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ABSTRACT
] - -

'

. . . d .
This thesis reviews the debate over the conversion

* -

of agricultural land th urban uses, and assésses the

- -

usefulness of land and land-use classification techniques
1Y

. I

for establishing land-use priotrities. It demonstrates that
. ~) 4 ! . .
the establishment of land-use priorities cannot be based

solely on an assessment of the supply of land of different

dégcees\p¥ suitability for agriculture, and® outlines the
type of information needed for land-use pianning. It

argues that in'order to .determine if and where

agricultural land needs tq,hg protected to ensure’ adequate

food production capacity, policy—makers require information

”~

on the capacity ot the land base to meet agricultural
w -
commodity reguirements under a variety of future

conditions. This includés data ént only on the feasibility.
of meeting given Ja@ands, but also on how much production
capacity exists and whether the fulfillment of given
demands hingeg upon particular land areas or types of land

~

being available to agriculture. 4

Flexibility is interpreted as the amount of
production capacity that remains after specified demands
are.wet. This thesis assesses several measures of

flexibility.' Each measure is based upon the analysis of a
; : b4 b4

I3

S A\ )
linear set of inequalities which descrébé rescurce

s -
[ -

§



~—

Jabsolute minimum assignments and conditional mini

1

availability and demand conditions. Two different

approaches ;;e'examined. THe first approach determines the
extent to which pioduction capacity exceeds or falls short
of given dehands. The second approach is based on the sirce

of the feasible region defiq@d by the linear set of

ingequalities. ’ -
“ ‘. .-" - -
, Criticalness is interpreted as the extent to which B e

the fulfillment Qf’given demands is dependent upon

different types of 'land being availagge to agriculture.
This thesis has assessed several measures of land-use %

criticalness. Each of the criticalness measures is based

on the analysis of a liqgar set of inequalities. Two types

, =
of measures are assessed. The first type»ratesfihe

’

Hmportance af assigning individual crops to each land type

S

as to. meet given démhnds. This measure takes ::9(fcrms:
i

@ -
assignments. The second type rates the impdrtance of each

’

Jand type iﬁ meeting all the demands.
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CHAPTER 1

J

INTRODUCT ION //(

1.1 Nature of the Problem

A major land—use issue 'in both developed and
developing nations is whether the continued comversion of.
agricultura£~f;nd to urban uses threatens the future
production of adequate supplies of food aﬁa fibre (see, for
example, Bentley, 1978, 1981; Centre for Agricultural
Strategy,'1976; 0.E.C.D Observer, 19763 Parker and Coyle,
19813 Vining et al., 19775. Whereas it has been cammon
practice to consider agricultuéal land as a reserve upon
which urban uses could gdraw as needed, conGErn over the
loss of agricultural léQE to urban‘expansinn has arisen in
the face of rising world demand for food, tﬁe importance of
agficultural éxports'in maintaining a favourable balance of
quments, and the prgspects of increasing variation in
climatic conditions (Bentley, 19785 Plaut, 1980). As well,
some physical resources importané’to m;dern agricul ture,
particuarly fuels and fEﬁtigazers, méy not be as plentiful

in the future as in the past, which raises doubts about the



capacity to ﬁaintain, let alone increase, current levels of
productivity, and suggests the possible return to a more
land extensive agriculturé (Gibsoa, 19775 Jdorling, 1978;
Pimmentel and Pimmentel, 1980)e% -

Despite the facts that' land resources are finite, and
that widespread concern existé over éhe spectre of
increési%g land-use conflicts, the effect of continued
agricultural land conversion to urban uses upén the
capacity to produce sufficient food and fibre remains a
topic of heated debate. Some cite the now familiar litany
of limited resources and rising population and maintain
that if the conversion of agricultural land to urban uses
-continues unabated, the remaining agricultural land
resources may not be sufficient to meet préjected incréases
in ths'domestic demand for food and fibre let alone offset
expected shortfalls of food in various regions of the world
(Beaubien and Tabacnik, 19773 Brown, 1978; Collins, 197&;
Diderickson and Sampson, 19763 Krﬁeger, 1977) . Dthersn
express faith in iechnology and the ﬁse of marginal
agricul tural lan&s; and argue that a future shortage of
agricultural land is unlikely (Edwards, 19469; Hért, 197435
U.S.D.A., 1974; Urban Land Institute, 1982).

Pierce and Furuseth (1983) argue that one of tge most
critical long-term implicatiops of increasing land needs is

that the agricultural system in North America is losing its
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* ‘
flexibility. Although they are optimistic about the

adegquacy of the land resource for the next thirty years,
uncertainty about the capacity to meet future food needs,
hés led others to‘advécate farmland preservation policies
as a means of retaining land-use %lexibility fsee, for
example, Lapping, 1980; Miner and Cherich, 1979; Platt,

1977). Such policies are designed to keep.as many
| .

-

agricultural land-use options open-as pussfble as a hedge

. against future cantingencies. It is argued that the
' o

magnitude of current cmﬁversions, together with concerns
for such factors as energy availébility and population
growth, justifies a cautious approach to the use of
agricultural land. .

Flexibility is a characteristic that implies the
ability to adapt to changed conditians. As-énre land is
converted to urban uses, some degree of flexibility will be
lost. Hnwevgf, although the area and quaiity of land
available +or‘agricu1ture la;gely determines its capacity
to produce food, land canriot be pre-empted solely for this
purpose. As nuteq by Blumenfeld (1978) and Clawson (1978,
many farmland preservation advocates view the city as the |
enemy and ignore the fact that the real problem is
increasing numbers of people and their actiQities. Many
equally pressing and‘legitimate claiﬁs to the land resource
exi§t, among them space for housing, industrial parks,

transport networks and so forth. More people and more jobs

5



will reauire more land, even if urban land is used more
efficiently than iﬁ the pést'(Urban tand Institute, 1982)1\
Efforts to preserve agricultural land inevitably impinge

" upon the availability of land for competing urban uses and
therefore raise a serious issue over priorities for
allocating land resources. The controversy over the use of
agricultural land, both in Canada and elsewhere, suggests
that there is a need to develop a better meand of assessing
the impact S% agricultural land coﬁversion on food
production capacity, so that the need for public policy
intervention caﬁ/gEWEstablished.

In order to determine if and where public

intervention to protect agricultural land from urban

[ . L/

encroachment is needed to ensure adequate food production
capacity, policy—-makers require information on the ability
of tHe land base to meet future agricultural commodity
requirements‘under a variety of future conditions. This
not only includes an indicatidn - of whetheé sufficient land
is available to meet given demands,.but the extent to which
available pProduction £apacity is used. Information is also
needed on the extent to which the Fulfiilmeht of' the

demands hinges upon particular land areas or types of land

being available to agriculture.

-



1.2 Purpose of Study

Many techniques have been developed to assist
planners and policy—makers if the formulation of land-use
policies. The purpose of this study i1s to identify and

‘evaluate methods that can be used to address three 1issues:

~

the feasiblity of meeting future food needs under specitied
. "

conditions, the extent tob which available production
capacity is used in’mééting the demands, and the extent to

which the fulfillment of the demands is dependent upon

]
-

particular land areas being available for production. The ™
specific study ocbjectives are: +

1} to review'the‘emergence of agfﬁcultural

: . « ‘ . . .
land—use conversion as a public policy issue;

2) to assess the role of land and land—use

‘classification

technigues in land-use plannings;
f -

3) tao review the use of land—%?e programming models
for analyzing the impact of urban expansion on
food production capacity;

4) to outline the need for measures of land-use
flexibility and criticalness; and

9) to asse;s-aIternative'measures of land—use

flexibility and criticalness.



1.3 Outline of Thesis : .

This thesis hgs“eggtf chapters. Chapter 2 reviews
the literature which analyses agricultural land conversion
to urban uses particularly in Canada, and assesses the_role
ef land and land-use classificatiun'techniques in land use
planning. It also examines information needs for land—use
planning and outlines the iﬁformation requirements for

»
measures of land-use flexibility and criticalness. Chapter

a v

3 reviews the current‘state of conceptual and émpirical‘
wark in agrich4ltural land-use programming models, and
asseses the usefulness of mathematicaljprogramming
-techniqdﬂt for analyzing land-use flexibility and
criticalness. Chapter 4 presents alternative measures of
land—ﬁse fléxibility. In Chapter 5 the analytical methods
and ﬁroperties of selected flexibility measures are
examined for a hypothetical data set. Chapter &6 presenté
alternative ﬁeasures of land-use criticalness. In Chapter
7 the, analytical methods apd the properties of selected
criticalness measures are examined. Finally, in Cha%g;; 8,
the study’s findings are éummarized and conclusions are

drawn.

1



CHAFPTER 2
BACKGROUND

Many studies have investigated the pFDcess by which
rural land is converted to urban and other ﬁonagricultural
' v

uses and have attempted to assess the consequences'o# such

conversion for the land-use system. This chapter reviews

the debate over the conversion of agricultural land to

1 -

N
urban uses and assesses the usefulness of land
r

Q:l'ag.sification and land-use evaluation systems for

establishing land—use priorities. This both establishes
the context of the study and demonstrates the need for a
more comprehensive and inb;grated approach to the analysis
of agricultural land conversion than that facilitated by

-

existing lend classification or land-use evaluation systems

alone.

2.1 ‘Urban Centres and Agricultural Land
* - *
The growth of the world®s population is characterized

by two notable features. First, overall population growth

&



# a4

areas of the world (Adams, 19?6; Hanten et 21

TN

-~

has greatly accelerafed, especially since about 1950, and

-

1t 1s anticipated that such growth will continue for a

number of decades. Secondly, since the last century, the

.

percentage of urban population in tot .population has

progressed steadily in almost all natione United Nafions,

1980). Although the experts diségree as to what the exact

L ]
future size and distribution of the world’s population is

likely to be, the general view is that the total popul ation
will increase and‘that‘the trend to higher levels. of
urbanization will ébntinue- An indication of the magnitude
qi/ﬁuture populatiep gfowth and urbaqization which ig
éxpected is giveén by the -estimates developed by the-
Populatlon Council of the United Natiocns (Figure 2.1). by
2025, the world’s population is likel; to almost doublé its
1980 level, andlthé urban popglation may increase to &2
percent of the total.

The combined trends of population growth and.risihg '
lej;15 of urbanization are widely perceived as being
accompanied by serious social, economic and environmental
praglems- Diff:pu1t1es EYlSt in matching the rapid growth )
of city populatluns with expansion of empl oyment
opportunit;és, housing and public services, while air,
noise, and water pollution are now.endemic to the urbanized-

-, 1980) . .

The upsurge in population growth and urbanizafion also

“+ o o

&
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-,

affects the rate of attrition of the world’s nonrenewab§¥
resources, including the supply of agricultural land.
There is growing uncertainty abouf Qhether SuFficieﬁt
agricultural land will be available to meet future food
needs, and this uncertainty has foctsed atteﬁtion an éhe
competition for 'land between urban and agritultural usés.
Urbanization, in both developed énd developing

.

countries, tenﬁg to affect farmland of the best gquality in
ferms of soil fertility, water supply and d;ainage (Brown,
1978; O.E.C.D.,-1979)- For many years, agricultural land
has been considered a virtually inekhau%tible reservelfbr
furtaér residéntial, Fommercial and industrial development
(D.E.C.D;, 1976) . Thermaiﬁ land~use problemé consisted of
v :

providing for the orderly development of rural land or

resolving conflicts between compéting urban uses.

~

Recently, however, several natigﬁal and global fact6r5=have'_

éombined Fo prompt a reaasegsment of the manner in which
land is allocated between urban and agricultufél uses.

A major Facfor contributing te the concérn err the
conv.rsipn qf agricultural land to urban uses is that
b een 1970 ana 1980, tHe growth of world food production
has slowedlﬂmw§in rela%isp to population growth, while in
many developing countries the rate of increase in food

praoduction ‘has fallen behind that of popul ation growth

(Brown, 19813 FAO, 1983). Many countries in Central Africa

-/

1
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= . . . . . .

and South Asia havg_e&perienced a groawlng diverg?nce
between domestic food consdmption and prqddction. These
regions are characterized by high human fertﬁlity rates,”
low per capita incomés and lng'capital investment in
agriculture-[ Th}fd World nations have become increasingly

dependent uﬁén the industrialized nations as sources of

food 1mport5 and food aid to maintain dogpestic consumpt:nn

1evels (Ale;andratos et al., 1983, Saouma, 1981);

wh1le there is some dlsagreement as to what cnnstltutes
minimum nutritional standards, an even larger gap may exist
between currént levels of food consumptxon and food needs

in Third world Nations (North—South In5t1tute, 1978)-
r

The future of the world food situation is the subject

of a growing volume of literature and debate (see, for

example, Chou and Harmon, 1979; Hopk}ns et'al., 1982;
Woods, 1981) '.These stﬁdies have attempted tb)assgss thé'
implications of such factors as'lower fertility rates,
incréasing.gﬁop vields and risfgg per capita ;ncbmes,on

+ood pﬁoduczion and consumption. Although many: assumptions

are built into such forecasts, the consensus is-that the

-

gap between food demand .and suppdy in most develop1ng

countries will increase subs ntially in the next ten to
1

fifteen years. The FAD projects that by thé year 2000,

sixty;Five countries will be unable to feed their

]

populations from their own land (Harrison, 1983). This, in

turn; has focused attention on the means by which

.
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agricultural production capacity can be inc?eased.
.There are three main optlans for 1ncrea51ng ‘the
supply D¥ food: new lands can be cultlvated agr1culture on

lands already unhér cult1vat1on can be intensified by

\
conventional means,'and new Sources and techn1ques of food
production can be develcped. Up until 1950, increases in

s

food output largely came by expanding the area under

'

cultivation. Since then, most have come %rnm raiéiqg

yfelds_on existing cropland through the application of
. .

fertilizers and other nonland rescurces. By 1950\-#he bulk

.

of the world’s arable lands were already being'cultivéted,
and it has been far less expensivé and Easier to intensify

cultivation an existing cropland than to: e>tend onta

-

margxnal 1and5 (Brown, 197835 United Natlons, 1980). >
Although some opportunity exists for expanding cropland

area, the long-~term 1mpact of using potentlally arable land

[

i1s a matter. of ccntroversy.
Expanding the area under cultivation is limited by

) 4 . \ - . k3 -
several factors-; Unfavourable climatic conditions remove a, -
vast areas from c0n51derat10n due to cold. temperatures or

1nadequate moisture from rainfall in areas where irrigation
- 4

1s not practical. Mountainous, rocky and arid regions
N +

further reduce the cultivable area, while much of the

remaining land is covered by soilse wggch while pbténtially
arable, pose serious prDblems for agr1cu1ture. Théi\
‘greatest potent1a1 .for expanding cropland area exists in

/

-,
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Africa a;d South ﬁme;ica- Cultivatiné this land, however,
will require diverting it from other uses and/or investing
in other sScarce resources to make it productive (Brown,
Cii;}978)- Much:of the potential cfopla d area is forested and
has thin_soils which deteriarat;'rapid1§ oncé deprived of
their tree cover. "Forests élsc represent a renewable
source of building matérials and energy (Nicholsogﬁand
Nzchnlson, 1979} .  The other méjor component of éotential
cropland is grassland or savannah which is extensively ‘used
for pasture. These landcs are hiéhly_susceptible to wind
erosion once.cultivated-and could deteriorate very quickly
) . .
{Pimmentel and Pimmentel, 1980). ;n such cases, present
‘uses of lénd may be envi;bnmentaily more sound %han the

- |
agricultural alternative.

As cultivable 1land becomes scarcer in ;elation to
population, Pressure grows to increase its product1v1ty.
The developed nations have had great success in raising
yields through the increased use of nonland inputs. Many
beli;ve that great opportunity exists for increasiné faoq
output through thé wider use of more intensive productio&
strategies - maore Fgrtilizer, better moisture cgntrnl; —X
denser strands, énd crop varieties that provide higher
vield pdtential (see, fnr'example, Barker et zal.,

1979). There is évidence, however, that high éechnology

agriculture ,is not the gpswer.to the food productian

praoblems of developing nations.

5 -

7



_The establishment of modern agricul tural practices
requires larg 1nputs of énergy, fertilizers and
pesticides. Sharp increases'in'petroleum prices and an
anticipated shortage of fossil.%uels, however, raise'éouhés
about whether the energy intensive methods of food
production used  in the more developed countries can- be

* 1
either sustained or transferred fo other p;rté of the ‘world
(Pimmentel and Pimmentel; 19803 Wittwer,({QTS)- Cﬁemical
fertilizers do not enrich the soil in the loﬁg run, but are
‘ 2
quickly leached out. bnless organic matter cgﬂ;ent is
“"‘tﬁ‘%‘! .
maintained so as to preserve moisture and nutrients, saoils
fertilized only with chemical fértilizers become
increasingly powdery and subject to erosion. .At the same
time, restraints on the use of agricultural chemicals,
enacted out of concern.for environmental quality and “the
safety of human health, may further limit yield increasing
practices (Timmons, 1979).. Recent attempts fo introduce
new methods of crop cultivation and maﬁagement have qot
engoyed uninter;ab(gi success. Failures have been traced
bq%o such factors as cultural predispngitions to resist
innovation as well as lack of infrastructura&.support.(Awa,
1980). Furthermore, in the process of sélectively bréeding
for .certain plant qualities, other equally imphrtant
quélities'may be bred out of high—yielaing varietieék The
. : TN
genetic homogeneity of m%st high-yielding crops makes large

regions vulnerable to destruction by a single disease
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(Enzer et al.,.1978). ) ¢ )
_The pfospect for deveinping new sources and - .
techniques of food production is uncertain. Al though »

advances have been made in many areas itncluding plant
k -~ .
genetics, hydroponics and Eaérohage, no major breakthrough

—
is likely to change the basic nature of the food and

popul ation prDblem.(HDpkins et al., 1982). In the
developéd nafions, a2 large research effort focuses on new
methods of keeping production costs in check and
maintaining the variety; quality and convenience of food
products that consumers have come to expect. In the
"underdevel oped worid,’the main issue is not develoﬁ}ng new
technology, which may be beyond its economic meanq’and
technical competencé, but modifying existing technology
appropriate for their circumstanges (Woods, 1981).%\
ExtensiJ; food problems are not a new global ﬁeature.
Tﬁroughout history, lack of food due to natural andl
man-made disasters has killed millions (Dando, 1980). 1In
Northeast’ Africa, tribal warfare ;nd superpower rivalry
-superimposed on a droughthstricken;primitive ag(icuiture,
are now éreating another tragedy. .The world, However, is
not close to universal famine. There is enouéh food now
produced to feed the world’s hungry (Alexandratos et
al, 1983; Hopkins et al., 1982). The world’s serious

nutritional problem presently arises fraom the uneven - (ﬁ

distribution of the food supply among countries, within
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countries and among families with different levels of
income — not agricultural.limits. Nevéftheless, there is
growing concern for the long-term availability of land and
nonland resource inputs which delineate tfood production

-

capacity. With the uncertainty surrounding the capacity to

increase food production capéEity by expanding cropland

g

area, increasing crop yieldsEDr developing new foodf
ISDUFCES, land is aguiring greater significance as a
prpduction i1nput.

The conversion of agricultural land.tu urban uses is
now viewed by many as an emerging constraint on food
production cépacity (Bantley, 19783 Science Council of
‘Canada, 19793 Briggs and Yurman, 1980). Although the
acréages involved are small in rélation to the total land
area, collectively and cumulatively these land use shiffs
are reducing the world’s supply of high quality farmlands. |
The preservation of agricultural land is now the focus of
contemporary land policy in several nations including
Britain (Best, 1976), Japan (Cathelinaud; 1980), Egypt
(Pariker aqd Coyle, 1981), The Netherlands (Miner and
Chorich, 1979), and the North American breadbasket nations,
the Unitéd States and Canada (Furuseth and Fierce, 1982).

In North America, concern over the impact upon food
productiaon capacity of agricultural land conversion to

urban uses has been su¥¥icient1y strong for lpcal, state

and provincial governments to implement policies to protect

) N
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agricultural-land from urban'encroachment (sfge, +or
reviews, Bryant and Russwurm, 19825 Lapping, 1980;-Pla£ti
1977) . Nevérthelgss, thepéjgs-substgnt;al disggneement
among investigators as to the sev?rity of the conversion
problem. Mapy hold that the suppiy of agricultural land is
extremely'limited and that strict centrols on urban
develppmeht.are needed (Bentley, 19815 Collins, 19743
Science Council of Canada, 1979). Others maintain that the
loss of agri;ultural land to urban uses in North America
will Hot detrimentally affect the capacity to meet future
food demands, and that public peolicy intervention is not
needed {(Barron and Dickinson, 197635 Fischel, 1982; Hart,
1976). One factor ccntribufing to this controversy, is the
debate surrounding the role of the land market in deciding

land use.

l)
2.2 Market Failure | y

tand use decigions in North America are made within a

modified free market system. Changes in land use are‘
determined by factors of supply, demand and,.ta varying
degrees, public policy. Man§ believe that preva{ling
market forces should be permittéd to decide land use
entirely, emphasizing ;he rights aof the individual or
corporate owneritsee, for example, Gramm and Ekland, 19753

Pasour, 19725 Siegan, 1975). In a free market economy with

private ownership of land and no restrictions on land use,
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mar ket fo;ces would allocate lgnd to those uses yielding
the highest economic returns. In such aﬁ envircnment,
market forces would assure an optimum allocation cf land
resources with respect to the different needs of society
and there would be no need for land—use planning
(Walter—Jorgensen, 1278).

‘It could be argued that the differences in craop
ﬁroductivity bet;een good farmland and mediocre farmland
should be reflected in land prices,’ipd that as the demand
for food iﬁcreases relative to the-%emand for housing, this
discrepancy 1n prices will discuu;age the development of
high guality agricultural land for nonagricultural uses.
There are several reasons, however, why markets in land may
not automatically achieve saéially desirable outcomes.
Private resource decision—-making tends to feocus on shoart
term needs and benefits, which in the lo;g run.may not be
in the overall public interest (Lee, 1981; Raup, 19763
Wood, 1976). Private land owners are concerned with ®
particular parcels for particular uses, and have little
reason to worry about the fixed nature of total supply.

The ;ailure of the market to allocate resources to'their
best social use i; the result of external costs and
benefits not being reflected in mar?et prices.

At present, even the most favourable physical

conditions for agriculture do not provide levels of return

o ) SN
that enable farmers to pay for land what urban uses can

et
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offer (Healy and Short, 1979; Rodd, 1976). Market. prices,
haowever, da not reflect impcrtaqﬁ externalities. For
example, cultivating high quality agricultural land, may
produce less water pollution or soil erosion than
cultivating marginal land, but the saocial advantage
associated with this is not reflected in relative land
prices. As wéll, the market price of agricultural land
does not take account of such long-term social
considerations as possible food shortages twen;y or thirty

years hence.
The market assumes that resourch are free to move

between alternatives uses as needed. Ye:; once land is P
cammitt;d to urban uses it is virtually impossible for it.
to be returned to{agriculiﬁ:e because of high
transforméfion costs (Harrigs, 1580). .By the time that
economic demands for food have raised food production
igcentives, the suppply of high guality Séribultural land
may alreaay be FQD small (Castle, 1982). %hus, the market
presents a problem in that the relative ability D%
agriculture to compete for 1and ﬁay not be consistent‘gith
its importance in providing certain goods and/or amenities

"to society. In such cases, government intervention is
needed to compensate for the effects of market failure
(Brown, 1981). 2

Farmland preservation policies reflect the concern

that the capacity to produce sufficient agricultural



products is threatened. Although it is widely accepted
that price distortions exist in the land market, the case
for increased public intervention is not overwhelmingly
strong. Despite the link bétween deﬁelopment patterns and
farmland loss, it has not beeé adequately demonstrated that
more land will be needed to produce food in the decades
ahead than the market will make available (Frankena and
Scheffman, 19805 Gardner, 1977). Arguments that it 1s

L
better t? err on the side DF°éa¥ety ignore the fact that

4 .
this responsegcould impose considerable and unnecessary

costs on society, such as increasing the price of land for

g and other nonagricultural purposes {Siegan, 197&;

Urban Development Institute, 1982).
Given both the critical impoftance of agriculture to

the future well-being of society and this basic

disagreement on the need for public policy intervention, it

F
is essential that efforts be made to determine more
-
-\|
\\ precisely the extent to which a decrease in the current

ck of agricultural land could impair the future

ction of adequate suppfies of food. Before examining
glhe types of information currently used in rural land—u;e
planning, an overview of urbanization in Canada is
presented alo;g with a review of studie% which have
examined the conversian of agricultural land to urban uses,

This discussion highlights the shortcomings of recent

attempts to assess the significance of agricultural land
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losses to urbanization, and provides a foundation for the

conceptual and empirical wor k presented later in the

thesis.

\

2.3 The LCanadian Context

- For mo;t of its history Canada has been a rural
country. In 1901, lhirt*—four vears after Contederation,
&4 percent Dfrthé'pnpulation was rural (Statistics Canada,
1981). Although the process of urbanization_was somewhat
sl ower to_develop in éanada than in older industrial
countries, since the end of the Second World War Canada’s

rate of urban growth has surpassed that of any other

western;industrial nation (Gertlier and Crowley, 1977). In

—

Fl

1981, 76 pe;cent of the Canadian population lived in an
‘urban place (Statistics Canada, 1982). The many population
forecasts which have been developed for Canada (see, for
example, Barrett, 19825 Stone .and' Marceau, 19775 United
Nations, 1982) éll point to further increases in the total
populationﬁand even higher levels of urban-concentratiohf
Overall, Canada hés a low population to land ratioc —
about 2.4 persoﬁs per sguare kilometre (Statistics Canada,
1981). Two factors, however, have evoked concern over the
potentital impact of continued urban growth upon
égricultural production'capacity. " The first factor is that

although endowed with a vast land area, the larger part of

Canada is under arctic and subarctic type of climate and a

-
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great deal o% tﬁe remainder is rocky or mauntainqua, This
situatgon 15 documented by the Canada Land Inventory for
agriculture. This classification system groups arable .
soils according to their potentials and limitations fDé
sustained production of field crops. The inventory

identifies seven wgricultural classes, si» of which have

some measure of suitability for agriculture. Elasses 1 to

3 are considered suitable for thE'%ustained praoduction, of
field crops, Class 4 land is phyéically marginal +or
sustained agriculture, ﬂhile Classes S and 4 are only
suitable for pasture (Hé?%man, 1971) .

A breakdown of the Canadian land r urce by
agricultural 1land capability class is p:iséﬁted in Table
2.1, Only S percent of Canada’s tdial land area (922
million hectares), is free from seve;e physical limitations
and capahbhle of Supporting crop production. A mere 0.5
percent, or about four million hectares, is rated as

Capability Class 1. Although the Canada tLand Inventory for

L}
agriculture does not provide expected yields for the

~different field crops Hoffman (1971), suggests that there

—

is a 20 percent decrease in crop productivity between Class
1 and Class 2 land. \

Some potential exists in Canada for producing crops
en marginal agricultural lands. It is generall?'believed,
however-, thag these lands will bg difficult to develop.

The tlimatic hazards encountered are much more severe than
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TABLE .2, 1

LAND CAPARILITY FOR AGRICULTURE IN CANADA

P 1

Percent of Area

.CL? Cl ass Hectaces . of Tanada
1 | 4,146,084 0.5
2 - 16,190, 801 1.8
3 25,126,125 2.7
Suﬁtotal | 45,463,010 .5.0
4 24,996,520 2.7

5 - 34,348,755 3.7

& 16,776,316 1.8

7 S8, 607,711 6.3 ~\\
Drganﬁg/ 18,076, 161 2.0

Other' . 723,829,244 78.5
Total - 922,097,737 100.0 -

' Includes unmapped areas; water aréasi?é?rest reserves;
national parks; urbany,areas and provintial parks,

’

{

{

Source! McCuaig, J.D. and Manning, E.W. 1982.
" Agricultural Land-Use Change in Canada:
. ‘Brocess_and Conseguences. DOttawa! Lands
Directorate, Environment Canada.

