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Introduction

In his book on "Forld Dynamics", Forrester (1971) presents an explicit version
of his dynamic model of the world., The model, which is based on theorebical
concepts develope’ from the .inveitigation of industrial and urban dynamics,
interrelates porulation, capital investment, geographical space, natural
resources, pollution, and food production. From these major sesctors and
their interactions appear to come the dynamics of chanre in the world system,
at least in so far as "the world" can be reasonably regarded as an entity.
Thus, rising population creates pressures to increase industrial ocutput,

grow more food, and occupy more land, and these factors, in turn, create
larger populations. In time, growth of population, industrial output and
agricultural output encounter limits as land and natural resources become
exhausted, and the capacity of the earth to dissipate pollution beconmes over-
loaded,

Porrester's model draws hesvily upon two concepts of system structure. The
most important of these concepts is that all effeats take place within
"feedback loops", i.e., closed paths that connect an "action" to an "effect"

in such a way that future actions are influenced by past effects. The feedback
may be positive or negative, the former generating increased growth in a system
and the latter generating stability in seeking an equilibrium, But any
feedback loop may itse¢lf be complex, so that & serics of "actions"™ may be
linked to a series of* "effects", and vice versa, in a way which isg difficult,
if not impossible, to describe verbally., For this reason, systems models have
to be constructed in mathematical terms so that the nature of the feedback

and the relationships between variables can be made explicit.

The sescond important concept is that the relationships between the variables
included in a system will seldom be linear, and the extent and nature of the
non-linearity of these relationships has important effects on the behaviour

of the model. IMuch of the overt simplification of mathematical models smploved
in many branches of science depends upopn the asswiption of linearity of
relationships, and the escape fron this constraint in the modelling proccss is
onec of the edvantages sought from systems analysis.

WORLD2, from which Forrester drew many of his initial conclusions, is given
explieitly in his book, so that it is possible to explore some alternative
solutions fto the problems he poses, and to test the importance of various basie
assumptions directly on the same model., Various modifications of the nolel

have taken plare, even before it was published, but WORLDZ provides an
intercsting and reasonagble starting point for a study of these developments, and
for developments which other workers may wish to initiate. This pazer prosents
a version of WORLD2 in the BASIC computer language and reports on the recults of
some simple experiments with the modsl as examples of the eass with which it can
be manipulated on interactive computer systems.



The BASIC model

Forrester presented his model in the notation used by DYI..0 0, a computer pProgran
for translating mathematical models from a readily understood notation into
tabulated and plotted results. The model consists of algebraic relationships
that relate the variables one to anocther, and considerable ingenuity is

usually required to translate these relationships into a form in which they

can be handled sequentially by the computer. DYNAKO avoids many of the logical
difficulties by providing direct facilities for delining levels, variables,

and constants; and for defining functions by interpolation from rolatively few
fixed points. '

The use of a program like DYNAMO is not without its disadvantages. Pirst,

it requires a large compuber to operate satisfactorily, and much of the power
and storage space of the computer is used to hold the translator and its
ancillary functions, even when large parts of the program are not nceded for a
Particular model. Second, the language places certain constraints on the
formulation of the model, which is practically limited to a set of zero and
first-order difference equations. Third, because of the size of the
translator, it is usually necessary to run DYNAMO programs in a batcirprocessing
mode rather than in an interactive, conversational mode. The facilities for
experimentation may, therefore, be severely limited, especially if the
programmer is remote from the computer.

fppendix I gives a version of Morrester's WORLD2 in the BASIC language. BASIC

is a simple, conversational, computer langunge for scientific, business and
educational applications, used to solve simple or complex mathematical problems
and directed fror a user's teletype terminal. Input and output to the srogram
is through a teletype terwinal, and the language can be readily used on time-
sharing systems. TFurthermore, the notation is at least as simple as thot of
DYNAMO, even if sowe of the refinements of the latter are less readily aveilable,
In compensation, therc are fow limitotions on the form of the model which can

be formulsted.

Tigure 1 shows the essential construction of the program for WORLD2, the numbers
in the boxes giving the locations of the statements for each segment, (BLSIC
statements are always nurmberad to facilitate editing ard alteration of the

oy rams.) Bssentially, after sctting the initial conditions, the progran
consists of two seriecs of iterations, a2llowing for a switch in various
porameters of the model after 1970. Both series of iteraticns refer to the
main subroutine; which e ntains the prineipal rclationships postula’ed for
WORLDZ and described by Torrester (1971). In this subroutine, the table look-
up functions of DYNANO are replaced by empirical curve-fitting through the
points given by Torrester, The interpolated values will not, therefore, be
exactly the same as those derived from DYNAMO functions, but they are
sufficiently close for the model to behave in the same way, and the relation-
ships are, in any case, defined somewhat arbitrerily.

Manipuletion of the model, in its BASIC form, is =chieved by changing the
values of the coofficients, or by altering the form of the vrincipal relation-
ships in the mein subroutine. EBither of these changes can be made through the
exiongive editing facilities provided hy the Bi3IC language, so that the
consequences of the changes can be tested quickly and effectively on tine-
shering computer systems. The form of the BaSIC statsments is necessarily as
explicit as that for DYNAMO, but rcstrictions on the length of the names of
variables in the BASIC language have made necossary sonic redefinition of the
lester groups used to identify variatles and constants in the model eguations.
“he correspondcrice between Tor-ester's dofinitions and those used in the BasSIC
version of the model is summarised in —able 1.




Running the program of Appendix I in its unchanged form gives the basic

behaviour of the world model as postulated by Forrester, in which industrialization

and population are suppressed by falling natural resources. Table 2 gives the

typical outputs from the model for levels of population, natursl resources,

capital investment, pollution ratio, and quality of life at 10~year imtervals.

