) T . v , C , M P , £ P , B  
" KI TE ( # , 1 3 0  ) T . E P P N , B 1 . N P , M , C P A  
" RI TE ( 9 , 1 0 0 )  T,EPC,EPM,EP. !  ,NP 1 

ICO FOPMATCIH , 1 3 , 3 X , 5 F 1 0 . b )
T=T+0T

Cl
Cl
Cl

.............................. - ......................................................................................................................... I
T I M E  S L I C E  1 ( I NTERACT I ONS) 1

H ( 1 )-0f*PN(l )*EP«PN 
K(2)-DT»Fr(2)«31«E 
K (3)-D I «H K (3 ) *GB* PN 
k (4) = JT*Kr<4 )"GC»Pb 
h(5)=DT"KK(5)*GP«PN 
K (t. ) = DI *KKi6)*GE*FpPN 
K(f) DI*KK(7 )*B*M
k (to )»d t •PKie)*8 *h p
K (9 ) = DT*KR(9)«C*PA 
K 10 ) =0 T»B N (10 )»N«CPA 
h( 11 )*[)T*PM 1 l)*MP»CPA 
k (i,: ) = o r»Kr,( i 2)»m 
K  1 3 ) = D T"R N(1 3 ) • i P 
K ( 14 )=DT*PN( 14 )*13 
K(15)*0T*RR(15)*C

 W *
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h (1G ) = DT«P K C1 6 ) * E 
A (17 ) = 0 T * R R ( 1 7 ) *E P 
H (1 P)=0 T«k K(1 P )*E «PE 
K < 19 ) sQ T*P R(I 9 )*E*P I 
h(2C) = l)T'Rr(20)*PI«E
R(21)*l'T*R«\iri)*EP*C * •* •*
r ( 2 2 ) = 0T«R R(2 2 )e£*PI
H(23)=DT«RK(2!)«EP*B
K ( 2 4 ) = U T « K M  24}•iI•NP
k(Z5) = D T * R K ( 2 5 ) * S H * N P l
h ( 2 6 ) = D T * R R ( 2 6 ) « S I * N
R ( 2 7 ) s D 1 « R R ( 2 7 ) « $ 1 1 » H 1
H ( 2 6  ) = D V R  RC26 ) «N
h(29)=CT»RR(29)«NP
K ( 3C)*0 T*« R(3C ) *P I
H ( 3 1 )=0T»PK(31 )«EPC
h(J2)sOT*RR(32)«EPl
H ( 33 )”D T*Rn( 33)*EPB  j

Ci T I R E  S L I C E  2  1
CI  " p l r  M M l l  ) - R ( l 7 > - K 2 1  ) * K ! n - » < 2  3 ) « H  ! 3 ) - R t  1 ) * R ( 6 )

P N s P M K  (19 )-R (1 )4R(12)«R( 13)-R(4)-R(5)-R( 3)
£PPNsEPp N4<< < 1 )“ R ( 6 >
d l * 9 l * R ( 3) * R (2 ) , ^i \d»6*R(2 >-R <7 )-» (6 )-R(14)*P(10)*R( 11 33 )
C = c*k (4 >-R (9 ) ♦!< ( 1 C ) 4R < 11 )-H(l5)-k(21)*R(31)
M=M + h(3 )-B (7 >-S (1 2 ) ♦S. ( 10 )
Mip = MP*M(b)-R(6)4k(lll"^( 1 3 )
NsN*k(7 )»R(26)♦R(27 >-R(lu)-R(2b) 
hPsNP + R (b ) - K  24 )+k(23)-R(l !)''«( Z?)
N1 = N 1 4 H (26 )-K(27 )
P A=P A*h (20 )-r< (9 )
C P A = C P A * R ( 9 ? - i« ( 1 0 ) * R ( 1 1 )
PI = Pl4rt(lB)-R(l9>-R(20)-K(22)4f<(32)>R( 14)<*<( 1 ̂   ̂( 1 - )

1 4 4 ( 17 M R  < 26 ) 4 M  2<» > - M  33 >

LPC = EPC 4h( 21 )--< ( 31 ) 
l P9 = E P 9 4R( 2 3 )”■< ( 3 3)
£ P 1 = EP I 4F ( 22 )-9 ( 32 )
Nf'l =NP1 4k ( 24 ) -4 ( 25 )
£ s E 4 « ( i 0 ) * R ( l 6 ) * H ( 2 2 ) * K ( 3 2 ) * k ( 2 )  ^

cc !..........................ZZiZZZZZZ . 1
C I —   ----- *............... * ..............

GO TO 50 
1000 LOCK 6 

LOCK 7 
LOCK ft 
LOCK 9 
END

i. c



160

NOTES:

The program is of standard structure (according to the 
criteria discussed in section 6.9) as was the case with 
the program for t 
section 7.12.

In the "DATA" section of the program we set the chemical 
reaction constants (RK) and the starting entity states. The 
values used have been obtained from reports on Heinmet's 
analogue computer simulation, as far as possible. For tnose 
where values were not available in Heinmet's reports, hypoth­
etical values were used.

The "SUPERVISOR ROUTINE" reports the entity states after 
each iteration and decides when the run should be terminated.

The "TIME SLICE 1 (INTERACTIONS)" section of the program 
represents the INTERMEDIATE time slice of fig. 6.2 and produces 
the interaction modes. These are stored in variables R(l) to 
r (3 3 ) and correspond to interactions 1 ... 33 (fig. 8.1). The 
established formula for interaction modes (equation 8.2 above) 
is used to calculate each. The only information used to cal­
culate each interaction mode is the entity states of the 
entities involved in that interaction.

The "TIME SLICE 2 (ENTITIES)" section of the program repre­
sents the FINAL time slice of fig. 8.2, and produces the new 
entity states. These are stored in variables EP, PN,...E (see 
program) and represents the chemical substances bearing the 
same name in fig. 8 . 1 .  The established formula for entity 
states (equation 8.3 above) is used to calculate each. The 
only information used to calculate each entity state its 
own present state and the modes of the interactions in which
it is involved.





8.3 INTERACTION NETWORKS AND DIFFERENTIAL EQUATIONS

Systems such as the one being considered here (biochemical/ 
and many other physically different systems are normally 
modelled in the respective discipline as systems of ordinary 
differential equations of the form:

dX<
— —  e f. X ) fo:Ct 1 1  n

We- would like to exp1 ain here the relationship between the 
representation of such a system as an interaction network and 
its representation as a system of differential equations.

Can we produce a system of differential equations to represent 
an interaction network?

We can under cf tain conditions: States and modes must be
expressible as continuous variables. Then if we can express 
the modes of interactions as functions of the entity states 
involved in tho~3 interactions and then express the instan­
taneous rates o.* change of entity states in terms cf the 
modes of the interactions in which they are involved, we may 
be able to express chese in the form of systems of ordinary 
first order differential equations.

For simplicity let us consider the reversible chemical reaction

which was presented as an interaction network in section -.S 
and 6.9.

As discussed in section 8.2, the interaction modes according 
to equation 8.2 will be
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f L U x  .  k, • H V  - k  • H 2  • 12dt 1

1J2 e k . hi2 „ k . h 2 • 12
Qt 1

M l  - 2(k, • H2 . 12 - k l • HI2) "  'dt 6 *

We have thus arrived at the system of differential equation 
which represents this particular interaction network and i:. 
the process we related these two representations of the 
physical system.

The system (8.9) is the same well-known mathematical moae.. 
which would normally be used in chemistry [25j represen 
this chemical reaction.

A chemist would interpret the first equation of 
follows: the rate of change of hydrogen atoms is equa.:
their rate of production minus the rate of its consumption. 
The reaction that produces hydrogen is reaction : ana its 
rate is k } • HI • HI i.e. a constant times the produce o: 
the reactants. Similarly for the term -k1 • H2 • i. 
representing the reverse reaction which consumes hydrogen.

Coming back to our biochemical system (the cell), m  exactly 
the same way we produce the system of differential equations 
which represents the interaction network (shown in table S .^
below).

TABLE 8.4 
DIFFERENTIAL EQUATIONS

1 .  & . k 1 1 -N P .C P A -k l 7 . E P - k 2 1 - E P .C * k 3 1 -EPC -k2 3 -E P -B +k3 3 -EPB

-kl•EP*PN+k6 *GE*EPPN
2. PN - k 19-E-PI-k1.EP-PNtkl2-M-kl3-MP-k4 -GC*PN-k5 .GP.PN

-k 3 •G B •PN
3. EPPN = k 1*EP.PN-k6 .GE.EPPN
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d H 2 
dt k, • HI2 - k, * 112 * 12

d 12 k, - HI 2 k H2 . 12 (8.9)
dt 2

= 2(k, • H2 • 12 - kat <6

We have thus arrived at the system of differential equations 
which represents this particular interaction network and in 
the process we related these two representations of the

The system (8.9) is the same well-known mathematical model 
which would normally be used in chemistry (25] to represent 
this chemical reaction.

A chemist would interpret the first equation of '8.9) as 
follows: the rate of change of hydrogen atoms is equal to
their rate of production minus the rate of its consumption. 
The reaction that produces hydrogen is reaction 1 and its 
rate is k 1 • HI • HI i.e. a constant times the product of 
the reactants. Similarly for the term -k1 • H2 • 12 
representing the reverse reaction which consumes hydrogen.

Coming back to our biochemical system (the cell) , in exactly 
the same way we produce the system of differential equations 
which represents the interaction network (shown in table 8.4

physical system

below).

TABLE 8.4 
DIFFERENTIAL EQUATIONS

E-PI-k.*EP•PN+k
-k "TP-PN+k() • GE • EPPN

-k 3-GB'PN 
3. EP’P N - k ^ E P . P N - k ^ G E . E P P N
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4. B*1 = k * GB • PN-k ̂ • B1 • E
5. B = k o'Bl*E-k7*B*M-ke ‘B*MP-kl4‘B-kl0-N*CPAfk11*NP-CPA

-k23-EP-B+k33'EPB
6 . C « k4-GC-PN-k9 -C-PA4-kl0*N-CPA+k11'NP*CPA-kl5*C-k21*Ep «C

+k 3 ; - E P c
7. M = k ( * G E - E P P N - k 7 * B - M - k 1 2 - M + k l 0 * N ‘C P A
8 . MP - k^-GP*PN-k& -B^MP+kjj*NP*CPA-kl3*MP
9 . 5 -  k7-B'M-k26*SI-N+k27-SIl-Nl-kl0 *N-CPA-k28*N

10. ’*P = k g - B - M P - k  ,4 *51 *NP-k., - *511 • N P l - k 1 3 * N P - C P A - k 29 • NT
11. 1*1 = k 2 6 - S I - N - k 2 7 - S I l - N l
12. PA = k^^-PI'E-kg'C'PA
13. C P A =  k q •C •P A - k  j a * N •C P A - k  ̂ } * N P •C P A
14. P I  = k l B - E - P E - k l 9 - E - P I - k 2 0 - E - P I - k 2 2 - E - P I + k 3 2 - E P I + k 1 4 -B

*k 1 5 ’C - k 1 6 - E + k 1 7 ’E P + k 2 6 ' N + k 2 9 + N P ' 1' 3 0 ' P1
15. E P C =  k 2 1 - E P - C - k 3 1 -EPC
16. E P B =  k 2 ■. * EP  * B-k - • E P B
17. E P 1= k 2 2 - E » P I - k 3 2 *EPI
18. N P 1 -  k 2 4 - S I - N P - k 2 4 - S I l - N P l
19. E - k l 0 * N - C P A - k l 6 - F - k 2 2 - E * P I + k 3 2 ‘E P I - k 2 *E«Bl

This is the same as the mathematical model used by Heinmets 
which was then run on an analogue computer [23] [24] .

Let us check one of these equations (say equation 2). A 
chemist would interpret it as follows: The rate of change
P*N of substance PM is the sum of its production rates minus 
the sum of its consumption rates. It is produced by chemical 
reactions 19, 12, 13, and consumed by reactions 1, 4, 5, 3
as shown in table 8.1, hence the positive and negative terms



5 = = =
respective reaction, e.g. K i

we have thus seen that given a certain physical system which 
is represented as an interaction network, this can (unaer 
certain conditions) be expressed as a system of ordinary 
differential equations. In this case we can use existing 
numerical methods for solving these differential equations.
This gives us an alternative tool (to that of our standard 
program model) for obtaining the behaviour of the system 
efficiently and accurately. This is discussed in the -ollowing
sections.

6.4 r e l a t i o n  o f  i n t e r a c t i o n  n e t w o r k s  a n d  n u m e r i c a l  m e t h o d s

When (if the appropriate conditions hold) an Interaction network 
is expressed as a system of ordinary differential equations it 
also becomes possible to use the standard numerical methods tv 
derive specific behaviours of the network.

One relationship which we want to investigate between interaction 
networks and these numerical methods is the following: as we
discussed in chapter 6 we can use a program model of the inter­
action network to obtain its behaviour, what is the relation­
ship between such a program and one which implements a stanqard
nnmerical method?

As discussed in section 6 . 0 the purpose vf the standard procram 
model was two-fold: to provide a model (or representation) of
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the  s t r u c tu r e  o f  the phenomenon and when executed on the  com­
p u te r  to  p ro v id e  a behav iou r of th e  n e tw o rk . The program 
should a ls o  be a b le  to  serve as docum entation o f  the s t r u c t u r e 
o f a c la ss  o f  phenomena. One more i l l u s t r a t i o n  o f  t h is  fo l lo w s :

C onsider ag a in  the chem ical r e a c t io n  

k 2
H- + I - ---* HI + HI * * —

which was discussed in sections 6 9 and 8.3. Its interaction 
network representation is reproduced here in fig. 8.B.

Now consider the phenomenon shown in fig. 8.6 below. it may 
represent a phenomenon where machines are assembled (12) using 
materials (which may not be of interest here) as well as com­
ponents 1 and 2. After a useful life the machines are 
scrapped after components 1 and 2 are extracted for re-use 
(these may be more durable and expensive than the rest of the 
components). The assembly (12) may take place periodically 
when sufficient components 1 and 2 have accumulated to justi.y 
set-up costs. The scrapping (II) may take place depending on 
the frequency of breakdowns, and components 1 and 2 re-used 
if they a re in good condition depending on a certain test.

n

f i g . 8.5. Interaction network 
for chemical reaction



FIG. 8.6. Interaction network of 
component assembly

The above two systems can be represented by the same interaction 
network (fig. 8.7) and by the same program model of a specific

I I

FIG. 8.7. Interaction network for 
component assembly and chemical reaction

structure. This U  presented here in FORTRAN-like syntax 
(fig. 8.8). The symbol signifies flow of data.



169

TIME SLICE 1 (interactions)!

CALL SUBROUTINE-12 (12 - El# E2) 
CALL SUBROUTINE-11 '.II *- E3)

TIME SLICE 2 (entities)

CALL SUBROUTINE-E1 (El » II, I2)
CALL SUBROUTINE-E2 (E2 *- II, I2'
CALL SUBROUTINE-E3 (E3 * II, 12)

FIG. 8.8. Program model for
component assembly and chemical reactions

This program represents the common structure of -he two s_. s -erns. 
It can furthermore produce the behaviour of either one of the 
two systems by calling the set of subroutines belonging to that 
particular system. For example, for the chemical reaction we 
would use equations 8.4 and 8.5 for time slice 1 and equations 
8.6, 8.7 and 8.8 for time slice 2 respectively.

We thus have an example of a standard program model which 
serves the dual purpose of representing the structure of one 
or more systems as well as produce their behaviours.

Now suppose we could represent the interaction network of 
fig. 8.8 (chemical reaction) by a system of differential 
equations and then proceeded to use a certain numerical method 
to solve this system. The program implementing the algorithm 
of this particular numerical method will have a certain struc­
ture (of communication and control [27]). This structure may 
or may not be the same as the structure of our standard program 
(fig. 8.8) representing the interaction network. Thus, if we 
use a numerical method, the program which will give us the 
behaviour of the system (by being run on the computer) may 
not also have the structure of the interaction network.