9+
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than on most lands naw beiﬁg farmed, and they are remote

~

from markets and\, sources of supplies; therefore production

.
and marketing costs will be higher than on existing land

(Beattie et al., 1981: Geno and [%ﬁo, 1976) .
Furthermnre, even with the application of the best farming
technology %yailable without regard to cost, such lands

Have production potentials of only wne—-quarter to

one—eighth of the best land in Ontario (Bent}ey, 1980} .
The-second factor contréguting to the concern owver
aﬁricultural.land ccnversion in Canada, is that there is a
close correspondence between the dlstrlbutloz)of high
qual1ty agrlcultural land and urban centres. Nearly.57
percent of Canada’s class 1 land for agriculture lies
wlthln 80 kilometres of its 23 census metropcfltan areas
(Neimanis, 197%9). As Canadian urban centres expand, they
will do so largely at the expense of the best soils.
Previous research efforts have examined fhe
conversion of agricultural 1land to urban uses from several
different perspectives. Gierman and Lenning (1980) Y
distinguish the urban fraom the rura1~oriénted'researcher;.
The'ufban—criented researchers (see, for example, Bourne
and Simmune; 19723 Spurr, 19748), are conce?ned with the
growth of urban centres and the uses made of the land

absorbed. These studies generally ignore the original use

and capabilities of the land which is absorbed for utlan

B
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purpo=ses. . The rural-oriented researchers (see, for
example; Bryant et 31, 1981; Krueger, 1978; Russwurm,

- 1977), are concerned with the identification and analysis
of the impacts urban expansidn has ‘upon both the
agricul turatl industry and food production capacity. The
following section reviews the rural-oriented 'studies.

. /.

2.3.1 Agricultlral Land Convers=ion

A lahgez%f;erature examines the extenf of
agricultural land conversion to urban uses and its‘impact
‘
on both, the agrlcultural 1ndustry and the food production
' )capacxt;{Qf the Canadian land base. - This section reviews
| these studies and the case which has been made for t/g/
.
protection ofragrlcultural land from urban encroachment.
.Natlonally, total farmland area in Canada, which
indludes imprdved anrnd unimproved laﬁd ‘experlenced only
modest fluctuations between 19721 and 1980 (Simpson—-Lewis
and Manning, 1981). .The_lsgghs,ﬂf?farmland in eastern and
central Canada have been balanced by ga;H% in the west:
2 However, when productivity potential isg c;nsidered,
Canadian productive capacity has decreasé due to losses of
high quality agricultural 1ahd (Manning anc McCuaig; 1981) .
Not a‘lrl of the farmland losses can be attrhéc’i torurban
development. Much of the acreaqge lost in the eastern

provinces is due toc the abandonment of marginal

agricultural lands. However, it is in the urban fringe
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zones of southern Ontario and Quebec where the most.
intensive agricultural Productioﬁ is cgpcentrated, and
where the loss qf these lands from agriculture constituteé
the greatest threat to regional and naéiongl‘prod&ctivity
(McCuaig and Manniﬁg, 1982). Just over-SO percent’ of -
Eanada’s populatién livesliﬁ areas ‘having the best 5
percent of thé natinnjs farml and (Nilliaqs et a1.,
1978).

- Several studleslhave 1nvest1gated the quantity and
qualxty of land consumed by the growth 5+ Canadian urban
centres. Bierman (1977) provides an extensive account of
the drbanizatiun of rural land between 1966 and 1971, +or
all urban areas with popul ations greater than 25,060.
Warren and Rump (1981) extended this analysis by
und;;tak1ng a similar study for the years 1971-76. These

studies 1nd1cate that there was a national decrease in the

amount of rural land converted to urban use between 1971

and 1976 compared to the 1966-71 period, but that the ratjo -

- of population change to area of land consumed was fcuer

suggesting a trend to lower average detEity of development.

.5 .
Overall, &2 percent of the land converted to urban uses was

in agricultural land capability classes one to three

(Warren and Rump, 1981). _ o U

The studies by Gierman (1977) an® Warren and ,Rump

.

(1981) wére undertaken solely to determine the amount of
N : ¥

rurél land converted to to urban uses in ?anaah and to

-
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compare the amou t \and rates aof cunt/rsion in cities afiross

s

the country. Alxhofigh it 15 aanawiedged that the

T
conversion of rural lan?s\Fa urban uses "has implications"
’ §

for food production capébity, the nature of ithese

implications is not 1nve5t1gated. They do note, however,

thag,much of the concern over the;%onver51on of
agrlcultural land to urban uses has focused upon Ontario.
.

Sguthern Ontario contains over S0 percent of the nation’s

class one agricultural iaﬁd,/énd Dﬁ{:;iu had the highest

o o’ R
proving total of rural land converted to -urban uses - in

~hot Ay periods (Warren and Rump, 1981).

. 4

-

p'oduction capacity, several até

pts have made to estimate
the magnitude of future rural to urban land conver51ons;
Jﬂowland_(1975) adopts the land_cansumption estimates of
érerar (1962) and Hind—-Smith {1262), and assumes tha£ every
1,600 increase in urbanlaup&ﬂhéicn requires 86 hectares of
land. Applying this to-a.provincial population of 11.4
millﬁon, he estimates that 518,949 hectares will be lost to
ﬁ;ban uses in Ontario by the Year 2001i. He con@ludes that

.

this repre§en' a loss of 7.7 percent of the soils 1n !
agricultural land capab111t¥J£1asses 1 to 3, and a 12
p;rcent reducﬁigh in Dntarfﬁfs food producing capacity..
Tosine (1979) has revised Nowlang’s p:;dictions using more

recent and lawer paopulation projections. He estimates that

K-

o
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at most 327,000 hectares of rural land will be converted t

urban use by the year 2001, and that this will consume only

4.5 percent of all class 1 to 3 soils in Ontario. He
. - -
soils to urban

(N

concludes, however, that the loss of the

uses "may have repercussions" for Ontaryo®s food Broducing
Cépaqity (Tosfﬁérilgzgiiél;H_—;’ s
) S&it and éocklin (1981a) have developed future'urban
land requirements for each of tHe urban cgntfes in Ontario
over 23,000 population in 1974, They estimate that as much
as 130,233 hectdbes of rurél land will be'convertedipo
urban uses by the vear 2001. They later extended their
analysis (Smit and Cocklin, 1981b) to examine the
agricultural capability of the land they expect to be
converted under’ alternative growth scenarios. The
scenarios cansider the effects of directing urb;n
devel opment onto and- away from the better quality
agricultural lands. They conclude that regardless of the ,.
'assumptiqns made about the distribution of urban growth

N
across agrﬁcultural land capability classes, the proportion
<§=t

of class on .6 three landﬁrequired is relatively small.
Only 3.9 percent of the pr;vince’s claés onefgo three land
would be affected, and only 1;9 percent of thé class one
land in the province.

Forecasts of land requirements faor urban pPuUrposes

depend upon the assumptions made about future popul ation

growth and develépment densities. Given the uncertainty
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which surrounds any attempt.to describe future conditions,
it is uniikely that consensus on the likely average annual
rate of transfer of land from agriculture to urban uses can

- be achieved., What ig cé?tain is that more~ga}icultural
land willWhﬁ/éanerted.té urban uses in the'future,'and
that much of this convérsian will occur near OGntaria’s
existing urban areas - areas which contain 5 high
proportion 'of the province’s good quality agricultural
land. Of major ccncerﬁ, however, is not that there are
widely varying estimates of the émuunt of rural land needeﬁ
for urban purposes. Rather, it is the lack of a suttable
framework for assessing the impact of the different
estimates on the capacity to meet future food d%mandé-

The studies by No#land (1975) Tosine <1979) and Smit

‘ and Cocklin (1982aj; 19825) allude to the possible

detrimental effects which continued agricultural losses to

~
L

‘//urban uses may have upon agricultural production capaci -

// Yet their analyses do not provide a basis for gauging the

impact such losses. Al though thé proportion of high

quality land likely to be needed for urban develapmeﬁt may

be retatfively small, such losses cnu\iSZE important if the

scil and climate requirements of some ecialty crops and

nonland resource factors are considered. Cocklin et

*

- al. (1983) have a%tempted to estiméte t?é loss in

production potential associated Wwith expected agricul tural

land conversions faor selected‘crops in Ontario. They

[ ’
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expresé the productivity potential of each crop on lands
expeéted to‘be converted to urban uses, as a proportion of
the crop’s total provinical productive potential. This
méasure, however, considers the potential productivity of
éach'crop separately. It does not provide a summary
measure of how much crop production capacity is lost.

Some researchers maintain that Canada’s best
agricultural land, in terms of soil and climate, must be
desigv;te? for agricultural purposes only (see, for
example, Béaubien and Tabacnik, 1977; Pearson, 1974;
Science Council of Canada, 1974, 1979). There are,
however, two guite separate objectives expressed by most
farmland preservation advocates: the protection of the land
resource i1tself and the maintenance of a viable farm
economy. At the local level, a number of conflicts in the
use and management of land have arisen as a result of the
intrusion of urban activities into rural areas. The
countryside has become a source of space {for such véried
land uses as outdoor recfeaticn, nenfarm residential
development and aggregate extraction. These uses, which

rely upon urban proximity, have had a number of detrimental

T~

effects‘upon\ghe local agricultural industry, including
higﬁer prices for agricultural iand (Bryant and Russwurm,
1979}, farm fragmentation (Rodd, 197&), and reduced levels
of agricultural ipvestment (Russwurm, 1977). As well,

several public sector problems have arisen concerning the
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providion of social and physical servic?é and fair taxation
{Joseph and Smit, 1981). These factors alone have been
considered sufficient grounds for the implementation of
policies to pfntect agricultural land from urban
eﬁcroachmént (Pearsen, 1974}.

Restricting urban growth may eliminate some of the
nuisance effects wﬁich wrbanization h on the agricultural

Dhgjy, however,

depends largely on profitability/ which is_qffecteddpy a

industry. Maintaining a viable fa

Host of faé£ors unrel ated to land lsuch as interest rates,
foreign markets and management. Preserving the land

resource will not necessarily ensure that landowners will h
decide to farm it, that econnﬁic factors spch as the high.
cost of land and equipment will permit them to farm it; or

that provincial or'federai programmes will provide the
right incentives to keep it in farming. Much of the “
support for farmland preservation derives from the fact
that it‘has become the proxy for numerous social concerns
such as protecting environmental quality, contajning urban
sprawl aﬁd‘maintaining scenic beauty. However, while these
problems pose significant challenges for local planning
authorities, it is one matter to preserve agricultural.land
as part of a programme to protect the local agricultural
industr;, and quite another to try and justify such
measures by the need to ensure that the nation’s future

“

food reguirements can be met. It is this latter guestion

L 1

AW

.\
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which is one of the most widely disputed land-use policy
l1ssues in Canada. @

Concern about the rate of agriculiural land ’
conversion and the long—term implications of continued
farmland losses an foad production capacity, has spurred
the development.of policies to control farmland conversion.
The provincial gove;nments of Newfoundland, Buebec and
British Colgmbia have enacted specific farmland )
ﬁreservation policies and in five of the ;tﬁer seven
_prov1nces, some consideration is glven to farmland - b \

preservation (for a review of provincial policy

initiatives, see Furuseth and Pierce, 1982). There is

AT L + ;
concern, however, that such policies ignore the existence

of legitimate urban land needs. Pierce (1981:;172) gtatES:

"The need for the preservation of agricultural
land and the need for adeguate space {for urban
expansion are two conflicting goals in need of
reconciliation. To date the development of
strategies for the containment of urban growth
and the protection of rural-resource lands in
Canada has naot been supporteﬁ by systematic
national or provincial analyses of the land-—
conversion process.”

Urban expansion in'Canada continues on lands having
high-capability for agriculture. Despite the receqp/'surge
af interest in the n;ture and extent of agricultural land
ﬁEonversion, the data available serve only to highlight
areas in which land—-use conflicts may be pending. They do

little to assist in assessing whether agricultiral land

preservation policies are needed to ensure that futhe food
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requiéements can be met. Nevertheless, increasing pressure
on farmland has brought about provincial guidelines for
preserving agricultural land. These programmes use Y
agricultﬁral land capability g;stems to identify land areas
whichlshculd,be protected.y The limitations of these and
other land classification /systems for developing

agricultural land-use policies are reviewed in the

following section.

2.4 Plan;;%Z for Agricultural Land Use

ublic concern over the use of land resources has

i

beegitranslated into a growing acceptance of govermment
intervention in the land-use allccation)process innghe‘form
of land—use planning.' Land-use planning is essentially a
process of establishing and cperating public institutions'
that modify the market allocation of land (Supalla, 197&).

{ .
/4 An essential prerequisite for public policy intErvention is

the development of a land and land-use informdtion support

system, which will facilitate the assessment of land-use /
opportunities and needs. This section examines the i ' C{_,dyﬁ\\
information provided by land classification and la e J

evaluation systems, and assesses the lipitations of these
techniques for evaluating the need for agricultural 1land

preservation policies. S
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2.4.1 Soil and Land Elassification

Classification refers to the process of giving name
to a collection of objects which are thougb% to be similar
to each Ggéga in some respect (Everitt, 19474). Placing
objects into categories or classes performs an essential
function in the process of making sense of the world around
us. It is much easier to de;elop classification schemes
for river systems, cities, regions of the world or lana—use
patterns, than to consider each Component as a separate
entity. The primary functién of class:fication 1s to
construct classes about which inductive generalizations cgn

be made (Bailey.et 2., 1978).

Almost all resources\have been classified at one time
or another, and most have Been classified in several
different ways. Thus, it must be stressed that
tlassifications are developed with a p;}ticular purpose in f! L“;
mind. There is seldom the case in which a single or

/
"absolute" classification can be developed for a set of

objects, as the purposes of the classification'ﬁhx\vary-
The best E?zssification is, quite simply, that which best
serves the purposgs—+or which it was designed (Sokal,
1974). Generally, the objective of scienéific
classificationité to establish categcfies ?ithin which the
degree of association among members\is higﬁ and between

which association is 1ow.
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Soil classification and survey involve kﬁg
collection, organization aan};:;:;:;;%tion of the kinds
and distribution of soils over the sﬁr{ace of the earth.
The collection of this informatiof is done in the soil
survey, whereas its organization land interpretation are the
wuﬁk of soil classification. Classifications that describe
soils‘and‘show their interrelationships are called
taxcnomic. .-Those that group soils according to their
suitability fDr‘one or more uses are called/interpretive
{Steele, 19247). .

Ths\ézggf/ﬁQHEDil survey idéntifies :He important
charactericsfics of s0il, classifies them into defined unigs
{
and delimity their bnundgries on maps. These maps §Ee
inﬁfnded to suit the purposesﬁ%f users with widely
different prnblems and, therefore, contain considerable
detail to show basic seil differences (westerveld and wvan
den Hurk 1973). It is useful to dlstlngulsh between the

\
cuncepts af soil characteristics and soil qualities. Seoil

‘characteristics are those aspects that can be o rved

]
directly in the field or measured on gappies ig the
T
ibboraﬁbry; for example, texture, stfﬁéture, stoniness.
Soil qualities are those aspects which can be inferred frnm
the observable characterishics; for example, water

- . 1

availability, suitability for root ‘growth, workability

(Way, 1973). In general, seil characteristics are mapped

during the course of soil inventory.

-~

1

—~
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Each soil has many characteristics which, in one way
or anotheQ; affect its response to different types of
manipu{iyion and maﬁaggﬁLnt. Since many uses, both
agricul tural aﬁd nonagricultural are madé of the soil, each
-land use requires a separate interpretation of the basic
infarmation collecfedlfrom the soil survey. The
application of soil informatiwn to land-use p17 ning is

undertaken at two quite differfent scales. Detailed soil 4

I

S

maps gssist in the planning of specific locations %DF “\(ﬁ
pérticular land uses?- E\{pstance, as an aid to urban
development, soil maps indicate limitations of each soil
class for housing, indust;i 1l sites, piPelines, and octher
common land uses (see, for example, Bartelii et al.,
1966;'Hi%1, 1979; McCormack and Bartelli;§3977).
Generalized soil mapé/;re constructed from the detailed
maps and are used to identify, very roughly, artas whiéh
are suitable for particular uses at the lecal uf regional,
.level {(Bauer, 1973; Orbell, 1977). A
Some argue that generalized ;oil maps provide a
suitable basis for formul ating land—use-plans and e f}
initiating land-use policies. Indeed, Donahue a2l .

(1977:237) suggest that:

"A s0il survey is the only means of establishing
a scientific basis for planning the most appro- {k
priate use of every acre or hectare of tand. " A

his method of establishing land-use priorities is

/‘_J\*—-A -
—h
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frequently applied to -the resolution of confilict Between
urban aéd agricul tural lénd uses. Essentially it is
m;intained that once high guality agricultural land; are
identified, they should be exclusively reserbed for
agricultural use (see, for anmple, Jorling, 1978; Olson
and Har;y, 1567; Orbell, 1977). It would appear, howeﬁer,
that the cagE/KE}iusing soi1l surveys to make land-use
decisions hagugenerallx been Dverstéted. Obviously, the
soil cnnditiun;_Tﬁ\éﬁ area are an important element of the
natural resource’base aﬁd influence both u;ban and rural"
land uses. However, while it is acknowledged that an
understanding of the physical resource base is an essential
component of land-use planning, it is only a first step.

Resource inventories, such as thé s0il survey,.do Bnt
indicate the need to establish particular land-use
policies, nor do they provide criteria with which to decide
which land use should be given priority in an area. Soil
survey interpretation is designed to indicate alternatives

g +

or opportunities in the use of soils, not to provide

’

reéDmMthétions for their use (Aandhal, 1958; \
Becker-Platen, 1979; Steele, 1947). Knowledge of sﬁils is
integral to improving the managegént and outputffromﬁ
existing agricultural areas,_as well as in developing new
localities. This information, however, does not

necessarily lead to sound land-use planning decisions.

Soil maps are entirely Physically based and db not consider

D
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the land demands of competing.activities. This iséue is
addressed more fully in the following discussion of 1land

capability indices.

2.4.2 Land Capabilit? Indices

Land capability refers to the ability of land to
accommodate a'particular use or activity without permanent
damage.. Capability, therefore, refers to both the
characteristics of the land and’ thaose of the activity or
use in mind (Lang and Armour, 1980}, Ag?icultural 1and
capgbility maps showing the distﬁibutinn of 6apability
classés have been prepared in a number of countries, among
them‘the United States (Klingebhiel and hontgomery, 1973);
Gréat Britain (Bibby an Mackney, i?é?) and Canada
{Hoffman,‘1971). "Altholugh each capability system is geared
specifically to the conditions in each country, many
simiiarities exist between them. Generally, they assess
agricultural land capability from known relationships
between the growth and management of field crops and
physi&al tactors of soil, site and climate.

Some authors (see, for example, Davidson, 1980;
Krueger, 1977; McCormack, 1971; Pearson, 1975), maintain
that land capability for agriculture indices have an
indispensable role to play in the making of 1and;use policy
decisions. They phint.td the ability of such schemes to
.provide land-use planners ané policy-makers with é;ta for

N, .
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implementing such policies as directing urban ‘development
away from the better quality agricultural land. Indeed,
some supporters of the Canadian agriéultural land
capability system would have legislation enacted that'’
prevented any further transfer of Class 1 or 2 soils from
agricultural to urban uses (see, for example, APPEAL,

-

1975) . ‘ -
The assumption underlying the call for the

preservation of agricultural land, is that the best
farmlands must be retained for agriculture in order to
ensure that future food requirements can be met. In

. . ' —
British Columbia, rapid population grawth and urbanization,
combined with concern for ‘a limited farmland base, led to
the establishment of the British Columbia Land Commission.
‘The Commission has since designated Agricultural Land

allign,

Reserves (A.L.R.’7s) using agricultural land capability
classes. The principal objective of the programme is to
preserve land for farm use (Baxter, 1974). However, as
noted by Rees (1977:34):

"It might‘reasonably be argued that designation of
A.L.R."s almost solely on the basis of agricultural
capability ratings is a misuse of these data, that
other resource sectors and relevant socio—-economic
factors were not sufficiently taken into account.in
an integrated or comprehensive regional planning
process as originally.envisaged by the C.L.I._"

Although land capability classifications for
agriculture, forestry and other land uses are useful for

€

delimiting areas which are of high guality for their b
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respectives uses,ipy themselves they are an inadequate data
bése far making'many land-use allocation decisions. Land
capability for agriculture systems were developed to group
soi1ls with similar managemént problems for interpretive
purposes, not to define how much and which lands should be
reserved for agric&lture (Hilton, 1968; Singer, 1978). It <:;
does not follow that because an area is well suited to a )
particular activity it sheould necessarily be reserved for
that use. Land which is of high guality for agriculture is

r
frequently alsc of high guality for other uses, ingluding

urban development. Similarly, vast areas of 1and may be

%

ideally suited for an activit% for whi;h thenﬁ is }ittle. -‘ 'F
need or demand. As noted-by FlaHergy and Smit (1982), land

capability maps,highlight the conflicts between competing

land uses which land-use planning is idtended to solve,'gut

they do not help tp resolve this conflict by indicating the

consequences of alternative courses of action.

2.4.3 Composite Land-Capability

Single factor land cipability systems assist in
identifying land uses which might be inccmpatib}e with a
land a;éa, and those that are feasible alternatives. It
has been demonstrated, howe » thaty they do nét provide
land-use planners sufficient information with which tao

decide among alternative land uses. An appréach which

attempts to synthesize the information obtained from single B

v
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p%rpcse land capability classification systems is typified
by the "design with nature" work of McHarg (19469). This
method has been used in such diverse applications as

. selecting highway eorridorg”{M;Harg, 19468) and evaluating
developmeﬁt options in coastal areas (Nehman et al.,

197:5). ,\-/

The method consists of preparing a series of Dvérlays
¥

for single factors such as topography, agricultural

"value", recreational "value" and so forth. For each

LN

overlay, afeas where the values are judged "highest are
shaded in dark tones and progressively lighter shading is -
used for lower values. The final map indicates areas least
or mbst sensitive to the type or types, of development or
use under consideration. To make the hask of overla;ing
several different factors easier, comﬁuter based mappi;g
systemshhave been developed.

One of the more elaborate compufer‘applications is
the METLAND system (Fabos, 1979). fhis system evaluates
the effects, benefits and césts of alternative land-use
plans with féspect to a set of landscape parameters,suchiﬁs
agricultural productivity, visuwal amenity, flood hézard.and

so forth. It tonsists of an economic valuation procedure

which assigns dollar values per acre tc defined landscape

-

et

parameter classes. The dollar value terms are deemed §o

provide a common denominator for the diverse set of
r

!

landscape parameters under consideration (Fabos and Joyner,

/)

I
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IQBQLkikﬁiEE;native laqd—use plans are evaluated by

producing a composite map of landscape value profiles for
each plan.

Al ccmpbsite overlay techniques are dependent upon
mapping sys s, either hand drafted or computerized, and
most place important variables into categories and Dver{ay
them. These metho&s have beem criticized for several
reasons, many of which are technicafbconcerns regarding
variable meéﬁurement or weighting, and the subjectivitf
inherent in the application of fhecpiffe?ent methods (see,

L~
for example, Gordon, 1978; Sneader, 1975). @uite apart

from the technical problems assoriated with the use of
composite overlay methods;-however, are criticisms of a
moré conceptual nature concerning the types of prﬁblems for
which these techniques are appropriafe.

.The major weakness of cumposite aoverlay technigues
for assessing land-use prioritigs is that, like land—use
.capab?lity systems, they are based entirely upon
assessments of the suitabii}ty of land for selected‘uses.
This information deoes not pe}mit one to make predictive or
normat®ve statements about the allocation of lang-

V,rdifferent uses, because the demand for these uses is
ignored (Hopkins, 1977). The importance of land for

/gg:?éhlture or housing, for example, wnuld be assessed
according to its inherent suifabiiity for these usgg,

LY
& regardiess of how much 1land is required to meet current or
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future demands far agricultural products or housinj space.

The 11m1tat10n5 of composite technlques are succ1nctly

stated by Gold (1974:286):

—

"Just as there is something wrong with a market
system that cannot provide adequate open space
. in congested cities, there i= also something
wrong with a planning toel that would plant corn
dg an Wall Street simply because the land is agri-—
culturally productive there." \\ e
[ 4 -

Proponents of the composite overlay téé??iéues ar gue
that they provide a sound basis for making decisions about
the allocation of land among different uses. Miller
(1979}, +for example, argueé th McHarg’s method is
suitable for identifying.high quality agricultyra} lands
which can then be set aside exclusive%y for farm use. Tﬁis
review has shown, however, that the establishment of
fanﬂ—use priorities cannot be based solely on an analysis
of the supply of land of different degrees of suit;bilitf.
The impartance of allocating land to particular uses can
only be determined by considering the demands for the
different land uses which exist ar w;}ch may aevelop in the
future.

—

‘2.4.4 Plan Evaluation Techniques .

The evaluation of land-use alternatives is a difficult

undertaking, as multiple goals and criteria must usually be

+

considered. Recently, attempts have been made to develop

land—use planning techniques which incorporate such

¥
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considerations in the'generation and evaluation of >
alternate plans. Most of these multicriteria methods, as
they are generally known, are based upon weighting systems
which reflect the rela£ive importancé of decision criteria.
Although several different methods now exist (see, for
example, Massam and Wolfe, 1979; Nijkamp and Vos, 1976?,
only the basics of the approach are re;iewed here._

+ One Dk the most widely known methods for‘evaluating"
alternative land-use plans, is the ﬁfhn evaluation matrix
which dRscribes numerically how well specified objectives
are met ynder each of the plans. The goals achievemenp
matri» was originally devéloped by Hill (1968), and.hés‘
since peen revised and extended by a-+number of researchers
(see, for example, Manning/gnd Moncreif, 19793 Welch and
Lewis, 1978&). Afcﬁmmon %eature of these methudslis that
they indicate the extent to thch a plan or set of
alternat{ve plans, will meet goals which have been agreed
upon andfsét in advance. A matrix is defined in which a
proposed plan is rated.égainst a set of cbjectives or
factors such aé-environmental or econramic, to détermine how
each objective or factor is affected by the Ai%ferent
_plans- The matrix summarizes the information specified for
a given problem, but does not make recommendations as to
which of the plans considered is best. This task is left
to the decisioﬁ—makers,

‘Proponents of matrix plan evaluation methods arque

e
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that they o¥fer an arganizational framework which ensures
that imp;rtant a;;ects of a land-use planning problem are
not omitted. Névertheless, several criticisms have been
levelled against these methods, concerning the subjectivity
involved in calculating the megsures of performance for
different strategies ar plans, and' the trade-offs which
must be made between comprehensiveness and matri
manageability (see, fnr:easffle, Kettle and Whitbreadh//\l
19735 Poulton, 1982). Ths cancern of this‘review, however,
is not with the technical issues peculiar te each method,
but with the more general problem of goal selecfiqn which
is fundamentai to-all multicriteria methods.

The evaluation of alternative plans is undertaken on
the basis of goals which have been set in advance. The
question arises, however, as to whether or not the
particular goal set selected is valid. For example, given
the concern which exists over the conversion of
agricultural land to urban uses, it may seem reasonable to
include the goal of preserving good farmland. The matris
plan evaluation methods, however, are designed only to
indicate how well the different plans conform to this
okjective. Tﬁey do not, .and were never intended to,
aﬁdress the important antecedent questiog of whether such a
land-use goal is necessary.or desirable.

Matrix plan evaluation methods are appropriate for

problems in which planning goals have been previously

awr
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{ormulated and the rationale fcr .their selection Justzfled-
It is this latter problem of providing an adequate basis
for the establishment of land-use goals, however, which
underlies the debate over the possible conflict between
urban expansion and: land needs for agriculture. The
following section outlines the type of infon@ation which is
needed to assess the adequacy of the“agricultural land base
for meeting future lanq—use demands.

&

2.5 Information Needs for Land-Use Pl anning

Public concern over the use of land resources hasc

increased in recent years. It is realized that land

{a

resources are rélatively scarce and require improved
management. Although Planning is underpinned by the

assumption that adequate information exists for public

authorltles to make decisians about the “"best" use of land

in the futuréx{&iiﬁfvsky, 1974), land use and other

7

resource poli;y—makers generally lack the the kinds of

information £hef_need to make sound decisions. They are
/

typ1ca11y confronted not only “with a large number of

1

resource use alternat:ves, but an 1nadequate understanding

of their future implications (Gibson and Timmons, 19763

: -
Sewell, 1973). There it a need, then, to develop
. : ‘ N

technqu&é which can enhance the capacity af }
decision-makers to assess both the adequacy of the land

resourcg for meeting future land-use demands and the

J
4
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alternative_p ans by which these demands could be met.