As an example of the ease with which modification can be made to the basic program,

the following alterations to the program result in Figure 2 which plots the same
values diagrammatically:-

130 _

170 PRINT T4B (INT((P/1E8) + 0.5;); Hpt,

175 PRINT TAB (50 + INT E( 1E10) + 0.5)); "R";
180 PRINT TAB (2 * INT ({C/1E9) + 0,5)); "c";
185 PRINT TAB (INT (z1 + 0.5)); "z";

187 PRINT TAB (INT ({40 * Q) + 0.5)5; g

330 PRINT TaB (INT ((P/1EB) + 0,5)); "pn;

335 PRINT TAB Eso + INT ((R/1E10) + 0.5)); "R";
340 PRINT TAB (2 * INT ((C/1E9) + 0.5)); "¢*;
345 PRINT TAB (INT gm_ + 0.5)); "a";

347 PRINT TAB (INT ({40 * Q) + 0.5)); "Q"

Figure 2 corresponds to the gimilar figure given by Forrester, except that the
scales for the individual variables have been daliberately omitted so as to focus
attention on the general shape of the curves rather than on over-precise
Predictions for any one year.

Printing or plotting of other variables of the basic model may be achieved by
similar modification of the BASIC statements 165-190 and 325-360, Note that,
throughout this paper, the BASIC exponential form will be used to represent large
numbers. Thus, 1.5E9 should be interpreted as 1.5 x 102 or 1, 500, 000, 000.

A test of some initisl conditions

Partly as z2n illustration of the ease with which the BASIC model may be
menipulated, a test of three of the initial conditions was carried out. One of
the frequent criticisms of the concept of dynamic models is that they are not only
dependent upon the correctness of the feedback relationships that are included

in the model, but they are also extremely scngitive to small changes in the values
assigned to the sysiem levels. It is importent to establish, therefore, the
extent and nature of this sensitivity.

Three of the system levels were chosen for this preliminary test, namely, natural
resources, capital investment and pollution, and the BASIC model was run with

the combinations of initial p-ramebers given in Table 3, and the resulting series
of experiments represents a 37 factorial design. Hovever, it guickly became
apparent that the changes of the order planned in the initial level of pollution
(Z) had no effect on the output from the model, and the experiment could therefore
be reduced to the 32 factorial design for the combinations of the levels of
natural resources (R) and capital investment (C).

The effects of the changes in thease parameters on population (P), natural
resources (NR), capital investnent (¢I), pollution ratio {POIR), and quality of
life (QL) are shown diagrammatically in Figures 3, 4, 5, 6, and 7, respsctively.
No detailed analysis of these effects will be attempted in this psper, but it is
clear that, while the general shape of the curves rcmains approximately similar,
changes in the initial values of the parametcrs for neitural resources and
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capital investment have warked effects on the estimates, and parvicularly on the
levels of natural resources and the pollution ratic. The model would appear to
be relatively sensiftive Yo joint changes in the initial values of some parameters,
but not to others, and further explovatinn of this sensitivity is proceeding.

Effect of reductions in the usage ratio of natural resources

The basic behavicur of WURID2, characterized in Table 2 and Figure 2, postulstes
that population and cepital investment will grow until natural resources decline
far enough to inhibit expansion. As resowrces decline still further, the world
is unable to sustain the peak population., Populstion then declines along with
capital investmsnt and. quality of life, which is dependent on material standard
of living, food supply, crowding, ard pollution, falls because of the pressures
created by ths shertags of natural resources.

Forrester (1971} suggested that, instead of allowing a limit to growth to be
impesed by declining recources, technology might find ways to use the more
plentiful meterials, recycle the more scarce resources, and to increase sources
of energy so that the depletien of resources is no longer the mejor constraint
upon populnation grogsh. Mo demonstrated the effects of removing this constraint
by ckanging the value of Gu2ge rate of mabural resources (NRUN) after 1970. In
other words, to see whethor o more degirable fubure is created, we assume that
technology mzintains the standard of livins by reducing the drein on expendable
and irreplaceable Testuroes.

Pigure 8 gives the changel iu popuiaidon (P) asscoiated with varying levels of

the usage rate of nobural soarees after 1970, and the actual population values
are summaricsd dn P-n3s 4. Reduslions In rvzage rate to 0.90 have only a snmall
effeaxt on populutiza Llevels, and a reducticn of the usage rate to 0.85 also has

a relatively small effect on population, sxcept for the marked fall in population
tetween 2050 and 2760 wiich wes elso associated with inereases in the initial
value of raturayl onsooroes Lo the Cast of the gsensitivity of the model to the
et poramates:, Frgtd of the wiage reiz to 0.80 and below lncrease the
weax value mashor Ly the pepulation, Lat also Zoad to Iucreagingly rapid collapse

soms dnboregs., With the reduced dependence on
cazilal Drvestdoort iae until 2 polluiior crisis is
: directly to raduce Lirth rate, increase death rate,

voathed, B
procoetion. Talle 5 zives tae pollutien raties (POLR)

ard. be deprs

¢ &
st rate of naturad resources aiter 1970, and these
rarratleally In Figors 9. The rapid iise in the pollution
less than 0,85 is particularly strizing, and further

the rolaticnships specified by this

grovi until tiey generate pollution at
¢ digsipate.  The resulting pollution
o vepid Ceeline in the level of the topulation and capitel
bz oof pollution gencreation falls bhelow the rate of

L,
5 Toce
correzponding Lo

1llugtratos the way
model, porunlation
a2 rate beyond Lol
overloaiiag il
investmer.
poliutiin o

Progres«ive refusiicr o5 bhs ngage oi neiursl resources

Reduction in the ucags vave of natural resources to a fixed proportion {from an
arbitrary date is cleevi; unrcalistic. Even if ways could be found to reduce
the demand per persc: made upon nataral resources, for example, by recycling
materials or by imcroved tecknology, the rate at which cuch a reduction could be
made would at firs® be relatively small, and then, b pefully, increase




progressively. Tests were therefore carried out on the basic model in which
the natural resource usage normal (WNRUN) was set equal to other variables of
the model after 1970.