In o r d e r  to i l l u s t r a t e  t h i s  p o i n t  l e t  us e x a m i n e  thi: p r o b l e m  
f o r  t h e  u s a g e  of t w o  d i f f e r e n t  n u m e r i c a l  m e t h o d s : E u l e r  s
a n d  R u n g e  K u t t a .

If w e  u s e d  t h e  m a t h e m a t i c a l  m o d e l  f o r  t h e  s y s t e m  w h i c h  w e  
p r o d u c e d  in 8 . 3  ( s y s t e m  o f  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  
8.9) a n d  w e  u s e d  Eu3 e r 1s m e t h o d  t o  s o l v e  it, w e  c o u l d  u s e  the 
f o l l o w i n g  p r o g r a m  s t a t e m e n t s  f o r  e a c h  i t e r a t i o n  (where = is the 
a s s i g n m e n t  s t a t e m e n t , a n d  DT ic t h e  t i m e  s v e p ) .

H2 = H2 + DT * (K1 * HI * HI - K2 * H2 * 12)
12 * 12 + DT * (K1 * HI * HI - K2 * H2 * 12)
HI = HI + DT * 2 * (K2 * H2 * 12 - K1 * HI * HI)

On the other hand each iteration in the standard program
model for this system is (as discussed above);

TIME SLICE 1 (interactions)

Rl = DT * K1 * HI * HI
R2 = DT * K2 * H2 * 12

TIME SLICE 2 (entities)

H2 = H2 + Rl - R2
12 = 12 + Rl - R2
HI = HI + 2 * R2 - 2 * Rl

Comparing these two programs we can see that our standard 
program is mathematically the same as Euler's method. The 
structural difference between it and the above algorithm is 
that in the standard program, in the first step (TIME SLICE 1) 
we calculate the intermediate variables Rl, R1 (which are our 
interaction modes) using only information of the entity states. 
We then (TIME SLICE 2) calculate the new entity states using 
the interaction modes.

Let us now consider the compatibility of the structure of our
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standard programs with the corresponding program obtained 
using a higher order numerical method: a Runge Kutta four
step method.

We take as an example the following system.

|X - f 1 (t,y,u)’ 

It - fzit.y.v-).

It t is the time at the beginning of the interval h anc 
vv and y i + 1  are the values of y at the beginning and end 
of the interval respectively, then the formulae .01 the Rung. 
Kutta fourth-crdcr method are:

where

k 1 = (h)f1(t,y1 ,ui)

h k lk 2 - (h) f 2 (t + 2 ' ?! + T'

k 2k 3 = (h) f } (t + 2' yi ^ T '

k 4 = (h)f2 (t + h, y^ + k 3, u 1 + q 3)

and

5 ( ^ 1  + 2 q 2 + 2q 3 + q 4)

where

\ A h
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= (h)f2 (t, yi' ui)

92 " (h)ft (t + 1, k l
Vi T ' ui + T >

*9*3 * (h) f 2 (t + V
k2Vi + ~ y > ui

9 4 ' (h) f 2 (t + h, Vi + k 3' ui ♦ 1 3 )

The above suggest the following algorithm

Using the starting entity states we calculate some intermediate 
values (k1,q1>. Then using these we obtain changed entity

states y + . Then using these new states we get
a second set of intermediate values (k2 , q2)f... etc., until 
finally we calculate the final entity states using ail the 
above intermediate values.

The communication and control structure of the above can be 
represented by fig. 8.9 where solid arrows represent flow of 
information and broken arrows flow of control.

starting entity states (0)
-intermediate values k 1,q1 (interactions)

entity states (1)
 ------ — intermediate values k 2 ,q2

entity states (2)
--------- intermediate values k^fq^

1
Iintermediate values k.,q.
i

-New entity states (different formula)

\
t
f
%
#

f

entity states (3) (different formula to (1) & (2K

FIG. 8.9. Communication and control structure 
of Runge-Kutta method

* 1
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This cannot be reconciled with our standard program structure 
shown in fig. 8.10 wnere we calculate in the first step the 
interaction modes based only on the entity states involved in 
each interaction and in the second step the new entity states 
each based cily on the modes of the int-. 
is involved.

starting entity states \
I
X

interaction modes ^
i
4new entity states

i
1

FIG. 8.10. Communication and control structure

We encounter similar structure problems with predictor-corrcctor 
methods. For example consider Milne's predictor corrector
method:

Given the derivative of x as 

x ' = f(t,z) 

the process of solution is as follows:

1st: the value xi+1 is predicted by using the following

predictor equation:

xi + 1 = xi-3 + j h  [ 2x' - x ' ^  + 2x|>2 3

2nd: we use the following corrector equation:

xi+l " Xi-1 > 3 (Xi-l + 4Xi + * 1 + ^

where
x1+1 - x1+1)
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Basically che problem here regard!ny program structure is

and one canno* calculate nteraction modes in terms of states
This means the

program structure does no* leflect the succession of time
ic o ; tli- spat ot mpor object.

We cone ude tt.siei >1 th * our standard program is mathemat­
ically equivalent to lule ’s method and programs implementing 
numerical r hod sue’ as the Runge-Kutta method and predictor 
correctox are not compatible as models of. structure of
interaction ;t\orks.

However this does not mean that we cannot use them here.
Obviously there are many numerical methods that are better 
than Euler's from the point of view of accuracy, stability and 
computational economy, therefore it is desirable to use them 
when these criteria are important. The problem of program 
structure discussed above car bypassed by simply not

these methods while we conceptually regard them as black bques. 
Having interpreted the interaction network as a system of 
ordinary differential equations we can use these black boxes 
purely to derive the behaviour of the system (efficiently and 

curately). The documentation of the structure of the 
sv. m if don- >y th nteraction network and the standard 
pro -ram model. Thus apart from Euler's method they can all be 
: d specie} tools t e n v e  behaviour, when accuracy ana
Tir.u- tiom • • man - important.

Having now related in .erection networks and their standard
program models, via ordinary differential equations to numerical
methods and having established that there is a place m  our

methods, we
it ions in choosing

t . \ w c  "ill
a c t u a l l y  us- On of these r, t hod on our model C  a cell.
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8 . 5 CONSIDERATIONS 01 STAbll 1j .. IN ii:; ! DIFFERENTIAL 
EQUATIONS AND NUMERICAI METHOD:

As was pointed out above we c. r. U; u system oi ::irs-. oiue:  
ordinary differential equations and a numerical method to 

• 'haviour of an int< • •
however, problems associated with the choict anc nsagt 
numerical methods for solving systems of ordinary da : ■ n i a

equations.

Since these methods have a place in our methodology %nd o r. 
be used under certain circumt aances, it would be appr1H-11 

for the sake of completeness to review here the  mai> prob1 

areas of these methods.

In this section we will consider the general case and ats tw 
main problem areas: The stiffness of the ."ystern c-* li
tial equations and the convergence of the nvmericz . 
used.

8.5.1 Stiffness of a set of differential equation.

Consider the case where tne interaction network it rep re c n -c .. 
by the following system of linear first-order differential 
equations.

^ 1

dt * 11^1 + a i2^2 +

y(to)

+ a,.ylnJn ^

dyn
d T  = anlYl + an2Y2 + ••• + annyn J 

or in matrix representation:

y (to ■ yoi

y n ( t 0 1 y 0 :,

(1 )

v Where A <= (a,,) Is constant,‘ 0 r, ■' n

y 1 Y ; Y q i
and y = • , y 1 = and y 0 = :

Yn. y 2 Yon.



Diagonalizing A (if possible) we have that

V -1 A  V  = D » d i a g  (X t • # * n ) say
where  V j  and the a r e  eigenvectors

(for X 1#...,>n) which forms a basis for n-space (2)

Then we can change variables by using z such that

dz

y = Vz

which satisfies y ' = V ~ -  - V z ' .

Since the V s  are constant vectors, we can write (1) as

V Si = A (Vz) and Vz(tQ ) = y 0 at

» ■ v” 1AVZ = DZ, Z (tg)

where Zg = V ^ g  = Lz0 1 ,...f-0 n j

The solution of f  uncoupled system is

z (t)

= 01 e
A^t-tg)

= 0 n e
X n (t‘t0 )

and from (2) and (3) we have

(3)

(4)

y (t) = V z (t) = z0 1

«— 1where Zg = V y0 .

in other words the solution of (1 ) is a weighted sum of the 
eigenvectors of A In which the "weight" of \'i is the
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X.t
exponential zn , e 1 where

A V i » and = V-1 y

and-the X^,...,X^ are the eigenvalues

is the smallest and

eigenvalue and X
dominates the solution and we nave 
equations.

|x | the largest (dominant) 
then the n-th term in (5)

stiff set of differential

For the general 
the same conside 
matrix A we co

onlinear : 
ations of 
sider the

*v dl

)bian

lifferential equation
lere instead of

Thus the stiffness or m e  sys 
equations depends on the eigenvalue 
relevant instant in time.

m of ordinary :erentia.
if the Jacobian the

In practice obtaining th< ioenvalues of rix for a
cional problem and therefo re

ly whether the
large system is a major compi 
in practice one does not establish analytic 
system is stable or not but rather one obtains a numerical

of the packages that can handle unstableiluv usina one
stiff) systems )ne such package is t ie DGEAR routine i

the IMSL library of routin s [291.

8.5.2 Convergence c the numerical methi

assess is that ofThe minimal property which a method must pc
For interaction networks, this means that the 

state y and the exact solution
convergence
numerically obtained entity s 
y(t ) of the ordinary differential equations must approach
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each other as the temporal resolution becomes finer.

A numerical method for an ordinary differential equation 
,hich satisfies the Lipschit's property is convergent if thew
numerical solution y3 converges uniformly to

x t

he necessary and 
onverqent is thai

thod to be
and stanie

numerr

given ordinary d: 
one of the values

>ize step h and a 
le deviation b in 
: the deviation on 
bounded multiple o

solutions
;he

is sta1 1 e wit** i 

for e > 0 3 6

erential equation y ( = nt,y
is in the initial values if 
for any oth* solution z (4- )

implies V t C (tf,,60) .

We have relative stability

if ||y (t) - z (t) II <  £ Hy (t) I! ^ t C (bQ,ro)

In modelling of interaction rnetworks we have systems of
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8 . 6  USING A NUMERICAL METHOD

In this section we use the system of ordinary differential 
equations of Table 6.4. These as developed and discussed in 
section 8.3 are an alternative (mathematical) model of the 
biochemical system under study. This system was modelled 
as an. interaction ry tw r1 m  st cl ion 8 . and its behaviour 
was derived.

Now we will use a numerical method (Runge-Kutta of order 5) 
to derive the behaviour of this system of differential equations. 
As discussed at the end of section 8.4, this will be used as 
a black box. We have used here a subroutine (DVERK) from an 
existing library (IMSL [29.]) on a Burroughs B6800 mainframe 
computer (see Appendix D). The source listing of the program 
is shown below.

SRLStT FKEE
f  I L L  6< T I  T U s - C F K h E R l *  . MN D = P » -  I N U F  )
FI LE M I  i r L E = wCRKN£- >2" , MND«Pn I NTER)
F I LE 6 ( T ! TLE = " 0  Kn E3 3-  . M * D = PV I N TER >
FI LE * (  TI  TLL = "CKKk EP<*" * KI ND* P ‘- I N T L r< > 
c i .................................................................................................................................... - -
Cl  H * I N  h J U T I N E
CI.......-............................ -................

1 M E U E *  N » k# \ I W , «
e x t e r n a l  f c n :
HEAL Y ( m , C ( 2 R > » » . ( 1 9 # 9 ) , x , T U L . X E N D  
N ► = 1 9 
N= 1 9 
X=C.O
i> A T A Y / . 2 , . 2 , . 0 T e , . l , . 2 , . 2 , . 2 , . 2 , . 2 , . 2 ,

1 . Z , . 2 , . r 2 , . Z . . C 4 9 , . 0 ? % , . 0 4 9 , . 2 , . 2 /
T 0 L = . 0 0 0 0 1 
I NO* 1
DU 10 A = l , 1 0 0  

XEND=FL0 AT( R)
CALL D Y E H K ( N , F C N l , X , Y , K E N D , T U L , l N C , C . N * , w , I E n ) 
IF ( I NL. LT.  0. 0R . I Ef< .bT . 0  ) ,.0 TO 20 
w R I T E ( b , l 0 0 ) K , Y ( 1 4 ) , Y ( 1 2 ) , Y ( 2 ) , Y ( 1 9 ) , Y ( 9 )  
N R 1 T E C 7 , 1 0 0 ) X , Y ( 7 ) , V C 6 ) » Y ( 6 ) # Y ( 1 ) » Y ( 5 )  
nPI TE( f c » I C u )X» YC 3 ) , V ( A ) »Y( 1 C ) > Y ( 1 1 ) , VC 13)  
W R 1 T E C 9 , l 0 O ) x , Y ( l 5 > , Y ( l f ) , Y ( i r ) , Y ( l P )

1 ) 3  FOkMATCI H » 13* 3 X » 5 F 9 , 6 )
10 CONTINUE

LUCK 6
l ock  r
LOCK f  
LOCK 9 
STOP 

20 CONTI NUE  
STOP 
END

< '

I
I
I



Cl

C! S r S T t “ o F
Cl O I F F C F t l N T I  A L  L 0 U A     ,

SU8PUUT I NE F C N l ( h , k , Y , T P H M E )
I M E b E R  N
REAL Y(N),YPKIME(N)'A'<K(43)
IF (If IPST.Ew.l ) GC TO 5C

2 e 1 0 5 l # . 0 2 F h # . C i e 9 » . O l l h » . l # . W . l » . l # e 9 0 1 7 # . C O ^ < i » . O i » . ? J  1».C 0

L A I  A G l * G C » G P » u ‘4 * S 1 1 # 3 1 » P E / . < ? » * 2 * . 2 # .  ’ » .  2 f  .  • I  1 '1
IFIF ST =1
t PR Ii E (1 ) = R M 11 >* >(1C)•>( 1 3)-FK< 1 f )* Y( 1 >

1 -KK(21 ) « Y ( l ) * T ( b ) « R A ( 3 1 J * T ( l 5 )  rr
2 -hK(2J )«Y(1 )»r(5 XHfRt 3 3)«Y( lo)*kh( l)e Y( 1)*Y( )*^K(6 )*GC*
V P H M E C  2 ) = PK( 19 )*YC19)«YI 1 A ) ■ PR ( 1)»Y( 1 ) * T ( 2 )

1 ♦  H K ( i  2 )  •  Y l 7 ) « R M  1 3 ) * Y l b )
2 -f.RlA)«GC«T(2)-RK(5)*GP*V(2)-KK(3)«&B*Y(2) 
tPRllL(3)=FK(l)«T(l)»T(2)-RR(6)«GE*Y(3) 
YPklME(4)=FF(3)"G8*Y(2)-RR(2)*Y(4)*Y(lY)
Y.PBlHEC5)r R K ( 2 ) « Y ( A ) * Y ( 1 9 ) * P M f > * Y ( 5 ) * Y ( ^ > « F K ( R ) * Y ( t3 )«v(6 )

1 -RR ( 1 A )« Y lb) ♦ R M  1C )* Y ( 9 ) * Y( 1 3 )
2 ♦KRill ) «Y( 1 0 ) »  Yl 1 3)-HR( 2 3 ) « Y (  1 )• Yl 5)-»RH( 33)«Y( lb) 

Y P k : m E ( u ) = R R ( 4 ) * G C * Y ( 2 ) - P R ( 9 ) " Y ( b ) * Y ( l < )
1 *HP11J )*Y(9)*Y(1 3)+i<K(11 )*Y( 1D)*Y( 13)
2 - F R (1 > )*Y(u)-<R(21)*Y(l)*Y(o)«KR(31)*Y( 1 )
YPRIp1. E(Jr )= R R ( b ) * a E * Y { 3 ) - R R ( 7 ) « Y ( b ) * y (')