This section ocutlines th informatiaon and analysis that
could p;ﬁvidé @ basis for addressing these issues.

The cdntroversy over the impact of agricuitural land"
converé&on on food production capacity largely stems from
two sources./ A major factor is that assessments of the
grav1ty of the praoblem vary greatly owing to differences in
assumptions about future levels of population growth, food
needs (both domestic and foreign) and resource

availability. Of greater concern to this thesis, however,

is the lagk of a suitable framework for evaluating the

imﬁactg of the different estimates. HMany of the techniques
us?d byﬂ}and—use planners and policy-makers are simply
inadeq;ate for assessing the long-term implications of
agricultural land losses an fhe’ability to meet +u£ure f;Dd.
needs. There is a need, then, not just to identify and
quaﬁtify the majnr‘variabies which influence land use, but
to develop a means to integrate land and nonland resource

Y

factors so that the long-term.consequences of agricultural"
land conversian to urban uses can be identified.

With the increased awareness of thé.need for 5
systematic consideration of the factors which affect land
use, atteﬁtion has focused on the development of
mathematical models to explain and predict land-use

activity. Broadly, such models consist of one or more

statements, expressed in mathematical térms, which describe

N
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N ’
.

the interrelationships among variables. The assessment of
future food production capacity, sué;ect to constraints on
such factors as crop productivity, enargy use and land
availability, is consistent with mathematical programming
techniques. 'Thése methods have been widely applied in the

\ -
analysis of resource allocation problems, as they provide a
framework for idenfifying the conditions unéer which
different levels of demand can be met and those under which
a resource scarcity problem érises. Many agricultural
land-use programming models have been developed to assess
food production péténtial and the implied resource base
necessary to reach this potential. These' models are
reviewed in Chapter 3.

information about the adequacy of a given land base
for meeting future food needs is an essential p;eréduisite
for formulating land-use policy. In assessing the need far
particular land-use pelicies and/or identifying tg; areas
in which they should be enacted, hawever, additional
information éay be needed. Two related concerns identified

. 1
earfier in this thesis are tht amount o%Jzzoduction -
capacity used in meeting given demands, and the e#tent to
which the Ful%illdent of expected food needs is dependenﬁ
upon particqlar lgnd areas being a&ailable to agricult;re-
These issues are discussed in the following sections underk\ )

the headings/G¥ land-use fle ibility and criti¥a1n955

respectivel y. . e . _ .
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2.5.1 Land-Use Flexibility

-The concept of flexibility has appeared in
. .
microeconomic theory in relation to choice of plant and

itnvestment portfolio (see, for example, Goldman, 1974,

_ c
19785 Kreps, 1979). In this context, flexibi%ity refers to

the tendency of policy—-makers to seek reversable or
adaptable decisions (Marschak and Nelson, 19&62). It is
e
argued that in an uncertain world, the extent to which
alternative plans or poljcie% forecloée future options is //,
an importént considéfﬁtion in selecting a prefe?red course
of action from a set of alternatives.
™\ A similad notion of flexibility has appeared in the
lanL—use planningrliterature. Friénd and Jessop (1971)
note that land-use ﬁlanﬁing is essentially a process of
generating and evaluafing alternatives under conditions of
uncertaintg. The develmpqgnt of alternative strategies is
ased upon future estimates gf such factﬁrs as popul akign
rowth, resource availability, technologymggﬂ palitical
priorities. Consequently, fﬁere is concern that decisions
taken en the béjfs af such férecasts be sufficiently
flexible to take account of future divergences between'.
-
observed and forecast conditions (Lundqgvist, 1982).
Concern over the conversion of agricultural lénd to

urban uses has arisen due to uncertainty surrounding the

capacity to meet future food needs. This concern is
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\\\ /Jj‘urther compounded by the fact that return1ng urban land to
N
agr;;ultural uses is difficult due to the high costs of

reclamation. It iS‘E;;\twin presence of uncertainty and

irreversibility that makeé flexibility an attractive
feature éf a planned course of action. In its finai report
tao the United States Department of Agriculture, for )
example, the CDmmittee on Prime Lands (1975:4) states:
“Publzc 1nterest will be served by maintaining
a maximum flexibility of options with respect
to future land use needs in a changlng and
uncertain world.“

The uncertainty about the effect of urban expatsiaon
Lah\the ability to meet future food needs has contributed to
calls far the protection of the ﬁost eroductive
agricul tural lands as a means of retaining land-use
tflexibility. .This begs the question,'hnwever, of the
degree of flexibility society is currently af*crded‘in its

~ 4 use aof land. Proponents of programmes to preserve farmland-

. ‘ ifjdﬁder to maintain land —use fler1b11;ﬁy, bave little

\\\d_ Lnﬁbledge of hnw much flexibility presemtly erlsts, let

alone the &tent to .which changes in food needs and/or
resource availability will cnnstrais future land-use
options.’ It is this information, kowever, which could
prove useful in eﬁaluating the need to choose a particular
course of actiﬁn sucg as preserving agniculigﬁal land.
As society;5 food needs' grow and as mére agricultural
4 - © '

land is converted to urban uses, some degree of land—-use

flexibi

is likely to be lost. A means is required,

) N
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then, to gauge the extent to which available production

capacity is used, and teo indicate the effect of such

changes as reductions in the amount of land available to
agriculture due to urban encroachment, or increases in food
demands, upon the range of land-use options. Several

methods have been developed to assess the amount of

)

flexibility associated with particular decisions (see, for

»

it

example, -Marschak and Nelson, 1962; HerPhofer, 19773

Rosenhead; 4980). These techniques are d951gned however,

LY

to address theﬁQuE%tlon. which of the alternatlve plans or
polxcxes\/pder cons&derat10n is most adaptive to changes in
future conditions? As such, the interpretation of

¥le£ibility on which these methods are based is not.
z
S

The amount of flexibility afforded sopciety in itéLuse

congruent with that adopted in this thesis.

of agricultural land is affected by a.wide variety of

factors. Among these are the ava11ab111ty of land and

into agricultural land-use programming models. The
suitability of mathemétical pro@?amming technigues for
assessing the amouht.of flexibility available in the use o
land unggghgiven con&itions, is examined in Chapter 3. A4
related_concern of this thesis is to:assess the importance.

of different types of land in meéting specified crop
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demands. This notion of land—use criticalness is examined
in the following.section.

2.5.2 Land-Use Criticalness
The potentiAl for graowing crops is not ﬁniformly
distribute ver the land baée. Some areag are more
limifed than gthers in}both the range df cgsﬁs‘which can be
grown jand the anticipated yields for thoge which can be
ced. As indicated in section 2.4.2, interpretive spil

c assificatipn syéle‘i have been developed to idqgtify
omogeneous paFCEIS'D% land and to rate these parc%ﬁ;
according to their éuit;bility for different uses,
especially agriculture. Although many argue that high
'quality agricultqray land is a'stfategig resource and that
1t is crucial that as lérge an acreage as pofsible shdﬁrq
be reserved for .agriculture, the identification of critical
agricultural areéé cannot be bhased solély upon an
assessment of the supply of land of different‘degrees of
suitability for agriculture. . ] -_ \\\

Classificatinn maps are convenient for summarizing

-

the potential agricultural use of specific areas. ﬁxgne,i
'huwever, they contribute little towards the fundamental
issue of whether or not agriculture should haﬁe priority
over other land uses. The extent 6 which partic ar‘t§bes
of land are of critical imbortance for agriculture must be

defined in terms of twp setfs of factors. One set is



agriculture in the sense that the fulfillment of

33

associated with fhe increasing demand for food. %he other

set consists of factors that limff.agriculture’s cépacity /f\) v
for responding tq increased food needs. A measure of
land-use criticalnesiébs needed which would indichte

whether there ard land areas of critical importance for

agricultural commodity demands hinges upon particular land

areas or types of land being available to agriculture.

&’
2.6 Summary
For the forseeable future, there is no end in sight

S _
to increasing population lewgls and to escalating needs for {‘

N n

agricultural production. Historically, increases in (
agricultural productipn have come from increasing the lands
Y
[ ]

under cultivation agd from raising yields per hectare. o

With these options now viewed as increasingly limited énd

expensive, concern has arisen aover the adeguacy of the

current stock of agricultural land for meeting future food
_ P

needs. 0

i,
\///;he preservation of agricultural land is now the
: : /

- - . .

. ~ . .. . :
focus of direct andknnd1rect government policies in several 7
. N - >~

nations. Despite the fact that lapgl resources are finite, ' .

. ?

however, the need for public intervention continues to be aJ

source of controversy. Several attempts have been made to'o-—-
h -

L ™ -

determine the nature and extent of rural to urban EESE/;//“/

conversibn and to assess the consequences of such
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+

conversioq for food production. Te date, however, no
. effective method has been developed for evaluating the
significance of agricultural land losses so that the need
for public policy intervent}on can be establighed.
k\. In.ordér to determine if and where agricultural land
needs to be protected to ensure’ adequate food production
capacity, policy—-makers require information on the capacity

of the lapd base to meet dgriculturdl commodit

/
requirements under a variety 'of future-conditions. This
- sor e s
‘ -~ inedludes dqfa not only on the ability land to meet the-
p .

demands‘(feasibility), but also on how much production
' s
capacity is used in meeting these demands (flexibility).

Information is alsoc needed on the extent'to which the

- +
fulfillment of given demandslhinges upon particular 1and

areas or types of lahd being‘available to agricul ture \'T

\\\ﬁ (criticalness). Chapter 3 examines the suitability'of

mathematical programming models for addressing these

ltr{i:‘\}_ﬁﬂu//assues. —

Pl
f

\

\
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CHAPTER 3

a

-

LAND-USE PROGRAMMING MODELS - ‘

b

This chapter reviews the use of mathematical v

*

-

- programming models in research on urhan and regional .

- planning and summarizes the current state of canceptual and

empirical work in agricultural land—use ﬁrogrémming. It

: [

also examines the suitability of programming techniques\iﬁ?p
L} " . T

evaluating the capacity of dand and related resocurces to
meet fupure food needs, and for assessing ggriéultural
land—usé flexibility and ériticalness. For a review of
matheﬁatical programming theory, the reader ;:Luld conéﬁ%t .

a standard text éuch as Hillier and Lieberman (1980) or Wu

and Coppins (1981).

- | . ’ JP

3.1 Land-Use Pianninq Model s
A problem common to all land-use planninngs the

difficulty of gaining an adequé&e(ynderstanang of the mawgy-
: ~ v
N
activities, locations and interactions which charactegrize
. - .
the land-use system (Turner, 1973). The growing acceptance

that the intuitive approach to the resolution of c;%pléx




’ ' ) . .- ’ . b
problems may not always be sufficient in itself has brought
about the appl_icaéiql’ of more systematic methods (Chadwick,
. _ . (/J
1971, '

o}

G ' . ﬁ'distinctinn is usually made between positive and

normative models. Positive analysis concerns what is, what

. . P
N x?)circumstances. :jgy—maLQFmatiéal models have been
aeveloped to explain or predict 1land-use activity.(:siny
' ~ . ) ' o

moda{s, such as the Lowry model which determines population

k\) was, and what will be the consequences aof any change in

and non—basic employment ‘from exdgenously determined basic
- ’
employment, or the gravity model which is used in land—use

and travel demand Etudies to describe patterns of travel aor

. activity location among zones, are of a non-optimizing

type. They generate land—use‘confﬁguratinhs far

o
alternative sets of assumptions about future conditions,
‘but do not evaluate the desirability of each pattern.

8 It is often the case that planning agencies<are

-

interested not only in forecasts of future land

o ) -

~devel opment, byf.in ideﬁti%&ing a land-use alternative

. e
L ¢ which best conforms to a desired state represented by

i development goals (Openshaw, 1978). Normative models are
~ concerned with qpat’”ﬁﬁght to be", consistent with the

' \i\:Jcriterion of optimality specified in the objective function

and the gf“6¥ZCQnstraints incorporated. This modelling
- .

t %
appro essentially relinquishes the study of existing

//.
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spatial patterns, although discrepancies between actual and
optimal patterns can be compared as almeasu;e of spatial
inefficiency (Beaumont, 1979).

Both single and multiobjective programming methods
have been util}zed in land-use planning. O0OFf the two
programming framewdrks, siﬁ?le—ﬁbjective models are by far
the most developed and widely used. The following section
presents the general form of single—objectiye optimrzation

¢

models.

"3.1.1 Single Objective Models

.
- )

Single objective programming techniques allocate
limited resources'among-competing activities, so as to

achieve a stated objective oélgoal.(f}hey identify the

sy
B

"best" solution available in terms of the objectf%e and
informaticn specified té define a system (williams,:1978)-
The basic structure of a single objective optipization
model is either to ma;imize or minimize an objéctive
fﬁnctinn while satisfying a set Jf caonstraining co?ditions.
The objective fﬁnction 1s a mathemétical statement\gf the

I .
overall goal of the énalysis, stated ip terms of the
decision variables which are the unknowgs in the ﬁrablem.
The set of constraints represent conditions Whjch must be
satisfied in determining levels for the decision variables.

The mathematical statement of the general optimization

problem is the following. Find the values of the decision
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variables (x), that optimize the function: T
Min. or Max. f{x,, g, ..}T/ M) 3.1),
subject to:
gl(xl, Mg aeay Ma) b{ (3.2),
Q2 (X1 Nz, aua, C%a) 4 be
g.(xf, Hzy aeen Ra) b,
' ¥ o 0 N (3.3). 4
2

" There are many hethods for solving this aroblem.
Each'éolution method embodies a set of assumptions about
the nature of the ubjectivé function to be optimized
(linear versus nonlinear) and its constraiats “linear
versus nonlinear, continuous versus integer). Since 1ineafl
programming methods aré the most widely used, they prog%df -
the basis foﬁ the following discussion. ._4' o

It ma? or méy not be possible to sati5+y_ail the
constraints S;multaneous;y. If the solution set is émpty,
there is no feasible solution and a resource sca}city
problem exists; In many Prohlems, hmwever,:an‘infinite b
number of feasible solutions exists. All combinations of
-the decision variables which satisfy the constraints.are
cmﬁtained in the feasible region. Tﬁése combinations are

‘candidates for the optimal solution, which.is the feasiblée

solution having the largest or smallest value of the

»

[
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objective function, depending on whether the problem is one
of maximization or minimization (Wu and Coppins, 1981).

Assuming feasibilityf the eoptimal value of the
objectivelfunction 1s unigue. However, the set of decision
variables which yield the optimal valué of the Dbjective
function.is not_necessérily'unique- Two cond;tinns must be
.met in order f;r alternative optimal solutions to existh
First;'the objective function must be parallel to a
cgzstraint which ¥prms an edge or boundary of {%e feasihle
solution space. Secnnd,-ﬁhe constraint mast form a
boundary #n' the direction of optimal movement foﬁ‘the.

Dbjeétive fﬁnctian (Parié, 1981).

Prggramming models are usua?ly formul ated to assist

ing a course of action. The coefficients

._'ﬂ,lthough treated as constants, are often based

N ctions of future conditions; this introduces

SN i _ '

’ uncertainty. Once an optimal solution is found,
sensitivity or post-optimality analysis isusually

ﬁ." -

undgrtaken to examine ‘the manner in which the values of the

R dec1510n varlab1e§ change as the parameters of the model
change. At 535 simplest, it consists of calculating the
rate of change of the objective function with respect to a

)
given: parameter. lparameterg which cannot be altered much
witho%t changing the optimal sclution can be estimated more

. clﬁsely, and a solution selected which changgs minimally

) over the likely values of these parameters (Hillier and



Y

Lieberman, 1981).

-

Optimal soluticﬁs of linear programming brobke H.
provide;calculations aof aual activity valﬁg§ for bggfs
constraints and selution variables. Dual values'pertaining

to constraints indicate the amount by which.fhé abjective _ o2
function dBuld be further increased or decreased i€ a 01 ven
gdhstr;int nas rela#ed by one unit. Only binding . “
constrainté feport non—zero dual vaiue§ since non—binding

-

cunst%aints have no effect on the value of the aobjective
function. Dual values pgrtaining to decision variables
indicate the effect of changing the level of any vartiiiiy/
on the objective function. The optimal solutian of a
linear programming problem reports a non—zera dual wvalue
for any var:iable that i not allocated in the optimal
soiution. “Duals for solution Qgcﬂ;bles are zéro, as these
variables already yield optimal valQES Df.the objecti;e
function.
\

3. 1.2 Programming Methods and Land-Use Pianninq
=se -2

One of the traditional concerns of land-use planning
is that of searching for an activity or land-use
configuration DLSE/EFEEE*EBat meets certain prescribed
- goals, and at the same time is feasible in terms of the

constraints imposed by local topography, economic
- -~
conditions, and any number of Planning constraints which

. 5 .
might be identified (Coelho and Williams, 1978). T%ii*ﬂ

.
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‘ sectlon Xamines the ratlonale for the use of programming .
) ' )
methc@s iniand-use planning, and some of the-%iﬁficulties -
- - P

asgoc1ated with the1r use and interprétation,
r

Depending upon_the assumptions made, programming

models can he uséd in-di?ferent wayg. Ih some é?:ﬁies, the’
primary concern may be to isolate thg ei#ects of individugl
parameters im order to gain a better understanding of the -
- ) interactions among plan objectives and constraints, Father
k) than to identify a final scolution to a probiem. In other
analyses, programming models are used to predict the
characteristics of a system under different public - Cz:
policiés, levels of populat;on, demand and other‘Paraméters
Qéc (see, for example, Herbert and Stevens 196035 Walsh et
al., 1981). WWhether a programming model should ;;}‘
considered and used for narmative or positive analysis N
should ke judged not éélely-fnem its structure but rather
from the manner in which the results are 1gterpreted /

As a set of proc dures that identify an optimum )
configu::;yﬁn of landifggé,-it may be tempting to view a
particu plag-as being the moét éesiréﬁle ane’ far
impleméntatinn. Thié straig tforward,int;}pretation of °

- . * Al

"the optimal solution” is commen in busi ss and operations

-

research applications. These stu ies, wever, are
tYpically concerned with problems such as the.efficie€§\;_J
H ‘ hd ’ '
\> scheduling of industrial machine time in which the

constraints are relatively obvious and the objective

£
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function i& th subjsft to dispute. This is not the case

—

in the kind;JDf problems with which 1and—-use planners and
many other public sectcr’decision—makers are usually
concerned-—agost public Sector'planning situations-differ
from the more traditicnal types of programming prioblems in
two important respects: first, they deal with extremely
cdﬁpiex ﬁhendmena, and, second, a single overridjng
objective is always diF?icultl if not i?possible, to

specify (Liebman,\1976). Nl
. " A

o The land-use system.cgpsists o; a larée number of
interrelated vé?iables and many competigh interests, which
lend to it a great deal of complexity. In any modelling

.
exercjse, there are inevitably important trade-offs to be
mad;\gé{ween the realism ufith representation and the
tractability of the Fesglting model (Wil{igmé, 19?9). The
e%piriEal progﬁamming problem is élsu.ccmplicated by the
eﬁistecgéqn+ quasi or slightly sub—optimal solutions which
may'onl} sliéhtly éhange the value of the Bbjective
function. ’This aépect of spatigl éllocation models is
important,-as several Dn1¥/51ightly)%ub~optimal solutions
ﬁight exist, yet-the resugts could have very different
sbatial implications for fhe system under study (Beaumont,
1979) .

. - : .
The basic requirement for the su;Fess4u1 application

of programming methods, is a well defined ohjective. . The

overall objective of planning is clearly related to

\‘:> -»

/
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improving social and economic welfare. However, the

~

specificatioq-nf a meaningful public welfare function is a

question which no social scientist wolld claim to have
-~

=olved (Ben—-Shahar et al., 19%9). There are many
different definitions and mpasures of public welfare which
could he em?loyed 'Hependxng upén the manner in which a

problem is perceived by the analysts or decision—makers.

Such definiticns depend on the type and scale of the
problem, and the political, economic and sacial framework

within which planning operates (RDSEEE;/lQ?O)- As noted by

Parry—-Lewis (196?:11):

~

"The objective functlcn 1s objective only in the

sense that it erpresses an objective - not in the
sense that it has been objectively chosen." .
a ‘1- Y
A common concern underlying. the search for an

-~ . h

objective function, is-to select a criterion with which to
identify the best courdge of action from all possible -

alternatives. Selectin an appropriate objective function
"

is a major and often controversial tggs\(see, for erample,

Openshaw and thtehead 1978, 1980; Willis and Thompson,

1981) . The absence of a 5{2§T; widely accepted’éeasure of

public welfare implies that the same problem can be

modelled in méﬁy different ways; ways tHat will doqbtlessly
.~ “

yield very different solutions. Together with the

‘information loss associated with,identifyihg and reducing ﬁ
-

the more crucial aspects of a problem to a limited number
pf e&uations, the optimal solution is unlikely to be "the"

4 .. et )

A
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best solution for a planning problem, as it is optimal only
for the problem as it is presented in the model, and not as
it exists in reality (Roy, 1976; Hopkins, 1977). This has
led to the development of methods capable of éunsidering
multiple objectives, or which identify a range of feasible

planning alternatives rather than a single "optimal"

solution.

-

Programming teéhniques do not represent a panacea fpr
the analysis of land use issues. Nevertheless, their
ability to integréte a broad range of plannfng
‘considerations makes them a todel that can be used to assess
whether urban development will compromise the capacity to
meet future foéd needs. Howevef, although the search ford

the best solution outwof all possible alternatives is

o
suitable for mant/and use and public policy issues, it

may not be the most appropriate approach for assessing how

much(¥lexibility is available in the use:of land or in
. Y
.}
determining whether some land areas are critically
important for agriculture. - These issues are addressed i

the following reivew of agricultural land-use programming

models. ,

3.2 Agricultural fand-Use Programming Models

«Agricultural land-use programming models have been

developed in several countries to provide information cn

.

schanges in agricultural land use in response to changes in
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techpolégy, economic conditions and agricultural policies,
in order that the regional and national consequences of the
"adjustments can be determined (see, for example, Buckwell
and Thompson, 1978; Condos and Cappi, 1978; Duloy and
Norton, 19735 Framingham et al., 19785 Monypenny and
Wal ker, 197&).\LIE§7widespread application of matheggtinl
programming ﬁechniques to the analysis of agricultural
producticen patterns has produced a vast literature.
Al though thé'sgggification ot indiviqual models varies, so
as-tc account for dlfferent agricultural systehsfgj;'
research emphggg;, a number of common char;ter{sticg in
moael formulat?on are evident.

Ta date, agricultural land;use programming stwdies
have emphasize@J@he identification :g economically

b
efficient agricultural production patterns for <$arm

.
commodities, subject to constraints on eipnrt and domestic
.food demand, land andknonland resource‘availability.
Perhaps the best known land-use programming studies in
agriculture are the large interregional programming models
developed in Iowa at the Center for Agricultural and Rural
Development (CARD). The works of‘Heady and Egbert (1962,

19464), were the forerunners of a family of models concerned

‘Wwith the national allocation of agritultural resources in

«the United States. The original models have been expanded

to include a wider range of agricultural commodities, soil

loss restricions, water use and other factors related to

.
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agricul tural production (s%e, for example, Boggess and
Heady, 1?81;.Heady and Nicol, 1976;'Heady and Srivastava,
1975) .

The main obje;tive of the CARD models is determine
whether the United States can meet future domestic Foqd
needs and export requirements, under variou5'settings of
resource availabilit;- The models indicate the combination
of prohuction activities which minimize thé total natianal
cost of producing and transporting a predEtermined quantity
of agricultural commodities. Costs include labour,\\//f_‘\\_

machinery, pesticides, tfertilizers, water, energy and land

rent. This cost minimization procedure is subject to a set

]
L

of constraints caorresponding to tand, water and energy

’

N -~
supplies by regions. Two égis of regions are used in the
analyses - producing areas and market regions. Producing

areas represent internally homogeneous conditions with

respéct to production possibilities. Factors considered to
determine these production possibilities E;é soil type,
climate, historic yiéygzxénd production costs (Chowdhury

and Heady, 1979);/’ﬂapket regions are contiguous producing

areas aggregated’ into major marketing areas of the United

.
z

States.

-

| ~
The CARD models simulate production equilibrium in
that the supply price of each crop cdmmodity must cover the
P

cost of producing that commodity in each rural area.

Market eguilibrium is simulated in that the quantity of
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each commodity sﬁpplied muist  equal the demand for that Z\*

commodity im each consuming area. The basic structure of the )

.
models can bhe summarized as:
’ ] J\

Min. (=223 ci X, +3. 5 ¥ Tu 2o, © (3.4),
i ) m { r .

where:

Ciy is the cost per acre o¥ ;rmducing the j—th crop
in the i-th producing areaj

'XQ is the number of acres of the j-th craop in
production in the {:&h producing area; »

Tatr i3 the cost of transporting one ton of the r—th
commodity to (from) the m—th demand region from

(to) the f-th demand region (m#¥); L
. »
Zur is the tons of the c;ED/commodity transported

from (to) the m-th demand region to (from)

the f-th demand region.

-—

FProduction of the commodities is restricted by the

total cropland available in each producing area: o
2%, 4L, / ' (3.5),
j ;
where: o [\ﬁ\,

-
Li.is the total acreage of land available for -
' )
crop production in the i—th regiong v

. \
]

and is subject to regional requirement ccnstra{i}s of the
‘ ‘ T



form:

wheres

J v ' ;
D.r is the tons of the r—thiggmmodity demand in * h;

A
the m-th consuming region.

—t— -

Yir is the yiald in tons of the r—th commodity in
-

e :
. the iFth_prDQLcing area,

o
@« Fiftally, there are the usual nonnegativity
. e . N
e
assumptions of: .
- \‘; "-]\
* i
L <; . -~
X > 05 Z, 2 C a -
14 = ] g,-‘ = 0 . ' (\_&:}’ i)
For computational reasnéi, most CARD models have used
»
linear programming methcq;bﬁfﬁowever, alternative maodel AT
\ 7 P .
formul ations based upon quadratic programming have also
N s R —.\ -
been developed (see, far erxample, Meistezéft al., t
1978). . ‘ v ) v : -

. -
-The CARD models are used for normative planning and

impact analysis rather than positive prediction. The

spatial configuration of crops {gﬁﬁiified is the most

~

K ﬁwggéﬁ-ef{icient agricul tural production pattern that meets
the nation®s food and fibre requiremenf; at prescribed ——

levels. of environmental quality, condumer demang, export // -
- L)
levels and other policy or market and technology parameters

(see, for example, Dvoskin and Heady, 1974; Hegdy and ¢

’
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Short, 19813 Vocke and Heady, 1978). ‘By varvying the
™ .
assumptiops, production capacity qéQer conditions of "
I\.r\
limited lant, water and other factors cangbe assessed.

e
The effect of agricultural 1and iﬁ:version on food

..‘ ' - N
preduction capacity has been examined wi‘hie/the CARD

e

& e
estimated the acreage of agricultural land needed:#or urban

programming framework. Speulding and Heady (1977)  have

and ther nonagricultural purposes in the continental
United States ta the-yeae 2000. 1T;is study suggests that
the fargest acreage likely FD be converted {rem agriculture
to other uses by the ture of the century would represent a
2.2 Eﬁ\cent reduct1on in the nation’s e*1st1ng agg1cu1tura\

land base. It concludes téét Dverall the nationis

productlve capacity in agriculture would not be impaired

significantly by the loss of these lands. . Nevertheless, it

-

'hqtes thate the impacts at regional and local levels may

~well be signifiEanb;. In particular, the withdrawl of

R

" agricultural land Sr nbnagriculfunal purposes wauld make

nlandffelatively mOF€ scarce and commodity prices would rise

tg reflect the increased scarcity of land. As welb,

shift in the location of crop anq livestock production to
. . H
other arEas would be requitred,-which would subject' arable

lands 1n nonurban reg10n5 to more intensive use through |

-y
1ncreﬁsed dependence onﬁsuch land substitutes as 1rrxgat1an

«
]

water and chemicals.