In particular, four progressive reductions were tested:-

1. NRUN set equal to R/RO, i.e. the usage normal set equal to
the proportion of the current level of natural rescurces to
the level of resources in 1900,

2, MNRUN set equal to R/R1970, i.s. the usage normal set equal to
the proportion of the current level of natural resources %o the
level of resources in 1970,

5. NEUN set equal to nL, i.e. the usage normal set equal to the
quality of life,.

L. NRUN set equal to MSL, i.e. the usage normal set equal to the
material standard of living.

The results of these modifications to the basic model are summarised in Tables
6 and 7, ard in Figures 10 and 11. Only one of the modifications, where NRUN
is set equal to 1SL, shows any improvement over the basic model. The other
three modifications all lead to higher peak populations followed by a rapid
decline in population associated with a scaring pollution ratio. Setting NRUN
equal to MSL (the material standerd of living) after 1970 actually gives a
slight improvement over the basic model by keeping the peak population
marginally lower and reducing the rate of collapse, giving an estimated increase
of 0.3E9 persons in 2100. the calculated values of sopulation, naturel
resources, capital investnent, sollution ratio, and quality of life for this
Himproved” model are given in Table 8, together with the caleculated values of
kESL. Thus, achievement of this modest improvement in the model would require
reduction of usage norral NRUN to 0.99 by the year 2010, 0.76 by the year 2050,
and 0.52 by the year 2090.

Changes in rates of substitution

Fisher and Pry (1971) have proposed a simple substitution model of technological
cnanze, The model is based on throe assumptions: -

1. lany technological advances can be considered as competitive
substitutions of one method of satisfying a need for another,

2. If a substitution has nrogressed as far as a few per cont,
it will proceed to completion.

5. The fractional rate of fractional substitution of new for
0ld is proportional to the remaining amount of the 0ld left
to be substituted.

Ihey postulate that substitutions terd to proceed exponentially (i,e, with a
constant percentage annual growth increment) in the esrly years, and tc fellow

an 3-shaped curve. The simplast such curve is characterized by two constants:
the early growth rate anil the time at which the substitution is half-complete.



The corresponding fraction substituted is given by:

£ = (F) [T+ tanh A(t - t)/

where o is half the amwual fractional growth in the carly years and where tO is
the time at which £ = 0.%.

Thus substitution model can be incorporated into the world dynamic model by
alding the following statements To tac BASIC program:

210 DEF ma(a) = (zxP(a) - mp(-a))/(EP(a) + 2xp(-4))
245 LET H = 0,026
220 LET T
211 LET X = (%) ¢ (1 + A (H* (((T - 10) + 3) - T)))
392 LET NS =1 - ¥

1]
J
)
=]
]

Thereafter, by changing the valuegs of H and T in statements 215 and 220 respectively,
it is possible %o explore the consequences of changing these two parameters on
the world model predictions, where H and T represont <, and to, respectively.

Beginning from values of H and T of 0,010 and 2100 respectively, which were derived
by a rough approximation of the substitution rates of the improved model obtained
by setting MRUN equal iteo HMSL, an optimal gradient method (P, Wolfe, 1967} was

used to search for t.us covbination of values of these two parameters which gave

the highest predicted popuiation for the year 2100. A series of experiments was
also carried out on the model subseguentlir to determine the shape of the response
surface generated br changes in the values of the two parameters. TFigure 12 gives
the predicted populations in the year 21C0 for criticel values of H at each of
several values of T, the predicted porulation falling of repidly for all values

af H when T is lsas thon 2040,

In general, there iz a parilcular ranre of values of H which zives the maximum
values of predictel population in *h~ yoar 2100 Tor any given value off T between
2410 ard 200, Turiheriore, the maxiram predicted population for any value of T
inereasss as T inerasges vobil P o= 2040, and then sharply declines as is
illustrated in Fiz . Tre value of B for which the population in the year
2100 is o maximum corresponiing to each value of © is pletfed in Figure (F

In practics

~1lowing for the upsage of natural rasources to be sloved down
by a sigmoid substituiion model, as opouused to the arbitrary redvetion illustrated
by ¥orresbcor, resulvs in & stebilization of the world population, after a sharp
decline from a psak, at valucs conslderably higher than those pradicted for the
year 2100 by tho beric «ORLD2 modei. Provided that an opbimuli rate of annual
fractional growth chogzn, the level af which the world population stabilizes
is snoreased as the sesr in which the fragtion of natural resource usage is 0.5
is brought sarlier. reaching a asximum won T = 2000, 4 movre rapid rate of
substitution, howcver, rosulis in a sharp decline in the predicted population

i : cnloulaied values of the optimum substitution rates lor

each valug of [ :
arc given in Table 1
4 < 1/ - X s -
ih and 15, respective

in Table % mnd the corrospending predicted populations
. hesc rosults are nlso shown disgrarsaatically in Figures