1 -R R( 12 )* Y I 7 )•»" R ( U  )• t I 9 ) • Y ( 1 3 )
Y P h I M E ( 0 ) = H R ( 5 ) » G P 1 Y(2)e'<R(6 )e Y ( b ) * Y ( fl)

1 4 R R ( U  ).Y(lV).YCl3)-"n(l3)«Y(f)
YPR1RE(P )3 H R ( 7 )• YC: )• Y(7 )*HRl 2 b ) * SI *Y(9)*HR( )*SI1*Y(11)

1 -PRllJ>*T(9)*Y<13)-R (?e)*Y(9)
IPR I r EI 1 G ) = R R ( F ) « Y ( ' ) ) « V ( # - ) - h R ( 2 A ) * S I * Y (  1C)

1 4 H R ( 2 b  ) « S I l « Y ( l r  )
2 -F R ( 11 )«YllO)*Y(13)“ fcR(29)*Y(10)

Y P ft I M E ( 11 ) s K R ( 2 6 ) * S I * Y ( 9 ) - R r { 2 7 ) « S I 1 * Y ( 1 1 )
Y P F 11 E ( 1< ) = RR<20)*Y(lA)*Y(19)-RR(R)*Y(b)*Y( 12)
Y P M  1E( l.!)=PR(9)*Y(b»«Y( 12)«KR<1C )• Y ( 9 ) • Y ( 1 3 ) eR K ( 11 )»Y(10 )*Ytl 3 )
T PF I M E( 1 ̂ ) = FK(1P)«Y(1<>>*PE-0 R(19)«Y( 1 9 ) • Y ( 1 A )

1 )«Y(1A)»Y(19)-SR(22)‘Y(19)*Y( 1 a ) ♦ f r ( 3 2 ) • Y ( 1 7 )
I ♦ F R ( i A ) » Y ( 5 ) 4 p K ( l 5 ) « Y ( £ ) * P K ( 1 6 ) » Y ( 1 9 ) 4 P K ( l 7 ) « Y ( l ) 4 F K ( 2 6 ) * Y ( 9 )
3 ♦RR(29)«Yllv/)-PR(30)«Y(lA>
YPHlME(lb)=RR(21)'Y(l)*Yl6)-MK( 31)*Y( lb)
Y P P I P  E( lt»)* P R ( 2 i ) « Y ( l ) « Y ( b ) - P R ( 3 3 ) * Y (  lb) 
r P h l M f d i ’)«Kr (22)«Y(19)»Y( lA)-kK( 32)*Y(17)
YPP H E l  tfc)®FR(2A ) * JI * Y ( 1C )*PR( 2b)*Sl 1 * YI IF)
Y P H m £ ( 19)=PK(10)*Y(9)»Y( 13)-PK(lt)*Y( 19)

1 -Kf((22)’»Y(19)*Y(lA)4RK<32)*Y(l7)-KR(2)*Y(A)*Y(l9)

RETURN
EM)

r    .
5 f Y O F  S T A N D A R D  S U B R O U T I N E S

Cl ' < I - S L )  I
C l ...........................................
% IGCLUDE "OVEHN"
SINCLUJE "UEPIST"
SINCLUDE " U G E 1 I 0 "





the interaction network as a system of ordinary differential
equations and then derive its behaviour by using existing
numerical methods. In 8.5 wc discussed c o n v e r g e n c e  and stability
with regard to these methods. In the previous section (8.6). . . .  ...
method from a subroutine library.

Here we have some observations comparing the two results.

The difference in behaviour at any point is less than 4t, i.e. 
if our resolution level is coarser than 4* then the two moae^s 
produce the same behaviour. For a finer than 4% resolution 
level the following should be borne in mind:

The time slice for the interaction network here was taken a:>
DT = 1 unit. I.e. Euler's method is using a step size cf 1 
while the R/K subroutine adjusts automatically to snakier 
step size and therefore to more accurate results (i.e. 
acceptable under finer resolution ..eve. .

The difference between the two results depends on the second 
derivative of the state of the entity, i.e. the positive oi 
neaative acceleration of the state oi tne entity.

The graphs in fig. 8.11 show this on the entity PI where 
the biggest difference between the two models occurs. The 
two graphs show how the difference changes as the entity 
state changes in time.

The resolution of entity states of the behaviour o, the net­
work can be increased by increasing the temporal resolution: 
Euler's method increases in accuracy by decreasing the step 
size. The interaction network model was re-run for different 
DT and the largest difference uetween the two models is shown
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PI ENTITY STATE

3 0 0 0 0 0

2 6 0 0 0 0

2000001

- oarfERENCE nrc tt

+ 2%

+ 1 %

10090807050

FIG. 8.11. Graph of difference in predicted
behaviour between standard program model 

and Rungo-Kutta
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against DT in table 8.5 below

TABLE 8.5

#» - ♦ X W #» • • • -• • ••
FOR DIFFERENT DT

DT MAX % DIFF.

0.2 0,9
0,3 1,2
0,8 2,5
1,0 . 3,1

This of course cannot be carried to an arbitrary extent, cue 
to the limitations of the computer. Below a certain step 
size the machine round off error will affect the results 
significantly.

The other limitation is of course economic (in computational 
time and resource) since this increases as DT decreases. The 
graph in fig. 8.12 shows the processing time required to run 
the interaction network model of section 8.2 at ditferent time 
slice sizes (DT). For comparison, the processing time to run 
the system of differential equations using DYERK (Runge-Kutta 
order 5) with TOL = 0,00001 (tolerance of error control was
6.3 seconds.

\s a check for stiffness this system of differential equations 
w; s run calling the DGEAR (29] subroutine of IMSL which is for 
st.iff systems. The results were virtually indistinguishable 
from those of DVFRK.



186

-  •.

FROTESSTNGT I M ES T A N D A R D
^TnTTRTor ̂ t o d ft:
s e c o n d s )

D T

G r a p h  of p r o c e s s i n g  t i m e  vs. D T  
for the p r o g r a m  m o d e l



CHAPTER 9

-

The objective o: this uissertation wa: :

1 t<- dt-monst r it 11 at t : ''it ar<
sties cor.mon t > all 01 , a. ' sed systems wit, 1 hi 1
to surv' ’n a chanq-.n<i < at irenment, and that t •
charact c ics ir* in dot andcnt of the anysic, , r .* .r-
o f  hues-- ay a teats.

S. idly to present a methodology for the represt- ta*
of tnese systems and th ir « mponents, which maL i*

possible to stud', » hcsv comi >t ch ua-.'tert stics i: «:
unambiguous way.

It was first nec« ry to establish a conceptual f: •
work ard a 1 asic langua = (cha$ -i 2 . In order ■
ibl* to compare .rich di ■ rse vher.< r.cna, it is m  cc$
vO find language which cai describe all thes- phenon
Such a language should h ive as elements repre; entat tx 
f the basic elements of all phenomena as they are tx - 

ceived. The two such fundamental elements were the

block , the Iniera c ion tw- i ’ w is used to 
phenomenon, A mo* hod of sch-mcic top resent a t <
networks was present"d. This would new 6 ci i 
die I e r- ammat i c modj 1 of • • >• m- ac. « »' the par

H.avh t - st -hi t shed the I -as i c 1 ob , t iis study • 
on t ,L two goals.







APPENDIX A
Extract from Heinmets description of the system of bi chemical
reactions presented in table 8.1:
* * * .* » »  » ♦  • s# »  • X » • •  e

G, represents a group of genet which are required 
for protein synthesis. Gene Gp is for the synthesis 
of the enzyme Ep , which is the polymerase for 
messenger M. Gene GB produces RNA fraction of 
the ribosome, while the protein fraction of ribosome 
is provided by total protein E. Gene G^ produces 
the transport RNA. The first functional process is 
the complexing of messenger M with ribosome B 
yielding the template N. Messenger M is produc ,d 
by interaction of complex [EpPn ] with 9ene ge ‘
Enzyme synthesis results when templates interact 
with transport RNA and the amino acid pool complex 
[CF.l. The total protein E contains three fractions:
E - enzymes which convert internal pool Pi into 
RNA precursors, E - enzymes which convert internal 
pool P ; into amino acids, and Et - enzymes which 
convert^external pool Pe into internal pool Pv  
Rate constants (kn ,ka , and kfc) determine what 
fraction of the total protein is converted to respective 
enzymes. [See NOTE below.] Gene G£ is the only 
gene where polymerase is operating in the messenger
synthesis.

Initially it was intended that the same polymerase 
Ep be operational with all genes. However, competition 
among various genes for the same polymerase made it 
difficult to organize a stable functional system on 
the [analog] computer. It seems that these genes 
should each have different kinds of polymerases.
However, inclusion of four polymerases makes the 
system extremely complex, and therefore other genes
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are considered to interact with pool Pn directly. 
Nevertheless, participation of a polymerase in 
forming messenger M for total protein will gi^e 
system characteristics where a polymerase is part 
of the gene product. The formation of polymerase.
Ep follows generally the same line represented by 
total protein E synthesis. External nutrient 
pool Pc is converted into & internal poox 
which in turn is split into an amino acid pool 
P and a nucleotide pool Pn . In addition, part 
of the pool F, leaks out from the cell via k 30, 
but the oroduct X will not be associates with 
the external pool.

A regulatory feature in the system is the 
romplexing of total protein with the internal 
pool. This complexing is reversible and the 
ratio between the two rate constants k 2 2  and k _ ? 2  

will determine the degree of regulation at that 
level. Regulatory processes are also produced ty 
the complexing of polymerase with transport RNA 
(Eq. 21) and the complexing of polymerase with 
ribosomes (Eq. 23). Furthermore, two additional 
regulatory steps are introduced into the system.
It is visualized that template N can be convertec 
into inactive form N ' , and template Np into Np. 
This conversion can result from the action of meta­
bolites or hormones and is considered to be reversible 
by activation process. All functional entities have 
different degrees of stability, and they decay int. 
their respective pools.

Per further information see Heinmets [23] & [24],

NOTE
Equations 18, 19, 20 of Table 8.1 were given by Heinmets [24
initially as follows:



together with the following information:

Et * kt E - En - kn E ' Ea ' ka E 

and k 1 8 - k ^ 6 k( , kj 9 = k ; 9 kt , k 2 0  * kjo ka

The above equations can be substituted by

18. Pe * E —  P i > E

k 1919. Pj + & Pn + E

k l920.  P i  + E Pa + E

and these are the equations that heinmets actually implements 
in his analogue computer (Table 3 in [24] p. 160.

We have thus used these equations in Table 8.1.
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OUTPUT FROM THE STAKPARD PROGRAM MODEL 01' A CELL

TIME PI PA PN N

1 0.2ie59C 0.196752 0.222212 0.217476 0.162 66 9
2 0 .23663 ̂ 0. 196035 w . 244311 0. 231 6 37 u . 168699
3 0.233942 0.197 96 7 v.266CC2 0.24 3697 0.157271
4 0.2694 23 0. 196 60 6 1.253515 U . 1 47 763
5 U . 26 303 3 0.20607 2 i .307 412 0.261646 0.139 767
6 0.29468? C • 2C 2 17 0 C.266 *67 0 . 1 *.? 951
r 0.3044 13 0.204903 3.345469 C . 273900 0. 127025
b 0 .3123C2 0.206201 0.2784^6 0.121623
V 0.318494 6.37985 3 C.262094 w . 117293

1J 0.323149 0 . 1 13059
1 i 0.326434 C. 26 7 3 30
12 C .32351 7 C. 424 366 0.28 9091 u . 105883
13 0.329560 0.4 37 40 * 0.290*64
14 0.329713 C. 449589
15 0.329112 0.24 132? C .460961 0.2918 14 C.097 1 4 1
lo 0.327662 0.246609
IT 0.32bl*4 0.252 35 1 fc.461421 V .C 92266
Id 0.323966 0.257 924 3.490588 0 .090088
19 0.321&62 0.2635:4 v.4 99 IOC 0.29 1*33 0.066024
23 0.316696 0.269071 C.29C 717 1.0 61062
21 0.315732 0.274607 3. 514 320 C.289953 C.0 64252
22 j.312624 0.26uC99 C.521 1 C 5 0.269062 U.062526
23 0 . 3094 19 G . 265536 1.527 36 7 0.2880 61 C .060 695
24 0.306155 0.29C909 0.5 13 PC 2 0.286 9 64 0.079353
25 0.302665 0.296207 0.5*658* 0. 285 766 0.C 77693
2b 0.299575 0.301429 0.54 3563 0.26453b 0.0 765 10
27 0.296307 0. 306569 0.546164 C.263226 0.0*5199
26 0.293279 0.311624 u . 552422 0.261664 u.C 73955
29 U. 269906 0.316591 v .556360 0.26v 457 0 .0 72 274
3 j 0.266791 0.321469 C.560002 C.279013 0.071652
31 0.2?37b5 0. .26257 0 . 56 3 37 0 0.277537 0.C 70 584
32 3.330955 0.566466 0.2760 34 U .0 69566
33 0.277945 6.325564 1.569369 0.274510 U. 066600
34 0.275166 3. 34 008 4 0.572037 0.27 29 6 7 0.067677
35 0.272476 U. 34451 6 V . 574507 0.27li,10 0.066795
lb 0.269660 0 . 3 4 fc ? f, 0 v. 576795 0.2696 4 1 0.065954
ST 0.267372 0.353120 0.578914 C. 268 2 6 3 V. 065149
3b 0.264954 0.357 29 5 0. 56067 6 0.266679 0 .0 64 378
39 0.2* c’t V . 36 1 38 7 C . 562696 C. 265091 C .0 636 3 9
40 0.260382 0.365399 6.584387 C.26350C 0.062931
4 1 0.256223 3.369332 0.565954 0.261908 0.062250
42 0.256146 0.37316? L . 567409 0.260 316 O.0 61595
4 3 0.254147 0.376968 0.588759 0.258 726 0.060965
44 V.252225 0.56067 4 u . 590015 0.257139 0 .0 60 35 7
45 0 .250 376 0.3 ? 4 308 1.591 1 M C . 255556 0.059771
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TIME PI PA

46 0.248597 0. 6787 2
4 f U .2^6866 J . 91 366
48 0.245239 0 . 94 79 7
4 0.243654 - £ - otlbl

0.242126 0. 01461
51 0.243656 0 . 04 700
52 0.239241 0. 0787 8
53 v.2 37675 0. 10997
54 0 .2 36556 0. 14059
55 u . 235266 (i. 17 065
56 0.234359 v . 20017
57 0.232673 0. 22915
58 0.231727 0. 25762
59 0.233619 0. 28557
60 0.229546 c. 31304
61 0.223507 0. 34 CO 1
62 0.227501 3. 3b652
63 0.22652b 0. 39256
64 0.2255b 1 0. 41815
6 D 0 .224663 0. 44 330
6 6 0.223772 0. 4 t>6 j 2
67 0.222906 0 . 49232
6h C .222064 0. 51620
69 0.22124fc 0. 53968
73 0.22 04)3 3. 5627 6
71 0.219675 0. 56 54 5
72 0.218920 0. 6077 7
73 0.216 184 c. 6297 1
74 3.217467 0. 65128
75 0.216767 y . 67 250
7 D 0.216084 c. 69 337
77 0.215416 0. 71389
7b 0.214767 J . 7 3407
79 0.214131 V . 75 392
80 0.21 351C 0. 77 34 4
M 0 .22 293 3 0. 79265
62 0.212306 c . 6 1154
63 0.211 727 0. 8 501 2
64 0.211156 0. 6464 0
bj 0 .21060 1 u . 66636
66 0.210056 0. 8 6 4 0 6
67 0.209522 0. 9 U 1 4 6
to 0.206996 0. 91657
69 0 .203485 0. 9 3 54 1
93 0.207962 95197
91 0.20748 9 0. 96626
92 0.207005 0. 96428
93 0.23o53C J. 0 5 0 0 4
94 C . 206364 c • 0155 5
95 0.205607 0 . C 3 08 0
96 J . 205159 V . 04 5b 0
97 0.234 7 16 u. 06 055
93 0.204265 0. 07 506
99 3 .23 3663 0. 50893 3