R ST
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The effect of converting agricultural land to urban

ol

and other nonagricultural uses upnn‘agriculturqi:;kaduction

capaci%y is influénced by factors otHT;'than the physical

removal of land from production. Eg(
a*»

i ™
themical . shortages develé;ed, or i+ higher env%ronmental

xample, if water or
e

a 7
quality controls were imposed, the effect of conversion

. . . ~_ ‘ !
would be severe if nonurban areas could. not make up the
. ' t
loss in production due to these other resource limitations.

These .types of issues could be readily addressed within the

CARD programming framework. In addition, however,
Spaulding and Heady (1977:82) note that: Lt
"... there are many areas of critical concern to

ecologists, environmentalists, and others that,'
if destroyed., could not he replaced at any cost."

The term "“areas of cﬁ?iical concern” can be applied

to a wide variefy of physical, economic and social
. .

v

conditions. The common characteristic, huwqu?{-is that

the significance of particular land. areas extends beyond

the bDundariea,of the communiti'es in which they happen to

be located. This is not to suggest that critical areas,

however defined, should be presgrved once they are

igentified- Huwever:git seems important‘ﬁ?atz&and use
pol{ﬁr—makers have inféﬁm&tion:to indicate which land-use
decisions'ﬁgrrant special considerfition as they affgat
regional or ?fational ‘int‘:cereszts.. \k& ) /
Spaulciing agc“l' He%ﬁ?\&a;&qw&,&mﬁhand areas

may be of critical concern from an agricultural perspectiv
S ‘v~ . ". " . .
J‘ \ - ‘jé- b . B H
. ﬂ?ﬂ

x

-, * - —— “’I'ﬁi‘/}'-—)

N
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because of unique site characteristics. They note %hat the
production of specialty crops, such as citrus fruits,
cannct be readily relocated because of unique climatic

requirements, and that the loss of some agricultural éreas
. ,

to other uses could have a detrimental effect on production

capacity. Their study, however, does not provide

informétion about which croplands are irreplacable. Nor

does i1t indicate the extent to which the loss of barticular

land areas would reduce production capacity. Without sSuch

evidence, it is difficult to'argue that agricultural land

needs to be pres?::ﬁd.

Heady and Spaulding (1279) have examined the
consequences of alternative land—-use praogrammes in the

Marth Central Region of the Unifed States upon the

interregional distribution of food production and upon the

supply and.export_ capacity of ‘}merican agriculture. Q’His
g‘ 3 - . N
region 9ﬂﬁ?ains over &4 percent of thq/hation’s prime

cropland. They considered 'land-use ;tenarios that i1ncluded
- + *
an alternative in which agriculturag land capability

<

vwhich no agriﬁrltural lands were

classes one and two had to remas? in.agricultural use, as

well as a base solution in
o -

protected from nonagricultural pressures.

1y

This study also concludes that the suppiy of
agrlcultural,land in the thnited States is so laﬂge relatlve

to domestic food demands that the United Statd?(ls affaiFed

“considerable {ley1b111ty in its seiect1nn of land —use °

- .
' L . @
> ‘ '

[
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alternatives. " That is, many different land-use options ‘/

could be-“pursued without detrimentally affecting its
ability to meet future fqod ané #&bre requirements. .Many
crops can be shifted from DAE area to andfﬁgruand, within
an area, crops can be substituted for each other. They
alsoc note that because of the productivity diffe}encés
betweéen prime cropland;and cropland in other capability
classes, prdéaction capacity will be greater under the -~
prime lands alternative than under any other alternative.
How deh larger préduction capacity would be, however, is
not investigated. Their results 5; ply indicate tﬁat same
more’flexibility_exists in the prime lands alternative. >

Furthermore, as in their previous study, the authprs do not

r

investigate the extent to which the attainme of food
supply cbjectives is dependent ubon'partic ar land qiggﬁ
being available for agriculture. Excess production

-

capacity is interpreted as sufficent evidence that farmland

proteutiff policies are not required. Yet this ignores the

-

fact that some crops are produced on légas where special
condxiions.are required for productionlhﬁd that these crop
land areas may comprise a significant ﬁart‘BF the total
production of some commodities. Under such pondifinns, it
can be argued tﬁaf.these aréas are critically important for
agri?ulture. R Y

The studies by Heady and Spaulding idenﬁify and -

inte;>nte what are perceived to be the more important «
&

- i /9

T
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cn%ﬁcnents of the agricultural land-use system. They
/’ﬁj_fdéhDHStratE the suitability of a mathematical programming
“framework foQ-invEEtigating the capécity af land and
related resources to accommodate anticipated land-use o

demands. However, although they raise the issues of how

much flexibility exists in agricultural land use and
. < .
whether there are land areas of critical importance for

agricultuRe, they do not measure the range of land-use
options ayéilable under different sets of conditions nor

tdentify critical agricultural areas.

€

The assegsment of whether continued urban.devel opment
. ’

will compromise the ability to meéﬂgifture food needs, does

not require that a "best" ar recommended use be identified
¢ e .

for land areas. Father, it requires information on the-

capac1ty 3f land and related resources to meef f&\g:f“urban

and agrxcultural land-use needs e land-use options

y
avai.lable uﬁﬁéf different sets of co ditions and the extent

hznges upon particul ar land areas being available to

‘Jy/ agr1cu1ture. Trad1t1onal)51nqie—ubjective programming
p !

models in agriculturé.work quite well in assessing the

ability to meet future food needs under various settings of
iy

resouwrce availability. They have vet, however, to be used

.

. to examine the issues of land —use fk?r1b111ty and

———

criticalness as defined in this tHes)s. These issues are
o - )
further examined in the tollowing review of %ultinbjective

-

-

"/;' | | ) \\\\ | 3
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Programming methods.

~

. - v

3.3 Multiochjective Programming Models

- .\‘ T
In many resource Planning praoblems it is often

L7

difficult, if not impossible, to specify a single
overriding ebjective, as several conflicting and
. ‘ 1

noncommensurable objectives can be identified. In.

developing a regional land-use plan, for example,

pQﬁ:cy—maPers may wish to ma}xmlze economic ef+1c1eJty

Py

wh1ch'15 measurgd in mungtary units and at thg same time -
miniqﬂle environmental pgllution which is méiéured in terms
of polluténtl centrationL Since the imposition of a ¢
single—ogject;ﬂe madelling framework on such problems is
viewed as overly réstrictive and unﬁealistic, interest has
developed in applying mult10b;ect1ve programming methods
(see,, for E\ample, Barber, 19743 Das-and Haimes, 1979;

Loucks, 1977).

Multiobjective programming represents a

t _ '
generallvatlon of single-objective approaches to resource

”

allocatlnn problems. It is suitable for investig&ting the

relationships among a égt of desired gomls and th

resources available to achieve‘them. The j;gfral
. P

multiob{ective programming praoblem with n ecision
variables, m constraints and k 'objectives is the following: .

Ma>: . ;(L) = Max. [Z,(yx), i"i)-

) w cees L0l (3.8,

: y o
' | : . e, Y

X,

R
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GO €O (=1, 2, ..., m (3.9),
My 20 (3 =1, 2, ..., ) (3.10).

Strictly speaking, a vector cannct be optimized. A

solution which maximizes one objective will rnot, in.

general, maximize any of the other objectives (Cohon and
Marks, 1973). With the inclusion of a vector of cbjectives
the notion of an optimal solution is dropped and the

caoncept of a set of nondominated solutions (Goicoechea et

t
al., 1982) or noninferior solutions (Cohon and Marks,

1975) is adopted. Cohon (1978:70) states:

"A feasible solution to a multiobjectiviﬂgzpﬁﬁgmming
O o

problem is nong¥nferior if there exists, ther

feasible solution that wil?_y%eld,ahﬂimprovement in
one dESective without causing a degradation in at
least one other objective."
- . ¢
A solution belonging tp the noninferior set which is

preferred by decision-makers is the best compromise

solution.

Two classes aof techniques, generatfng methods and

preference oriented methods, have been used in the analysis

N ’ ¢ )
>f_multiobjective problems. Generating techniques use the

vector, of objective functions to identify the subset of

/ i .
nondominated solutions in the feasible region. These
methods deal strictly with the constraints of the problem

and do not consider the preferences of a decision-maker

-
a .

(Ignizio, 1982). *The weighting and constraint methods are

v

the most common of the generating techniques. The

weighting method identifies the noninferior set by _
’ L.
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assigning a relative weight to each DbJECthE to convert
the objective vector to a scalar which is the weighted sum
“of the sepyfate cbjective functions (Cohon and Marks?
1975). These relative weights can be varied to generate a
wide range o lans which reflect different priorities.
The constraint method also defermines the noninferior set
by solving a scalar version of the Driéinaf praoblem, but
_'*\\\ allows the analyst1to specify bounds on tge objectives in a
sequential manner (Gﬁicoechearet al.,

» 1982). Once the

. set pf nondominated solutions is identified the

A
)

decigﬁon—maker can select a preferred solution by examining
-
|

the trade-offs between the levels of the different
cbjectives. -

If the:é\éke'several objectives the nondominated skt
identified by generating tecﬁniques ﬁay be guite large.
Since this may represent an unwieldy number of solutions
for decisionlmakeré te compare, the second class of
techniques incorporate the preferences of decision—-makers
within the formal solution process and identi?y a single
preferred solution. Cohon and Mérks {1975) classify these
on the basis of whether the dgcisinn—ﬁaker’s preferences

. °
are specified a priori, as with goal ﬁrogrammming, ar

F
are progressively articulated by interactive methuds.. 7

L} .
Goal programming requires that the decision-maker set
i .

~ .
- - goals or targetsffur each objective. The preferred

.
-

. | ' —f\’:\

o
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soLptibq is then defined as the one that minimizes the
deviations fromhéstablishéd goals. The aim is to satisty

-
each goal while Aot constraining the\sﬁlution-to-the
achievement of any one goal {Lee, 1972). 1In addition to
settihg goal levels, however, goal weights must be

fa%

specifed. Goals are achieved according to priority, with

the higher priority goals being give; precedence En th
allocation of.resougﬁeé'over those of lower pfiority.
Weights may also be needed to equalize priority for goals
because the unit of measure, as wei%las'tﬁe relative values \,/
of each goal, mig ;'implicitly weight the goal set.

) &he prior selection of relative weightings for

objectives introduces an element of. subjectivity into
mﬁltidbjective programming, which raises ;he question of ¢ y
how these weighting factors should be defined. Nijkamp and
Rietveid (1976) argue tgat an appropriate set of goal
leveis and weights can be app ximated'subsectively by
prdfessionals or by the politicai‘process. Yet, this )
requires knowledge about deFision—maker’s preferences -—

preferences that may be extremely difficult to establish. _

It also assumes that the preferences of decision—make;; or ' !
the publitc are a suitable basis for policy making. It
ignofres the p;oblem that béth E%rfies may lack adequate
information with which to to éet goal priorities, let alane

identity an appropriate set of goals. .

A major problem in appiyiqg multiobjective
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programming methods is that of specifying the set of
. . .

abjectives. Haimes et al. (1979), for example, have

~

developed a multiobjective programming.mndel for the
integrated planning of water and land resources in a river
basin. One of the five quectiveé adopted isAtD protect
agricultgrai land and thereby ensure the abiiity to

increase agricultural production. The goal of preserving

N

agricultural land, however, is introduced in the absence of-
: ;3 »

evidence to support its legitimacy. As noted in Chapter 2,
the need for farmland preservation policies is the subject
of heated debate. Although multiobjective proéramming
teEhniques allow decision—makér;'to consider a variety /of

different land-use goals, jthey do little to aid the

il t

N : .
assessment\of whether/ afparticular goal 1is necessary or

desirable. It is the antecedent probleﬁ of providing an
adequate basis for establishing paﬁticular land-use goals

which underlies the debate over the possible conflict

+

between urban expansion and land needs for agricul ture.
An attempt has been made to develop a measure of

K&lexibility within- a multiobjective programming framework.

Morse and Lieb (1980) introduce fléxibilify as an
evaluatiye criterion with which to pr&gé‘the nondomihated

set of solutions in a'multiobjecfive programming model to a
- [ ~ ’

. \ ' ) '
preferred solution. ﬁhey argue that in €he absence of anx ‘h)

other criteria for pré*erriﬁa one sclution over another,

-

: that the Qolution a?fording the most flexitfility, in the
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sense of being most ada;table to future changes, should be
selected. Their approach to tﬁe analysis of fle;ibility is
éﬁnsistent with that of thg measures noted|in section 255:1
(that is, which eof the'alternatives under consideration is
most édaptive to changes in the conditions expressed in the
model). This thesis, howevef, is congerned with‘measures
of the range of land—use Dptions_thét exist under different 7
conditions, rather than measures that identify the mast {?
flexible optiog.

The pfoblem of seleqting land-use goals & priori
limits the use Pt multiobjective programming ¥Drmulationsl -
to assess land-use flexibility and criticalhiess. As well,
the emphésis in mast applicagians has been to identify a
préferred solution. ' There Aas, however, been a growing
interest in developing techniques to generate alternative o
\ sélﬁtions for pqlicy~maEers to consider, ;ather than

idenﬁ%fying the solutiqn which is, in some sense, optimél.
These methods are reviewed in the following section.

3.3 Modelling to Generate Alternatives . ' ) 4

The constraints in a progr%pming model may idéntif*

-an infinite number of feasible solutions. The standard
]

approach in land-use research iﬁ'to specify an oajeiiirfhyﬂ-\waf
. ) . 3
function to select one optamafiab\é§5t solution from the

feasible set. This solution, however, is optimal bnly in a
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very restricted sense. Several lutions may exist that
are nearly as gouod as the mathe atical é;::}hm{/yet speci-fy
very différent decisipns. Inde‘d, some of these solutions
‘ L&rﬁay be better than the mathematical optimum, if unmodelled

factors are taken inte account (Chang et al. 1982).

.

4

L4
.

This section reviews programming technigues which identify

sclutions other than the mathematical optimum, and examines

-

.their suitability #or the analysis of land-use fiexibility
and criticalness.' : -

| The concern that the besf splution to a mathematlca%
pro?rammihg prob}em may fall w&fﬂib the'feaaible space
defined by a single or multiobjective model, has prompted
the development of technlques that select sclutxons frnm

the f2351b1e reg1on whlch are not the mathematlcp} optimum.
i
This approach represents a major philosophical f?lft in the

use of programming methods to the'forﬁulation of a set of <
. o <,

planniﬁg alternatives rather than the identification of a
single preférreq solution. Many argue that the proper role
of the analyst is not tg preesent decision-makers with "the"

Snswer to a problem, but to provide insighf and ' -
4
understanding which\suppPements that of the de ision—makers
‘ f
{Liebman, .1974&) . - { \ _
) . w,
‘Dne—way of prociding greater insight is to present
. il

decision—maker's with a set of alterpatives that ar:i;>aﬁh___g:fip
i
feasible under the given confitions. They can the o evisge '
g ' Az B :
-/)th61r own method f evaluat1ng the trade-offs amongst the

| y ey S
' ‘ ‘/_‘\4 I\ . ) D 9
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different opt}ons in selectidg a pre%erred alternative from
this set. Within a mathematical programming context, this
approdsgh involves selecting a set of soldtions %rnm the {.
feasible'regionh far consideration.

~ The bptimal solution in a linear programming.problem
\Wis not always unique. If the DbjectiQE functiaon is
parallel to one of the biﬁding ccnstraiﬁts, an gntire set
of optimal solutions exists (Nilliams, 1978). Such a
condition frequently DC&U&E‘in large linear models. In
some applications, altgrnatéroptima are inte?preted as an
indication of flexisalrty in %%g specifidation_of the \\\
decision yariables {Wu and Coppins, 1981).- That is, the

decision—maker is .free ta incorporate subjemkive or

. ‘. o . .
secondary considerations .in choosing one optimal model

- salution over another. This interpretation of flexibility,

however, is not congruent with thgt adopted in this thesis
' )

'ﬁgnch 1s concerned wit (geasuringq%he full range of
» 7

feasible Dpticné defined by a set of cnnstrainfs, rather
than identifyiné strictlaitefnate optima with respec# ED
modefbed objectives.
Gné generil “purpose method of ge?erating a sét of
' ¢

feasible alternatiles is to select solutions which are near

the'optimum in a mathematical sense. Church and Huber

(197%9), for\example, use a measure of\Pifference based on
» : ' .

,one 1nitial medel solution to obtain neér optima. This ’

~ T '
.approach is adpealing if the objective of the analysis is

Coe
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to identi%y solutions which are only sligﬁtly sub—optimal
for a\?mparlson‘ A major lim-itaticm of this app':"na;':h for .
assessing fle>rb111ty as defined in this study, is that it
restr1“{s its search for alternative %olutlons to a

s

relatively small part of the feasible region. It does not

p Sy N

ennumerate all the feasible alternatives nor does itqa

provide a measure of the range of options that are
feasible. | : -

an anroach that indicates the degrwp which the
decision variables can vary, is to generate model solutions

‘r . -
at random (see,hgnr example, Southeastern Wisconsin: - e
Regional Plarining Cdmmissién, 1993).  This method selects

[

L

combinations of the decision variables at rrandom and ’

determines whether or not they satiéfy'the conditlons

9

specified in the constraint set (Brcoks liﬁa). A number .

of very diffarent feasible solutions can be identified in

N

thig,manner as the search for different sqlptions is not

. confined to one part of the feasible space. In-practice,

¥ e *’ ’
however, it is difficult to generate a set of values of Vs

decision variables at random such that the solution is | MF

. ; :
feasible if there are many mathematical constraints (Brili,

1979). More importantly for the purposes D%QFhis study, it

does nnf provide a means of measuring the rangé\oi options

-
which are open.

-

P One criterion proposed for selecting a,set of -
. ’ L 2
alternatiV&s for consideration by decision—makers, is that

- | )
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they should be as different from each other as possible,

subject to some loose constraint on quality with respect to
modelled objectives. Several methods of modelling y;
generate alternatives (MGA) have been ﬁroposed. "Brill et
al. (1981) have developed?thé Hop, Skip, and Jump method.”
It identifies solutions that_ére good with respect to the
objectives included‘in-the model, and yet are significantly
differgnt from one another with respec£ to the decisions

-

_spec{fi d. Solutions that are "maximally" different from
each other are obtained by optimizing a function that is a
surrogaﬁé'for digference. Since there is no perfect
ﬁeasure of difference amond pilanning alternatives, a number
of dif#ereﬁt measures can be uséd to suit the problem of
interest.

Chang et al. (1982) have developed an efficie&t
random generation method for identifying a set of
alternatives. Thé'metﬁad uses the original constraints of
the model to ensure that the soiution acbtained is feasible.

Targets are set for the objectives included in the ‘model to

further reduce the space to include only solutions Ehat‘are

‘good with respect to modelled objectives. The DbjectiQE

. ] //

function is formed by selecting at random 4\speti+ied

. -~

number of decision-variables. The solutions obtained,
\

however, are not random in the StFiCtES§ sense that all

possible solutions are equally'{fkely to be selected. Only

extreme points of the feasible.space, as further
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L

constrained by the targets, are considdred. It is

-

expected, however, Ehat the alternatives generated will be

different from each p§her with respect to the values of the

i
- - . - . A . - :
decision variables, if such differences are possible, and

g/_v"‘ . .
that these alterpatives may also be different with respect,
to Dﬁjéctives not included in the model. Althougﬁ;this
v . * .
represents an innovative apProach to the identification of

-

feasible land-use alternalyves, it does not adhere to the

definition of landnuge flexjibility adoptéd in this thesis.
The assumption underllying the developmeﬁ£ of “GA

methods is that, in general{, better planning decisions can
be made if widely different., but nonetheless feasible
“alternatives are available for inépection by
decision-makers. The solutions derived can be further °
evaluated using criteria which may not have been expressed
in the‘nriginal model (see, for example; Hill and )
Werczberger, 1978). These methods have developed out of

the awareness that the optimal solutions identified by

single or multiobjective modeﬁg are aoptimal only in a

| -

L

-restricted sense. The MGA techniques are well suitgd‘to
problems in which decision—makers must select a specific
plan' or course of action for implemeptation such as
locating public facilities. By generating a number of
feasible alternatives, these methods come close to the
concern of this thesis, ;hich is to determine the range of
opéions open. As well, it.might be pnséible to develop a

N
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measure of overall flexibility based on the difference

’ ! . -
between maximally different solutions. The MGA techni ques,

.

L4

hpwever, were né‘\?xplicitly déveloped for this purpose,
. $ ' e

and no such measare is available.

n
3.4 Summary e, ) - - &
Considerable interest exists :l the application of

LY

mathematical pf;gramming techniques to problems of
agricuftural‘land use and food supply. Tée existihg models
are capable of analyzing a wide range of issges g&ven
concern forwsuch factors as land quality, environmental .

|

These models have emphasized the identification of
A

. -
economically efficient agricultural productién patterns,

under different scenarios 3 resoufce availability.
]

Although the issues of how much flexibility exists in

agricultural land use and whether or not there are laHd
areas critically important for meeting fu&ure foodrﬁeeds
are raised, conventiaonal uses of programming methuds:ppve
not directly investigated the issues.of land—use
flexibility ana crikicalness as defined in thesis.

N

Hathemntical programming techniques are well suited
te assessing the Gapécity land and related resources to
meet future food needs.' ﬁltﬁuugh'they have not been used
to address the issues of land-use flexibility and

d '
criticalness as defined in this study, they nonetheless

impact and nonland res®urce use‘;ﬁ the égricultural sector. .

o
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provide .a framework within ?biéh such measures could be
developed. Alternative meagures of land-use flexibilfty
and criticalness based upon mathematical programming

considerations are prsehted in Chabters 4 and &

respectively.

-fl""'-—ll(



- CHAFPTER 4 -

ALTERNATIVE MEASURES OF LAND-USE FLEXIBILITY

The concept of flexibility adopted in this study
refers to the extent to which available produétion capacity
is used and the range of land—-use options bpenhﬁnder.
different sets of cundjtions- This chaptei reviews
alternative methods of ﬁeasuring the amount of flexibility
available in thg use of. agricultural land.

‘ t

4_1 Land~-Use Flexibility

The amount of flexibility afforded saociety in its use |,

. of agricultural land is affected by a wide variety of
factors. Amo?g these are the availability of land and sj>
nonland resources such as fuels and fertilizers, thejlevel
of population’growth and technological advances g
agriculture. Many efforts’have been made ‘to incorporate

r

these and other considerations intq agricultural land-use

x

programming models. While these analyses indicate the

feasib&lity of meeting specified food production levels,

-~
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they have focused on identifying land-use configurétfons

that are in écme sense optimal. The issue af how much

"flexibility is available under specified conditions has not

'

»

been addressed. : -

. Expressing the conditions that affect the ability to

meet future food needs in the form of constraints is a
useful starting point for the analysis of 1 —use ”

. . . , -
?iéxibility. For a given constraint set; it is possible to
determine nheéher the démqnds placed upgn available I 
resources can be met. Py varying the lévels 6+ resources
and demands, the impact of expécted changes in conditions
on the capacity to meet demandélcan be assessed. What is
required,‘howeVér, isla means of measuring the amount of

[y
flexibility defined by a given constraint set. This
measure should gauge how much produetion'bapacit;ﬂié uséd
»

in meeting gi¥en demands, and indicate the éffect of sucL
cgznges'as increases in crop demands or reductions in the ,
émount of land gvailable to agriculture due fo urban
encroachment, udpon the amount of f}exigility available.

‘

To set the notation for the ensuing review of

alternative measufés of land-use flexibility, consider the

following rudimeﬁtary set of constraints:

Z_au <A, 1€ j <m t4.1),

t
ZauYu z B, 1€ 1 <n (442), ,
J .
iy Vi, 2 O ‘ (4.3),

where! .

' BA

e
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A, = the amount of land type j available,
&, = the amount of crop i required,
Y, = the productivity of crop i on land type j,
= =(Ebe amount of land of type j allocated to
crop i, - :
Cde
- R - 1
Any number of constraints could be specified in a v

. . 8
similar manner to reflect more accurately a given land-use

system. This simple constraint set, however, is sufficient

to illustrate how alternative assumptionQ about future '

conversions of agricultural %and to urban uses ar changes

in fo%g production requirements could be incorporated into

€ g .

the analygis.drlt is also adﬁﬁuate for assessing the role )
which the information provid#d by each aof several possible
flexibility me@sures could pxay in land-use planning.

G . ~

[

4.2 Minimum Area .

s . AN obvious means of assessing the adequacy of a given
land base for meeting future food needﬁxynder~dif¥erent
conditions, is to detekminq the minimum éﬁpunt of land

4

. [
needed to meet specified ¢rop targets. This section

considﬂ;a the 'use of this information.ag_a measure of ‘ q\‘J
landfuse flexibility. '

A "minimum area“‘bbjgctive function indicates whether
of not different levels of crop quands can be satisfied

and the minimum acreage of 1and required to do so. Tbig

objective function takes the form:
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. S Min. Z =3 Y a, _ (4.4),
. ~ 4

sgbject to. constraints 4.1 Yo 4.3,

¢

Given the minimum land area required to satisfy the
constraints, a measure of land~use flexibility can be

expressed as:
g

F{1) =1 = [{(Min. Z*)/A] (4.3},

where:

-

Q'= ;ffh {(the total land areé aQailablei;
As the ngue of F(1) approach?s unity th;famouqt of
flexibility available increases., This simp;y indicates
that a relatively small amcunﬁ of the available land will
satisfy tﬁe constraints. As F(1) appr&achés zera, less aqd
iess‘Flexibflity‘is availab;e as larger amounts of land are

required. A value of zero indicates that all of the

-

available land must be used.  If alternate optima d& not
[

exist, the acreage of ea&h land type allocated to each crop
s

——” X : _
must take the value preséribed by the corresponding

.

solution variable in the model. If specified demands
exceed production capacity, the system.is infeasible and
the flexibility measure is not defined.

(3 ' _ 4 .
An important issue in the analysis of land-use

‘flenibility, relatds ¥ the sensitivity of the measure to

changes in conditions ®uch as a decrease in 1and areaj or
Y -

an increase in crop defnand. The dual activity vgues in

this model indicate the effect of relaxing the cgnstraints

b& one unit-on the minimum area allocateq. Althnuéh the
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rate of chaqge in F(1) with respect to a unit change in the

/

area of a land type or *he amount of a particu%ar crop
demanded can be calculated, a measure of land-use

flexibility based upon the minimum land area needed to

satisfy crop demands is of limited value. By attempting to~

satisfy crop demands with as little land as possible, this
model allocates higher gquality agricultural lands to Crops -

at the expense of lower quallty lands. Thus,rit may
— ’

suggest that a great deal of flexibility exists, -but this

could be entirely dependent upon the best lands being

)
available to agriculture. For example, a value of F(1)

equal to 0.5 would be misleading if the remaining

agricultural land is unsuitable for some crops or is

4

-capable of only very limited production - say 10 percent of

R

.a
‘l
J“"

\

' the total production attalnable on the other 50 pgreent of

the land base. In this sxtuation production capacity for
some crops could be very close to being exhausted which
means that little flexibility exists. A measure of ' '
flexibility is needed which would provide a betg;r. ’

indicaticon of the extent to which available p}oduction

‘capacity is utilized in meeting given demands. : .

.
J' N
4.3 Maximtim Production

A somewhat different approach to measuring land-use
flexibility is to determine the maximum amount of food that
can be produced under different conditions, rather than

4 ’ k\ . :
b ‘ .

»



t - .
. 92

£
identifying the minimum amount of land needed to satisfy

expected food needs. This approach has beé; adopted by the
‘ \

Food and Agriculture Organization of the United Nations for

a global assessment of countries with the greatest J

long-term food production potential (see Naikep, 197?).
One of the ohjeétives of their study is to estimate the
human c;rrying capacity aof the world. Carrying capacity is
defined as the maxxmum number.oF persons which avallable
land can suppcrt\ Aelznear,prmgramm1ng model isg employed‘
E? determjﬁg the maximum amount of fond that can be

, . - .
producéalin calorie equivalents., This is then converted
infonuman equivalents usi;h average calorie requir?mgnts

per person, for.comparisan with current or projected

popul ation totals, This model takes the form:

¥ _
Max. €= 20 Danyie, 4.6,
o) .
subject to constraints 4.1 and 4.3, where!