The calculated valuss of population, natural rcesources, capital investment,
pollution ratio, and guislity of 1ife for the optimum substitution strategy, for
vhich B = 0.220 =n2 T = 2040, are given in Table 11 and Pigure 77. The population
risecs to a veak of 5.450E9 in 2020 and then falls to a stable level of LS - a
reduction of 0.85£8S from: the peak population. Natural resnurces decline

rapidly, boefore being stabilized ot L35E9 resource units, o little under half




the units available in 1900, Capital investment increases steadily to
slightly more than 9E9 capital units in the year 2040, and thereafter declines
only slowly. The pollution ratio climbs steadily to a2bout 7 and then declines
slowly, while the gquality of life falls fairly rapidly from its peak in 1940
to 0,61 in 2040, and then rises slowly to 0.68 in 2100. Thus, while still not
an ideal solution to the problem of world dynamics, the optimum substitution
model nevertheless represents a considerable improvement over the basic model,
as a result of only slight modification of the original relationships.

Discussion

Forregter's WORLD2 model has been extensively criticised. Attention has been
directed, in particular, to the sensitivity of the model to changes in some of
the initial parameters, but much of the relevant criticism has also beer directed
to the lack of social feedback in the model, The model structure does not leave
sufficient scope for man to intervene when the world system is secen to be
developing in an undesirsble direction, Oerlemans et al (1972) have suggested
an extension of the WORID2 model in which the total fraction of imwestment in
agriculture and pollution control together is determined, and this fraction
subsequently split into a "capital investment in agriculture” fraction and a
“eapital investment in pollution” fraction according to the ratio QLE/QIP, 1In
this way, they were able to avoid the pollution crisis which Forrester suggests
to be the conseguence of reducing the natursl resources usage normal (NRUN ).

Similarly, Boyd (1972) added a new state variable, technology (T), and

multipliers to express the effect of technology on the other state variables.

The numerical values of the multipliers and constants intreduced were intended

to reflect, in a rearonable way, the technological optimist's faith that, for
example, we will be able to find = substitute for any diminishing natural resource.
In this way, he was able to produce results which are exactly wh:t a technolsgical
optimist would predict. Technology increases productivity, which, in turn,
increases the standard of living. This increase eventually drives birth rates

low enough for a "Utopian” eguilibrium to be reached.

It is, however, worth noting that both these modifications of the WORLDZ2 model
required cxtensive additions to the already long list of parameters, variables,

and levels to achieve a technologically ontimisftic solution. As this paper has
ghown, only a very simple model of substitution for non-renewable natural resources
is required to achieve a considerable improvement in the predicted population in
the year 2100, even if the optimum substitution rate does not completely achieve

o technological ly ontimistic solution., It seems likelv that similar exploration
of the original model may find particular combinatinns of the parameters which,
combined with coptimum, but possibly different, substitution rates, will lead to a
more oplimigtic solution.

Forrester's demonstration that reduced usage rate of natural resources leads to

a pollution crisis was unrcalistic. It is inconceivable that the usage rate could
be reduced to 25 per cent of iis original value in 1970 immediztely, and any
reduction in the usage rate would at first be swmall, increasing at first slowly,
and then more rapidly, as the technological prohlems were solved, until it became
progresaively harder to find substitutes for the remaining fraction of natural
resources. Not surprisingly, therefore, the wmodel reazcts to this violent
extrapolation by becoming unstable. Nevertheless, there are some feasible rates
of reduction of the usage rzie of natural resources which do not lead to
instability of the mode¢l, and some of these rates give markedly more optimistic
estimates of population levels, without any nced to multiply the assumptions of
the model.
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Exploration of the values of the two paraneters introduced into the substitution
model demonstrates very clearly that the rate st which recycling and substitution
of non-renewable natural resources is introduced into the world system may have

a decisive ef'fect upon the dynamics of the system. TPor any kind of improved
solution, the fraction substituted must not be greater than 0.2 by the year

2030, but, after that date, the more rapid the increase in the growth of the
fraction substituted, the better the solution. The optimum solution, if none

of the other parameters of the model is changed, is derived by making no apprecisble
substitution until the year 2050, achieving a 0,50 fractional substitution by 2040,
and almost cemplete substitubion by 2050. Such a solution fits very well with the
concept of a "technological breakthrough" which con be rapidly implemented by
industry, but it is important to note that any such "breakthrough” before 2030

{or at least implemented before 2030) cowld lead to sub-optimal solutions.

The important point to be made in this Preliminary examination of WORLDZ iz thset
mathematical models of any reasonable degree of complexity need to be explored
carcfully, Such models are frequently only a little less complex in their
implications and behaviour than real systems, and it will usually be necessary
to employ the same statistical devices that are used to explore real systenms in
order to understand the behaviour of model systems. In the work reported in this
paper, for exe ple, basic concepls of experimentel design, response surface analysis,
and evolutionary operation were used to gain an understanding of the response of
the model to changes in only a few of its many parameters. Much further
exploration remains to be done before it is possible to say whether or not WORLD2
can be regarded aos a useful approximation to the real system. A few cursory
experiments based on unrealistic manipulations are not a sufficient reason for
advocating wholesale modifications to the basic assumptions, especially where
these medifications have the effect of "multiplying the entities needlessly"™. It
s been suggested that Ockham's well-knovm advice should not be elevated to the
status of an imviolable methodological principle ¢Skellam, 1972), but it is
perhaps worth ermphasising that much of the purpose of having models is that they
can be experimented with more ecasily thsn the real systen. '