100 0.203442 0. 510 337

PN E N

0.592266 C. 25 39 77 0.059204
0.59327b C.252 403
u . 594215 0.2508 35
0*595 0 8 ^ 0.24.9 2 7 ! . ^  o
0.595902 C. 247719 v .057 loe
C.59b66C 0.246 1 7 1 V.056621
0. 597 365 0 . 244 6 31 0.056147
C . 596022 0.243099 0.055665
;.598633 C.241574 ..055234
0.599202 0.240058 1.054 794
u . 599732 0.238551 0 .054 363
0 . bC0224 0.237052 V.053 64 1
0.600681 C.235561 0.053526
C . 6 0 1 106 C.2340 80 0.053123
Q.bClbCC 0.2326C7 4 .052 225
0.601964 C.231143
U . b 0 2201 0.229 688 0 .0 51 949
0.602512 0. 228 242 C .0 5 1570
0. 60279 8 0.226805 0.051 197
0 . oC 30 60 0.225377 0.C 50 830
0. bC3 30l C. 223957
0.603519 C. 22254 7 0.C5Q 109
v.bC37l7 4.221145 C.t 49 755
0.603696 0.219 752 C .049406
*.604055 0.218368 4' .C 4 90 60
t .b 0 4 19 7 0.216992 C .0 48 7 18
U. oC4 321 0.215626 4.0 48 360
0.6C4428 0.2142(7 V . t 4 6 0 4 5
0 .  60** 51 9 C. 21 2 91 8 0.047713
0.604594 0.211576 0.047364
6 •6 C 4 6 5 4 0.210243 v .0 47059
C . 604 699 U. 208 9 19 0.046736
C.604730 0. 20 7 60 3 0.046415
4.0:4 74 7 0.206295 0.446097
0 . 604750 0. 204 995 0 . 0  45 782
v. 6 04 740 0. 203 704 4.0 45469
0.604 716 0.202420 4.045159
0.604681 0.201144 0.044 650
4. 604 632 0.199877 4.0 44544
2.604572 0.198 6 17 w . C 44240
0.604500 C. 1 97 2 65 0.043538
w.60441b 0.196121 0.4 43 636
(.o C 4 320 0.194884 V . 043 340
0 . 604214 0.193656 3.043044
C.6C409 ( 0.192434 0.0 42750
v.bC39bf C . 191221 u .u 42457
;.6 0 382 8 0.190014 0 . 3  42 167
4.603679 0.1888 15 0.04167b
0.603519 0 . 167624 4.041591
0.603349 0.186 440 0.041306
v.603169 u. 18 526 3 u .C 41023
0.60297 9 0.16409 3 v .0 40 74 1
j.60277 9 0.182930 0 .0 40 46 1
6. 60-2569 0.18 17 75 0.043 163
v.602351 C . 180626 C .0 39906
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riME M C MP EP B

i 0.199236 0.212916 0.202365 t .21 3 270 v.216232
2 0.20441 e C. 2235 37 0.232488
3 % .1 9DM 1*2 0.215660 0.206428 0.243695
4 0.1C3312 0.237367
5 0.175984 U.2C64b7 0.241790 0.259543
o 0.168392 0. 212 34 7 .
r 0.160767 6. 2 14 37 8 0.247163
6 0. 1 68438 . C. 24 8 5 39 U. 272 699
9 0.146 166 0.161112 .
13 0.139333 C.249 4 34
11 O.uzee 3 0.166513 C . 223092 0. 249 1 74 ).279061
12 v, . 1 ' J • . 0.159499 6.225370 0.248 555 0 .263084
13 0.121196 3.152759 v. 227 726 0.247644 0 .260 713
14 v.1 15957 0 . 1 4 b 326 0.2 3012 2 0.246497 u.261001
15 0 . 1 U 1 0 6 0.140217 6.2 3255 5 0.245 158 V. 2 60 9f 9
16 0•1066 3 c 0.134440 C. 24 3 66 7 0.260713
i r C . 102506 0.126 99 3 ■ 0.242055 I .26023 1
Ik 0 . 0 9 b 7 16 v . 12367 0 0 . 240 350
19 0.095236 0. 1 19060 i. -*2505 C.238*76 I .278567
23 0.09206 1 0.114551 .245618 C.23v752 v. 2 77 484
21 0.06 91 15 0. 1 1C327 0.247529 0 • 2 34 f 95 0.276247
22 0.3864 37 0 . 106 37 3 0.250035 0.233C2C 0.274 670
23 0.06 3967 0.102674 0.25253C 0.2311 38 3.273366
24 O . u P 1747 u. 099215 0.25501 1 0.229259 C .2 7 1 74 7
25 0.079701 0.095979 0.257474 0.227393 0.270023
26 0 .0 776 3 1 0.092952 v.259916 0.225547 u. 266205
If 0.076124 „.090120 0.262334 0.223726 <.2 r 6 30 1
2o 0.074566 0.087469 0.264726 0.221937 0.264321
29 0.073144 0.0 84 96 6 v. 267 09 C 6.220 162 C. 262272
33 0.071646 O.C626bO 6.269424 C. 216 466 i .260 161
31 0.070663 0.080478 C.271726 (.216792 0.257695
32 V . 06956 4 0 . 0784 30 V. 27 399 5 C.21516J 0.255761
33 0.066600 0.076506 0. 2762 J 1 0.213573 0.25 352 4
34 0.067 7 C 3 0.07469 8 C. 2764 32 0.2120 31 U. 251231
35 0.066865 0 .672995 6.280598 C.210536 0.246 906
36 0.066139 0.671392 C. 282729 0.209088 2 .246555

0.365460 J .66967 9 5. 264 823 C.207666 0 .244 162
3e U . 064640 0.068451 0. 2 #,66b 2 G. 20 6 3 30 0.241791
39 0 .064276 6.667100 0. 288904 0.205C21 0.2 39 366
43 0 .06 3762 0.065622 0.290890 0.203757 V.2 3697 1
41 0.063293 0.06461 1 W. 29264 1 ti. 2025 37 0.234550
42 0.062865 0.063461 3. 294 756 0.201361 0.232125
45 0 .0624 76 0.062369 v.296635 0.200227 0.229700
44 0.062121 3.661330 v . £96479 0.199135 0.22 72 78
45 0.061797 0. 060 34 1 6 . 3CU289 0.19806 3 0.224860
46 C .061501 0 .659397 0.302065 0.197070 v. £22450
47 0.061231 0.058496 w . 3C36 0 7 U . 196095 0.220050
43 0.063985 0.057634 0.305516 C.195157 C.2 1 7661
49 0 .060760 0.056809 0.307192 C. 194253 J.2 15265
50 0.060554 0.056019 0.308 8 36 0.193364 C.2 12925
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TIME M

51 0.060 366
52 0.060193
53 0.06(0 3'.
54
55 0.059/5 5
5b (.0596 32
57 0.059516
58
59 0.059314
60 0.059222
61 0.05913/
62 0.059057
63 0.058981
64 0.358 910
6 5 (.356 642
66 0.053776
67 3 . 0 5 b 716
6e (.056657
69 0.058599
7 J 0.356544
71 0.0564C9
72 0.0584 36
73 0 ,053 364
74 0.056333
75 (.058262
7o 0.(56232
77 0 .05616 1
79 (.059131
79 ( .05906 1
?: 0.053030
61 9.3579/9
6 2 0.C5/928
83 0.057677
64
65 u.057772
86 0.057719
6 7 3 .057 bb5
66 0.05/6 1C
69 0.057554
90 (.05/496
91 (.£5/44 1
92 0.05/363
93 C . 057324
94 0 . 0 5 7 2 b 5
95 O.Q572C4
96 0.05/143
97 0.057f6(
93 0.05/317
99 0.95(953

100 U.0 5 66.6 6

MP EP B

.C55260

,.653^31 
C. 0 5 3 0  6 
0.C525C5
o.osierr o.csizri
3.L5C6P5 
V . 050 lie 
0.(4956* 
j . 0490 3 6 
0.041:519 
o.04eoir
з.04r529 
0.(47055 
0.(46594 
0.(4bl44

0.045260 
0.(44 663 
0.044 45 7 
0.(44060 
0.(45673
0 .(432 »4 
0.042923 
0.(42561
и. £42206 
0.(41659 
0.(41519 
0.041165 
0.040859 
0.(4(539 
(.040225 
0.(39917 
0.0 39615 
0.03931 9 
0.0 39 02 8 
(.0 3674 3 
0.036462 
O.C 3fc 167 
0.037916 
O.L37651
0 . 0 37 36 9 
0.(37133 
(. 0 36680 
0.(36632 
0 .0 36 366 
0. C 36141 
0.(35912 
( .035660

1.310448
v . 312029
(.313560 
(.315100 - 
u. 316591 
L . 316053 
(.319487 
(.32(892 
v . 322271 
C . 323622 
t . 324947 
(. 326246 
0. 327 52C
(.329992

0. .333522 
0. 3 34 65 2 

335760 
3 36 64 6 
33791C 
3 38 95 3 
3 39 9 7.5 
340976 
341957 
342916 
343859 
344760 

(.345683 
v. 346567 
v. 347 4 32 
0.54827 9 
u. 349108 
(.34990 
V . 350713 
(.351490 
(.352250 
0.352992 
0.353718 
0.354426 
C . 355122 
U . 3556(0 
0.356'62 
C . 3571(9
з.357 740
и . 358356 
v . 358958 
(.359544 
(.3 6(1 It

C.
(.

J 4 
.

0 ,

192548 
191743 
19(968 .
189504 
1688 12 
1*8146 
187503 
188 6 85 
18626? 
165712 
165156 
164620 

0.164 101 
C . 16 36(0 

163 116 
162647 
162193 
161753 
161327 
160913 
180512 
16 0 1 2 2  
179742 
1 79 374 
179015 
176665 
1 76 324 
177 992 
1 77 667 
.177350 
.1/7040 

0.176737 
0.1/6440 
(.I7bl49 
0.175864 
..175565 
b . 175310 
C . 17 5040 
0.174/75 
0. 1/4 5 15 
0.1/4256 
(.1/40(5 

1/3756 
173511 
17 3269 
17 30 29 
172793 
172560

0 . 
( .
t.
0 .
0 . 
(. 
c . 
0 .
c . 
0 , 
(. 
c. 
0 . 
c . 
c 
0  

c

c.
0 .
c
c
(.1/2 330

0.2 10582 
(.206256 
0.205950 
C..2J>3$6 4 
(.2014(0 
0.199159 
C .196941 
U .194 746 
C .192577 
0. 1 90 433 
U .166 3 14 
(.166222 
0.164156 
(.162117 
..160 104 
5.178119 
O.l7olhl

0 . 2 32 8 
(.170452 
0 .1:6604 
0.166783 
0 . 164 969 
(.16 3223 
0.161483 
J. 159 770 
(.156063 
(.156423 
(.154/66 
0.153160 
( .151597 

150040 
14850/
1 46 999 
145516 
144056 
142621 
141206 
139619 
138 453 
137 109 

(.135788

0 . 1 3 3209
з. 1 3 1 S52
и. 1 33 7 16 
v . 1295(0 
J .128304 
0 . 127 126 
(.1256/1

0 . 
0 . 
0 .
I • 
3.
U i



0 . C ? 0  r 
v.078u23 
0.079261 
J.06)299 
0.06 1610 
0.083171 
0.364956 
0.U66942 
0.08910 3 
j.391416 
0.093656 
0.096406 
0.399346 
0.101757 
J. 104519 
0.107320 
0.110145 
0.112981 
0.115817 
0.116644 
0. 121451 
C . 124235 
0.126962

0.132357 
0.134975

0.14 3353
u. 142509 
0.144906 
0 . 1 4 7244
C . 14 9521 
0.181737 
0.153693 
0.185966

j . 159992 
0.161905 
0 . 1 b $75 9 
0.185556 
0.167295 
0 . 16897 8 
0.170607 
0.172182 
3 . 1 7 3706
3.17517 6 
0 . 1 7660 1 
0.177976 
0.1793:4 
U . 18056 6

0.U99CV4
U.09613' 
0.C97147 
0 .0961' 9 
W.C95155 
0.094175
з.093219 
0 .09229 1 
0.091 397 
0.0905 3 9 
0.069719 
0.088939 
J . 086 19 9 
C.067499 
0.086839 
0 . 0 8 6 2 1 9 
0.085636 
0.08509 1 
0.064562 
0 . v 6 410 7 
0.083666
и . u f 3 25 6 
0.062663 
O.C82531

0.08 1916 
0.061651 
0.0614)6

0.080992

U.0606o2 
0. 080527 
0.060410 
v.060 31 2 
0.080230 
0.063164 
0.060114 
0.0*0079 
0.U8005P

0.0*0057
u.06007 6 
C .060 1 0 7 
0.0 8014 9 
0.060202 
U .060267 
0.080 34 1 
0.0604 26
0.CP0520

0. 194 74 3 
V.19ul27 
0.166049 
0.182426 
0. 1 79202
0.176318 
w. 1 7 37 34 
C.171416 
C. 1 69 3 3 3 
C. 167 462
1.!657fC 
0. 164 269 
0. 16291 2 
0. 161694 
0. 1 6060 3 
0.159627 
l . 156755 
0.157976 
0.157287 
0 • 156 b7 4 
C . 156132 
C. 155655 
0. 155235 
0.154 868 
6.154 54 9 
6. 1 54 27.1 
C.154C32 
C. 15^826 
o . 15 3 ( 1 
6.15350 2 
C. 1 53 37.6 
6.153271 
C . 153163
6.153111
0. 153051 
0. 153002 
0. 152962 
(.152929 
0.152901
). 1 5287.7 
0. 152855 
C. 152835 
0 . 152815 
6. 152794 
0.152772 
v . 152747 
0. 1 5271 9 
0. 152688 
0.152652 
t. 15261 I

r./0 G0 0 0  

0.1:9653 
,C. 199C 34 
C.I9f 19: 
0.197 If 1 
0. 1960-. 1 
0. 194 781 
0. 193 426 
C. 191994 
0.190498 
C . 168 9 49 
0.1*7356 
0.1*5727

0.182362 
0.16)678 
C. 176 957
C. 1 7 7 223 
U. 1754 80

0.171978 
0.173224 
0. 166470 
C. 166716 
0.16-971 
0.16 32 33 
0.161495 
C. 159769 
G . 158053 
0 . 156 347 
C . 154653 
0.152972 
0.151304 
C . 149650 
0 . 1 460 10 
C . 146 366 
0.144777 
0.143165 
C . 1416C9 
C.14CC49 
0.13*5(7 
0 . 1 36 962 
0.135474 
0.133964 
G . 132511 
C . 131057 
C .129620 
0.1282(0 
C . 126799

i .697516 
0.676169 
C .661201 
0 .6460 76 
0.632416 
0.619536 
0.606432 
0.597 747 
0.567 762 
C .576364 
G .569536 
C .561161 
5 .553236 
C .545626 
0 .536392 
G .531467 
C .524627 
0.518448

C .500662 
0.495 163 
C .469 623

0.479633 
v .474 7 6 4 
0.470033 
w .46543 4 
0.460958

0.452354 
v .446214 
C . 444 176 
C .4 40 2 35 
C .4 3b 36 7 
0.432627 
0.426 9)4
0.4 25 36 3 
0.421851 
U .416415 
0.4 15053 
0 . 4 H  763
0 .40654 1 
0.405367 
C.4C2297 
0.399270 
C . 396304 
0.393398 
0.39)549 
0 . 387 7.5 7