I

@& = céfﬁcie conversion factor for crop i.

A meagure of flexibility based on carrying capacity

.
can be expreksed as:

F(2) = Max. C*/CPOP (4.7,

whetre! &
4 . .
CPOP = the calorie reduirement of the population.

Human carrying capacity has some appeal as a measure \

af how much +ler1b111ty soc1ety is afforded in"its use of
A
agr1cu1tural land. It can be argued that the greater the

extent fo which availatile calories exceed population needs,

=
'

/

<
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>

-

. the more Flexibility there is in me

,of calories. No account is taken

.-food potential may not correspond wi

ing these

reguirements. The methodology adopifed by Naikeh (1977),
however, has two noteworthy 5hortcom1'gs- First;y, it

assesses the food production potential ¥f countries an the

basis of crops yielding the lgigest mouTt of food in terms

¥ the fact that maximum
al dietary or
agr‘lcultur‘aé;ﬁtterns in a given natzon. Crop prodf,u:tion

targets, such as those e*pressed 1n constraint 4.2, are

. -

omitted in Naiken’s m&del. Thus, it'could base its

assessment of Canada’s food produ&tion'putentiél on the

basis of corn production rather than wheat. This approécﬁ

also ignores” the fact that peuple value food not Dnly for

——
1ts ca10r1é1content but also for its taste and other T

nutrients. Calories per capxta per day is actually a {
measure of food energy. It is, howetgr;}a poor measure of

dietary guality. People }iving on a diet consisting

' . .,
! b

largely of starchy foods, chh as yams or’' cassava, aFé

likely to be malnourished due,tn protein defidiéncy despite‘

-an adequate caloric 1ntaPe (Chou and Harmon, 1979).. 2l

measure Qf flex1b111ty based on calor:e prnduct1on, then,

is likely to tverstate human carrying capacity under giveg

. . [ ]
s ) . -
conditions. )

[
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targeted production levels is obtained by findimg the
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4.4 Maximum Proportion of Targets

. The ount of flexibilify available.is a function of

the productive capacity‘of the lénd base and the level of

1] ]

v

land-use demands or targets which must be met. Another wa

.af measuring flexibility, then, is to determine the extent

to which.production capacity falls short of, Dr‘eﬁceeds
speciiied‘produdtinn‘targets- This section describes a
method of calculating this q;anti{y, and its interpretation
g% a measure of land-use flexibilit?.

Givén a'set of conditions expressed in ‘he form of

-

inequalities 4.1 to 4.3, Smit et 2l. (1984) suggest

-

that the question of what proportion of these targets is

attainable cén be,addressed.by'specifying inegualitiy 4.2
. ™ . . . [
somewhat qgf?erently as:-‘1 't

. ZaUYu - P> 0 (1 Ci 4L (4.8),
J

where:! ) -~
P.o= the’grmportion of each and all production
- btargets that .must be met.

. ' . ’ .
‘ Since P is a solution,vaﬁﬁabﬁe, the following
nonnegativity consg}ainthfs implicit:

. P 3 QO o ' . 4.9y, -

_ -

7 Biven this reyiéed set of constraints, the difference

betwéen the production capacity of available resources and

\ -

.

maximum value of P. A.measure of flexibility can be

expressed directly as: ~



F(3) = Max. P ‘ (4.10) .

It ‘the maximum value of F(3) is less than one,

- ]

production caﬁacity is‘not sufficient to meét the speci{iéd:

targets. One advantage of thlS approach ovar convent1nnal
hcdels, then, is that if all demands cannot be sat15f1ed
this model provides a measure cf the shortfall in
production capacity. A value of F(3) equal tc one:
indicates ‘that all the hergets are atta1nable,'but only
Just. A value of F{3) greater than one indicates the

) ¢
degree to which production capacxty erceeds the' targets.

a The rate of change in F(3) with respect to unit

ot .

the dual activity values in the model. T Ey measure the

the. maximum value of P. Thus:

dF(3)/ A, = P/ 34, CotaL1y,

and:

.S/ IR = IPX Ja, (4.12).

r

~
be 1dentified and ranked

The F(3) measure of f %ibijity provides a better
et .

indication of how much brndu n capacity is used under

'giveﬂ‘ccnditions than the measures based on the minimum
area needed to'meet-given crop démands, or "the maximum

amount of food in calorie equivalents that can be praduced
- Y 4

by & given resource base. It is, hmwéber, a conservative.
: N . . *~

bl
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easure if the maximum value of P in the model is not
unique. Under these conditions all the land available is
..bot allocated, and it is\possible to produce more than the

4

indicated propdrtion for one or more of the other crops.
f this measure are examined further in

The\properties

)
Chapter 9.

o :

4.5 VYolume of the Feasible Reqiaon

Biven inequalittes 4.1 to 4.3, a land supply problem
arises if the amount of land available is not sufficient to‘
meet all the crop demands specified. If enly one feasible
solution exists there is no flexibility in allocating land

G among the sbecifiéd uses. Alternatively, an infinite.
number of feasible solutioﬁs may exist which indicates that.
ally orlsnme of the decision variables can vary to some | »

- ~degree. This in td:n suggests thaf there is some degree of
+lexibility‘available in allocating land to the various
crops in meeting the demands. ‘

The range over which all or some ﬁf the decision
variables can vary, is determined by the size af the,
teasible region defined by the set of linear inéqualities.
An indicatina of how much_flexibiligy is available, £hén,
is given by thg size of the feasible region. One mgdsure
of the feasible region®s asize is .its volume. Thé volume of

the feasible region defined by -inegualities 4.1 to 4.3, is

di%ficult to interpret as a measure of land-use

. . -
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flexibility, however, without either some benchmark against
which to compare the number obtained Or some scale on which
to place it. In conventional pregramming applications, the
feasible region is defined in a sézution spack bounded only
by the nonnegativity constraints. In order to-establish a
benchmark ggainst which to compare the volume of the
feasible region under different ccﬁditi;ns, it is néﬁessary
to de¥ine an vpper limit for the solution space within
which the feasible region is defined. -

One way of estahlishing a Fase is to’determine the
tonditions under which the. volume of the feasible-region is
as large as possible, and use this as a benchmark against
which to cogquEﬂthe.volume of feasible §eginhé defined by
di%+erent levels of crop demands and/or land availability.
For the set of constraints defined by inequalities 4.1 to
4;3, the volume of the feasible region is.at a maximum when
the crop demands are omitted and only the land avdilability
and:nonnegativity constraints are'dpnsidered. The effect
of introducing different levels of crop demands, using the

original land area cogstraintg or under different scenarios
of land availability, can be judged relative to this base.

Denote the solution space deFined by the
\nonnegativity and land availability &onstraints as.a and
the feasible region defined by the complete set of

constraints as R. One measure of flexibility, then, is the

ratio of volume of the feasible region (R) to the basze
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solution space (@), This can be expressed as:
Fi4) = Vol (R)/Vol{@) ggé {(4.13).

The va}ue of F(4) ranges bétweeh zerno and one. A
value close to zero indicatés that region R is relatively
small, and that there. is littleq flexibility available.
This suggesté that a lérge part of the available-production
capacity must be used to meet the demands. Alternatively,
~a valuelclose to oﬁe indicates that region R is relatively
large and that the introduction of crop demands has had

‘ - w
little effect on the aégxntnof flexibility available. This
.can be taken as an indicatién that there is littie cause
for concern over the manner in which land is used.

The ratio of region R°s volum; to that of region Q°s,-
is canceptually appealing és a measure of flexibility. The
constraints that define reé{on 2, also délimit. max 1 muin
production ciggplty. The vuiume of region R relative to
this base indicates how much  production capacity remains
after meeting given demands. The folloﬁing _subsections
examine two methods D; measuring the volume' of regicn\“ﬁA

rela'ive.to that of region Q.

i

. - “+
’1/1.5.1 lonte Carlo Method :

The feasible region Yefined by inqualities 4.1 to 4.3

is a convex polytope in mn-dimensicnal space. Chapman et
al. (1984) note that - although efficient methods are

“available for calculating the volume of convex polytopes
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\.
for small mn (see, for example, Cohen and Hickey 1979,

they are not computatiocnally feasible for large.brcblems
such aa.thésg typically encountered in‘the aﬁalysia.of a’
land-use system. They suggest, however, that £he volume of
the fedsible region reIative to a Pase solution'space c;n |
be estimated using aAMonte—-Carlo method.

v

Each feasiblelsoluticn is defined by the cg“ordinates
of & point in mn-dimensional space. The co-ordinates of
the feasible points give the éllocations of crops to laﬁd
types that satisfy the constraints. One measure of volume,
then, is the\tctal number of +éasib1e Loints that_exists
under a given set of conditions. The Monte-Cario method
éstimates the volume of the feasible Fegimn (R) relative to
the largest +easible'regimn possible (B), by generating
random points within region Q. The proportion of points
that satisfy all of the constraints is then calculated.
This is done as-¥niluws.

Jﬁ Given-that there are n crops, for each land type j
such~that 1 L3ji<m, let:

Bigy B2y, as., Aa, _ (4.14),
be ramdom nuhbers between zero and pne. Multiply each py
A,;, and sort into ascending order to cbtain:

n by € by ... < b, | (4.15) .
Set: a

€y, = by, _ (4.16),

4
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and in,geﬁeral:

Ci; = by, = by, (1 <1 ¢ ny (4.17).

Repeat this for each land type j, and-consider the point:

(24, C21y v aew Coig C13s T2zy o euy Caz, cers Ciay Caey wwesy el (4.18).

Because DF‘}hE constraint that:

Ebu SA LG o< m (4.19),
this point will lie inside the region defined by
inequalities 4.1 and 4.3 (region Q). Geﬁerafing a large
number of points within region & and detérmining how many
also satisfy inegquality 4.2, provides a measure of the
volume o# region R relative to thaﬁfé;*Et\V

Chapman et al. (1984:&60) staté that the Monte
Carlo method can be used to compare the amount of
flexibility available as crop targets or other conditifipns
vary. In actual fact, however; the Monte Carlo method of
measuring the volume of region R relative to that of region
C, has a serious shartcoming for the analys{s of land-use
Cflexibility. It is necessary to assume that the area of
each type of land is fixed, and thq£ only the y:elds or the
level of demand for the different crops vary from one
scenario to the next. This assumption must be made as the
Monte Carlo metHDd cannot meésure'the volumes of regions R
and @ indépendentiy. Region @ isg defined_by the
nonhegétivity and lénd availability constraints. I+ the

amount of land decreases, a new base region @ is

established and the volume of region R is estimated
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relative to this base. Sinc? thé Monte Carloc method does
not establish a constant bése against which decreases in
land .area can he compared, it is of limited value for the

analysis of land-use flexibility.

4.5.2 Lasserre’s Algorithm. ' T
‘Lésserre (1983) gives a faormula for t%e volume of a

convex polyhedron in dimensions of R* and an

algorithm for evaluating tﬁe formula. This section

pPresents the formula.

Each inequality in 4.1 to 4.3 defines a face of the
feasible region R in the following way. If the ith
inequaiity is replaced hy an equality and all others are
left unaltered; the feasible region for £his new system isg
a face of R (the ith “face). Thié being a body in (mn-1)
dimensional space, it will have an (mn—1) dimensional
volume. A ;ero volume for the i—-th face means that tge
i-th constraint is redundant and can be omitted from
inegualities 4.1 to 4.3, and the +easib1% region R remains
unchanéed.

Lasserre’"s formula for the vnlumé/gf‘the region defined

by inequalities 4.1 to 4.3 ig:

1/mn [ (A, /n12 ygi (5,)) + Z(Q./(Zp;,’)“’ Vol (T‘)] (4,20)
I i )

where Vol (8,) is the volume of feasible région for

the system:

- 2an = p (4.21),
I .

—

el
L



E:a. < A, (1 < ’.( j =k .22
| 3 i kS % L m. j=k) (4 ). a
2agy., koo, (1 <rhg (4.23),
dJ
a,, >0 ’ (4.24),

and Vol (T.) is the volume for the system: !

)T_:au A <o m (4.25),
z?aum, = a, ' (4,26,
§:aUYu Z & 1 L4 <n, irk)  (4.27),

a, > a (4.28) .

If eguation 4.21 is used to eliminate one of the
decision variables in the inegualities 4.22 to 4.24, a
system of (mn+mn-1) inequalities in (mn-1) variablesg
results. Vol (S.) may be obtainéd from the volume
of the feasible region of this new system, and this new
system has one less inequality and one less variable than
inequafhties 4.1 to 4.3. Similar remarks apply to
Vol (T,). Formula 4.20 establishes an iteration,
the volume of K being expressed as'a combination of
volumes of regions defined by fewer variables and
constraints. This eventually reduces to a syatem in é
gingle unkncwﬁ which can be found.

Lasserre®s algorithm for calculatingbthe volume of
reginn R relative to region @, has two advantaéea over the
Monte Carlo method proposed by Chapman et al. (1984).
Firstiy, the volumes of Fegions R and @ can be calcQ1ateé

independently of gach ather 50 that'scenarics that specify

.. “
a decrease in land area can be compared to the base volume.
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Secondly, Lasserre’s algorithm prov@deﬁ a more accurate
measure of the'volume of a convex polytope. Unfortunately,
Lasserre’s algorithm has proved difficult and expensive to

implement.

4.6 Radius_of an Inscibed Sphere
\v " A3 an alternative m¥ans of suring the ®&ize of .the

feasible region defined by a linear set of inequalities,

_ Chapman et 2I. (1984), propose the radius of the

N ”

largest sphere that can be inscribed' inside -the feasible
. LN .
space. This section describes this method and its
¢
interpretation as a measure of land-use flexibility.

The feasible region defined by inequalifies 4.1 to

4.3, bhas a boundary consisting of a set of faces whicH are

. determined by the linear constraints. If e is & point

-

in region R, the distance from e to each face can be
measured. Aassuming there are = facdg; denote these

distances as:

dile), dale), ..., duie. (4.29) .
As e moves within region R, these—distances will
vary. A point is in the middle of R if it is no nearer to
a given face than any other. The distance to the nearest

’

face is defined as:

min.. fd,(e), d2(€)y ..., dule)d ‘ (4.30),
The epicentre is the point in R at which this minimum

is maximized. This can be expressed as:



- k"
max. min. [d,(e),

da (e},

104

d. () ] {(4.31).

The location of the ®picentre and the radius of the

J&rgmgt sphere that can be inscribed within the feasible

region defined by inequalities 4.1 to 4

calculated via linear programming.

.3, can be

The constraints

evpressed in inequalities 4.1 . and 4.2, however, are._

measured in different units.

given point
distance to

measurement units.

the inequalities to cbtain:®
. »
2.8,/ £ B,/X
1
ZalJYi;/Yi > /Y,

J
al_, /'

0.
where:

X = (n)w2

(Zyl Y 13

Thus, the distance between a

and a. face ié not directly comparable to the
other faces, as it is affected by the different

This problem is overcome by normalizing

(1 < j < m (4.32),

(1 < i < ) (4.33)

(1 < i < n, 1 ¢ 35 <m (4.34)
(4.35),
(4.346).°

The cc—mrd1nates of the epicentre and the radius of

the largest inscribed sphere are found by introducing a

variable (Z) to reﬁrésent the distance from a feasible

point to a face and writing 1nequa11tles.

Z + ):a.,/x LA /X

z - LaI;yIJ/Y| f..__
o

Z - a., :_:_ 0

1, a, > 0

—‘Gl /Y],

(1 € j < 'm (4.37),
(1 < i < m (4.389),
Cidn, 145 Cm (4.39),

(4.40).

The maximum value of Z is the radius of the 1ar§es£
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sphére that can be inécribeﬁ within the Feasfble region,
and the a,; values at the point of obtimizatian ‘

give the co-ordinates of the epicentre. As with the
measure of flexibility based onn the ratio of the volume
of the feasible region to a base solution space, . a .
benchﬁark for the radius can be established by considering

the nonnegativity and land availability constraints alone.

.Denotyég the maximum value of Z for-the complete set of

a

constraints as r, and the maximum value of Z when "

only the nonnegativity and 1and availébility-cqpstfaints
. . S

are considered as ro, this flexibility measure can
‘ L 4

be expresseq asg!
FIS)Y = ra/rg (4.41), ° ' .
The value n? Fg?{ ranges between zero and bne. A
value close to zero indicates that the radius of the sphere
inscribed within region R is small in relation to that
inscribed within region B. This suggests that a large part
. S@ the ayailagle préductimn capac?ty must be used to meet
the demands. Similarly, a value of approaching one
indicates that a great deal of flexibility exists. |
Chapman et al. {(1984:40) state that the ratio

value of zero is obtained when the constraints are

"

incompatible. In actual fact, however, the value of F(5)

» ! . .
can be zero under three guite different sets of
circumstances. The first, and most obvious case, is if the

consgaaints cannot be satisfied. The second case is if the

-

Lo
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]
e

is 1if the feasible region consists of a plane. The radius

represents the maximum minimum distance from a feasible

Ll

point to a face of-the feasible region. ‘In the latter two.
rases, this distanc‘ is‘zero. Aithoﬁgh the valﬁe of the ’
objective $unctioA j:\gﬁgg :ase% is zera, the co-ordinates l
nf thg epicentre are given as usual. Whether case two or
case three arises in any given gFenario can be determined

by examining the dual activity values in the model.

s The dual activity values in this model indicate the

effect that a wnit change in either the production targets

for different crops or the amount of the different land
F1s ]

"types available; has upon the size of the raditis. Since

the base radius is constant, the rate of change in F -
: i

with respect to wunit changes in land area or the amount of

each crop demanded can be expressed asy

IF(SY/ dA, = 1/ra . Jdras dA, (4.42),
and:
OF(S)/ 08 = 1/ro . QJre/dB, (4.43).

The radius of the largest sphere that can be

inscribed within region R relative to that inscribed &ithin

L4 /

réginn,@, is conceptually appealiné as a measure of
flexibility. The constraints that define region @ al<o
del;mit maximum production capaciﬁy. %he_radius of the
lanest sphere that can be inscribgd within region R

relative to this base, indicates how much productiqn

r

~

feasible reglion consists of a single point. The third case 1-

N
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capacity remains af¥ér the demands have been met. An
) ) T —
impartant feature of this measure, i that it is readily

calcul&ted using standard.linear pProgramming packages. _Dne

characteristic of this measure, hawever, is that it isg

sensitive to the shape of the feasible regibn. This

- property is examined in. Chapter 5.

=

4.7 Summary ' - -#
Expressing the conditions that delinéate croﬁ
production capacity in the ?orm of cmnstraints is a useful
starting poiht for the analysis of land~-use fle;iéility.
For a given constraint set it isgs pgssible to determine
whether sufFicienf resources are available to meet the
de&ads.' By varyiné the levelas of resources, ihe impact of
expécted chaﬁges in conditicnsibn the capaéity to~heet
demands can be assessed. The seélof cnnsﬁr;intshalso
contain inf&ﬁfaticn about the amount of +lexibili£y thé£ is
available. THis chapter has examined élternative measﬁres
land-use flexibilit; based on the analysis of a ligeér set
of inequalities. 0OFf these the F(3) measure‘of flexibifity,
which indicates the amount by which production capaci£y
exceeds or falls short of specified demands, and'the.F(S)
measure of flexibi{ity, which is based on the ratio of tHe
rédiug-of the largest inscribed sphere that can be

inscribed inside region R relative to that ingeribed in

region @, closely conform to the definition of flexibili%y

v
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adopted in this thesis. Chapter 5 examines the analytical

methods and the properties of these two measures. '

-

LI



\5\' o : CHAPTER 5

h)

- -

AN QSSESSMENT'QF SELECTED LAND-USE FLEXIBILITY MEASURES

L 4

Alternative measures of land-use flexibil&ty wer e

presented in Chapter 4. Each measture is based upon the

{

analysis of a linear set of i&ggualities.
"the analytical methods and’ the properties
f .

are examined for a.hypnthetical data set.
TRy : ,

. 9.1 Land-Use Scenarios

»
B N

A scenario contains a structured set

.about the environment. Hence, a land-use

In this chapter

of these measures

-

of assumptions

scenario contains

a set of assumptions about key variables thought. to

influence some aspect of land-use su

Scéenarios indicate to policy—maket+

possible developments so that th

-

exogenous, can be determinéﬁﬁﬁ rtchell et

pfuposed or expected changes, either endogenous or

aﬁ?y\%r demand.’

and'anélySts, likely or

Hwha® ifn implications of

al., 1979, )

Scenario analysis is well suitéd to the examination of

4

urban expansian.aﬁﬁ land needs for agr%culture, as ’

assessments of the gravity of tHE‘problemivary greatly in

. 109

f
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;heir assgmptionshébout future food needs and food
praduction capacity.
Any number of constraints cauld be specified to

'represent a particular land use system. As noted in
LS

section 3.2, agricy tural land-use prngrammlng models

5pec1fy 2 wide range of factors that affect agricul tural

production in the form of constraints. The overriding

~

\-
consideration in specifying the number any-FDrm of —1
fo

cnvstraints isg the nature of the research. questions

which the set is developed. This thes;s uses a small
hypothetical prmbleﬁ to.compare the properties of the
-selected meaEQfes of land-u=ze Flexibilit? and cr{ticalness.
Thig,assessment,-hpwever, wili indicgte the\limitations of

L

these measures for the analysis of more realistic systems.
s

The basic requirement for the purposes of this thesis is
that each constraint be Iinear.

The set of QDnstrainfé:emplDyed is represented by
iﬁequalities 4.1-to 4.3. The analysis considers demand for
four different crops and three types‘cf land of varying-
productivity. The numerical description of the probf&m is
presented in Table 5.1, This_tabfe‘qpeciﬁies the vields of
each crop on the different 1land types,, twa levels of demand"
far the different crops, and the amount of each type of
lénd available. The analy51s illustrates how the measures

of %@erlb;l:ty could be used to address the quest1on of

agricultural land conversion to urban uses by’ examining the

#
"
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TABLE 5.1

LLand Use Scenaria Data

o Crop Yields (Metric Tonnes per Hectare)

Crbp

Erop

Crop

Crop

L.ow

High

Base

Land 1 Land 2 land 3
125 1 7.6 0.0
9.8 8.1 4.9
E\a.n  5's 3.6

Lﬁ".? 2.5 1.0

Crop Demangs (Metric Tonnes) -

Crop 1 Crop. 2 Crop 3 Crop 4

2000 S000 7500 000

S 7000, 10000 12000 17000

Land Availability (Hectares)

Land 1 LLand 2 Land 3
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impact.of decreases in the.apea of the thr

upon the amount of flexibiiiyiﬁévailable.

"

5.2 Maximum Proportion of Targets

-~ _. :
The first measure of flexibility exa

T~ the maxime.prmpDrtiDn of crop targets att
‘5.1 presents the values for the F(3) measu
- as the area, of 1;nd type ! is reduced and
types 2 and 3 are held at their base level
possible value for F(3) under low crop dem
2.6. This indicétes that it_fs.possible t
-timeg as much of each crop than the quanti
de;andgd. As the area of land type 1 is g
to zero,.the value of F(3) falls teo 2.1.
that the 1ossro'+ all land ty;_ea\\l\ to other
have a large impact on crop prsaucticn ca
. With a shift from low to hilgh‘cmp d
of F(3) falls from 2.4 to 1.35. As the ar
is reduced to zero, F(3) drops to 1.10. T
. that it would bg possible to meet the high
all land type S‘was devoted to other uses.
the combined effect of higher crop demands
area is to substantially reduce the amount
available, as the demand for each crop can

only 10 percent.

Figure 5.2 presents the F(3) measure

ee land types

» . L‘
mined is based on
ainable. Figure
re of flexibility
the area of land
s. The highest
and conditiaons is
m.producé 2.6
ty actually
radually reduced
This indicates
uses would not
pacity.
emands, the value
ea of land type 1
his indicates

demands even if

Nevertheless,

and reduced land
of flexibility

be exceeded by

ﬁc flexibility



as the area of land type 2 !s reduced. In the low crop
demand scenarios, phe value of F(3) declines from 2.4 to
1.4, Although land type 1 is the best agricultural land,
as it supporfs higher crop yields for all crops, the loss
of all.lqu type 2 has a larger impact on flexibility than’
the 1055&9? all Yand type 1. This is attributable to the
larger agreage that.is lost. WAder high crop demand

v
condiiiohs, reducing the. area of land-tyge‘z by half to
3000 hectares, lowers the valu? pf F{3) from 1.35 to 1.04,
I+ less than 2600 hectares of 1land type 2 are available,
the demand for all crops cannot be met. F(3) has a value
of 0.7 once all land type 2 is removed, Wwhidh indicates
thé% only 70 percent of the demana‘for each crop can be met
under these qonditioné._ -

Figure 5.3 presents the F(3) measure of flexibility-
as the area of land type 3 is reduced. Under [nycrop
demand conditions, the val@e of F(3) falls from 2.6 to
1.65. 'This indicates that despite the relatively large
acreage involved, thg loss of all land type 3 does not
remove the ahility to meet the demands. In fact, the
remaining land FEBGQFCES aré capable of exceeding each of
the demands by 65'perceﬁt. The loss of all land type.3 has
a smaller effect on the amount of flexibility available
than the loss of all land type 2, Bven though the area of

land type 3 is twice that of land type 2. This difference

is attributable to the higher crop yields that éxist for

'> AN

R
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all crops on land typedi?//’ﬂ\
A Under high dedanl conditions, the value af F(3) falls

from'1.35 in the base‘iandﬂgrea scenario to 1.01 when only
4000_hé€>ares of land type 31are available. This indicates
that all the aemqnds can be met, but only just. Further
reductions in the area of land type I remove the capacity
to meet all the high level crop demands. Once all land
type 3 is removed, F(J) has a value of 0©.8. %his indicates
that the production of each crop is restricted to 80
percent of the am;unt actually demanded.

An important feature of F(3) as a measure of
flexibility, is that if %uf%icient Fesources are not
available to meet ‘given demands, it indicates the amount by
which production capacity falls short of the demandsh
Standard linear programming models simply indicate that a
feasible solution cannot be found. As noted in sectiaon
4.4, however, this measure of flexibility is a conservative
one if the maximum value of F(3) is not unigque. Under
these canditions‘the value of F(3) can be exceeded for some
crops, as some of ﬁhe availagle land is not allocated in
the solution. wh;ther more prnductibn capacity exists
under given conditions thanm the value mf—F(3) suggests, is
indicated by the dual activity values (partial derivatives)

0

in the ‘model.

%@
Tables Al to A4 in Appendix A present the partial \

derivatives for the scenarios presented in Figures 5.1 to

RN
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2. 3. In each scenario, all the constraints have nonzero

| L=
partial derivatives. This indigatés tha@ the maximum value
of F(3) in each scenario is unique, and thatrall the
available land is allocated in each solution. Although the
maximum value of F(3) is unique in the reported scenarios,
it is important to demonstrate that this éeasUre of
flexibilityvcan be adjusted to estimate the extra capacity
available if some of the partial derivatives are zero.

The maximum value of F(3) in the model is determined
b*-the binding i;;ztraints. In the reported scenarios, all
the constraints are binding. Consider the case, however,
if crop i1 could only be grn@n on land type 1, and anly 1
hectare of land type 1 was available. Under these
conditions it would not be possible to meef the demand for
crop 1, and the maximum value of F(3) would be less than 1.
The F(3) value, however, would not apply to all crops- as
most of 1land tyﬁes 2 and 3 would not be allocated in the
solution. The F(3) measure of flexihility can be extended,
however, to estimate the extra production capacity |
available once the intitial value aof F(3) is calculated.
Tﬁe partial derivatives identify the land type(s) that are
at their upper limit and the binding :Fop(s). For the
binding crpp(s) adjust the right hand side(s) as follows:

B = (O.F) ' (s.1) )

and set the demand constraint for this crop as an equality.

Now calculate the maximum value of F(3) for this new set of
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constraints, and continue iteratively as the other land
type reach their upper limit, to determine the maximum

proportion of ~other crop targets attainable.