However, the main purpose of this paper has been to demonstrate that models of the
level of complexity of WORLD2 can as readily be implemented in a general-purpose
language such as BASIC as in the highly-spacialized modelling language of DYNAMO.
Not only is fthe BASIC version capable of being run on simple conversational corputer
systens, so that exseritentation with the modol is quizk and easy to perform, butl
modifications to the model can be made s¢ casily that the exnerirenter 1s able to
follow through his ideas with practically no limiiations on the form of the model.
But, even more important, the use of BASIC is more economical of both core storage
and time on the computer, enabling all of the work to be done on relativel; cheap
computer systems. Indeed, the use of langueges like DYNAMO for dynamic modelling

is an example of the wasteful use of resources that WORLD? is inbended to illustrate
and, hopefully, to remedy.
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Table 1 -

Group

BR
BRCM
BRFH
BRIMM
BREH
CFIFR
CL
CIAF
CIAWN
CIRA
CID
CIG
CIM
CIOR
CIR
CR
IR
DRCM
DR¥HM
DRiiM
DRPHM
ECIR
¥C
FCK
iV
FPCI
FPM
FR
LA
M3L
NR
NREM
NRFR
MR
NRUN
NRUR
P
Pon
POL
POLA
POLAT
POLCH
POLG
POLR
aL
0LC
QLF
QLM
JLP

Definition of symbols used in program
Definition
Birth rate (people/year)
Birth rate from crowding multiplier {dimensionloss)
Birth rate from food multiplier (dimensionless)
Birth rate from material multiplier dimensionless;
Birth rate from pollution multiplier dimensionless
Capital fraction indicated by food ratio (dimensionless)
Canital investment (capital units)
Capital investment in agriculture fraction (dimensionless)
Capital investment in agriculture fraction normal (")

Capital investment ratio in agriculture (capital units/person)

Capital investment discard {capital units/year)
Capital investment generation (capital units/year)
Capital investment multiplier (dimensionless)
Capital investment from gquality ratio (dimensionless)
Capital investment ratio (capital units/year)
Crowding ratio (dimensionless

Death rate (peoplq/year

Death rate from crowding rultiplier (dimensionless)
Death rate from food mltiplier : {dimensionless)
Death rate from material multiplier (dimensionless)
Death rate from pollution multiplier (dimensionless)
Effective capital investment ratio (dimensionless)
Food coefficient (dimensionless

Food from crowding sultipliier {dimenaionless

Food normal (food units/person/year)
Food potential from capital investment (")

Food from poliution multiplier {dimensionless)
Pood ratio (dimensionless)
Land ares (square kilometers)
Material standard of living (dimensionless

Natural resources (Natural regource units

Natural resource extraction multiplier {dimensionless)
Natural resource fraction remaining {dimensionless)
Natural resource from material multiplier (dimensionless)

Natural resource

usage normal {nstural resource units/verson/year)

Natural resource ussge rate (natural resource units/year)

Population

Population density normal

(people)
(peoplafsquare kilometer

Pollution (pollution units
Pollution absorption (poliution units/year
Pollution absorption time yeors)
Pollution from capital multiplier (dimensionless
Pollution generation {pollution units/vear)

FPollution ratio
Maality of life

{dimensionless)
(satisfaction units)

Quality of life from crowding (dimensionless)
Quality of life from food {dimensionless
fuality of life from material (dimensionless

Quality of life from pollution (dimensionless)

BASIC
variable

B
B3
B1
B2
Bi,
Al
c
c2
C3
G5
C7
o
c8
A2
C1
C4
D
Dy
b3
D1
D2
E
5
3
e
2
B
™
L
it
R
Nt
N2

Z1
02
93
01
aIn




Table 2. Calculated values of population, natural resources,
capisal investment, pollution ratio, and guality of
-life for basic model

Year PE9 R¥9 CE9 POLR Q

H 1910 1.67 893.19 .63 .05 .86
1920 1.87 583.8 C .93 ' .09 1.02
1930 2.17 870.87 1,54 .15 1.11
1940 2.56 653.36 1,88 a2 1.13
1950 3 830.36 2.57 37 1,12
1960 3448 801.13 3k .57 1.07
1970 3.97 765434 L.37 .85 1
1980 L3 723439 Selid 1.24 .93
1930 L.85 676,357 6,46 1.76 .85
2000 | 5.16 626.05 7.43 2.4 .78
2(1¢ 5.55 574,53 8.24 3.28 .72
2020 5et 5235.98 8.82 4,23 .67
2030 5,32 476,23 9,14 5,19 .63
20,0 5.15 32,56 9,18 S h.96 .6
2050 L.92 393.65 B.98 6.26 .58
2060 L,71 359.6% 8.59 5,84 57
2070 4.53 330,38 £,05 4.8 « S
2080 436 30..3 73 3.67 X
2090 o 284,05 5,76 2.79 o7

2100 3,97 266.09 6.07 2.4 L6




Table 3.

Experiment

Numbe r

#

D 0O ~d v o =

11
12

13

14

15

16
17
18

19
20
21

22
25
2

25
26

27

3elected combinations of initial parameters

Natural resources
REQ

800

900

1000

GCapital investment
CE9

G.3

0-}+

0.5

0.3

0.5

0.3

Oas'l'

0.5

Represents the basic model parameter, i.e, the control.

Pollution
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OO:‘_‘) DPO
WH R =2 AN

O.CJD
AN =

o OO0 o 00O
. [ ]
LTI N LI N Y

o C o
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AN R s
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Table 4.

Year

1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
208C
2090

2100

Chances in levels of population sssociated with reductions

in usage rate of natural resources

3.49

Population (PE 9) corrssponding to usage rate (NRUN)} of:

0.75

1.67
1.87
2.17
2.56
3.0C
3.48
397
b lds
L.86
5.21
5.46

L
.