TIME EPFK
51 4.181*24
52 0.18431%
5 3  0.184173

,54. 0.185286
55 0.186360
56 0.187396
57 0.186395
56 0.169358
59 0.193267
63 C . 191183
61 0.19204 6
62 0.192676
63 0.193679

bb 0.193 194
60 3.195969
67 0 . 1 9 6 5 9 8
66 0 . 197 2 b 1
69 0.197899
73 0.198512
71 0. 1991C 1
72 0.199666
73 3.203212
74 0.20,7 34
75 C.201236
7a 3.23 17 17
77 0.202176
75 0.202620
79 0.203344
63 0.203449
61 0.203837
62 0.234207
63 u . 204561
64 0.204896
6? 0 .2052 20
6b 0.205526
67 0.205*17
86 .
69 0.206356
93 0 .206604
91 0.206*39
92 0 . 2 0 7 0 b 1
93
94 3 .2074 65
95 0 .207649
96 0.207821
97 0 .20798 1
96 0.208129
9V ».20t 67

103 0.20*393

B1 NP
0 . 6  8 0 - ,  0 . 1 5 2 5 6 4
0.060736 0.152513
0.080857 0.1524 55
0.0PG9B6 0.152391
0.061123 6.152320
0.081268 0. 15224 3 
6.081421 t . 1 i 2159 
0 . 0 6 15b 1 u . 152069 
0.061746 C . 151971 
C.081922 0.151866
0.06213 3 0. 1 51 755
0.062290 v .  1516 3d  
0.08248 i 0.151510 
0.0*2662 0.15137 6
0.062666 0.151236
0.08.3099 0. 151 092
0.08 3 31 5 t. 15j9 3 6 
0.08 3537 3.15077 6
0.0*3765 0.150612
4.063997 0.153439
0.064235 0.150259
0.084477 C . 150074 
0 . 084 724 V. 1 49662 
3.064 976 u. 149684 
C.'l 232 w. 1 4948 1 
j., ,54 9 3 0. 14927 2
v.v 6 5 7')P 0- 149057
3.086027 0.148837
0.086331 3.146611
0.Of i 57 8 C. 146 36 1 
0.0 8b859 0. 14814 5
3.067144 0.147905
0.V6743 3 C . 147659 
0.087726 0.1474 C
0.466022 0.147 156
0.06' 321 v . 146697
з.088624 0.146635 
0.066 931 C. 1 46 369 
0.0*924 0 C. 146096
и.C*95‘ 3 0. 145624
0 . 0 * 9 6 6 9  v . 1 4 6 5 4 7  
0 .0 90 166 i . 145266 
0.090511 0.144981
3.090636 L . 144 694 
U .091 lb4 t. 144402 
0.091494 0.144 109
0.09162* 0.143613
0. 092165 . 14 $514
0.092504 0.14 3212
3.09284 5 (.142907

N 1 CP7i

0 .  1 24 049 3 .  3 6 5 0  19
C . 1 2 2 7 C 0 C . 3 6 2  334
0 . 1 2 1 3 6 9 0 . 3 7 9 7 0 ?
0 . 1 2 0 0 5 5 0.377120
0 . 1 1 8 7 5 9 0.374566
0 . 1 1 7 4 8 0 0 . 3 7 2 1 0 4
0 1 1 6 2 1 7 0 . 3 6 9 6 6 7
0 . 1 1 4 9 7 2 J . 3 6 7 2 7 6
6 . 1 1 3 7 4 3 C.  3 64 930
5 .  11 2 5 3 1 0 . 3 ( 2 6 2 9
0 .  1 1 1 2 3 4 v .  360 370
0 . 1 1 3 1 5 4 0 . 3 5 6 1 5 4
C . 1 0 8 9 9 C
0 . 1 0 / 6 4 2 . . 3 5 3 6 4
C .  1C6 ZC9
C.  I 0 c 5 f '! 0 . 3 4 9 6 :

0 . 3 4 7 6 7
1 . 1 0 3 4 0 1 0 . 3 4 5 6 9 4

0 . 1 0 2 3 2 6 0 . 3 4 3 • 4 9
C . 1 0 1 2 7 0 u . 3 4 1 8 ^ 0

. 3 3 0 9 6 -
0 .  3 38 12 7

0 . 0 9 8  179 0 . 3 2 6 3 2 1
C . u 9 7  1 77 0.3 24 5 4 1
C . 2 9 6 1 6 7 0 . 3 3 2 6 0 7
0 . 0 9 5 2 1 1 0 . 3 3 1 0 9 9

0 . 3 2 9 4 2 1
0 . C 9 3 2 S 0 . 3 2 7 7 7 4
0 . 0 9 2 3 6 0 u . 3 2 6 1 5 8
0 . 0 9 1 4 3 5 v . 324  5 70
C . 0 9 0 5 2 2 0 . 3 2 3 0  12
0 . 0 6 9 6 2 1 J . 3 2 1 4 o 2
0 . 0 6 8 732 3 . 3 1 9 9 7 9
0 . 0 8 7  8 5 4 0 . 3 1 6 5 0 =
0 . 0 * 6 9 6 6 0 . 3 1 7 0  7
0 . 0 6 6 133 U . 3 1 5 l 35
0 . 0 9 5 2 6 9 0 . 3 1 4 2 3 9
0 . 0 6 4  4 5 6 0 . 3 1 2 6 6 9
0 . 0 *  3 6 : 4 v . 31 15 24
0 . 0 8 2 8 2 2 0 . 3 1 0 2 0 3
C.  0 6 2 0 2 0 0 . 3 0 6 9 0 7
0 . C 6 1 2 2 9 0 . 3 0 7 6 3 4
0.0:044* U . 3 0 6 3 8 4
C. 0 7 9 6 7 7 C . 3 0 5 1 5 8
0 . 0 7 8 9 1 5 U . 3 C 3 9 5 3
0 . 0 7 6 1 6 3 0 . 3 C2 7 7 1
0 . 0 7  7 4 20 0 . 3 0 1 6 1 1
0 . 0 7 f e b 6 6 I
0 . 0 7 5 9 6 2 .
0 . 0 ' 5 2 4 b C . 2 9 6 2 5 5
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TIME EPC EPS EPI NP1

1 0.039fb6
2 0.032761
3 . C.C?L2 bb
4 0.0229 33
) 0.019560
6 0.316872
7 0.014 72 3
9 0.J129C9
9 0.011575

13 0.0134 1C
11 0.00*4 38
12 O.OObbie
13 0.007916
; 4 0.007 314
1> 0.036767
lb 0.00b324
17 0.05 5912
16 0*005544
19 0.0C 5212
23 0.004912
21 0.034639
2 V .004 369

23 0.034 16 1
24 C.0C395C
25 0.003757
26 0.03 3576
27 C .00 34 1 3
28 0.003260
29 0.033116
33 0.002966
31 0.002664
32 0.032750
33 0.03 26 4 4
14 0.332545
35 0.00 2453
36 0.032368 

0.032266
$6 0.03221 3
39 0.00214 3
43 0.002377
41 0.0020 16
42 0.031956
43 0.331904
4 h V.C01853
45 0.001805
40 U.031 760
47 0 .00 1 7 1 7
49 0.301677
4 9 v .30 1639
59 C.0016C3

L .007450 
0.007047 
0.006759, 
0.U0656 1 
0. 0064 30
0.006349 
0.006304 
0.00 d 26 4 
0.0(6261 
0.00b269 
0.006302
u .00 o 3 1 7 
0.006331 
0.00b 34 3 
0.006349 
0.006351 
0.006 3"* 6 
0.006336 
0.006316
3.0C6295 
0.00o2b6
0.006231 
0 . 0 Oo 1 9 0

0.00609 5 
J.0CbC40 
G.005962 
6.005921 
0.C056io 
U . 605769 
C . 605720
0 . 6 0 5 6 4 9
U.005576 
v . G 0 5 5 6 3 
0.005428 
0.005353 
J. 005277 
O.b0526 1 
0.00512? 
0.005049 
0.004974 
0.004699 
0.004824
w .664 750
0.004677 
0.004605 
U . 004534 
0.004464 
0.004394 
C.004326

O.C5C125 
0.051533 
6.053215 
01055194 
6.057 326 
C.V59702 
C.062253 
v. 064949 
6.067 760 
6.070656 
0.6736<0 
6.076620

0.0628 62 
C.065671 
0.086653

C .094 4 96

u . 100126 
1.102851
u.1C5506 
V . 108094 
0.1 1061C 
0.11305' 
0.115427 
0.117727 
0.119955 
C. 1 2 2 1 1 3 
0 . 1 24 201 
0.126221 
V. 126174 
0. 1 30061 
0. 1 31 885 
0.133 64 6 
0.135347 
0.136969 
V. 1 36 57 3 
0. 140102 
v. 14157.8
u. 14 3C0 1 
0.144373 
0.145697 
0. 1 4697 2 
0.146202 
, 149 387 

t. 150528 
0.15162 8 
V. 152666 
V . 153705

C.2CC COO 
0.199895 
0.199700 
0.199426 
0.19906 7 
0.198669 
0.196241
0.197751 
C .197225 
0.196667 
0. 19606 3 
0.195477 
0. ’.94 852
0. 1942 14

I V 3513
1929(4 
19223, 
IS 1569 

0.190897 
C.I9v225 
C .169554 
0.186865 
0. 166221 
0.18 7561 
0.186907 
C . 166260 
0. 185620 
C. 1 84 986 
C . 16 4365 
0.18 3 751 
0.183146 
C. 162551 
0. 161965 
C. 181 389 
0. 180624 
0.180268 
0. 1 7972 3 
0. 179168 
0.178663 
0.176 147 
C. 1 77642 
0. 177 146 
0.176660 
0.176163 

175715 
175256

C
0 .
0 .
0

u
1 7 0 b
174 364 
173931

0.17 3505



0.031569 
0.0015 37 
0.301506
з.0014/7 
0.33 144 9
0.00142 3 
0.331396 
0.3)1374 
0.001351 
O.COl329 
0.33130 7 
0.3C12t 7 
0.031266 
0.031249
0.001231 
0 .001214 
0.631197 
0.031161 
0.031166 
0.031151
и . O O 1136 
0.001122 
0.031139 
0.001396 
0.031083
3.031370 
U.001C 
0.001047 
0.301335

U . 303 99 3 
0.03)96 3
j .
0.000964 
0.03)954

C .303936 
0.33 0926 
0.03J919 
0.303911 
0 . 0 0 ) 9 3 3
0.030867 
6.033 660 
0.030672 
6.03)6 65 
0 . 0 0  6 56 
0.00365 1

0.004 59 
0.CC4 1 9 3 
v . 004129 
0.$04065 
0.004033 
C . 003942 
0.003862 
0.603623 
0.v037b5 
0 .00 3705 
0 . CO 365 3 
3.uC3599 
0.0C3546 
0.003494 
0.003443 
6 . CO 3 39 3 
0.603344 
j .003297 
0.003250
0. v032J4 
0.003159 
O . O C 3 1 16
з.00307 3 
0.603031 
C.0C2990 
6.602949 
0.00 291 0
и. 60287 1 
6.60283 3 
0.662796 
0.002760
з.602725
и . 602690 
0.002656 
v.002622 
V.C02590 
0.002! >6 
C.CC2526 
0.002496 
0.6024b5 
0.002436 
0.0C24C7
3.002379

0. 602 32 3 
0.CC2297 
Or 00227 0
3.4C 224 5 
O . O C 2219 
V.LC2195

0.154 68 6 
0. 155629 
6.156536 
0.157 40 6 
V. 158246 
v. 159051 
0.159*23 
0.160564 
L . 161274 
0.161955 
0.162607 
V . 163211
0.163827
u. 1 64 396 
0.164 940 
v . 165458 
V . 165952 
C. 166421 
6 • 1 6o 86 7 
v. 16729C 
v . 167690 
0. 1 68069 
0.166426 
V. 166762 
v. 1 6907 6 
C . 169374 
t. 169651 
V. 1 699C9
V. 1 7314 6
I . 17^369 
C . 170572 
v. 1 73 759 
0.170926 
V.171C8C 
6.171217 
0.171337
u. 17144 2 
C . 171532 
C. 171607 
0.171667 
V. 171713
3.1 71746 
0. 171764 
0. 171770 
0.171762 
0. 17174? 
0.171709 
v . 171664 
C . 171607 
V. 1 71538

0. 1 7 30 87 
0. 172677 
C . 172274 
0.17 1877 
G.l7'l4«-r 
0.171 104 
0.170727 
0. 170 356 
0.169990 
0 . 16963C
0.169274 
C . 166924 
0.166578 
0.166237 
0.167960 
C . 167566 
0.167237 
6 . 16b911 
C. 166588 
C. 166269 
C . 1- 5952 
0.165636 
6. 1 65 327 
6. 16 50 if 
0.164711 
5.164407 
0. 164 104
з.163803 
C . 163504 
w .lb 3206 
C . 162969 
0.162614 
C . 162320 
C. 162027 
6.161734 
C. 161443 
0.16115?
и .IbC 6 62 
0.160572 
0.16(262 
0.159993 
0 .1 ! >704 
0.1594 15 
0.159127 
0.158838 
6.158 549 
0.15*261
6. 157972 
0.1! 768 
0. 157 39 3
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APPENDIX C
OUTPUT FROM MODEL OF A CELL USING RUNGE-Kl'TTA METHOD

TIME PI PA PN E

1 0.21 kill u. 199022 C.222101 C.215997 C.U^2<»6
2 0.255727 C. 19*653 0.24 36 25 C. 229394 C . 17 117 8
3 0,251744 3.196947 0.264993 C.240o39 0.160211
4 0 . 2b6126 V. 19 9915 C .2k 54 77 C . 2500*4 0. 150 919
5 0.276756 0. 20153 1 0. 3w5166 0.258039 0.1 42945

0.269624 0.20 3754 0. 324063 0. 264 642 0 .1 36031
7 0.296772 0.206526 0.34 20 70 0.270173 0.129975
6 0.306 29 7 0.209793 0.359166 0.274758 0.124617
9 0.312320 0. 21 346 7 0. 3754 12 0. 276527 0 .1 1 96 35

13 0.316976 0.217549 0.390749 0.261591 0.115531
11 0. 320405 0.221921 0. 405212 0. 284045 C . 111626
12 0.322747 0.226552 0.4 16825 0.285970 0.106066
13 0. 324135 0.2 31 391 0.4 316 12 0.287.4 34 0 . 10 4795
14 0.324696 0.236397 0. 44 3604 0.288496 0 . 10 1777
I, 0. 324,46 0. 24 1530 0.4548 33 0.269213 0 .096961
lo 0 . 32 3793 0 .246756 0 . 465 3 35 0. 269*2 3 0 .09* 3 76
17 0.322531 C.252047 3.475146 C . 2897*8 C.093950
18 0. 323847 0. 25737 7 0.4 64 300 0. 269660 0 .39 1677
19 C . 3166 17 0.262723 0.4928 35 C. 289390 C.06 9544
23 0. 316506 0.26 6067 0.5v07 65 C. 2 68924 0 .0 6 / 5 39
21 0.31397* 0.27339 3 0.5C6166 0.286332 C.085651
22 0.31 1279 0.278689 0.515072 0. 287546 0 .0*36 70
23 0. 338453 2. 26394 1 0.5214 75 0. 26667 3 0 .0321 67
24 0. 305539 J.26 914 3 0.5274 26 C. 265696 C .060596
25 C . 302566 0.294285 0.53295c 0.264c31 0.079*90
2b 0.299568 0. 299362 0.5 38092 0.263487 C.07 7663
27 0.29*362 0. 304 37 0 0.54 26 2 C. 262277 C .0/6309
28 f. 293566 0. 30 9 30 3 0.54 7292 C.261Cv7 C.075323
29 0 .290602 0. 314 1 60 0.551405 C .2 79688 0 .0/ ' b 0 2
33 0.2b 7o77 0. 3 1 8936 0.555223 C. 2 76 325 0 .07264]