5.3 Radius pof an Inscribed Sphere

The second measure of flexibility éxamined is F(5)
which is based on the radius of the largestispheFe\ﬁgét can
be inscribed inside the feasible region defined by
inequalities 4.1, 4.2 and 4.3 (region R),-relative to-the
feasible region defined by inegualities 4.1 and 4.3 alone
(region @). Ineguality 4.2 is the constraint in which the
demand for each crop ig-specified.

Figure 5.4 presents the F(5) me%ﬁure of flexibility
as the area of land type 1 is redﬁced. The highest value
far F{3) under.low crop demand and base land areé'

conditions is 1.0. This means, that the introduction of low
.crup demands has not reduced the size of the radius‘of the
_éphera inscribed in region R from that which could be
inscribed inside region Q., As the area of land type | is
gradually redqcéd to zero, however, the value of F(5) falls
sharply to 0.0. This suggests that there is no flexibility
available under these conditions, which contrasts with the
value of F(3) for this scenario (Figure S.1). The F(Z) )
measure indicates that 2.1 times the quantity of each crop

demanded could be produced under the same conditions, -

With a shift from low to high crop demands the _.-—/
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V}{Ei/gij(S) drops from 1.0 to .83 in the base land area
scenario. Thus, the introduction of high crop demands
causes an immediate reduction in thé radius of the sphere
inscribed inside region R relative to that inscribed%in
region . As thé area of land type 1 is reduced, F(5)
falls sharply. Below 1000_hec£ares of land type 1, F(5)
has the same values as in the low demand scenarios. Onge
all land type 1 removéd, the value of F(5) is zero. As
above, however, this megsuré of” how much production
capacity remains i5‘very different from that of F(3) for
thé same scenario. The F(3) measure suggests that 10
percent'mmre than the quantity of each Crop demanded coﬁld
be produced under the same conditions. A}though the two
measures of flexibility are nothdirectly comparable, this
discrepancy merits further discussion.

.

As noted in section 4.6, the value of F(5) can be
ﬁzern under three quite different conditions. The most
obvious case is if the set of constraints cannot be
satisfied, and no feasible solution exists. The'qther
cases are if the feasible region consists of a single point
or a pléne. In the latter cases, a zero value for F(5)
does not mean that the demands caﬁnot be met, but thst the
maximum minimum distance from a péint to each face of the

-

feasible region is rzero. The dual activity values (partial

~

derivatives) in the model indicate which case exists in a

given scenario.



o)

P

122

Table% A7 and AB in Appendix A present the part1a1 -
derlvatlves for scenmarios that decrease the area of }and
type 1 under low and high crop demand conditions
espectively. In bpth tables, a nonzero partial derivative
is reported only for land type 1. This_ indicates that the
area of la;; type 1 is binding on the maximum size of the
radius, and that the 1nscr1bed sphere could be placed in

dlfferent positions within region R. EHRecause the maximum

ength‘DF the radius is determined by 1and type 1, the

radius does not provide an accurate measure of the site of
regijon R.- This, in turn, means that the F(S) measure of
F}exibility does not accurately indica£e how much
ﬁkmduction capacity remains atter meeting the specified

demands.

.

Figure 3.5 presents thé F(3) measure of flexibility
as the area of land type 2 is reduced. This figure
illustrates a marked difference in the hehaviour of F(5)
between the low and high Crop demand scenarios. As the
area of land type 2 isg reduced from &000 tg 2000 hectares
under low crop demand conditions, the value of F(3) remains
unchanged at 1.0. Further reductions in thelarea of land
type 2, however, cause F(5) to tall sharply to O.ﬁ. A
strict‘interpretaticn of tHis measure is that introducing
the low crop demands and removing 4000 hectares of 1and
type'E has no @ffect on the amount of flexibility

availabhlie, while the loss of a further 2000 hectares o+



- 2000 hectares of land type 2 availahle, however, the 4
epicentre is uniqgue as "the m#rble" touches each face of

_the feasible region. Once the area of land typé 2is

- reduced tb 1000 hectares, only one of the seven partial
derivatives is hnnzero. The binding constraint, however,

is land type 2, which means that the smallest imension of
"the matchbox® is now determined by land type 2. Thus, as -
the area of laﬂe type 2 iﬁ.reduced further, the radius of

the inscribed sphere alseo decreases.

In the high crop demand'scenarios, F(3) falls sharply
from 0.8.to 0.1 when only 3000 hectares of land type 2 are
available. Table Al0 reports the partial derivatives for
the scenarios that reduce the area of land type 2 under
high ;emand congd tiona., In each scenario, all the
constraints hav@%ohzero partial derivatives, which

indicates that the inscribed sphere touches each face of

region K. R N

Figure 5.4 presents the F(5) measure of flexibility
as the area of land type 3 is reduced. The results are
similar to those presented in Figure 5.5. In the lnw,.
demand sceparios, the value of F(3) is unchanged at l.g,as
the area of land type 3 is reduced from 12000 to 4000
hectares. Further reductions in the area of land type 3,
however, cause the value of F(5) to fall sharply to 0.0
when all of land type 3 is removed. As above, a stricf

interpretation of this measure is that the loss of 8000
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hectares of land type 3 has no effect on the amount of
flexibility available, while the leoss of a %urther 4000

hectares removes all flexibility. This f1nd1ng-1s at odds

with the F(3) measure pf flexibility, which suggests that

\.

the demand for each crop could be exceeded by &3 percent
"
under the same conditions.,

Table A10 in Appendix A presenﬁs the partial
dérivativeé for the spe;a#iqﬁ that reduce,tﬁg’a*ea of land
type 3 gnder low deménd conditinqs. In tﬁe first three
scenarias; the only cansfraint with a nonzeroc partial
derivative is land type T\'whicﬁ indicates tBat the
inscribed sphere can be pllaced, in different positions
with;n region R. As above, the loss of landjéype 3 Kas no

.

effect on the radius until each face of region R copds into

. / -~
cantact with the "marble". Once enly 2000 hectares of land

type 3 are availablg, all the constraints ©tave nonzero

partial derivatives which indicates that the insgribed
1
sphere can be placed in only one position in regibn R.

.

Below this, the only constraint with a nonzero partial
derivative in land type 3, which indicates ghat land type 3
now determxnes the maximum size 0$ the radlus. Reduc:ng
.the area of land type 3 has the effect of squee¢1ng the
inscribed sphere, which is reflected in the decrea51§g‘/“L
value of the radius. In the high diﬁand scenarios, F(5)
falls sharply frcm 0.8 to 0.02 as the area of land type 3

is reduced to zerc. Table Al12 reports the partial

4

X
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.derivatives for the corresponding scenarios. In each

o

SEenariD, all the constraints have nonzero partial
derivatives, which indicates that the inscribéd sphere

touches \each face of region K. s

nd F{3) measures of flexibility are not
1 -

directly compawable. It is useful, however, to contrast

the.informatio provided by the two measures. The F(3)

measure of flexibility provides a more useful measures of

1

flexibility than F(5) for two reasons. The first is a

practical consideration. 4h meaéure of flexibility that

- *

indicates the extent to which production capacity exceeds

‘or falls short of specifie% demands, is relatively easy far

land-use plamners and policy-makers to grasp. The F(5)
measure of flexibility, however, dues not yleld an absolute
value that has' a simple, applied 1nterpretat10n. The ratias
of the radius of the largest sphere that can be inscribed
within region R relative to that inscribed within a base
region B, is a difficult concept fDr'those-nnt(ﬁbll
acquainted with mathematical pProgramming to comprehend.

The second reason for péefeiing F(E), is that this
measure.provides an acgurate indicétiq% of haow much
flenibi{ity is defined by a given set of inequalities. 1In
the low demand scemarios presented in Figures 5.4 to S.é,l
the F(3) measure of flexibility is zero whenever all the

land tvype of interest is removed. Strictly speaking, this

means that there is no flexibility in the uze of land. The

-
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F(3) measure of flexibility (Figures 5.1 to 5.3) indicates,
howeaver, that although the amount of flexibility declines

as the area of each land type falls to zero, the loss of

these lands still leaves some productiecn capacity in the
- /

Fl -~

system, hence some flexibility. .The EG5) mgasure is
incapable of indfcatihé this, as it, is sensitive tod the
;hape of the feasible region. CIts greatest value may lie

in identifying the most limiting factor and measuring the

effect of changes in parameters.

5.4 Summary I

The information reguired of a measure of flexibility,
és dg%ined in th}; thesis, is thaf\it shmﬁld indicate how:
much priduction capacity is used(%f:&qgting given demands,
and inﬁicate the effect of such changes in conditions as
increases in crop demands or reductions in the amount of
land available to agriculture upon the amount of
flexibility availabie. This chapter has examined two
measures of flexibility using a hypothetical data set.

Al thougb hoth measur% are cnnceptually appealing, the
anaiysis indicates that the F(3) measure of %lexibilitQ is

?

much more sensitive to the shape of the feasible region

- e
than Chapman et a&l. (1984) suggest. In many of the
scenarios examined, it does not provide an accurate measure

of the size of the feasible region, nor does it indicate

the effect of changes in conditions. The F(3) measure of

-



flexibility,'hnwever,'performs well in all the {scenarios

examined, and can be extended to take account o he

3 A
special. case if the maximum value of P-is not unique.

. . . .
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ALTERNATIVE MEASURES OF LAND-USE CRITICALNESS
P : . N

The concept of\land~use criticalness édopted in this

thesls re%ers to the extent to which part1cu1ar areas ar
o

types of f/nd are critically important, in the sense that

L ”

the fulfillment of agr1cultura1 commnd1ty requirements

hinges upon these lands being avq}lable to agriculture.

Thig chapter presents aiternative measures of land—-use

criticalness. . ‘ '
1 _ ™

6.1 Land-Use Criticalness

The potential . for Qrowing cgops is not uniformly

dfétributea_over the land Qase. Some areas are more
. ",t,‘
limited than others in both the range of crops that can .be

' grown and their anticipated yields. Many argue tHat high

quality land is a stratégic resource and that it is crucial

that as 19}99 an acreage as 5&551b1e should be reserved for

.

1
agriculture. This thesis has shown, how®ver, that the

l\. N M .
identifi ion af critical agricultural areas cannot be

« '
based solely upon an assessment of the supply of land of

o . . '
- 8 ) . o -
R
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different degrees of suitability for agrniculture.

The extent to which partgtular land types are

critically important for agriculture must be defined in

terms of two sets of factors. One set co sistg of such

factors as population rowth and ;o;;umér stes which
s

atfect the dehana foy food. The otheﬁugéé consists of:

a tdré that limit ag?iculture’s capg;ity for responding té
.increased food demands, such as w;ather conditions, the
availability of energy, fertilizérs and pesticides; and
expected crop yields. A useful starting peoint for the
assessmént of land—uselcriticalnq?s is to exprég; relevant
tfactors in the fnéﬁ of constraints. The constraints

;ﬁndicate whether sufficient resources are availédle to meet

) tood needs under specified conditions. Assuming that the
constraints can be satiséied, the research pr061em becames
‘one of measuring how impnrtaét particular areas Drztypes of
land are in satis#ying different levels of crop demands.

Depending upon the treatment. of l1and uses, the o

relative importance of different types of land can be
specified in differet ways. This thEEié examines two

-

alterna&ivesl The first option is to rate the necessity of
j _ ‘

: +
assigning individual crnp?hto each land type so as to meet

-

given crop demands. That is, how important is it that crop
i be allocated to land type j? The second option is to
specify a more general measure of érﬁticalness, by rating

the importance of each land type in meeting a set of crop

~
\___‘
.

~

pa—

\
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demands. That is, how important is land type j in meeting
the demand for all crops? For ease of preseﬁtétion this
review of land-use criticalness measures adopts the

notatigmn and-constraints reprezsented by inequalities 4.1 to

.

An area of land can be considered to be of critica&
importance fﬂiJiﬁE;;en érop if the attainment of specified
crop production targets PEquirés that a large proportion of

it be allocated to that crop. One measure of the critical

4.3.

6.2 Absolute Minimumhﬁllccatinn

.importance of a land type (j) for a given crop (i), then,

is the smallest value of a,, found in the entire

feasible region R. This value is the.area of land type j
that must be, allocated to crop i in order to satisfy the
ctonstraints. Expressing the absolute minimum value of each
decision variable as a proporéian of the total area of the
respective land type available, this measyre of land-use
criticalness measure c;n be speeified au:

Cit1) = tmin. a,,) /A, 1<% Cny 1 €5 ¢m  (b.1).

This ratio provides a measure of rquisiteneﬂs of
particular crop asgigﬁments. A zero value indicates that
it is not necessary to aésign any aof a given land type to a
particular crop in order/ﬁp satisfy théjconstraints. A

-

nonzero value indicates the proportion of a particular land

° . +

type thét muat be assigned to a given crop invorder to

%



satisfy the constraints.

The absolute minimum value of a decisinn.variable is
eés& to calculate using linear prngramming, and is readily
interprated. One problem with this measure of land-use
criticalness, however, is that the smallest value n% each
decision variable is identified without reference to the
other decision variables in the model. A pafti:ular
minimum nllﬁcatinn may satisfy thqrconstrninés only if some
other dncision‘vérihbles are set at an extreme value.

These extreme values represent allocations that may be

close to being 1n+ea91ble. Thus, the absoluta minimum

value of individual decision variables may understate the

importance of some crop assignments in meeting the demands.

6.3 Conditidnal Minimum Allocation

An alternative means of mqnldring how critical
different: types of land are for sﬁecific crops, is to

identify minimum assignments for individual- decision

" variables that do not raly-upon extreme values of other(”

decision variabl;s. One way of doikhg this is to determine
the minimum value of a decision variable condiéiunal upon:
all the remaining decision variables being held at some
central or average value. The average values of the
decision variables, %hen, are\qiv-n by the co-ordinates of
a tentral point in the feasible region. A central point T

in region R can be defined as:



T = (ty, t2, ..., tua€R) -w.z).

The general form of a conditional minimum allocation

measure of criticalnegs can be expressed as:
Cis = minlay; <t'Z iy ciey iy eens Ll CRII/B, (6.3),
where!

Ciy = the proportion of land type j that must be allocated
to crop i in.order to satisfy the constraints,
condf{?;ﬁal on other dec;sion variables befng set

t central yalues given by the co-ordinates of
po‘nt T. . |

This measure is equivafent to setting all the

decision variables, except the one of intereat, to ﬁhe
value of the designated /interior point (T){_ The sﬁélleét

feasible value that the selected decisio Qariable can

[}
" assume while the others are held at thei

central values is

then found. Geometrically, this CD}FESp nds to drawing a

staight line through poipt T, parallel to the a,,

axis, and finding the lowest valué fcr_the point of

intersection with the boundagy of region R. This can be

found using a simple iterative process, often :alled“thgﬁhhhhah_—#’
bisection method {(see,, for example, Burden.et al.,

'1978). Given a point A outside region R.and a point_ B
‘inside ﬁegion Ry the methad undertakes t decrease'the
interval between these points by finding the midpoint

M=(A+R) /2 of the line segment A,B. 1f M is inside region

R, set B=M, otherwise set A=M. Apply the same process to

A ! '
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the new line segment and repeat to the reguired accuracy.
The research problegaathen, is to identify an interior

point in region R that is, in some sense, central.

6.3.1 Centroid '

One interior point that lies at the centre of region
h, is the centre of gravity or centroid. Region R is a
homogeneous body in mn-dimensional space. The centreid is
the point at which th{s ﬁass could be replaced by a point
mass. © It may alsc bd thought of bs\the ”average” point in
region R, in that the co~ord1nates of the centreoid are the

expected values of the decision variables when points are

"sampl ed randomly’from region K.

The co—-ordinates nF the ce%trold can be found us1ng
the Mont\ Carlo method of estzmatlng the volume of region R
relative to that of region 8 (section 4.4.1). This method
generates points uniformly within region R, which is
defined by ineqguéilities 4,1 and 4.3 onty, and identifies J
points that also satisfy inequality 4.2. The three
inequalities together define region R. The average of the

~2
co-ordinates falling in region R tends towards the -

-

co—-ordinates of the centroid.

6.3.2 Epicentre

Another choice of a central point in region R is the

centre of the sphere of largest radius that can be enclosed
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in the feasible region. This point was defined in sectian
4.6 as 'the epicentre. It represents the "safest" point in
regimﬁ R in the sense that any other pmin£ is nearer to
some face and hen;e closer to bei%g infeasible., The
cn—nrdinatﬁé of the epicentre are given by the values of "
the.sc_ution variables in the linear programming
formulAtion that calculates the radius of the largest
inscribed sphere (section 4.4).

One problem not addressed by Chépman et al. a
(1984) is that the epicentre may not be unique. Alternate
optima do not pose a problem for measuring the radius of
the largest inscribed sphere. Regardless of the
epicentre’s locat;on, the maximum value of the radius is
always the same. Hdrever, altejhaxe opﬁima may be
impartant in the analysis of land-use criticalness.

The conditicnal minimum measure of land—-use
criticalness requires that the decision variables be set at
the éo—mrdinétes of éh intepior point which is, in some
sense, céntrél. 1f the eppicentre is unigue, £his

requirement‘ié satisfied. If epicentre i¥ not unigue,

however, the inscribed sphare can pe placgd iﬂ\differént K{l'ﬁ

locations withi% region R. Depgnding upon the entreme
valges that the EE%QEE}nates f the epicentre could take,
the values of the conditional minimum assignments could be
misleading. S .

Conceptually, region R can be bortrayed as a matchbox
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of smallest dimension D and the inscribed sphere as a 1

&
marble of diameter D placed in\ihe matchbox. I+ the marble

does not touch eaﬁh face of the matchbox, it can adopt any

// ane of an-in%inité\number of positinnsfwithin fhe matchbo.
:i) ) Since the conditional mﬂ?imum values based on the Epi¢entre
may vary according to its location, it Qmmld be useful to
determine the point at which the marble is in the centre of

the matchbox. Giscondi et al. (1984) overcome the

problem of finding a central location for the epicentre, by
finding all thé extreme positions in which the marble can
be placed; and taking the average of the co-~ordinates of
the epicentres. In the matchbox exgmpl%: the epicentre has
“four extremal positions corresponding tq~E}éciﬁg the marble
in the four corners. The average of the co~ordinates of
the four extreme points is both a unigue interior point and
the geometrig centre of the matchbox. .

The average epicentre can be found t?rouﬁg;anf/\\
extension of the simplex method of solving linear
programmes. A fundamental propérty upon which the simplex
method is béaed is that the optimal solution is a
"corner-point feasible sclution® (Hfllier and Lieberman,
1980). Like the simplex method, Giscondi et af.’sa,

(1984) algorithm evaluates the objective function at a
- vertex or extreme point of region R. All edges of .region R

i .
emanating from this vertex are then examined and the rate

faliEN

of change in the EBjectiQE'function in the direction of
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each'edge is calculated. For a maximization problem, the\\
algorithnks@iects\ihe adjacent vertex having the highest

value of the objec¥ive function. This process is continued

* ’ \
objective function along any edge emanating from that

vertex is less than or egual teo zerao. is is where linear

. programming usually stops, as an optimal solution for the

problem has been found.

. " If all of the constraints have nonzero partial
derivatives at the optimal point the solution is unique.
If one or more of the partial derivatives are zero,
however, it is possible toc move to another vertex without
changiﬁg the value of the objective function. This means
that‘éhe set Df.decision variables yielding the optimal
value of the objecti;é function is not unigue. The simpl ey
method simply indicates that alternate optima exist.
Giscondi e¢ al."s (1984) aléorithm, however, prepares
a list of all the vertices adjacent to the optimal point at
which the objective functipn is unchanged. The algorithm
then selects an adjacent vgrtex having”an equal value‘é;
the objective function and éeeks all the vertices adjacent
to this point thaf}have an equal value of thé objective
functimq. Smme{é; these vertices will already be on the
list. Those wbicq are not aré added to the bottom of the

list, The algorithm then selects the next, vertex on the

list,hand repeats its search for adjacent vertices having

\
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the same value of the objective function. Once tHé
complete list has been examined, and no new vertices found,
all extremal points at which the quective function is
optimized have been identified. The values of the extreme
point co-ordinates are then averaged to find the average

R L
epicentre.

4 -

6.4 Minmimum érnbortions
—

different éﬁprcach to assessing the importance

of particul crop assignments in meeting crop(;;mands has

been adopted By the Land Evaluation Group at the University

of Buelph. Smit et al. (1981) use an objective

’.
furiction to select 4rqm the feasible region the soclution

that assigns as little of each crop as possible to the .
different land types. -I% the minimum possible allocation

for a particular crop represents a lérge'prnpoﬁtion of a

éiven land type, then that land type ‘is considered

~_

important for that crop.

The task of identifyﬁng crop assignments which are
“ ]
minimally necess#ry in order to satisfy demands can be

\

addressed in several different ways. ‘Smit &% &f&’

(1981) specify four criteria r.selecting an objective

funcéicn. These are:
1) the sum of the dec1slnn var:ables tends to

zero as the constraints are ;gﬁaxed

2) individual decision variables tend to 26}0

an
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as the constraints are keiaxed, p -
3) individual decision variables tend to be
equal as differences in constraint character— -

istics are minimized,

4) decreases in large decision variables that

' L4

cause smaller decisicen variables to increase
occur before or in lieu of decreases in small

-

decision variables that cause large decision
U variables:tn increase. _ Y
Smit et al. (1981) examine four objective
functions: minimum area, minimum proportions of land
allocated, minimum sum of the allocated areas squared and
the minimum sum of the squared proportions of land
allocated. One.cf the objective. functions that satisfied
all of the criteria listed ébnve iz the sum of the squared
proportions of land allocated. fhis abjective function can
be specified as: | : - ¢
Min., Z =22 p,°% (6.4),
—

2

where:

Pu = a/A, (6.5,

The.solution variables in this mpdel indicate the
proportion of the different yand\tzgffgs at must be
allocated to each crop. Bond et al. (1981) interpret

these allocations directly as a measure of how critical the

o

particul ar assignments are in heeting different levels of

,crop demandg. This interpretation of land-use | \T>

P
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criticalness, however, is Somewhét different than that
adopted in this thesis. This objective function (equation
3.4), assigns és little as possible of each crop to each
-land type while simultanecusly minimizing the differences
amﬁng thevassignhents. The larger the proportion
allocated, the more important that asésignment is in
meeting the demands. ‘#his function, however, attempts to
make the assignments as egqual as possible and not as small

as possible. It may, then, overstate the importance of

some ¢rop assignments.

4.5 Criticalness of Land Tvpes -
7

The measures of- land—use criticalness examined in the

precefding sections, indicate the iﬁﬁm?fance of particular
crop/assignments in meeting given dehands. For land-use
planning, however, it may also be useful to consider the
importance of the differeﬁt land types in meéting the
-demand for the entire set of crops. Such an aggregate
measure of criticalness provides a rating of land types
that incorporates both so0il qualities and the level of
demands. ) |

One measure of how impbrtant different land types -are
in meeting the demands is éiven by‘the partial‘gérivatives
for the land constra}ts calculated for the F(E)'anérF(E)

measures of flexibility (sections 4.4 and 4.4). The:

partial derivatives, for F(3) indicate the effect of a wnit

__ .
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change in area upon the maximum value of F(3). The partial
derivatives for F(S) are calculated from the dual activty
values in the model, which give the effect of a unit change
in area on the size of the radius. These measures can be
expressed as!
OF(3)/ 3A, = 3P/ 3A, (L6,
and: |
aFES)/ A, = 1/rg . O ra/ 3A, . (6.7).
By examinipg the partial derivatives, the land types can be
raﬁked in order of importance.

A second measure of the criticalnessiof a land type
in meeting the set of demands is "the minimum émouﬁt of each
land'type needed to meet the demands.- The absolute
minimum values of the décision variables {(section 6.2) are
addit;ve over the crops for .each 1and type. Thus, a
measure of the importance of a land type in meeting the

demands can be defined as:

C,t1) = 20, (1) . (6.9),
[}
where;
C, = the proportion of land type j that must be
ava%&able in order to meet the demands.
6.5 Summary

A hseful starting point for the assessment of land-use

criticalness is to'express relevant factors in the form of

constraints. For a given consraint set, bt is possible to

1
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determine whether the demands placed upon avaiiable
resources can be met. Assuming that the constraints cgn‘be
satisfied, the research problem becomes one of measuring )
haw imporéant particul ar aceas or types of land afé in
satisfying different levels of crop demands. This chapter
has examined two tybes of land-use criticalness measures.
The first type rates the necessity of ;g;;gning irrdividual
crops to' each land type sa as to meet given demands. This
measuré takes two forms: absolute minimum assignments and
conditional minimum assignments: The second option is to
specify a more general measure of critica;ness, by rating
the impnrténce of each lanaitype in méeting §&1 tﬁe
demands. Chapter 7 examines th; properties of these

¥

measures in greater detail. -
N ‘
. \"/

T — Fas



7.1 Absolute Minimum Allocations

CHAPTER 7
*. .

AN ASSESSMENT OF SELECTED LAND-USE CRITICALNESS MEASURES

Alternative measures of land-use criticalneas were

presented in Chapter 6. " Each measure is based Lpon the

analysis of a linear set of inequalities. In this chapter
. ’

the analytical methods and the properties of these measures
are examined for a hypothetical data set.

‘-

&

The first measure of land~use.criticalness examined

'is based on the smallest value of each decision variable.

*

This measuré, denéted.as Ci,{1) is the minimum

proportion of land type j which must be allocated to gg?%\

crop ; in order tcxgastisfy the constraints. |
Table 7.1 presents the values of Cuti) as

the area of land type 1 is reduced. . Under 1pw‘;rop demand

and base land area conditions, all the criticglness )

meaéures hgve zero values. This indicates thét no one land

type is essential for any given crop in meeting the

demands. The values of the criticalnegs'measures do not

145
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TABLE 7.1
CRITI&RLNESS MEASURES BASED OM ABSOLUTE MINIMUM VALUES OF

DECISION VARIABLES: DECREASING AREA OF LAND TYPE 1, LOW AND HIGH CROP DEMANDS

Area of Land Type |

2000 1500 1000 500 0

Lo High  Low High Low  High Low  High Low  High
Lol 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 - -
ol 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0 0.0 - -
C;;(ll 0.0 0.0 g 0.0 To00 00 0.0 0.0 -
Ladt) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -
Czft) 0.0 0.0 *~ 0.0 0.0 0.0 0.0 no 002 005 0.12
Coall] 0.0 0.0 Lo 007 0.0 oo 0.0 0.0 0.0 0.0
Czfl] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0
Caff) 0.0 0.0 0.0 0.06 0.0 0.15 0.0 0.2 0.0 0.42
st 0.0 0.0 0.0 0.0 0.0 00 0.0 00 0.0 0.0
CGsill 0.0 0.0 . 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0
Csitl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0

Cosfl} 0.0 0.0 0.0 0.0 0.0 0.07 0.0 0,19 0.0 0.37 .

Key

Criticalness Neasure: Ci (1) = the proportion of land type j that aust be allocated to crop
i in order-to satisfy the constraints,
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change until all 1and type 1 is removed. In this scenario,
Cur(1) has a value.of 0.05. This indicates that S

percent of land type 2 must be allocated to crop 1 in order
to satigfy tﬁe constraints. It sheould be noted that 1and
type-E is the only land type hemaining for which crep 1 has
nonzéro vields. - \I(J/’

o~
With a shift from 10w<té high crop demands, all the

Ci; (1) values remain zero. As the area of land
type 2 is reduced, however, three of the criticalness
measures take nonzerco vg}ueé. Once all land type 1 is
remove&?’{;e demands cannot be met unless 12 percent of
land type 2 is devoted to’crdp‘l, a further 42 perceﬁt to
crop 4, and 37 percent of land type 3 ta crop 4. These
results indicate that although the demands can be met, the
loss of land type 1 places restrictions on the use of the
remaining land. | |

Table 7.2 presents the values of C, (1) as
the area of land type 2 is radﬁced.l Under 1;; crap'demand
conditions, all the critftalness measures have zero values
S until the area af_land type 2 is reduced to 1000 hectares.
In this scenario 'the demands cannot be met unless 13
percent of land ty;é 3 is devoted to crop 4. Once all land
typer2 removed, it is necessary to allocate 34 percentlof

land typé-3 to ¢rop 4, and 8 percent of land type 1 to crop

1 in order to meet the demands. The latter assignment is



Lot}
€21 (1)
Ly (1)
Cart1}
Liz()
f2211)
Cs2(1)
-lC42[l)

st

ast1)

Cas(1}

Lastl}

Key

Criticalness Measure: ﬁl,{if = the proporticn of land type j
: to satiséy the constraints,
' No Feasible Solution. -

TABLE 7.2

[ 4
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CRITICALNESS MEASURES BASED ON ﬁBSOLUTE KININUM VALUES OF ~

DECISION VARIABLES: DECREASING AREA OF LAND TYPE 2, LON AND HIGH CROP DENANDS

5000

Low

0.0

0.0

0.0

0.0

0.0 .