L
T

L
T

N
e

5.26
b 77
3.96
2.69

1.27

0.80

1.67
1,87
2.17
2.56
3400
3.48
3.97
Lok
4.86

0.85

0.90

L..66
Lotk
&.33
4.26
L.13

0.95

1.67

5.18
4. 94
4.70
4 .52
L.39
L2k

4 .06

1.00




Table 5. Changes in POLR associated with values of NRUN

Yoar Pollution ratio (POLR) corresponding to usage rate (NRUN) of:
0.25 0.50 0.75 0.80 0.85 0,90 0.95 1.00
1910 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
1920 0.09 0.09 0.09 0.09 0,09 0.09 0.09 0.09
1930 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
" - 1940 G.24 0, 2% 0.24 0,24 0.24 0.24 .24 0.24
1950 0.37 0.37 0.37 0,37 0.37 0.37 0.37 0.37
1960 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57
1970 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
1980 1.24 1.2 1,24 1.24 1.2 1.24 1.2 1.2h
1990 1.83 1.8t 1,79 1.78 1.78 1.77 1.77 1.76
2000 2.70 2,61 2.53 2.51 2.50 2.48 2.46 2.b4
2010 4,09 3.81 3.5 3,49 3.43 3.38 . 3,33 3.28
2020 6,54 5.69 L9 4.76 bo62 4,49 L.35 4.23
2030 11.57 8.91 6.76 6.41 6.07 5.76 5.46 5.19
2040 23.76 15.23 9e53 8.49 7.73 7.07 5.48 5.96
2050 29.35 13,07 t1.09 947 8.17 7.1 6.26
2060 18.96 U 3l 10.98 8.62 6.8 5.84
2070 28,83 18.46 11,68 7.92 5.5 4.80
2080 35.32 23.66 10.70 6. 04 L.4S 3.67
2090 29.09 7.51 4.09 3.27 2.79

2100 29;61 i{--O? 2-93 2-"4—? 2-14




Table 6. Changes in population (P} associated with usage rate of
natural resources get equal to other variables

after 1970.
Population (PE 9)
Year Basic Usage rate (NRUN) set equal to:-
Kodel R/RO R/R1970 Q M
1910 1.67 1,67 1.67 : 1.67 1.67
1920 1,87 1.87 1.87 1,87 1.87
- 1930 2.17 2.17 2.17 2.17 2.7
950 2.56 2.56 2.56 2,56 2.56
1950 3.00 3.00 3.00 3.00 3.00
1960 3.48 3.48 3.8 3,48 3.48
1970 3.97 3.97 3.97 3.97 3.97
1980 b3 bbby huh3 b.k3 4,43
1990 4.85 4.86 4.85 4.85 b8
2000 5.16 5.20 5.17 5.18 5.15
2010 5.35 5.ith 5.39 5.40 5.33
2020 5.0 5.55 5048 5.50 5.38
2030 5.32 5.52 Salde 5.47 5.51
2040 5.15 5430 5.29 5.30 5.16
2050 5,92 4.8 5.01 4.99 4.97
2060 .7 3,97 L6k 4,52 L.79
2070 4.53 2.39 4.19 3.88 4 .65
2080 k.36 3.67 3.02 bo52
2090 Lo17 3,41 1.97 L 40

2100 3.97 2.55 1.35 4427




Table 7. Changes jn pollution ratio (PQIR) associsted with usage
rate of natural resources (NRUN) set equal to other

variables after 1970

Pollution ratio (POLR)

Year Basic Usage rate (NRUN) set equal to:-
model R/RO R/R 1970 Q M

1910 0.05 0.05 0.05 0,05 0.05
1920 0,09 0.09 0.09 0.09 0.09
1930 0.15 0.15 0.15 0.15 0.15
1940 0.24 0.24 0.24 0.24 0.24
1950 0.37 0.37 0.37 0.37 0.37
1960 0.57 0.57 0.57 0.57 0.57
1970 0.85 0.85 0.85 0.85 0.85
1980 1.2h 1.24 1.24 1.24 1.24
1990 1.76 1,78 1.77 1.77 - 1.76
2000 2.4 2.51 2.46 2.47 2.42
2010 3.28 3,49 3.35 3.37 3.22
2020 4.23 /.81 L7 LSk 4,11
2030 5.19 6.62 5.8 6.02 4.99
2040 5.9 9.22 7.49 7.88 5.70
2050 6.26 13,27 9.43 10.25 6.04
2060 5.8 20.38 11.68 13.33 5.8%
2070 4,80 33,41 14,25 17.56 5.1
2080 3.67 17.16 23.67 4.18
2090 2.79 20,37 31.56 - 3.35

2100 2.4 23.62 30.99 2.71




Table 8. Calculated values of population, natural resources, capital
investment, pollution ratio, guality of life, end material

standard of livingz for NRUN equal to M after 1970

Year PE 9 RE 9 CE 9 POLR Q
1910 1,67 893.19 0.63 0.05 0.86
1920 1.87 883.80 0.93 0.09 1.02
1930 2.17 870,87 1,34 0.15 1.11
1940 2.56 853,38 1.88 0.24 1.13
1950 3,00 830,38 2.57 0.57 1.12
1960 3.48 801.13 3.40 0.57 1.07
1970 3.97 765.54 L.37 0.85 1.00
1980 L3 721.32 544 1.24 0.93
1990 L84 671 .44 6.45 1.76 0.85
2000 5.15 619.09 7.40 2.52 0.77
2010 5+33 567.69 8.18 3.22 0,71
2020 5438 519.85 8.73 4ot 0.66
a030 . 5t TT.0h 9.0% 4,99 0.63
2040 5.16 439.80 9.%1 5.70 0.61
2050 4.97 408,06 8.99 6.0k 0.60
2060 L.79 381.46 8.70 5.83 0.59
2070 L.65 359.51 8.30 5.11 0.58
2080 L, 52 341,61 7.83 4,18 0.56
2090 440 327.09 132 3.35 0.5,
2100 4,27 315.29 6.80 2.71 0. 52




Table 9.