0.264632 3.323637 0.556766 0.276925 C.0 715 34
32 C. 28 1967 0. 328254 0.562060 6.275493 0.0704 60
33 0.27923b C . 332790 0.565117 6.2740 34 0.06947b
34 0.276558 0. 3 37244 0.5 6 79 56 0. 272552 C .0b 65 1 /
35 0.273952 0.341617 0.570593 0.271051 0.067*02
36 0.27 14 22 0. 3459 10 0.57 304 3 0. 269535 C.0b672b
37 0 . 2*8969 C . 350 123 0 .5 75320 0 . 266006 C.065669
38 0.266593 0. 354 256 0.57 7 4 36 0. 2664*6 C.06506*
39 0 .264295 0. 356 315 3.5794 04 6. 2*4 921 0 .0*4 3 1/
40 0.262074 0.362295 0.561234 C .263 369 0.0*357*
41 0.25992b C.36620C 0.5*29 36 0.261*13 0.062866
4? 0 .257857 o. 37 0032 0.564521 0. 260255 C.0621 66
43 0.255658 0.373792 0.5*5995 0.258696 0.0*152*
44 0. 253930 0. 3 77481 0.587368 0. 257 1 37 0 . 060*94
4, 0.25207y 0.361100 0.56**47 0.2555*0 0.060263
4* 0.25027* 0.3*4*52 0.5*96 37 0.25402* C.059*92
47 0.248,46 0.388138 0.590947 0.252474 0.059120
48 0.246876 0.3915,6 0.59196) u . 250927 C .0,6567
49 0.245269 0.394916 0.59294, C . 249395 0.05 6030
5J 0.24,716 u . 396211 0.593643 0.24764P 0.057,09



.
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TIME PI PA PN E N

51 0.242215 0.401447 0.594660 C. 248316 C.C57O03
52 0.2 .0773 0.404623 3.595461 0.244791 C.056510
53 0.239376 U. 40 774 1 C.596166 0.241273 0.056031
54 0.236330 0.4 10803 0.596665 0.241761 C.055563
55 0.236728 0.4 13810 0.597496 C. 240257 0.055137
56 0.23S4 ro 0.41676 3 0.596084 0.236760 0 .05466 1
5f 0.234254 0 . 419fab4 0.598630 0. 2 37.271 C.054225
58 0.233377 0.422513 0.599138 0.2 35769 C.C5379fc
59 0.231939 0.425312 0.599blu C. 224316 C.05336C
63 C . 230637 0•4 260o 2 0 . 6 u C v 46 0.2 22 651 C .052970
61 0.4307b5 0.6004 54 0.231394 0.052568
62 0.226734 J. 433420 O.fcOCfc30 0.229945 0.052173
63 0.227731 C . 436029 3.6,1176 6.228505 C .05 1 784
64 0.226758 0.4 38594 0.6014 9b C . 227073 0.051431
65 C .225614 0.441114 0.601769 0.225650 6.05 1025
fa 0 0.224697 V . 443592 0.662056 0.224235
6f 0.224307 0.446027 0.602304 C.222823 0.050286
69 C . 446422 0.602527 0.2214 30 C.04 9927
69 0.222299 0.450776 3.6 02729 6.1207 40 0.04 9571
70 0.221481 0.602910 0.216659 C .04 92 19
71 C.455366 0.6v3072 0. 217.266 0.0466 72
72 0.219936 0.603215 0.215922 C .046526
73 0.459P&4 0.60 33 39 C.P14-66 0 .046186
74 l).4bl9o6 0.603447 0.213216 0 .04 76 51
75 0.217697 0.464096 0.60 35 37 0.211679 0.0 4 75 16
76 C .216996 0.466190 0.6 0 3b U 0.21054 7 C.04 7 1 69
77 0.216313 0. 466 246 O.faU 3669 C.2C9224 0 .046662
7b 0.215641 0 . 4 7027 3 0.6 0 37 12 0.207910 0 .046536
79 C .21 4994 0.472265 0.603740 C.<C6b03 C .3462 17
83 0.214357 0.4 74224 0.60 37 54 C.20 5 304 C .0 4 c6 99
61 0.476151 0.6, 37 54 C.204C1 3 'J.045584
82 0.213127 C . 478046 0.6037 4 0 0.202731 C.34 527 1
83 0.212532 U. 4799 1 1 0.6037 1 3 6.201456 0.0 44960
64 0.211950 0.46 1 745 0.6u367 3 0.200169 C .044652
85 0.21136 1 C.483550 0.603620 u . 196930 C.04 4 34 6
86 0.210823 0.465325 0.603555 0. 197.678 0.044043
67 0.210277 0. 46 707 1 0.61 34 76 0.196 4 35 C .0 4 374 1
83 0.488789 C . 6 C 3389 0.195198 0 .04 34 42
69 0.209219 0.49047 9 0.603269 6. 1 93970
93 0.206 735 0.49214 1 0.603177 C.192749 C.0 428 50
91 0.206202 0.493776 0 . 6 C 3054 C . 191535 C.042557
92 C .23^739 0.495365 0.602920 0.190329 0.042265
93 0.207225 C .496967 0.612775 0.189131 0 .04 1976
94 0.206750 0.498524 0.602o 20 0. 1 87.9 39 0.04 1669
95 . 0.500055 C.662454 0.166755 0 .04 1403
96 0.205628 0.50156 1 0.662279 0.185578 0.04 1 1 19
97 C 205 37 9 C. 5 0 3 0 4 3 0.602093 0.164409 0.040838
93 0.234936 0.504500 0.601897 0 . 1812 4 < C.040557
99 0.204506 ( . iC 59 ' 0.601692 0.182091 C.C40279

103 0.204J81 0.507 343 0.6614 77 0.160942 C.C4C002
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TIME M  C MP EP ___

1 
2 

• 1
4
b
b
7
«
9

1)
11
12
1$
14

la
V
1#
23
21
22
23
24 
2b 
2b
if
26
29
30
31
32
33
34 
3b 
36 
If 
Sti 
39 
43
41
42
43
44

4 6
4 f 
43 
49 
53

0.19791b 
0.19 3 77 4 
3.188261 
0.181892 
0. 175040 
0.167976 
0. I b 0 9 0 2  
0. 153949 
0 .147216 
0.14)764 
C. 1 346 3 3 
C. 128645 
0. 1 2 3 4 W  
0. 118326 
0.113587 
0. 1 0 9 1 6 3  
C . 105396 
0.101316 
0.097*24 
0.09460 1 
0.091629 
C .066692 
0.066374 
0.064)59 
0.061931 
0.079977 
0.0761*3 
0.076)36 
0.075025 
0.07 3639 
0.0723o9 
0.07 1204 
0.070136 
0.069157 
C.0a626u 
0.0674 38 
0.0 6665 
0.065995 
0.065363 
C.0u4763 
0.0b4252 
0.063766 
0 .063520 
0 .06291 1 
0.062536 
0.062192 
C.061877 
0 . 0 b 1 5 6 7 
0.061321 
C.Oul 076

U.206056 
0.211455 
0. 21 1 .4  7 c 
0.2(906 1 
0.204990 
0.199742 
0. 1 9 374 0 
0.16 726 3 
0.160593 
u. 1 7 36 35 
C. Iu7l2b 
3.160554 
J . 154 17 7 
0.146037 
0.142158 
0.136555 
0. 1 31236

C . 12144 3

0.106766 
v. 1050 35 
0.101530 
0.096241 
0.095153 
u . 092254 
0.089533 
0.06697 7 
C . 06457 7 
u . 062321 
0.060199 
0.076233 
2.076322 
0.074550 
0. 07287 9 
0.07 I3t0 
C . 06960 9 
0.066397 
0 . 06706 1 
0.065794 
0.064591 
0.06 34 4 6 
0.Go2 3b 1 
(1.061 326 
u.Ohu '"i 
3.059397 
0.058496 
0.057635 
0.0 566 0 9

0.202221
0.204324
0.206362
0 . 2 0 8 7 7 6
0.2 10396
0.212442
0.214523
0 . 216b4b
0.218815
0. 221 0 21
0.223292
0.225595

0.23C3C9 
0.2327 11

0.237575 
0.24C027 
0.242467 
0.244946 
0. 24 74 07 
0.249660 
C.252302 
0. 2547 30 
0.257142 
0.2595 33 
0.261903 
0.264246 
0.266567 
0.266858 
0.271120 
0.273351 
0.275551 
0.27771b 
C.279652 
0.281955 
0.26402u 
C.266053 
0.2880=2 
0.290017 
0.291916 
0.29 3844 
0.295707 
0.297537 
0.299335 
0.361097 
0.302626 
0.3 04 5 27 
0 . r J ' 
0.3v *t SO

0.211671
0.221265 
0.2286%' 
1%? 344 ", 
0.2 36 6)4 
C . 242056 
0.244 36 3 
C.245939 
0.246856 
0.247249 
C .247.2)3 
0.246795 
0.246069 
0.245136 
0.243967 
0.2426 7 3 
0.241230 
0.239684

0. 2 36375 
0.234649 
0.2 ’2695 
C.231 127 
0.229354 
0. 227.566 
C . 2256 30 
C.224092 
C . 222379 
0.220693 
0.21904C 
0.217422 
C. 215841 
0.214299 
0.2127 96 
C . 211356
C . 2 0 9 ^ 1 9
0.208543 
C . 207210 
0.205*18 
0 . 2046V6 
0. 203460 
0.202292 
0.201163 
0.200074 
0.199022 
0. 1 9 6 0 7  
C. 19 7.0 29 
0.196065 
0. 195175 
0 . 194 297

0.216365 
C.229526 
0.240142 
0.246721 
0 .255657 
0.261", ,6 
0.265 59 
0.26,355 
0.272193 
0.274392 
0.276046 
0.277237 
0.276023 
0.276457 
0.278581 
0 .2764 33 
0.27*041
0.276629

0.274514 
0 .27 3234 
0 .27 1625 
0.270299 
C .266 666 
0.2669'6 
0.265123 
0.26:229 
0 .26 126b 
0.25924)
0.257158 
0 .255026 
0.2528 50 
C . 250636 
0.246369 
0.246114 
0 .24 38 16 
0 .24 1497 
0 .239164 
0.236616 
0.2344b 4 
C. 2 32104 
0 .229743 
0.227361 
0.225023 
0.222689 
0.220 32 3 
0 .217967

0 . 2 1 3 3 5 0

lA. :
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Tll'ffi M C MP EP B

51 C.Cb0651 O.OSoCie 0.3094 35 C . 1934)1 C.211053
52 0.060644 0.055258 0.31101C U . 192635 C. 208 771
53 0.060453 U.J54526 0.312)56 0.191648 0.206507
54 C.0b0277 0.053625 0.31407? 0 . 19109C 0.204262
55 C.060114 0.053149 0.315559 0. 190358 C.2020 36
56 0.05 99 6 0.052497 0.317017 0.1896)2 3.1998 30
5f 0.059624 0.05166 7 0.316448 0.186972 0.19 7b4b
56 C.059694 0.051260 0.319851 C. 1 88 315 0.195484
v9 0.059)7 3 5.050672 0.321220 0.187661 0.193345
6) 0.0594 1 0.0)010 3 0.32257/ C. 1 6 7 0 b 6 C . 19 1229
61 0.049552 0.323902 0. 186477 0.159138
62 0.059257 0.049018 0.3 252 00 0 .1859Jt 3 . 16 70 71
63 0.059164 0.046530 0.3264 73 C. 1 65353 C . 165028
64 f .0)9077 0 . v 4 7 9 9 8 C . 327721 0. 1 64 8 19 0.182011
65 0.058994 0.047509 0. 1 64 3 >2 0.16 1O20
bo 0.058915 0 . 0 4 7 C 34 0.3 3014b 0 . 1 6 36u3 0.179054
f>r 0.056640 0.u4 0572 J . 331323 0.163316 C .177 1 14
6b v .046122 C.33247b C. 1626.4 9 0. 17 5200
69 0.05*706 L.0 456M4 0 . 353oC6 t . 162394 0.17 3312
70 0.045257 0.334716 C. 181953 C . 171450
71 0.056)6 9 0.044(4 1 C . 335603 0. 181525 0.1u9ol4
72 0.0 • >37 0.046434 0.3 36666 0.161109 C.1 o 76Q4
73 0.05844b 0.0440 3 C . 18C7C5 0.166021
74 0.056 367 0.043650 0 . 3 389 35 0. 1 60 512 0.164263
75 0.0)6329 0.04327 1 C . 179930 0. 1625 32
7 o t . 0 4 29 o 1 0.3 40 9 20 C. 1 79558 0.160826
77 0.U42539 0 . 34168 5 C.1791V6 0. 15914b
76 0.056159 0.042165 C. 34 26 25 C. 1768 .2 0.157491
79 0.058103 C.C41F38 C. 34 3749 0.178496 C . 155861
N 0.056J4f 0. )4 14 98 0.344653 C . 178162 0.154256
61 0.057992 0 . 0 4 116b v. 3455 39 fc. 1 77.6 3 3 C . 152677
62 0.0579 37 C.040P4C C . 3 4 64 06 0. 177.512 0.151121
63 0.057cr2 C.040521 C . 3.7 255 0. 177.198
64 0.057626 C.0 4 02 C 8 C .346066 0 . 1 76891 C . 1 4 80 63
85 0.057770 6.v 39901 0.348899 0 . 176590 0.146600
66 0.0)77 14 :. 34 9b95 0 . 1 7o 295 0.145141
67 0.0)7657 0.3 504 7 3 0.17b006 0.143704
63 0.0576CC 0.0 3901 4 0.17572? 0.142291
69 0.057)4 i 0.3)19 60 0. 1 75444 C .1-C93u
9 J 0.057464 0.0364 5 0 0.35 2700 0.175170 0.139531
91 0.05 74 25 0.038176 0 . 1 T4901 0.138185
92 0.057 366 0.$54116 0.174637 0. 136660
93 0.057 336 0.0 3/641 0 . 154 796 0 . 1 74 37 6 0.135556
94 C.057245 0.037381 0.355461 0.174120 0.134274
9j 0.05716 3 0.3 5 61xU 0 . J 7 36 67 0.133012
9o 0.057 12 1 0.356743 0. 17 36 16 0.13 1771
97 0.057056 C.036627 0.357362 0.173 37 3 0.1 30550
93 0.056994 0. 0 3 6 3n 4 0.357 966 0.17 3130 0.129349
99 0.056/79 0.0 36:4 4 C . 358555 C . 172691 0.12 8 167

100 0.05696 3 C.055909 0.3 59129 C. 1 72655 0.127005

<  r
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TIME EPPN B 1 MP N1 CPA

1
2
3
4
i  
b 
Z 
b 
9 

ID 
11 
Id
13
14 
1) 
16 
1Z 
16 
19 
2D 
21

25
26 
2Z 
26 
29 
3D 
11 
12 
13
34
35 
16 
3Z 
3s 
39 
43
41
42
43
44
45 
4b
4 Z 
49 
49
5 J

0.0Z6252 
O.OZ6bOV 
C.0Z9t5b 
0.080ZZ4 
0.062141 
0.063Z34 
0.0855 SZ 
0.06Z511 
0.06 9649 
0.091925 
0.094319 
0.096611 
0.099163
0. 102J.20 
0. 1J4ZC5

0.11)166
0.112921
0.1156Z4

0.121146 
0.123953 
0. 12652b 
0. 12916Z 
0. l3lZ6b 
0.134321 
0 . 1 3 6 B 2 9 
0. 139Z6Z 
0.14 1692 
U. 144D44 
0. 14634 0 
0. 14656C 
0. 150Z62 
0 . 152B8Z 
0. 154 955 
0. 15696b 
0.159 919 
0. 160916 
0. 162o5Z 
0.16444 3 
0.1661Z4 
C . 1 6 Z fc 5 3 
0. 1694Z6 
0 . 1 Z U 5 3  
0. 1Z25ZZ 
0. 1Z4952 
0.1Z54Z9 
0.lZ6b59 
0.1Z8194
0. IZ9484

V.0990Z 1 
0.096109 
O.J9Z132 
(,.09 6154 
C.095165 
U.094234 
0.09330Z 
C.092409 
0.09 154 3 
C.0907 1 1 
0.069916 
0.699 159 
0.0 864 39 
C.09Z75Z 
6.Of 7112
0.096'05
1.J6 59 3 3 
0.095397 
C.0849 95 
0.084426 
0.06 3990 
0.062584