0.0

0.0

0,0

0.0

0.0

0.0

0.0

High-
0.0
0.0

S 0.0
0.0

0.0

0.0
0.0
0.0
0.0

0,05

Low
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
L 00

0.0

000
High
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.02
0.0
0.0
0.0

0.26

Area of Land Type 2

Low
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

3000
High
00
0.0
0.0
0.0
0.0
0.0
0.0
0.62
0.0
0.0
0.0

0.47

Fo00
Low  Hight
00 -
0.0 -
0.0 -

0.0 -

00 -

0.0 -
0.0 -
0.0 -
0.0 -
0.0 -
0.0 -

0.0 * -

1000 0

Low  High Lo Hight
0.0 - 0.08 -
0. - 0.0 -
0.0 - 0.0 -
0.0 - 0.0 -
00 - - -
0.0 - - -
00 - -
Y T
0.0 - 00 -
0.0 - 0.0 -
0.0 - 0.0 -
013 - 03 -

that aust be allocated to crop i in order
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explained by the fact fhat land type 1 is the only land
type remaining for which crop 1 has nonzero vields.
Although the loss of all land type 2 does not reémve the
ability to meet low level demards, it does place more
restrictions on the use of the remaining lands than the
loss of all 1ané type 1.

Under high crop demand c;nditinns, the dFmand for
crnpoﬁ\iéxan important factor‘in placiéé restrictions on
the usq of the available land. Although only S percent of
land type 3 must be allocated to crop 4 when 5000 hectares
of land type 2 are available, once the grea'cf land type 2
is reduced to 3000 hectares, it is neceséar? to allocate 62
percent of land type 2 to crop 4 and a further 47 percent
of land tybe 3 to érnﬁ~4.

- Table 7.3 presents the values of Cp (1) as
the area of land type 3 is reduced. In‘the low demand
scenarios, all the'bfiticalness megsures are zero until
only 2000 hectares of land type 3 are available. In this
scenario, 11 percent of land type 2 must be devoted to crop

4. This increazes to 24 percent once all land type ig

o

removed. In the high demand scenarios, Cew(l) is

the only criticalnéss measure that is nonzero until the
area of land type 3 is Feduced'tb 4000 hectares. In thisg
scenario, aix of the Cuti) measures are nonzero.

Fully 94 percent of 1and type 2 must be allocated to crop 4
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Lt
Cat)
Gan
Caatl)
izl
C:z(i)

L5201

Coall)

Cistt)
' 1’;&(!]

Gsth)

/ot
\

N
5

/

Key

TABLE 7.3

) ' ~
CRITICALRESS MEASURES BASED ON ARSOLUTE NINIMUM VALUES OF

~

DECISION VARIABLES: DECREASING AREA OF LAND TYPE 3, LON AND KISH CROP DENANDS

10000
Lo High
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.06
0.0 0,0
0.0 0.0
0.0 0.0
0.0 0.0

A

Low

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

- 0.0

0.0

Criticalness Measure: C,,(1) =

' No Feasible Solution,

8000
Y
High
0.0
0.0

0.0

0.0

0.0

0.0

0.0

0.24

0.0

=%

0.0

the prgportion of land type j that aust te allocated to crop i in

0.0

frea of Land Type 3

%

- 4000

Lo

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

High
0.0
0.0
0.0
0.0
0.0
0.0
0.0
+0.33

0.0

4000
Lo High
0.0 0.24
0.0 0.0
0.0 0.03
0.0 0,22
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.9
0.0 0.0
0.0 0.20
0.0 0.29
0.0

to satisty the constraints,

~\

ai_))_

N

0.0

2000
Low
0.0
0.0
0.0
0.0
0.0
0.0

0.0

0.0

0.0

. 0.0

0.0

Hight

150

0.0
0.0

0,24

order
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in order to meet the demands. These results indicate the
the lahd base is under great pressure, and that high crop
deménds tpgether with the loss of 8000 hectares of land
type 3, place severe restrictions on the wuse af the
femaining‘land.

e As noted in section 5.2, this measure of criticalness
may understate the importance of some crop allocations. A
particular minimum allocation may satistfy the constraints
only if sémé of the other decision variables are set athf

entreme assignments; The +ollgwing section examines

land-use criticalness measures based on conditional minimum

assignments.

7.2 Conditional Minimym Allocations

The cofditional minimum measure of land-use
criticalness requires that all the decision variables,
‘except Ehe one of interest, be set at the co-ordinates of
an interior point that is central in region R. Depending
ﬁpon the seiectinn of the central point, this measure can
be calculated in different ways. This seﬁtimn presents the
conditional minimum me;sures of criticalness calculaféq

using the co-ordinates of the centroid and the average

epicentre.
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7.-2.1 €entroid

The first conditional minimum measure of eriticalness
examined is based upon the centroid. This measure, de;ated
as C,,{2), indicates the proportion of land type j
that must be allocated to crop i, canitiDnallupon the
_ other decision variables being set at the central values
givgﬂxby the co-ordinates of the centroid. This measure of
criticalneas, then, has a somewhat different interpretation

than that based on the absolute minimum value o+~!?decision

A

2
variable. It indicates impmrtanp crop assiéfments. That
is, it indicates aséi?nments thaf méy restrict the use of
land if small changes in conditions occur. The values of
this measure, however; cannot be less than those ﬁfaed on
the absolute minimum allocations presented in the preﬁeding

section. ' ’ w

-

Table 7.4 presents the values of C,,(2) for

P

the low demand scenarios as the area of land type 1 is
reduced. Differences between the absolute and cgpditiunal-

minimum measures of cfdticalness are immediately apparent.
” < ) .
In the first scenario, 'three crop assignments are

identified as important while the corresponding value%@kf
Ci;(1) in Table 7.1 are all“zero. Thds, although *

it is not necessary to allc:atebarticﬁiar types of land to

different crops, these crop assignments are impdrtant in

v

meeting Ahe demands. As the area of land type | ias

'/
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TABLE 7.4
CONDITIONAL MEASURES OF CRITICALNESS BASED ON CENTROID:

DECREASING AREA OF LAND TYPE 1, LOM CROP DEMANDS

.
' . frea of Land Type ! .o
/&\/ 2000 1500 = 1000 500 0
s '
K Ciaf2t 0.0 0.0 0.0 0.0 -
Y
!J , C20(2) 0.0 0.0 0.0 0.0 -
b ¥ : .
/C Loty 00 0.0 0.0 0.0 - -
Lal 0.0 0.0 0.0 0.0 -
Ciz(2) 0.0 0.0 - 0.0 . 0,02 0.05
C22(2) 0.0 0.0 0.0 0.0 0.0
Lf_/ Cs212) 0.0 0.0 0.0 0.9 0.0
\ _ Ls2(2)  0.25 p.28 0.30 0.32 0.3
b0 0.0 0.0 0.0 0.0
C23(2) 0.0 0.0 0.0 0.0 0.0 -
Casi2) .03 0.05 0.06 0.07 0.07
s 013 0.13 0.15 “n‘} 0.1 o
,—x/_'—.\) . /—_\
Key " / -
ya . . . .
/ Criticalness Neasure! C,,(2) = proportion of land typr\i that sust be allocated to crop i
— . in order to satisfy the constraintd, conditional on-other :
. ‘ decision variables being set at central values given by the
- co-ordinates of the centroid,
»
) L
3 A 4
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reduced, the'impnrtéqgg’of.these assignments increases
cansistently. Once all laﬁd type 1 is remaoved, the
assignment of crop 1 to land type E_alsonbecomes important,

as this is the only land remaining on hijch crop 1 has

nonzero yields.

! 4

Table 7.5 presents the valuee of Ci,(2) for
the low crop demand scenarios as the area of land type 2 is

reduced. Initially, the same crop assignments as in Table

7.4 are identified as important. As the area of land type ’

2 decreaaés, howevgr, the valués of the three criticalness'
measures do not increase consistgﬁtly. The wvalue of

Caa(2) decliﬁe;.l In so far as it might be

expected thatxthe-ipporténce of a given Léﬁd ype-shmuld
increase as itsﬁarea declines, this finding is

counter-intuitive. However, these measureg indicate

-important assignments - not the ones that ars absolutely

necessary. The reduction in the area of land type 2

aF%e;ts the size anafshape of the feasible region. This
also means that the co-ordinates of the centroid change.
The values of the criticalness measure are subsequently
affected by'zﬁe change in co-ordinates. In Téble 7.4, a

similar situation exists. The crop agsignments on land-

types 2 and 3 increased in importance as the area of land

T

type 1 was reduced.\\__q:;;;

Table 7.4 presents the'values o C,,(2) for



Cai(2)
Caxi2)
Exa (D)
Loy (2)
£i202)
' Caa(2)
32020
Cia(2)
Ci3(2)
| et

Cast2)

\. | Cus (2)

TABLE 7.5

CONDITIONAL NEASURES OF CRITICALNESS BASED OM CENTROID:

3000

0.0

0.0

0.0

9.0
0.0
0.0
0.0
0.28
0.0
0.0
0.06

0.19

DECREASING AREA OF LAND TYPE 2, LOWN CROP DEMANDS

frea of Land Type 2

4000, 3000 2000 1000
0.0 0.0 0.0 0.01
0.0 0.0 0.0 0,04
0.0 ,o._‘_oiz 0.0 " 0,08
0.0 o 0.17 0.14
0.0 00 0.0 0,0
0.0 0.0 0,01 0,9
0.0 0.0 -o.o w O

L 0.24 0.1~ 0.05 0.0
0.0 0.0 0.0 . 0.0
0.9 0.0, 0.01 - - 0,03
0.05 0.06 0.03

0.30, 0.37 0.51

0.0
0.22

0.08

Criticalness Measure! C, {2} = proportion of land type j that must he allocated to crop i

o

in order to satisfy the constraints,,cond

decision variables being held at centr
the :n-nrdjnates of the centroid.
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TABLE 7.8
CONDITIONAL MEASURES OF CRITICALNESS BASED ON CENTROID: N

DECREASING AREA OF LAND TYPE 3, LOM CROP DEMANDS

frez of Land Type 3
|

10000 8000 | 4000 4000 2000 0
Eald) 0.0 0.0 0.00 - 0.0 0.0 0.0
(2 0.0 0.0 0.0 0.9 0.0 0.0
Cs1{2} 0.0 0.0 0.0/ ot 0.18 0.18
L) 0.0 0.0 0.0 Q 0.0 0.0 0.2

N
0.0 0.0 0.0 9 0.0 0,0

o0 00 0.0 0.00 0.0 0.04 /

Gl 0.0 0.0 0.0 0.03 0.08 007 \?, o
€zl 0.32 0.37 043 045 0.50 0.52 ’ .
o - _r =
Cisi2y 0.0 0.0 0.0 0.0 .0 -
Cas(2) 0.0 0.0 0.0 - 0.0 0.0 - -
Cysl2)  0.08 0.07 0.1 0,04 0.0 -
Cus(2l 0,05 0.0 0,0 0.0 \oi -
ey . @

v

-Criticalness Measure: C,,(2) = proportion of land type E‘;g%t aust be allocated to crop

in order to satisfy the constraints, conditional on okher

decision variables being set at central values given by the

co-ordinates of the centroid,

‘7“‘-

i
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the low demand scenarios as the area of land type 3 is

- _reduced, Agéih, the same C,,(2) valuez/;% int

Tables 7.4 and 7.4 are identified as i portant. The

behaviour aof the criticalnes?ﬂmeasur

also similar to those in Table 7.5.

in these scenarios
The assignment Dﬁ

crop 4 to land type 2 increases in importance as the area *

- ::,
. of land type 3 isg reduced, while the criticalness of crog 3

on land type 3 decreases.

» The conditional minimum measures of criticalness
' -

based upon the centroid are not reported for the high crop

»

demand scenarios. Although the centroid is a unigque and
S . '

central point in, region R, it is diFfic%bt to calculate

using the Monte Carlo method if the lané base is under

gfeat pressure. As indicated in section 4.3%.1, the Monte
; A

arlo method calculates the centroid by generating random L‘l\

- . . 3
points in region 0, determining how many pointsa FalL-‘

. region R, and then averaglng the po1nt co-ordinates falling ‘\Q\R

in reglnn R to obtaln the centroid. If region R/is small’ \

LN K

- relative to reg1nn @, however, d large number off paints “

within region @ must be generated in order to find points
/

. (Tﬁ’region R. This guickly becomes a pProhibitifvely '&}ﬁlu"
- i . /4

expensive exerg&se. In this analysis, t RQid could
BN &
not be calculated for the high crop detand and bask land
The

area scenario by generating 100 000 ran m‘Eslnts.

expanse incurred in +1nd1ng the centr W u de? conditions
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serious limit

=//;his problem. The differgnce between conditional minimum

~ g;*(—\ 158

for the practical application of €h15

—e

procedure.

7.2.2 Epicentre

The Second conditional minimum measure of criticalness

examined is based on the epicentre. As noted in section

-

6.3.2, hawever, ame problem not addressed by Chapman et

I

al. (1984), is thgt the.epicentré-méy not be unique.

-
Debending‘upon the.extreme/values that the co-ordinates of

the_epicentﬁe can EEEB, the values of the conditional
m;nimum assignments could be‘misleadiné. T;bles A7 ta A12
in Appendix A, present partial gerivatives for the F(5)
measure cf.*lgxibility, which is based on the radius of the
largest inscribed-spbere.' In the majority of low_demand
5cenarios? many of the partial deriviatives are zers. This
i;dicates'that the inscribed sphere coulg—ée placed in{//

: f

different locations in region R. Thus, the condi t nsera

minimum criticalness measures bhased on the epicentre in

= . B
jegpe scenarios could be misleading. ‘Fhe average epzcentreg}

roposed by Giscondi et a!. (1984), khowever, overco@éE///

-

measures based bﬁ’the co-ordinates of the epicentre and

those based on the co-ordinates of the average epicentre is

illustrated in Appendix B,

Since the co-ordinates of phe-epicentre'are'often not

‘J

unique, this section reports the conditiqﬂﬁk"qriéicalneas

e N

-

e ™

.

RN

¥



measures based an the a\erage epicentre. This measure,

denoted as- indicates the proportion of

land type j that B¢ he allocated to crop i, conditional

upon the other decision variables being set at the central

values given by the co-ordinates of the average epicentre.

-

.jszeﬁ7.7'preéents the values of &,,(3) as
the area of land type ! is reduced. Under low crnp demand
conditions, the same crop assignments as in Table 7.4 are

1dent1§1ed as 1mportant This is .Aas eypected ‘as the

p

values of the measures are 51m11ar as the centrold and
averane eplcentre ardg both .central points in reg1an'§
albe1t not 1dentqca1. As the area-qiek d type 1 ,

‘ - e
decreaS?s, these measures increase consistently. Table 7.7

also reports the values of C,,{3) for the high

crop demand scenarios. Unlike the the casebfor the . .

ST 3
‘centroid, the co-ardinates of the EY age epicenﬁig are

relatively inexpensive to calculate usiné.Gisccndi et

oY

s (1984) algorithm. In the base land area scenario,

b

al.

. N T
five crop assigments'ake'ﬁgf?tifed as important. Once the

.area Dﬁhlana type 1 is reduced t&'zeru, the measures for

six crop assignments have;:gnzero values. i
Tables7.8 presents the values\of Cu(3) as

. v ,
the area of land type 2 is reduced. Uhder low demand

L]

-

conditions two crop assignments are impo tant. This ﬂ:f
increases to seven once all langd type 2 i'g removed. ~Und

. .ooew
high demand conditions, szf/trnp assignments are important
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TABLE 7.7

) ? CONDITIONAL NEASURES GF CRITICALNESS BASED ON AVERAGE EPICENTRE:
¢ | DECREASING AREA OF LAND TYPE 1, LON ARD HIGH CROP DENANDS
. ' \
firea of Land Type ¢
2000 1500 1000 " 500

e Low /Hiqh" Low High? " Low High! Low  High
m 0.0 0.15 0.0°  0.09 0.0 0.0 0.0 0.0
-c;.z;ﬁ T 00 0.0 0.0 @ 0.0 0.0 0.0
o3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

. = <
Cafdl 0.0 0.0 0.0° 0.0 0.0, 0,0 0.0 0.0
o Gal® 000 00 . 0.0 0.05 0.0 0.12 0.2 0.14
€2l 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0.0
Gal® 0.0 0.0 0.2 00 0.04 0,0 0.04 0.0

C2(3) 0.3 0.46 0.35 0.&7 0.37 0,87 0.39  0.63
Gis(3y 0.0 0.0 0.0 0.0 0.0 0.0 0.¢ 0.0

L=l 0.0 0.09 0.0 0.10 0.0 0.12° 0.0 0,07

C:ss(}} 0.02  0.19 0.0 0.2 0.0 0,22 0.02 0,24
Lst3)  0.}0 0.4 013 0.4 0.15  0.48 0.17  0.58
4 .

-

1)

' Epicentre is Unigue,

0.05
0.0

0,06

0.41

.0

0.04

019

160

0,47

0.4

Criticalness Neasure: C,,{3) = the proportion of land type j that must be allocated to crop i in order
. ,//{ et to satisty the constraints, conditional on other decision variables heing
set at central values given by the co-ordinates of the epicentre.

N



C,,13}
2. (3}
£, (3)

Carfd)

Laf3)

C2(3)
 Gaal3)
Caa (3}
 Lust3)
Caat3)

Cs3i3)

Castd)

Key

5000
Low Kight
0.0 0,23
0.0 0.0
0.0 0.0,
0.0 0.1
0.0 0.0
0.0 0.0
o o
0.07  0.03
0.0 0.0
L
0.0 0.1
0.0 0.21
LM 047

TABLE 7.8

CONDITIONAL' NEASURES OF CRITICALNESS BASED ON AVERAGE EPICENTREF

DECREASING ARER GF LAND TYPE 2, LON AND HIGH CROP DENANDS

4000 .
Low  Hight
0.0 0.2
0.0 0.0
0.0 0.0
0.0 | 0.35
'0.0 0.0
0.0 0.0

0.0 0.0
0.03 0.8
0.0 0.0
0.0 0,13
0.0 0.24
0.5 0.30

Area of Land Type 2

3000
Low  Hight
iy
0.0 0.28
0.0 0.0
0.0 0.0
0.0 0.6
0.0 0.0
0.0 0.0
0.0 ‘on
0.0 0.92
00 0.0
0.0 0.16

0.01 0.2
0.57 /0,54

2000

Low!
0.0
0.0
0.0
0.0
0,0
0,0
0.0
0.0
0.0
0.0
0.07

0.40

High?

1000
Low High®
0.03 -
0.0 -
0.10 -
0.0 -

0.0 -
0.0 -

0.9 -
0-0 =
0.04 -

0.54 -

~

©
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Low

0.08

0.02

0.13

0.09

0.0
0.02

0.08

" 0,66

Criticalness Keasure: Ci,(3) = the proportion of land type j that sust be allocated to crop i in order

' Epicentre is Unigue,

2 No Feasible Solution.

High? .

to satisfy the constraints, conditional on other decision variables being
set at central values given by the co-ordinates of the epicentre.



conditions two crop assignments are imﬁortant. This
increases. to seven once all land type 2 is removed. Under
high demand conditions, six crop assignments are important
in the base land area scenario. As the area of land type 2
decreases, the critiealness measures all increasé
consistently. ‘ : —
Table 7.9 p?esents the values of C,(3) as
the area of land type 3 is féduced. Under.low demand
conditions, only two crop assignments are important.f As
;he area of land type 3 de;reases, the criticalness
measures increase consistenilyr Und;E high demand
conditions, six crop assignments are identi#ied as
imﬁgrtant in the base land area scenario. All but two -

increase consistently as the area of land type 3 is

reduced.

The measures of land-use criticalness éhat are
conditional upon all the deciSinﬁ vgﬁi@bles,‘e?gsp the one fmﬁéﬁ;;m
of iriterest, being held at: their central o; averé@e aiue,
aré ﬁare dif%icult to inteppret than the absclute minimum
valuesiof the_decision.variables. CDmbiﬁed with the
information provided by the absolute minimﬁm measures,
however, they provide a better indicatién of which cfdp
assignments are important in meet;ng'given demands. The
preceding analyéis indicates,.however, that the centroi&ﬁ

and epicentrelas originally proposed bY Chapman e¢ al.

(1984), are not appropriate for many problems. The



Ly (3}
€2113)
Latd)
Car(3)
L1243}
C22(3}
C32(3)
Cez(3)
Cia(3}

La3(d}

Laal3)

s Lt

L)

Key

Low  Hight
0.0 0.23
0.0. 0.0
0o 0.0
0.0+ 0.08
0.0 0,0
0.0 0.0
0.0 0.0
0.39 0.7
0.0 0.0
0.0 0.12
0,02 0.25
0.0

0.33

TABLE 7.9
CONDITIONAL MEASURES OF CRITICALNESS BASED ON AVERAGE.EPICENTRE

DECREASING ARER OF LAND TYPE 3, LOM AKD HIGH CROP DEMANDS

frea of Land Type 3 o

8000 £000 ' 4000 . 2000

"

Low  High! Low  Hight Low  High! Low'  High?

0.0 025 00 0.2 00 0.2 0.0 - -
0.0 0.0 v, 0.0 0.0 0.0 0.0 0.0 -
0.0 0.0 0.0 0.0 0.0 03 003 -
00 0.2 0.0 _o‘.u, 0.0 0,38 00 -
0.0 0.0 0.0 0,0 0.0 0.0 0.0 -
.o 0.0 0.0 %0 0.0 0.0 0.0 -
0.0 0.0 0.0 0.0 0.0 0.0 008 -

0.43 0.64 0.4% ﬁ.?l 049 0.99. E 0.3 -
0.0 0.0 0.0 .0 6.0 0.0 0,0 -
6.0 0,19 0.0 0.29 0.0 (.50 0.0 -
.03 0.34 ’\ 0.05 0,50 ? 0.08 o0.48 0.0 -

0.0 0.2 - 0.0 003 0.0 0.0 0.0 -

163

Low  High?

0.0 -
0.05 -
0.18 -,
0.0 -

0.06 -

o - e

"3 Criticalness Measure: Ci, (3} = the proportion of land type j that must be allocated to crop i in arder
’ to satisfy the constreints, conditional on other decision variables being

! Epicentre is Unigque.

2 No Feasible Solution.

set at central values-given by the co-ordinates of the epicentre,

~

~/
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centroid is expensive’ to calculate if the land-use system

is under hea(y pressure, while the co-ordinates of the .

-

epicentre are often not uniququ‘ vUen these
considerations, the conditiomal minimum measure of .

criticalness based on the average epicentre appears to be

-~
'

the most appropriate measure. B

7.3 Criticalness of & tand Type - ."

{ ‘ o
The precedingjmeasures of land-use criticalness

- .

indicate the relative impmrtaﬁce of particular crop

assignments.in meeting given demands. As noted in section

G

6.5, *however, it may also be N%Eifi,fa consider the

importance of the different land types in meeting the ~
»

- T Nwo

demand for the entire set o+f crops. 0One measure of how ';:>
v

< .

important different land types ake in meeting given crop
demands is g}vé% by the partial derivatives on the land
availability constraints for the F(3) and F(5) measures of

- flexibility. The partial derivafives for the two

«

¥lexibiiity geasures are érésenfed in Appendix A.

The second meag&re af criticalness of a land type
-presented in section‘S.S, is the minimum amount of the n
type needed to satisfy the demands. This measure, denpted
L\,/ééﬂE:_;; the proportion of a given land type that -
must be available in order to satisfy the constraints.
Table 7.10 presents the values of C, as the area

-~
of land type 1 is reduced. Under low demand conditions,

-



. type 2 which must be reserved and ngt-land type 1 which is

N : 3 - 165\~

éonditicns, all the measures are zero until all "land type 1 L\
is re;ovéd- In this scegah!%, S percent of lapd type 2

must be assigned to crop 1 in brder’ to satisfy the

constraintsf This ?s exéiained by the fact that land type :
2 is the only laqF type remain&hg on which Erop 1 has-

nonzero yields. With all Df land type 1 remcved under hlgh

demand conditions, 5S4 - percent of land type 2 and 37:%ercent .

”
of land type 3 must be allocated. - e
' Table 7.11 presents the values of C, as the A
area of land type 2 is reduced. Under 1ow demand |,

»

conditions, all the measures are zero until alk:}éﬁd type 2.

is removed. In- this scenario 8 percent of 1land type 1 must

g
be allocayed to crop 1, as this ig the only land type [/

o o —
‘remaining on which the yield ;Z?lcrnp I is nonzera. Und :];
- P v

h1gh demand conditions, increasing amounts of land type

e 4 s
and 3 must be available in order tpo satisfy the demands as
the area of land typey 2 decreases.f In the 1ast scenario

¢
examined, 62 percent of land type 2 must be allocated along
. . : T *

~ with per:ent of land type 3.
Table 7 12 presents the values_ of C, as the ;
9~M/\ . '

area of land type I isereduced. As above, in the low
7
demand scenarlos all the measures are zero until all land

type 2 iscFemoved. In this scenario, however, it is land

has the higher yields. It must be stressed, however, that

these measures,are based on the minimum assignments of a
) ¢ ’ ¢ —~

4



TABLE 7.10 wz

CRITICALKESS EASURES FOR LAND TYPES: <§"ffﬂ

g DECREASING ARER OF LAND TYPE 1, LON AND HIGH CROP DEHANDJ\

2000

Léu.

»

0.0

IS

Lz 0.0
G 0.0

Key

Criticalness Measure: €, = the proportion of land type  that aust b

High

0.0

0.9

——

0.0

-~
£
3000
»low  High
& 6.0 0.0
2 0.0 0.0
L 0.0 0.0%

- key

Criticalness Measure: €

Low

0.0

0.0

0.0

%
Arez of Land Type 1

1500 oo -, 500 0.
High  Low High - _ Low High - Low High
0.0/ 0.07 0.0 0.0 0.0 - -

S
0.06 000 0.15 0.0 0.2
0.0 0.0 007 ‘0.0 0.19 0.0 0.37

to satisfy the constraints.

¥

TABLE 7.11

. CRITICALNESS MEASURES FOR LAND TYPES:

DECREASING AREA DF LAND TYPE 2, LOW AND HIGH CROP DENANDS

firez of Land Type 2

4000 . 3000 2000 1000
A . . .
Low  High Low  High Low  Hight Low High?
0.0 0.0 . 0.0 0.0 00 - 0 -
0.0 0.02 0.0 0.82 0.0 - 0.0 -
(] ’
0.0

= the proportion of land type j that aust be allncated in order

' Ho Feasible Solution.

-

0.2 0.0 0.47 00 - 0.43 -

to satisfy the constraints,

Nocated in order

0.03  0.34 -5\\\\~/)

-
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. TRBLE 7.12
CRITICALNESS MEASURES FOR LAND TYPES:
DECREASING AREA. OF LAND TYPE 3, LOK AND HIGH CROP DENANDS
i /
T frea of Land Type 3 o
16000 " 8000 6000 4000 2000 0
Lows  High Law  High Low  High Low  High Low  Hight Low  Hight
Ly 0.0 0.0 0.0 0.0 000 0.9 0.0 0.49 0.0 - 00,0 -
G2 0.0 0.08 0.0 0.24 0.0 0.5 0.0 0.9 0.11 /-\-oj -
. e '
s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.49 0.0 - - -
ey -

- -
Criticalness Measure: C, = the proportion of land type j that eust be allocated in order -
to satisfy the constraints.,
' No Feasjble Solutian,

.