Paraneters

& = H

t0=T

Year

1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090

2100

Optimum parameter values for substitution model, and velues

of fraction substituted

0.220

2040

0.00
0.00
0.00
0.00
0.00
0.0
0.50
0.99
1.00
1.00
1.00
1.00

1.00

0.075

2050

0,00
0.00
0.00

0,00

Parameter values

0.027

2060

Values of £ = fraction substituted

0.01
0.02
0.04
0.06
0.10
0.17
0.25
0.37
0.50
0.63
0.75
0.83

0.90

0.019

2670

0.03
0.05
0.07
0.09
0.13
0.18
0.24
0.32
0.41
0. 50
0.59
0.68
0.76

0.016

2080

0.04
0.05

0.07

0.014

2090

o.04
0.06
0.07
0,10
0.12
0.16

0.20

0.012

2100

0.23
0.28
0.33
0.38
0.4

0.50

0.010

2110

0.07

0, 14
0.17

0.20

0.23
0.27
0,31
0.35
0.40

O,L.|.5




Tahle 10. Population estimates for given substitution models

Population (PE 9) for substitution models with parameters:-

H 0.220 H 0,075 H 0.027 H 0,019 H 0,016 H 0,014 K 0.012 H 0.010

AT T a0 T 2050 T 2060 T 2070 T 2080 T 2090 T 2100 T 2140
1980 b3 L3 AA3 L3 LA3 LuA3 Lk 4ol
1990 4.85 4.85 4.85 L.85 4..85 4.85 4.85 "  4.85
2000 5.16 5.16 5.16 5.17 5.17 5.17 5.17 5.18
2010 5,35 5.35 5.36 5.37 5.37 5.38 5.38 5.39
2020 5040 5.4 5.42 Balidy 5.4 5u45 5.45 5.46
2030 5.32 5.33 5.36 5,38 5.38 5.39 5.39 5.40
2040 5.15 5,16 5.20 5.22 5.22 5.22 5.22 5.23
2050 5.00 4. 96 5 00 5.00 4.99 4.98 4,98 4.98
2060 4.9 .81 L.80 L.77 h.75 bu7h 4.73 5,70
2070 4,87 4.73 L .66 4,60 L.57 4. 56 - 4.53 4.48
2080 RN b .70 4e59 4.5 ho48 AN hoh3 4,36
2090 3.8 k.69 b 56 AN bl b ki1 k.38 b33

2100 4.Bh 469 kuSh L5 4.39 hu3k L3 4.29




Table 11, Calculate? valuosg of population, natural resources, capital
investment, pollution ratio, end quality of life for the

optimum substitutlon strategy (H=0.220; 1=2040)

Year PE 9 RE 9 CE 9 POLR 0

1910 1.67 893.19 0.63 0.05 0.86
1920 1.87 | 883,80 0.93 0.09 1,02
1930 2.47 870.87 1.34 0.15 1.11
19:0 2.56 853.38 1.88 0.2L 1.13
1350 3.00 830.38 2.57 0.537 1.12
1960 3.48 801.13 3.40 0.57 1.07
1970 3.97 765.34 L.37 0.85 1.00
1980 L 43 723.39 5.41 t.24 0.93
1990 L.85 676.37 646 1.76 0.85
2000 5.16 626,05 ?.hé- 2.44 0.78
2010 5.35 574,53 8.24 3.28 0.72
2020 5440 523,98 8.82 4o 23 | 0.67
2030 5.32 4.76.38 9. 14 5.19 0.63
204.0 5.15 440,23 9.19 5.97 0.61
2050 5.00 L3k, 7h 9.13 6.39 0.63
2060 a9 L3465 9.08 6.55 0.66
2070 4,87 L3465 2.04 6.59 0.67
2080 L8l 434,65 9.01 6.55 0.67
2090 4.8 434 .65 8.99 6.48 0.68

2100 4,84 434,65 8.96 6.39 0.68




Figure 1. Main components of BASIC model
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OLD

OLD PROGRAM NAME-<-WORLD Figure 2, Graphical plotting of levels of

population, natural resources,
READY capiial investment, pollution
. ratio, and gquality of life for
RUN ba, medel :
INITIAL CONDITIONS: 1900
POPULATION 1.65E9
NATURAL RESOURCES 9BOES
CAPITAL INVESTMENT B.4E9
POLLUTION B+.2E9

LAND AREA . 135E6

—_— T
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Pigure 17, Graphical plotting of levels oif
posulation, na*ural resources,
capial 1nvestment pollution

1
RUN ratio, and quality of llfb for

INITIAL CONDITIONS!190@ . -C—-P—————-)———ftgefotg“‘g‘,“ ;uﬁszit‘éti°? strate
POPULATION . 1+ 65E9 =0.220; 1.2 2000