0.062960

L . 092245

0.09 1307 
0.081126 
C.090969 
0.060829

0.060604 
0.06C5 1 7 
0.060446 
0.090390 
0.060 35C 
C.Of 0 324 
0.060311 
0.08031'’ 
0.080325 
0.060350 
0.0 80 367 
0.080435 
U . v 6 U 4 9 4  
0.080563 
0.080643
0.090Z32

v.19504c 
0.190646 
0.166721 
O n *  1207 
0 .1 e 0 J 54 
0.177216 
0.174665 
0.1 72364 
0.170267 
0.1bf 4 1 3 
0.166721 
0.1u5l95 
0.103818 
0.162577 
0.161459 
0.1*04 53 
0.159550 
0.156 7 40 
0.156015 
0.1 57 366 
0.156768 
C.15627J 
0 .15581b 
0.1554 12 
6.155054 
0.154739 
0.154463 
0.154221 
0.154009 
0.153825 
0.15:665 
0.1 53

0.1533C2 
0.153212 
0.1531 34 
0.153065 
0.1530C5 
C . 15295? 
0.15290 3 
0.152859 
0.1526 17 
0. 1 527 76 
0.1 5 27 36 
0.) 52 6 95 
0.152653 
0 .152b09 
0.152562 
0.152513 
0.152459

0.199639 
0.199396 
G.198725 
o. r^r tttc*
V. 196657 
0.195719 
0.194476 
0. 193145 
0.191739 
C . 190272 
0. 166 75 3 
C. 167.190 
0.18559C 
0. 1 6 39 60 
6.162 3 34 
0. 1 80628 
0. 1 78936 
C. 177 2 30 
t. 1 755 14 
0. 173792 
C . 172065 
0.170 3 36 
0.168667 
0 . 1668P0 
U . 165156 
0 . 1 634 36 
0.161726 
I.16C021 
C . 154326 
0.156641 
0. 1 54 966 
0. 153 304 
0.1 1654 
0. 1 50017 
C . 148394 
0.146785 
0.145192 
0.143613 
0. 1 42051 
0.140504 
C. 136974 
C . 1 3746C 
0. 1 35963 
0.13*4* ' 

133019 
131573 
130 144
1267 32 
1 27. 3 3P 

0. 125Q5C

0. 
0- 
V < 
0 
0,

0 .696992 
0.680505 
C .6b 4 0 20 
0.649152 - 
C.635*12 
0.623177 
0.611675 
0.600972 
0.590960 
0.561552 
0 .572676 
0.564273 
0.556292 
0.546693 
0.541436 
C .534496 
0 .52 7640 
0.521445 
C .515293 
0 .509362 
C.503636 
0.498106 
C .492753 
0.467566 
0.462536 
0.477653 
0.472906 
0.466294 
0.46 38 05 
0.4594 32 
0.455171
0.451017 
0.446963 
0.443007 
0.439144 
C.435370 
0.4 31681 
0.428075 
C.424S46 
0.421097 
0 .41 7720 
0.4144 15 
0.41 1179 
0.408009 
0.404935 
0.401663 
0.396663 
C -395962 
0.3930 99
0.390292
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TIME EPPN B1 NP N 1 CPA

51 0. 160732 u.JrC63C 0.152401 0. 124599 C .38 7540
0. 191937 C.080937 0.152339 C . 123256 0.384641

53 u •w £ 1053 0.152271 fi. 1219 30 0.362194
. 54 0.164226 0.36 1176 0.15219/-..0. 120620 C. V ? 5  96

55 0.195312 c.081 31 C 0.152119 0.119327 0.377J52
56 0.186361 0.36 1451 0.152035 6. 1 ldO.>l C. 37 4554
bf v.361599 0.151945 1.116792 C. 372103
56 0. 186351 0.0817 54 0.151648 0.115548 0.369699
59 0 . 169294 0.06 1916 0.15174b C. 1 14 322 0 . 36 7 339
ba C. 1 90 20 3 0 .062066 0.15 1 b 37 0.113111 C.3b5024
61 0.082262 0.1 515 21 C . 111916 C . 362752
6 ̂ 3.062445 0.151400 C . 110737 0 • 3b C5 22
63 0. 19274 3 0.062634 C . 109573 0.358333
64 0 . 19 35 2 9 0.062629 0.151137 0. 1C6425 C . 556165
65 0. 194267 0.063C30 0.15C 996 0 . 107.292 0.354(76
6 6 0.195317 0.06323b 0.150646 0. 10617 4 0.352006
6f 0.19572 1 0.06 344 9 0.150b 95 0.105071 C . 3499 74
66 0. 196396 0.0 43667 0.1 005 35 0.103983 0 . 34 7979
69 0.197350 2.Or 36 90 0.130 568 0. 1C29v 9 0 .346^21
7) 0.197677 0 . 3 6 4 U 6 0.15019b 0 . 1C1849 C. 54 4(96
71 0.198261 3.064 352 0.1 j 0 3 1 6 U. 100604 0.342211
72 0 .364590 6.6997 72 C . 34 0 356
73 C. 1V9419 0. v 6 4 6 34 0.14964 3 C.4 96 754
74 0.199955 0.365061 0.149447 0 .( 97 7 49 C . 336752
7) 0.06 5334 0.1 4924b C.096756 0 . 334996
76 0.200964 C . 365591 0.095780 0.3:32 7t
77 0.3656-7 0. 1 4 86 26 0.(946 14 0.351585
78 0.146609 0.( 9 38 b2 0.329924
79 o.;::'. - 0.0 46387 0.(92921 0.328294
63 0.20274 7 0.3 6 o6b1 0.1 4 Pi 56 0.091593 0.326693
61 0.2C 14 0. 1 4 7926 0.(91077 C .325121
62 0.087220 C. 1 4 7686 C.C '0174 0.323577
63 0 .20 3593 u . 36 7505 0.147447 0.(892el 0.322062
64 0.20 4 24 2 0.367794 0. 1 4 720C l.(664Jl 0 . 3206 7 3
65 0.088067 0.146950 0.0 87.5 31
66 0.204692 0.366363 0.146695 0.(8667 3 0. 31 7t, 7 7
67 C . 205193 0.068682 0.146436 0.(85826 0.316268
68 C .2054 60 U . U h6966 0.( 84 990
69 0.205752 0.089291 0.1459C6 3.084 164 0.313525
93 0.206011 0.(63349
Vi C .206255 0.069913 0.145362 C.082544 0.310861
92 0 • 2064 a6 0.145084 0.081749
93 0.206704 0.090546 0 .1 4 4 b 0 4 0.18(965
94 0.20690V 0.C90P7C 0.144520 0.080190 C. 30 7091
9) 0.207101 0.091194 0.1442 33
96 0.207262 0. 1 4 394 3 0.(78669 0 . 30 4b7h
97 0.207450 0.091852 0.143650 0.(77923 0. 30 2504
98 0 .207607 0.092165 0.14 3 354 0. 0 7 7.1 65 0.302351
99 0.207752 0.092521 0. 14 3055 0.(764 ,7 0. 30 1220

100 0.207887 0.092860 0.14 27 54 0. 0 757 38 0.200109
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'
riME EPC EPB EPI NP1

i 0.040b 14 0.02Z51Z 0.050259 0.1999)0
? 0.03425Z C.50Z152 0.051760 0.1996 08
i 0.028969 0.006861 0.0 5 3549 0.199587
i» 0.024Z43 0.v 0 66 b 3 0.055544 0.199297
5 0.02 1304 0.057741 0.198946
6 0.018605 0.006448 0.060114 0. 198544
Z 0.016214 C.u0b3o5 0.062637 0.198095
0 0.014326 0.006346 0.0652#- 3 0. 197.608
9 0.C12Z5C 0 0 6 8027 0. 197087

1J 0.0114! 2 0.070646 C. 196536
11 0.013346 0.00631C 0.07 37 16
12 0.C09408 0.006310 0.076623 0.195369

0.0Jb 65 5 0. 19475'
14 v .OOl 111 0.062467 C. 1941 33
15 0.007306 0.006309 C.Cdb V 7
1 0.0067Z9 0.006302 0 • 0 6 8 21 $ 0. 192652
1Z C.Our u ; 0.6062>2 0.34 111,
Id 0.0058 9Z 5.0062ZZ C. 191547
19 6.0062 ' 0. 190690
2J 0.005192 0.099403 0.190232

0.0046 9C 5.006202 0.1t2w56 C. 1 69575
22 0.004616 0.104643 0.166921
2.1 0.C043aZ 0.107177 3. 1 68270
24 0.004139 6.UObC64 u. 109b41 0 . 1 67.623
25 0.003930 0.006036 :.1 1 20 38 0.166982
26 0.00 37 36 0.1 14 36 9 0. 166346
2 Z 0.003561 6.U05929 0 . 11 u 3 2 0.16 5716
2d 0.003396 0.0058Z1 0 . 1 1 t.29 0. 1 65096
29 0.00324Z 0.505810 0.120959 0. 184463
35 0.00110Z C . 605747 0 . 1 c3C24 0. 167*76
11 0.0029 ZZ 0.605661 0.125324 0. 18326 1
32 0.002657 0.505ol4 0 . 126 9 6c C. 162693
13 C.052Z45 v.005545 0.128634 0. 182114
14 0.002 640 0.035476 0.1706 4 6 0. 161545
35 0.052543 6.505465 0.132399 C. 1 80 98 5
36 0.002453 C.005333 0.134093 0. 1 804 34
It 0.002356 U.0052bl 0.135731 0.179693
Id 0.002269 C.005166 0.137313 0.179361
39 0.002215 0.005116 0.136642 0.176638
43 0.00214b C. O 0 5 C 4 3 0.140316 0.178325
41 0.002061 6.004 971 0.141742 0. 1 77.62142 0.002520 0.00489°. 0.1431 16 0. 1 77.327
43 0.05 1962 5.3C4627 0.144445 0. 1 7664 1
44 0.001909 0.004 755 0.145726 0 . 1 763b4
45 0.001856 0.504685 0 .1 46961 0.175996
46 0.001610 0.004615 0.146152 0. 1754 $6
4 Z 0. 0 5 1Z65 0.00454b 0.149300 J. 174964
45 9.C51Z23 0.CU44/6 0.150407 0. 1 7454 1
49 0.00 1662 0.00 44 10 0.1514 73 0. 1 74 135
53 0.001644 0.004344 0.152500 0.173677
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Y iK) IS THE COMPUTED SOLUTION AT XEND,
FOR K=l,2,...,N.
OTHER ERROR CONTROL OPTIONS ARE AVAILABLE. 
SEE THE DESCRIPTION OF PARAMETERS IND ANT 
C BELOW.

IND - INDICATOR. (INPUT AND >UTPUT)
ON INITIAL FNTR'. IND MUST BE SET EQUAL I'C
EITHER 1 OF. 2.
IND = 1 CAUSES ALL DEFAULT OPTIONS TL B:

* ' * US&D AND ELIMINATES THE NEED TO SET ''
SPECIFIC VALUES IN THE COMMUNICATIONS 
VECTOR C .IND = 2 ALLOWS OPTIONS TO BE SELECTED. IN 
THIS CASE, THE FIRST 9 COMPONENTS OF C 
MUST BE INITIALIZED TO SELECT OPTIONS A
DESCRIBED BELOW.

THE SUBROUTINE WILL NORMALLY RETURN WITH
IND = 3, HAVING REPLACED THE INITIAL VALUES 
OF X AND Y WITH, RESPECTIVELY, THE VALUE 
XEND AND AN APPROXIMATION TO Y AT XEND.

THE SUBROUTINE CAN BE CALLED REPEATEDLY WITH 
NEW VALUES OF XEND WITHOUT CHANGING AN':
OF THE OTHER PARAMETERS.

THREE ERROR RETURNS ARE ALSO POSSIBLE, ‘
WHICH CASE X AND Y WILL BE THE MOST 
RECENTLY ACCEPTED VALUES.
IND = -3 INDICATES THAT THE SUBROUTINE WAb 

UNABLE TO SATISFY THE ERROR REQUIREMENT. 
THIS MAY MEAN THAT TOL IS TOO SMALL.

IND = -2 INDICATES THAT THE VALUE OF HMIN 
(MINIMUM STEP-SIZE) IS GREATER THAN HMAX 
(MAXIMUM STEP-SIZE), WHICH PROBABLY MEANS 
THAT THE REQUESTED TOL (WHICH IS USED IN 
THE CALCULATION OF HMIN) IS TOO SMALL.

IND = -i INDICATES THAT THE ALLOWED MAXIMUM 
NUMBER OF FCN EVALUATIONS HAS BEEN 
EXCEEDED. THIS CAN ONLY OCCUR IF OPTION 
C (7), AS DESCRIBED BELOW, HAS BEEN USED.

C - COMMUNICATIONS VECTOR OF LENGTH 24. (INPUT IT
IND.NE.l, AND OUTPUT).
C IS USED TO SELECT OPTIONS AND TO RETAIN 

INFORMATION BETWEEN CALLS. THE USER NEED 
NOT BE CONCERNED WITH THE FOLLOWING 
DESCRIPTION OF THE ELEMENTS OF C WHEN 
DEFAULT OPTIONS ARE USED (IND=1) .
HOWEVER, WHEN IT IS DESIRED TO USE IND=2 
AND SELECT OPTIONS, A BASIC UNDERSTANDING 
OF DVERK IS REQUIRED. THE FOLLOWING 
PARAGRAPH DESCRIBES, BRIEFLY, THE BASIC 
TERMS. FOR MORE DETAILS, SEE THE DOCUMEN1 
REFERENCE.
DVERK ADVANCES THE INDEPENDENT VARIABLE 
X ONE STEP AT A TIME UNTIL XEND IS 
REACHED. THE SOLUTION IS COMPUTED AT 
XTRIAL = X+HTRIAL ALONG WITH AN ERROR 
ESTIMATE EST. IF EST IS LESS THAN OR 
EQUAL TO TOL (SUCCESSFUL STEP), THE STEP 
IS ACCEPTED AND X IS ADVANCED TO XTRIAL.

„  ‘-r .



IF EST IE GREATER THAN TOL (FAILURE)
hVRIAL IS ADJUSTED AND THE SOLUTION IS
RECOMPUTED. HMAG = ABS(HTRIAL) IS NEVER 
ALLOWED TO EXCEED HMAX NOR IS IT ALLOWED
TO BECOME SMALLER THAN HMIN. THE FIRST
TRIAL STEP IS HSTART. DURING THE 
COMPUTATION, A COUNTER (C(2S)) IS 
INCREMENTED EACH TIME A TRIAL STEP FAILS 
TO PROVIDE A SOLUTION SATISFYING THE ERROR

)
USED TO RECORD THE NUMBER OF SUCCESSFUL 
STEPS. AFTER A SUCCESSFUL STEP, C(23) IS 
SET TO ZERO.

OPTIONS. IF THE SUBROUTINE IS ENTERED WITH 
IND=2, THE FIRST 9 COMPONENTS OF THE 
COMMUNICATIONS VECTOR MUST BE TNITIALIZED 
BY THE USER. NORMALLY THIS IS DONE BY 
FIRST SETTING THEM ALL TO ZERO, AND THEN 
THOSE COP RESPONDING TO PARTICULAR OPTIONS 
ARE MADE NON-ZERO.