NATURAL RESOURCES JROET
CAPITAL INUESTMENT B.4E9
‘POLLUTION . P.2E9

" LAND AREA ' - 135E6

READY




endix I Lia_ting of BASIC program

3 REM WORLDZ2 INTERACTIVE VEKSION
S REM SET INITIAL CONDITIONS
10 PRINT "“INITIAL CONDITIONS:1908"
15 PRINT “POPULATION',"™ 2" 1. 65E9"
20 LET P=1.65E9
25 PRINT "NATURAL KESOUKCES™,'"9ppE9*"
30 LET R=90UQE9
35 LET R@=FK
48 PRINT “CAPITAL INVESTMENT" "De4EST
45 LET C=0.4E9
5¢ PRINT "POLLUTION",'" *,"p.pE9"
55 LET 7=0.2E9
60 FRINT "LAND AREA"™,"™ " "135E6“
65 LET L=135E6 :
BD REM SET COEFFICIENTS FOR 190 10 1979
85 LET M=1
87 LET NS=1
99 LET LB=26&.5
95 LET Ca=1
18@ LET C3=0.3
195 LET C2=6.2
119 LET Ci=1}
115 LET F5=)
120 LET Fé=1}
12% PRINT
130 PRINT “PE9*,"RE9'","“CE9",“POLR","Q"
13% PRINT
146 REM ITERATIONS FOR 19€0 10 197¢
145 FOR I=1919 T0 1978 STEP 10
159 FOK J=1 10 i@
155 GOSUB 1800
168 NEX1 J
1695 FRINT
1780 PRINT INTCCPZIBT TY+R5) 710012,
175 PRINT INTCCRZ1Qt TI+B.9) 71012,
180 FKINT INTCCC/Z1Gt 7)40.5) /71018,
185 PRINT INTCZIi*1@12+6.5) /1012,
187 PRINT INICG*I@12+D.5)/10812
190 NEX1T 1
Wy KEM 5Bl COKFFICIENTS FOK 1970 ONWARDS
219 LET NS=1
302 KEM ITERATICNS FOR 1970 10 2100
305 FOR 1=1982 TO 210¢ S1EP 18
319 FOk J=1 TO 1@
315 GOSUB 1006
320 NFX1 J
325 PRIN1 .
331 PRINT INTC((P/Z16TT)+B.5)/1012,
335 PRINT INT ((KZ107)+0.5)71%12,
340 PRINT INTC(C/Z1@T7)+0.5)Y/1912,
345 PRINT INTCZ1%10t2+40.5)/71012,
347 PRINT INTC(O%IBt240.5)/1pto
36 NEXT 1
99% STOP



L}

1000
1210
1020
1036
1049
1950
1667
1679
1680
1099
1100
110
1120
1130
1149
1150
1160
1174
1180
1190
1200
1210
1220
1230
1240
12 50
1260
127
1260
1290
1300
1319
1320
1336
1340
1350
1360
1370
1346
1390
14060
1410
1420
1430
1490
1600

READY

KEM
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LE1

LET

LET
LET
LET
LET
LET
LET
LET
LET
LET
LE1
LE1
LET
LET
LET
LET
LET
LE1
LET
LET
LET
LE]
LET
LET
LET
LET
(N
LE1
LET

MAIN SUBRQUTINE

Z1=7/3.6E9 :
Fa=1.035-0P D121 642 1-5.333E~A%Z 112+ 7. T7TSE~6%Z113
CT1=C*p 25

Ci=C/P .

B4=1 e89-9 . 4B 1 E~3%Z1 -5 631E~4%2 1%Z 1+ T2 1T8E-6%xZ1%Z 1421
Ca=F/CL*L) :
B3z ] o P48 +H P2B*CA-V- DT EA*CaxC A+ D 1024Ca*xLa%C 4
D4=P «F 64-04 132%CA+0. 103 6%C 4T 2

DE=Y 92 T+PD Q13 T*Z 1 +2.QTIE-3%Z2112

N2=K /KD .

N1=R4N2* (~B.DO666+NEX(3.2=2,133%NE))
E=C1%C1=-C2)*N1/C1-C3)

M=E/1.0 - '

BO= ] o 2+M#* (=R 225+0. P2 5%M) :
RA=1 e O5-D P18 T*Z1 =3 55F«a%Z1%Z1+6.39E-6%x71%21%7Z1
Q2=1+9B+Ca% (=1 «BP+CA* Qs CP+CAX(- A 1 18+F. D1 E=3%C4) )
750 a576+@« 1 TOL¥Z 1 42 bEBDE-3%Z1%Z 1

23=2/25 '

NA=@ 1 1 4+M%{D 1899'@-6'52*[‘4)

OI=R a1 7T9+E s 92 4%M =D o BT SEM*M

ZA=P D62+8 D91 *¥C1+0 298 64C1*C1-04 136%C1*C1*C1
22=P*1%Z4 :

CO=PBB24+1L44M~0 @9 | ¥M*M

CE=P*CHE*P. 05

C5=C1*C2/C3

F2=0«52¢+0 - 5644 C5-0. 838 14C5%(CS
FAZ2.40-2.158%0440.955%CA12-0. 1955%C 4134081 465%C4t 4
FIsFexF3%F 4% F5/F 6

BloW B2+l e MIKkF1=lhe 15%F 1%F1
D3=3.B81£5~3.998%F 1 +14 19%F1%F ]
D1=@.5178+2,.501%0.21861471M

D=P#* e G28*D1 xDE*D3% L4

N3=P*NOS*N4

B=F*.04% Bl & BEEXE3¥ B4

A= ~B s STE=-3+F1%(1e137-Wa1143%F1)

G=1%C 12403404

AlI=1 @1 =0093EXF1+02243%K1%F ]

AP=G. 69T+0V314%CU1/703)+0e3143%(01/03Y12
Ce=C2+ 1 /715) % (A1 *xpL-CE)

C=C+(C6-CT)

Ksk=N3

Pz=P+(B-D) -

Z=Z4+CZ2-Z3)

RETURN

END