ERROR CONTROL INDICATOR.
THE SUBROUTINE ATTEMPTS TO CONTROL A NORM 
OF THE LOCAL ERROR IN SUCH A WAY THAT THE 
GLOBAL ERROR IS PROPORTIONAL TO TOL.
THE DEFINITION OF GLOBAL ERROR FOR THE 
DEFAULT CASE (IND-1) IS GIVEN IN THE 
DESCRIPTION OF PARAMETER TOL. THE DEFAULT 
WEIGHTS ARE 1/MAX(1,A B S (Y(K))). WHEN IND-2 
IS USED, THE WEIGHTS ARE DETERMINED 
ACCORDING TO THE VALUE OF C(l).
IF C(l)-1 THE WEIGHTS ARE 1

(ABSOLUTE ERROR CONTROL)
IF C f1)=2 THE WEIGHTS ARE 1/ABS(Y(K))

FOR K*1,2,...,N.
(RELATIVE ERROR CONTROL)

IF C(l)=3 THE WEIGHTS ARE
1/MAXiABS(C(2)),ABS(Y(K)))
FOR K=l,2,...,N.
(RELATIVE ERROR CONTROL, UNLESS 
ABS(Y(K)) IS LESS THAN THE FLOOR 
VALUE,ABS(C(2)))

IF C (1)=4 THE WEIGHTS ARE
1/MAX(ABS(C(K+30)),ABS(Y(K)))
FOR K«l,2,...,N.
(HERE INDIVIDUAL FLOOR VALUES 
ARE USED)
IN THIS CASE, THE DIMENSION OF C 
MUST BE GREATER THAN OR EQUAL TO 
N+30 AND C (31), C (32),...,C(N+30) 
MUST BE INITIALIZED BY THE USER.

IF C (1)*5 THE WEIGHTS ARE 1/ABS(C(K+30))
FOR K=l,2,...,N.
IN THIS CASE, THE DIMENSION OF C 
MUST BE GREATER THAN OR EQUAL TO 
N+30 AND C (31), C (32),...,C(N+30) 
MULT BE INITIALIZED BY THE USER.
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FOR ALL OTHER VALUES OF C (1)» INCLUDING 
C(1)=0 THE DEFAULT VALUES OF

THE WEIGHTS ARE TAKEN TO BE 
1/MAX(1.A B S (Y (K) ))
FOR K*l,2, . . . ,N.

C(2) - FLOOR VALUE. USED WHEN THE INDICAVOR C(i
HAS THE VALUE 3.

C (3) - HMIN SPECIFICATION. IF NOT Z^RO, .HE
ROUTINE CHOOSES"HMIN TO BE AES iC4, ,) . 
OTHERWISE IT USES THE DEFAULT VALVE

NUMBER AND RREB IS THE RELATIVE ROUNDOFr 
ERROR BOUND.

C ‘4 ’ " BS^ I ^ E5 M ° L  INITIAL H MAG' F.5u^ Tc"
ABS(C(4)), EXCEPT OF COURSE FOR THE RE­
STRICTIONS IMPOSED BY HMIN AND HMAX. 
OTHERWISE IT USES THE DEFAULT VALUE

C (5) - SCALE^SPECIFICATION. THIS IS INTENDED TO BE
A MEASURE OF THE SCALE OF THE rROBLt-.l.
LA'RCER VALUES OF SCALE TEND TO 
METHOD MORE RELIABLE, F lRS a B, FO^SaBLY 
STRICTING HMAX (AS DESCRIBED BELOW, A..D 
SECOND, BY TIGHTENING THE ACCEPTANCE 
REQUIREMENT. IF C(5) IS ZERO, & DEFAULT 
VALUE OF 1 IS USED. FOR LINEAR HOMOGENEO^z 
PROBLEMS WITH CONSTANT COEFFICIENTS, AN 
APPROPRIATE VALUE FOR SCALE IS A NORM Or 
THE ASSOCIATED MATRIX. FOR OTHER PROBLE-.z,
AN APPROXIMATION TO AN AVERAGE VALUE OF n 
NORaM OF THE JACOBI AN ALONG THE TRAJEC­
TORY MAY BE APPROPRIATE.

C(6) - HMAX SPECIFICATION.̂  (̂ U ^ C A S L ^ A R E  ̂ POBSIBL .

IFTC(!).NEN 0AiNDCct5) IS TAKEN
IF*C(6rEQ^O^AND^C(5).NE.O, HMAX IS TAKEN

TO BE 2 /ABS (C ( 5 ) ) .
IF C (6 ) . E Q . 0 AND C ( 5 ) . EQ . 0 , HMAX IS uiV--.

A DEFAULT VALUE OF 2.
C (?) - MAXIMUM NUMBER OF FUNCTION EVALUATIONS.

NOT ZERO, AN ERROR RETURN WITH IND = "1 
WILL BE CAUSED WHEN THE NUMBER Or F! NOTION 
EVALUATIONS EXCEEDS ABS(C(')).

c,8) - w i l l ^ i*i t e r r u p t **t h e "c a l c u l a t i o k s *
AFTER IT HAS CHOSEN ITS PRELIMINARY ,ALL­
OT HMAG, AND JUST BEFORE CHOOSING "TRIAL 
AND XTRIAL IN PREPARATION FOR TARING & STEP 
(HTRIAL MAY DIFFER FROM HMAG IN SIGN, AND 
MAY REQUIRE ADJUSTMENT IF XEND IS NEAR).
THE SUBROUTINE RETURNS WITH IND = 4, AND 
WILL RESUME CALCULATION AT THE POINT OF 
t»imc’d c rto'T’tnM TF RF —ENTERED WI .!! ..<D •
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C O )

NV?

W

IER

PRECISION/HARDWARE -

INTERRUPT NUMBER 2. IF NOT ZERO, THE
ROUTINE WILL INTERRUPT THE CALCULATIONS 
IMMEDIATELY AFTER IT HAS DECIDED WHETHER OR 
NOT TO ACCEPT THE RESULT OF THE MOST RECb.-T 
TRIAL STEP, WITH IND = 5 IF IT PLANS TO
ACCEPT, OR IND = 6 IF IT PLANS TO REJEC*.
Y (*) IS THE PREVIOUSLY ACCEPTED RESULT, 
WHILE W (*.9) IS THE NEWLY COMPUTED TRIAL

' - ~ * ' *
CALCULATIONS AT THE POINT OF INTERRUPTION 
ON RE-ENTRY WITH IND = 5 OR 6.
IND MPxY BE CHANGED BY THE USER IN ORDER TO
FORCE ACCEPTANCE OF A STEP (BY CHANGING IND
FROM 6 TO 5) THAT WOULD OTHERWISE BE 
REJECTED, OP. VICE VERSA.

ROW DIMENSION OF THE MATRIX W EXACTLY AS 
SPECIFIED IN THE DIMENSION STATEMENT 
IN THE CALLING PROGRAM. (INPUT)

WORKSPACE MATRIX.
THE FIRST DIMENSION OF W MUST Br. NV, AND THE 
SECOND MUST BE GREATER THAN OR EQUAL TO 9. 

ERROR PARAMETER. (OUTPUT)
TERMINAL ERRORIER = 129, NW IS LESS THAN N OR TOL IS LESL

THAN OR EQUAL TO ZERO.
IER = 130, INT IS NOT IN THE RANGE 1 TO 6. 
IER * 131, XEND HAS NOT BEEN CHANGED FROM 

PREVIOUS CALL OR X IS NOT SET TO 
THE PREVIOUS XEND VA1 E.

IER = .132, THE RELATIVE ERROR CONTROL 
OPTION (C (1)=2) WAS SELECTED AND 
ONE OF THE SOLUTION COMPONENTS 
IS ZERO.

SINGLE AND DOUBLE/H32 
SINGLE/H3 6 ,H4 8 ,H60

R2QD. IMSL ROUTINES 

NOTATION

- UERTST,UGETIO
- INFORMATION ON SPECIAL NOTATION AND

CONVENTIONS IS AVAILABLE IN THE MANUAL 
INTRODUCTION OR THROUGH IMSL ROUTINE UHELt

REMARKS 1. IN

2 .

A TYPICAL SITUATION, DVERK IS CALLED 

IND IS LESS THAN ZERO AND/OR IER IS GREATER iHAN

B S ^ S s S s i B  sssp-
TO EXAMINE COMPONENTS OF THE COMMUNICATIONS VECTOR 
r. A SUMMARY FOLLOWS;

\
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PRESCRIBED AT THE OPTION OF THE USER

C(l) ERROR CONTROL INDICATOR 
C (2) FLOOR VALUE 
C(3) HMIN SPECIFICATION 
C (4) HSTART SPECIFICATION 
C (5) SCALE SPECIFICATION

'em MAXC (8) INTERRUPT NUMBER 1 
C (9) INTERRUPT NUMBER 2

DETERMINED BY THE PROGRAM
C(10) RRLB (RELATIVE ROUNDOFF ERROR BOUND)
C(ll) DWARF (VERY SMALL MACHINE NUMBER)
C (12) WEIGHTED NORM OF Y 
C (13) HMIN 
C (14) HMAG 
C (15) SCALE 
C (16) HMAX 
C (17) XTRIAL 
C (18) HTRIAL 
C (19) EST
C (20) PREVIOUS XEND 
C (21) FLAG FOR XEND C (22) NUMBER OF SUCCESSFUL STEPS 
C (23) NUMBER OF SUCCESSIVE FAILURES 
C(24) NUMBER OF FCN EVALUATIONS

IF C ( V  = 4 OR 5, C(31),C(32),...,C(N+30) ARE FLOOR

cyorithm
i
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specified by the user. The proportionality depends on the kind of 
error control that is used as well as the differential equation anc 
the range of integration.
DVERK is efficient for non-stiff systems where derivative evaluations 
are not expensive and where solutions are not required a arg
w l l l l  ^ e nc L p “ r”i9p r e ! u d e l o r ag ! n « L % u i d . U n . . .

• - - *v resigned by T . . .
Enright, and K. R. Jackson. It uses Runge-Kutta formulas of order, 
and 6 that were developed by J. H. Verner.

See references:

1 1  D V E R K  - U A ^ S u b r o u t i n e r f o r t S o l v i n g * N o n - S t i £ £ O 0 D E ' ’ s ' ' ? r T R
Department of Computer Science, University of Toronto, Octobe., 
1976.

2 * rion^for' Comp^r Kutta * r o r m u l ^ ' .1977.

Example 1

fcr the predator-prey problem:

y p  - 2y i (l-y2) yl " 1 at x = o
y 2' 3 V 2 (yr 1) y 2 = 3

INTEGER N,IND,NW,IER,K
REAL Y U )  ,C(24) ,W(2, 9) ,X,TOL,XEND
EXTERNAL FCNl 
NW = 2  
N = 2  
X = 0.0 
Y(l) « 1.0 
Y (2) = 3.0 
TOL = .00 01 
IND - 1 
DO 10 K=1,10 

XEND=FLOAT(K)CALL D V E R K (N,FCNl,X,Y,XEND,TOL,IND,C,NW,W,IER)
I F (IND.LT.0.OR.IER.G T .0) GO TO 20Y d )  and Y(2) are current solution values at

Insert write statement here.
) CONTINUE 

STOP 
) CONTINUE

\
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specified by the user. The proportionality depends on the kind of 
error control that is used as well as the differential equation 
the range of integration.
DVEAK is efficient for non-stiff systems where derivative evaluations 
are not expensive and where solutions are not required at a 
number of finely spaced points (as might be the case .or e^ampi. 
graphical output). See the Chapter D prelude for genera, guideline .

tfhe subroutine .is. based on a cgd^ des^gped by I. ■ ■ :: : , 
Enright, and K. R. Jackson. It uses Runge-Kutta formulas of orle,s ..
and 6 that were developed by J. H. Verner.

See references:
1. T. E. Hull, W. H. Enright, and K. R. Jackson, "User^s Guide for 

DVZRK A Subroutine for Solving Non-Sti t: ODE c , .R >*o. , ,
Department of Computer Science, University of Toronto, Goto er,
1976.

2 - m : .

Example 1

for the predator-prey problem:

V  - *1 * 1 at x „ o
v 2' 3 y 2 (yr 1) y 2 = 3

INTEGER N,IND,NW,IER,K
REAL Y(2) ,C(24) , W {2, 9) ,X, TOL, XEMD
EXTERNAL FCN1 
NW = 2 
N = 2
X * o.o
Y (1) = 1.0 
Y (2) = 3.0 
TOL = .0001 
IND - 1 
DO 10 K=l,10

XEND=FLOAT(K) ,,CALL DVERK(N,FCN1,X,Y,XEND,TOL, IND,C, NW, fc , IER)
IF IIND.LT.0.OR.IER.GT.0) GO TO 20Y (l) and Y (2) are current solution values at ...

I Insert write statement here.
10 CONTINUE 

STOP 
20 CONTINUE

.
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i t c m s ' t ^ t ' m l y V ^ p ' d i a g n ^ .  the problem should be

INC^T0LA>'" y (1)  YtNJ.XbND, and  ..... C(24).
STOP
ENDSUBROUTINE FCN1(N,X ,Y ,YPRIME)

‘ y (N) *, VPRlME tN! , X* 
YPRIME(1) » 2 . 0*Y(1)*(1.0-Y(2)) 
YPRIME(2) a Y (2)*( Y 0)
RETURN
END
Output: 

IER - 0 X Y U )  Y (2)
1. 0.08 1.46
2. 0.09 0.58
3. 0.29 V.2 5
4. 1.45 r -19
5. 4.05 1.44
6. 0.18 2.26
7. 0.07 0.91
8. 0.15 0.37
9. 0.65 0.19

10. 3.15 0.35

Example 2

y ' s s  y t y  ■ 1  at x - 0 ,

is solved for X - .1..2....  the absolute error control option
(C(1)*D .

^ G E R  Y - ( U ? ^ 4 ? ! w ’( Ii : 9 , . X , T O L . X E N D

EXTERNAL FCN2
NW = 1
N s 1
X 0.0
Y U ) ss
TOL m 0.0005
IND a 2 Select all default options, first
DO 5 i== 1,9

5 C ( D 33 0.0 Then specify 0(1)=1.0 to select the 
control option.

C U ) = 1.0
DO 10 K=1,10

CALL D V E m N !PCI*2 X , Y , XEND,T O L , IND,C ,NW, W, IER) 
IF(IND.LT.O.OR.IER.GT.O) GO TO 20
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10 CONTINUE 
STOP 

20 CONTINUE

STOP
END
SUBROUTINE
INTEGER
REAL
YPRIME(1) '
RETURN
END
Output:

IER = 0

Y(l) is the current solution /alue at 
statement here.

insert write

.........
W B ^ O L V V . x I v a )    and   l241>

FCN2(N,X,Y,YPRIME) 
NY(N),YPRIME(N),X

Y (1)

X 
.1 
. 2  
. 3 
. 4 
.5 
.6 
.7 
.8 
.9 

1.0

Y d )
1.105
1.221
1.350
1. f,49 
1.622 
2.014 
2.226 
2.460 
2.718
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,u CONTINUE 
STOP 

20 CONTINUE

STOP
SUBROUTINE
INTEGER
REAL
RETURN
END

Y (1) is the current solution value at X. Insert wri-e 
statement here.

Handle IND.LT.O or IER.GT.0 
* Items that - / hehp diacnoao ♦the pyot^&m vhcuald be 
output here.
IND,TOL,N,X,Y(1),...,Y(N),XEND, and C (1),...,C (24).

FCN2(N,X,Y.YPRIME) 
N
Y(N),YPRIME(N),X

Y a)

Output; 
IER = 0

X
.1.2
. 4
.5
.6
.7 
. 8 
.9: .0

Y d )
1.105
1.221
1.350
1.492
1.649
2.014 

2. 718



10 CONTINUE 
STOP

20 CONTINUE

Y (1) is the current solution value at X. 
statement here.
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Insert write

STOP
SUBROUTINE

REAL
YPRJ.MEU) =
RETURN
END
OutpUwJ 
IER = 0

Handle IND.LT.O or IER.GT.0
.

output here.
IND,TOL,N,X,Y(l),...,Y(N),XEND, and C ( 1 C (24).

FCN2(N,X,Y,YPRIME) 
N
Y(N),YPRIME(N) ,X 

Y(l)

X 
.1 
.2 
. 3 
. 4 
.5 
.6 
.7 
. 8 
. 9 

1.0

Y (1) 
1.105 
1.221 
1.350 
1.492 
1.649 
1.822 
2.014 
2.226 
2.460 
2.718
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