N f’(/\
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crop to a land type. From Table 7.4, it is apparent that
it is the demand for crop 4 that imposes this restriction.
In the high demand sceparic with only 4000 Hectéres of. land
type 3 available, 49 perceét of land type i, 94 percent of

. . land type 2 and 49 percent of land type 3 must be ayai{gble

_/‘\
in order to meet the demands.

7.4 Summary

This chapter has examined alternative measures of
land—~use criticalness usihg a hypothetical data set. Each
of the crtitalness measures is based on the analysis of a
linear set of inequalities. Two types of measures are
assessed. The first type rates thg naée§si§;hs+ assigning
individual crops to each land type so as to meé& giwven.

//dééands. This measure takes two ¥arms£ absd{:;e mirimum

assignmeqts and conditional minimum assignmeﬁts. Thé

) ( - second type rates ﬁhe_importance of each 1énd type in
A

meeting all the demands.

. The absolute minimum value of a ecision vary Ele is
a useful '‘measure of criticalness as it is Has 3
staightforward intgrpretation, and provides the base
information for the second type of criticainess measure. -
It is also readily calculated using linear programﬁing.

J— Nevertheless, one of the limitations of this measure is

- - ~

that it is calculated without reference to the other

decision variables and may hold enly i+f tﬁey are set at



A S
1 gy"
extreme values. The cal?ulation of a measure aof ‘ g
criticalness that is conditional upon other decisimﬁ
variables being set at their average values represented by
a central point in region R provides a means of overcoming

this limitation, 0f the central interior points examined,

Q\J;J);he average epicentre is the onlc\point that:is suitable

’
for all cases.



CHAFTER 8
SUMMARY AND CONCLUSIONS

B.1 Implications

People are uncertain whether the loss of agricultural

land to urban uses will impair the ability to meet future

ST
food demands. Much of the controversy over the need to

protect agricultural land from urban encroachment derives
fram two sources. Firstly, there are significant
di%ferggisﬁ in the assumptions that have been devel oped
pertaining ﬁc future food needs and food p?oductinn-'

capacity. Secondly, there has been a lack of suitahble

procedures for assessing the impact of agricultural land

N

conversion on food praduction capacity.

This thesis has Qﬁdressed the second issue. It has
assessed the usefulness of existing land and land-use

assification techniques for establishing land-use
priorities, and demonstrated tha% the establishment_m%
- land—-use Rrioritie? cannot be based solely on an assessment
of the supply of land of different degrees of suitability
for agriculture. .It has argued tﬁat in order to determine

if and where agricultural land needs to be protected from

170 _ .
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under a variety of future conditions.
however, not just to ideﬁti%y and guantify the major
variébles that delineate foga\production capacity, but to
develop a means of integrating land and nonland factors so
that the long—-term COnséqu;ﬁces of agricultural‘I;:Eu/

conversion to urban uses can be identified.

Information about the adequacy of a given land base

for meeting future food needs is an essential preriﬁuisite

for formulating land—use policy. In assessing both the
> -

need for ;;:icultural land preservation policies anqiin
identifying the areas in which such policies should be
enacted, however, additional information is needed. Thfs
thesis has.argued that policy—-mgkers reaﬁife data on the
amount of<?TE;1bility that'is available, which is defined
as'how much production capacity exists under given
conditions, and whether there are land areas that are
critically important for agriculture in_the sense that the
fulfill@ené of expected food needs is dependent uﬁan

L)

parficular land -areas being available to agriculture.

The éééessment of production: capaci subject to »
constraints on crop productivity and land availability, is

& . .
consistent with mathamatical programming techniques.
' : . f s
Considerable interest exists in the application of

‘ L R |
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mathematical programming techniques Fo.probleme-of
agricultural land use and food supply. .These metheds.have_
deen widely applied in the analysis of resource allocatien

problems, as they provide a framework for identifying the -

conditions under which different levels of demand can be
I

”

met and those uqii; which a resource scarcity problem

arises. Existing agricultural land-use programming models
. . 3

are capable of analyzing a wide range of issu

I~

cungeqn fo® such tactors as land quality,

' given

environmental
" .

ricultural sector.

&

Theae_model%, however, have emphasized the identification

impact, and nonland resource use in th

ofﬁeconomiéally efficient hgricultur;%%?roductiun patterns..
Althouéh the issues‘oF.how mqgh flexibility exists in
agricul turf: land uee,_gﬁu/whsther there are land ekﬁes

critically _important for meeting fujure food needs are

raxsed//conventlonal uses of pragrammlng methods have not

d1rect1y investigated the issues of lamd-use flexibility

L}

T
and{criticalness as diﬁ§HEd in thesis. N

v v !

Expressing the ébnditigps that affect the ability to
meet fut%fe foad needs in tHe form of constraints is a
useful starting poiﬁt for the analysis of lapd—use
. 7

flexibility and criticalness. A means is requ1red

-
however, ferQisse551ng how much flexlbllgty is defined by a
- \j |
given constraint set, and determ1n1ng the degree to thch
. g . Z
the satisfaction of given deﬁande is Jependént ann

particular types of land. This thesis has assessed
. . & %
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‘ -

.—&
ﬁalternatfje,measures of Iand—use 41ex1$111ty based upon the

Fna1y51s of a8 linear set of inequalities that describe

resource . avallab111ty and demand cond1t1ons.'fThe-

>

analytical metﬁods and properties of two measures of

]

-~ * . .
+1exiq51ity have been further examined using a hypothetical

data set.

The amount of flef?bility aveilable is a functiun of
the productlye capac1ty of ﬁ?e land, and the level of
"land-use demands that must be met. The F(3) measure of
"flegibilityi whichrindicatee the extent to whieR production
.capacity exceedsaor falls short of specified demands
provides a measure of flexibility that is readiliy
calculated usiﬁg lineae'prngramming, and one which 15

readilq}intenpreted. Although.a measJPe of *Iex1b111ty
L
based on the size of the feasible region relative to a base

’,

region is ccnceptually appealing, the 1mp1ementat10n of
suitable measure has proved d1ff1cu1t. In particular, the

F (3} measure, wh1ch is based on the radius of the largest
) sphere that can-be inscribed inside region R relative to
' v

*that inscribed within a base region @, is sensitive to the
", - - N . . -

' shape of the feasible region. As such, there are many

conditions' under which it does not provide an accurate (\“\“

.measure of the 5ize Df 5pe feasible-regian. This in turn
means that it does not provide a true indication of how

much fler1b1P1ty i availahle. ; 3)
R ~ g ‘

) This thesis has also assessed algerﬁa‘ive measures of

‘-'T‘ . Y

N N - ' < ' \

-
-t
-
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land-use criticalness. Two types of measures are assessed.
The first type rates the:im:jjjance of assifgring individual

crops to each land type so 35 to meet given demands. . This

measure takes two forms: absolute minimum assignments, and

-~

conditional minPwumSassignments. The minimum‘proportion of
r B -
a pa{ticular land type t? t must be allocated to each crop
in Drder‘gp meet given ?émands, is conceptually appealing
AN T

. \
as a measure Qi\jand—use\crlticalness.‘ It not only has a
, -

i
v

straightforward interpretatioﬁ, but 1s easily calculated

—

‘using linear programming. Information about the need to

_eriticalness measure that is not dependen

assién particular crops to different types of land in nrde;
to mee:lgiven demands has important iﬁpli&ations for -
land—use planning. This.type of - information provides a
basi; i;f enaéting legislation to preserve land for
agricul%ﬁral use, as it indicates both the anégf;Hf type‘bf
land that mu%t begﬁ@ailable in order to meet gi;en demands.

This measure of criticalness, however, may understate the

importance of some crop allocations.as it could depend upon

L4

L. ~
assignments. f\\

My

N

A . ] )
The measdres of land-use criticalness that are

¢ o A '
caonditional upon all the deczsiep’variables, except the one
- e~
of xnterest, be:ng held at .their central or auﬁaége value,
s .
requ1re‘tha%~a~eeﬁf?a point in the feasible r@gion be

.\fa ) .- H/. : z

o . Y A =
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Lo O _
identified. The analysis indicates that the centroid and
eéicentre as ariginally proposed by Chapman et 1.
{1984), are not appropriate in many situations. The
algorithm developed by Giscoﬁdi et al (1984); however,
provides a relatively inexpensive means of finding a unique
central point in the feasihle regibn,

Two issues arise in the practical application of
thése methods. First, as in any model based apprﬁach to
problem solving, there are inevitably many trade-offs that

must be made between the realism of the representation and

‘the tractability of the resulting model. The amount of

flexibility that exists,fand the extent to which rand areas

‘are critically important far agriculture, are affected by a

wide variety of factors. In apglying the measures of
land-use flexibility and criticalness_ggamined in this
thegis, a major task is to identify and quantify the'ﬁ. or
variableé that delinEate_food produeticn capacity.

One fagﬁhi\whicﬁ has réstriﬁted'the-wider épplicatinn
pf‘pruéramm;ng methods is thét the solution of lar linear
programming modéls is expensive. Karmakar, however, has
deviseqtan-g?goF?fﬁm that solves linear pngramming

.

problems substantlallw'faster‘than the currently ugej;>

simple»x method (IMSL Dlrectxnns; 1985). éqhe simplex

&

'algur1thm is an exponential time algorithm, mganing.that

the time the algorithm geperdlly takes tf ive a preblem

increases as an exponentiaj@function of the size of the

:\‘ _ o (;.

¢ . : A,

”

\/_,



RN

176
problem, rendering it extremely time‘consuming‘+or
problems. Karmakar’s algorithm, howgye?, is a polynomial
time algorithm, wh1ch can find a solution 1n the time that
is only a pclynom1al function of the numbet of variables.

—
The second issue that arises is the nature of the
canstraints, ThE measures of land-use flexibility and
cri?icalness examined in this theéis are ﬁased on the

analysis of a linear set of inequalitiés. One limitatibn

’

¢

of these measures, then, is that they” are not designed Egﬁ>
consider nonlinear-relationships. Nevertheless, the same
general principles of flexibility and criticalness apply to

the nanlinear ¢ se. . ‘ “

B.2 Conclusiaons
Ed

How society makes ywSe of its land resources is a

matter of growing public concern qgg,ﬁence of interest to
~

‘all levels of government. Increasingly, public

-

poIicy—maPers are being called upon to resolve conflicts 1n

the use of land and to establish land-use priorities. The

»

LN

demands and needs n¥“0ur presently 1ncreaszng populat1on

v

require that social dec1510ns on land use be based on the:

»o
best and most re11able information that dec1s:0n—makers can

obtain. Establishing pripritiés, however, has proved to be

9 difficult, complex, and often contentious task.

¢ o

Decisions resultimly inJirrevocable commitment of land use-
L4

contig&;\to be based more on politicalrexpediency or‘b
- . i
. .

- B | .

e
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iﬁtuitive judgement tGan in%érmg@iknawledge gf the -
long—term consequénces of alternative courses éf action.
Althougﬁ many methods have been(deveioped:to assist
land—use policy—éakers and planners in the formulaltion of
land—use policies, policy—-makers gené;ally'lack the type of
informi%ion needed to make sound decfsions. The dilemma
facing policy-makers is aptly summarized'sy Singer et
al (1979:225) who note: |

v

“There are three answers to the questiun.about
Preserving agricultural land; vyes, no, and maybe."

. The problem of evalu:ating and planning for 5
alternative ﬁsgs of land is a complex one because of the
: , I 4
large number qglziriables involved and numerous

iﬁterrelationships among them. Land-use policy decisions

’ [~

.that foreclaose future options must be considered carefully,

however, as society’s goals a d canstraints such as

/ . + .
population, ,technology, eneray availability and climate may

change over time. In order to plan effect{xj y + ﬁ/the &;L

of land in thE future, there is a need to develop tl ,
ability to assess land resources with respect to

alternative sets of conditions and goalé. Resulvihg the
- ~

various conf}icts in land use that exist or which may

develop in the future, fequires knowledge of the needs for
TN '

agricultural products and other social needs ar goals from

the use ‘of land, as well as information on the amount and
nature of the la available to satisfy these needs aﬁd the

alternative means by whi8h they could be met.

-

-

-

& -

LT .. e
\ ' A “ - ’
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This thesis has demonstrated the need for a more
comprehensive and integréted-approach to the analysis of
urban expansion and land needs for agricul ture. The
measures of land-use {1e¥ibility and criticalness examined
répresent an attempt to bridge the gap between inventories
of land resources on the one hand, and:‘ information on

.

expected food needs and land-use qoals on the other.

o ~
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- [

- PARTIAL DERIVATIVES FOR THE F.(3) AND F(3)

MEASURES OF FLEXIBILITY

re

'lj
. g _ O\ .
An impéortant issue associated with the measurement of

¥

iand—use flexibility is the relative importance of the
factors that limit the amognt'uf flexibility available,

: Althougﬁ the F(35 and F{(5) meaMyes may indicate a great.
.

Lo ; . . . :
deal of flexibility exists, the§ could be sensitive to .

small changes in some of the constraints. One means of

identifying the factors thaf-haﬁe the‘largést impact

amount of +lexibi;ity availabie; is‘sidply to vary
individual ﬁara@eters as was done.in Chapter 3.
and F(5) measures of flexibility,'howéver, also
‘in¥prmation abouﬁ their sensitivity to

nging conditions. -

Both measures are calaculated Qraﬂli ear programfing, which
N :

constraints. They indicate the effect that relaxing the

[

cagstraints by one unit Hbuldfhave on th ubjedtivg
‘ ‘ - . v -
function in the respective model.
The partidl derivatives ¥orl- (3) measure of

1 .
flexibility are presented in Tables A1 to A4. As noted in

section 4,4;‘these are'equal to the dual activivity values
in the model. The F(S) measure of flexibility, however, is

N -
deffned‘gs the ratio of the radius of the largest sphere
& - - b .

inscribed in region R to that inscribed in region . The

—
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tivity values provided by the linear proogramming

ation pertain to the radius of the sphere inscribed

in region R. Sinde the radius oFf the sphere inscribed in

region Q@ i% a constant, the rate of chamge i F(5) with
respect to unit changes in land area can be exressed as:

OF(S)/ dA, = 1/¢, . %4::./ OA,. -

”, -
[ ]

The partial derivatives for F(S5) are presented ih Tabhles A7

to ALZ.

ot
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] TABLE A1

PARTIAL DERIVATIVES FOR F{3) MEASURE OF FLEXIBILITY: ‘ \

DECREASING ARER OF LAND TYPE 1, LOWN DEMANDS S

firez of Land Type 1 (Hectares) L -
2000 . 1500 1000 300 0

Lt -0,00022 =0, 00022 -0.00022  -0.00022 -0.00034

L2 -0.00020 -0.0002¢ -0.00020 -0.00020 -0.00020
L3 * -0.00008 -0. 00008 -, 00008 -0.00008 0.00008 .
a1 0.00002 0.00002 0.00002 0.00002 0, 40003 )
gz "0.00002 0.00002 " 0.,00002 0.00002 %0002 \j
83 . 0.00002 0.00002 0.00002 0.00002 0. 000> s
24 4. 00008 0.60008 0. 00008 0.00008 ¢, 00008
Key
L = Land Type.
= Lrop.
TABLE A2
PARTIAL DERIVATIVES FOR F(3) WEASURE OF FLEXIBILITY:
DECREASING AREA OF LAND TYPE 1, HIGH DENANDS |
. . ;
fArez of Land Type | JHectgfes)
" 2000 1500 1000 500 0

Lt -0.00011 -0.00011¢ -0.0q01!1 -0.00017 -0.00017
12 -0.00010  -0,00010 -0, 00010 -0.00010 -0.00010
L3 -0.00004 -0. 00004 -0.00004 - -0.00004 -0.00004
gl 0.00001 0. 00001 .0..00001 0.00001 9. 00001
82 0. 00001 0. 00001 0,0000% 0.00001 0.0000}
a3 0.00001 0.00001 0.00001 0.00001 0.00001
04 0. 00004 0.00004 . 00004 0.00004 0.00004

Key

Land Type,
Crop.

n



8
L2
L3
o
02
03

04

Lt
L2
L3
a1,
02
23
04

TABLE A3
PARTIAL DERIVATIVES FOR F{3) MEASURE DF.ELEIIBIL!TY:
DECREASING BREA OF LAND TYPE 2, LCN 6EHAHDS
\

-

firea of Land Type 2 (Hectares)

5000 4000 . 3000 " 2000 1600 0
-0.00022 ~0,00022 -0.00022 -0.00022 -0.50022 -0.00022
-0. 00020 -0.00020 -0.00020 -0.00020 -0,00020 - -0.00020
-0.00008  -0.00008 -0,00008 -0.00008 -0.00008 -0,00008, ,
0.00002 ¢.00002 0.00002 0. 00002 0.00002 0.00002 B
0.00002 0.00002 0.00002 0.00002  © 0.00002 . 0.00002
0.00002 0.00002 0.00002 0.00002 0. 00002 0.00002
0.00008 0.00008 0,00008 0. 00008 0.00008 0.00008
Key
L = Land Type. . .
@ = Crop.
TABLE A4
PARTIAL DERIVATI R F{3} MEASURE OF FLEXIBILITY:
DECREASING: AREA OF LAND TYPE 2, HIGH DEMANDS
frez of Land Type 2 (Hectares) S
5000 4000 3000 2000 1080 0
-0. 00011 -0.00011 =.00011 -0. 00011 -0, 00011 -0.00011
-0, 00010 -0.00010 -0.00010 -0.00010 -0.00010 -0:04010
-0, 00004 -0, 00004 -0.00004 -0. 00004 -0.00004 ~ -0.00004
0.00001 0.00001 0.00001 0.00001 0,00001 ", 0.00001 .
0. 06001 0.00001 0, 00001 0. 00001 |0, 80001 0., 00001
0. 00001 0.00001 0.00001 0,00004 0.0000t = 0.00001
0.00004 - 0.00004 0,00004 0.00004 0.00004 . 0,00004
Key _
L = Land Tybe. .
- B = Crop,
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L1
L2
L3
ol
02

-
04

Lt
L2
L3
a1
a2
03
84

2005

} TABLE AS
PARTIAL DERIVATIVES FOR F(3) MEASURE OF FLEXIBILITY:

DECREASING AREA OF LAND TYPE 3, LOW DEMANDS '

- N

frea of Land Type 3 (Hectares)
10600 Buoe &000 4000 2000 ) ¢

-0.00022 -0. 00022 -0.00020 =0. 00020 -0.00020 -0.60022
-0.00020 -0.00020  -0.0001¢ -0.00019 =0.00019 -0.00018
-0.00008 -0.00008 -0.00009 -0. 00009 -0 00009 =6.00011
0.00002 .00002 0.00092 0.00002 0.00002 0.00602
0.00002 9.00002 .00002 0.00002 0.00002 0.00002
0.00002 0.00002 0.00003 0.00003 0.00003 0.00003
0.60008 0.00808 0.00008 0.00008 0.00008 0.00007

Key

L = Land Type.
& = Crop.

TABLE A6 . o
PARTIAL DERIVATIVES FOR F(3) NEASURE OF FLEXIBILITY:

DECREASING AREA OF LAND TYPE 3, HIGH DEMANDS
-ﬁ . . , 3

Fon,
firea of Land Type 3 (Hectares) ¢

10000 - 8000 6000 4000 2000 0

-0.00011 =0.90011 -0.00011 ~0.00011 -0. 00011 ~0.00011
-0.00010 -0.00010 -0, 000190 -(1. 00010 -0.00010 -0.00009
-0.00004 =0. 00004 -0.00004 -0,00005 -0, 00003 ~0. 60004
0.00001 0.0000f" 0.06001 0. 00001 0.00001 *9,00001
0.0000! 0.00001 00001 0.00001 0. 00001 0.00001
(., 00001 0.00001 0.00001 0.00001 0.00001 0.00001
0.00004 0.00% - 0.00004 0.00004 0. 00004 0.00004

e
L = Land Type,
e

=L
= Crop.



Lt
L2
L3
at
82
3
o4

L1
L2
L3
21
g2
83
B4

TABLE A7
PARTEAL DERIVATIVES FOR F(S) MEASURE OF FLEXIBILITY:

o
DECREASING AREA OF LAND TYPE 1, LOM DEMANDS

Area of Land Type 1 (Hectares)

2000 1500 1000 500 0 .
-0, 004 -0.001 -0.001 -0.00} -0.003
0.9 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 8.0
0.0 0.0 0.9 0.0 0.0
0.0 0.9 0.0 0.0 0.0
0.0 8.0 0.0 0.0 0.0
Key
L = Land Type.
& = Erop.
TABLE 48 ‘

_PARTIAL DERIVATIVES FOR F{5) MEASURE OF FLEXIBILITY:

DECREASING AREA OF LAND TYPE {, HIGH DEMANDS -

4 —

Area of Land Type | (Hectares) ;

2000 1500 1000 500 0 - '
-0.00067  -0.00067  -0,00067  -0.001 -0.003
-0.00038  -0,00038  -0.00038 0.0 - 0.0
-0.00015  -0.00015  -0,00015 0.0 0.0
-0,00038  -0.00038  -0.0003¢ 0.9 0.0
-0,00021  -0.00021  -0.0002! 0.0 0.0
-0.00022  -0.00022  -0.00022 0.0 0.0
-0,00029  -0.00029  -0,00029 0.0 0.0

Key
L = Land Type. )

Y

Crop.



TAELE A9
PARTIAL DERIVATIVES FOR F (S NEASURE OF FLEYIBILITY:

DECREASING AREA OF LAND TYPE 2, LOW DEMANDS

frea aof Land Type 2 {Hectares)

5000 £000 3000 2000 1000 0
. .\-'-\_._\
Lt -0.00 -0.001 -0.001 ~0,00087 0.0 0.0
L2 0.0 0.0 0.0 -0.00038  -0.00 -0,003
L3 0.0 0.0 0.0 -0.00015 0.0 0.0
o 0.0 0.0 0.0 -0.00038 0.0 0.0
82 0.0 0.0 0.0 -0,00021 0.0 8.9
53 0.0 0.0 - 0.0 -0.00022 0.0 0.0
o4 0.0 0.0 0.0 -0.00029 0.0 0.0
Xey

L = Land Type,
§ = Crop,

TABLE A10
FARTIAL DERIVATIVES FOR F(5) MEASURE OF FLEXIBILITY:

BECREASING AREA OF LAND TYPE 2, HIGH DEWANDS

Area of Land Type 2 {Hectares)

5000 4000 3000

LI -0.00054  -0.00054  -0.00054
.12 -0,00050  -0.00050  -0.00050

L3 -0.00020  -0.00020  -0.00020
Bt -0.0003t  -0.00031  -0.00031
02, -0,00028  -0.00028  ~-0.00028
837 -0.00029  -0.00029  -0.00029
04 -0,00038  -0.00038  -0.00038

Key

L = Land Type. 7 .

g = Crop.
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LI
L2
L3
at
g2
a3
04

AN

TABLE A1l

PRRTIAL DERIVATIVES FOR F(S) MEASURE OF FLEXIBILITY:

10600

=0.00
0.0
0.0
0.0
0.0
0.0
0.0

Key

1

DECREASING AREA OF LAND TYPE 3, LON DEMANDS

firea of Land Type 3 (Hectares)

8000

.001
0.0
0.0
0.0
0.0
0.0
0.¢

6000

=0.0
0.0
0.0
0.0
0.0
0.0
0.0

0

4900

¢.00t

ooocpo
. P
[ = P A = =]

TABLE A12

2000

-0.00058
~0,00042
-0.00024
-0.00034
=9.00034
-0,00038
-0.00032

PARTIAL DERIVATIVES FOR F{5) NEASURE GF FLEXIBILITY: .

L1
L2

i
8z
23
04

DECREASING AREA OF LAND TYPE 3, HIGH DEMANDS

16000

-0,00054
~0. 00039
-0.00020
-0.00031
-9.00028
-0.00029

" -0.00038

K_Ey_ -~

frea

of Land Type 3 (Hertares)

8006

-0, 00054
-0, 00050
-0.00020
-0, 00031
~0.00028
-0,00029
-0.00038

L = tand Tyge.

8= Cro

p.

6000

-0. 60034
-0. 00050
-0.00020
=0, 00031
-0.00028
-0.00029
=0: 00038

4000

~0. 00033
-0.00049
=0.00024
-0, 40031
=0.00033
-0,00035
~0.00037

0

0.0
0.0
0,003
9.0
9.0
0.0
0.0
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APPENDIX R
: : | v
CONDITIONAL CRITICALNESS MEASURES BASED ON THE EPICENTRE:
' THE EFFECT OF ALTERNATE QPTIMA
-
As noted in section 5.3.2, the co-ordinates of the
epicentre may not he unique.’ Qltéfnate optima do not pose
: - .
a problem for measuring the radius of the largest inscribed

sphere, as regardless of .the.epicentre’s lncation; the

maximumhvalue of the radius will always be the same.

» ] *
=

However, alternate optima may be important in ‘the an%lysis
m#‘lqnd*use criticafaesg; The cqnﬁiticnal miniﬂum_measure
of.landtuse criticélness‘requires that the decisioﬁ
variables be set at the Cchordinateé af an'interior p%;nt
thch is, in some sense;.central. If the epicentre is
unique,.this ﬁequiréhent is'satisfied, I¥f the co~ordinates
of the epicentrq are not uniqge, hpwever,'it; location can
vary. Depending uéon the extreme values that the
epicentre’s co-ordinates can take, the valdes‘nf ﬁhe
conditional minimum assignments could be.misiéading.

Standard iinear brogramming packages, such as
I.E.MT’ PSX, identify only one extreme locatiaon fqr the
epkcen e if it is not unique. The algorithm developed by
Giscondi et al. (1984), however, ide%tifies all the
extreme positions that the epiéentra could adopt, and then
averages them to nbfain a unique, central interiar point.
An illustration of the difference between conditional

207 o -
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minimum meaéures calculated when Eﬁe co—ordinates of the
epicentné’EPu\ZFt unique, and fhose based on the average
epicentre is presented in Table Bl. This table.presepts
the measures of criticalness based on the-epicentre and
average epicentre, for scenarios which decrease fhe area of-
1ané type 2 while land types 1 and 3 are held at their hase
levels. The criticalness measures based on the average
Fpicentre are taken from Table 7.8. The two sets 6f '
measures are quite different from each Dther; The greatest
discrepancy cccurs in the initial scenario. As the area of
land type 2 is reduced, the two measures cqnve?ge until the.
epiegntre is unique.

A



Cis

C2y

C31

Cay

Ciz

L2z

Caz

Cis

Ca3

Caz

Caz

5000
A8
6.0 0.0
0.0 0.0
|
0.0 0,0
0.0 0.0
0.0, 0.0
0.0 0.0
0.0 0.0
0.42 0.07
»
0.0 0.0
0.0 0.0
0.07 0.0
0.00 0,44
Key

A . Epicentre,

B : Average Epicentre.
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TABLE B!

CONDITIGNAL MINIMUM MEASURES OF CRITICALNESS BASED ON EPICENTRE AND

AVERAGE EPICENTRE: DECREASING AREA OF LAKD TYPE 2, LON DEMANDS

4000
A B

0.0 0.0
00 0.0
0.0 " 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.45  0.03
0.0 0.0
0.0 0.0
0.07 0.0
0.20 0.5

Arga of tand Type,2 .

3000 2000 1000 _ ¢
AR . A g A - B A8
0.0 0.0 no - . o..osl 005 0.0 0.08
B0 00 T 00 - 0 00 00 0.0z
0.0 0.0 0.0 - 03 010 04 o3
0.0 0.0 0.0 - 0.02 0.0 045 0.09
0.0 Q0. o - 0.0 0.0 -

J00 0.0 60 - 00 00 - . -
0.0 0.0 0.0 - 0.0 0.9 - -

o 02 0.0 0o - 0.0 0.0 S .
0.0 Ao.o 0.0 - . 0.0 0.0 0.0 0.0
0.0 0.0 0.0 -+ 003 0.0 0.08  0.02 .
0.07  0.01 0.07 - " 0.0 | 0.06 0.0 0.08 |
041 0.57 060 - 0.6 0.64 055 0.6k

Criticalness Measure: c,, = proportion of land type j that sust be allocated to crop i in'n[der‘tn

* Epicentre is Unigque.

satisty the constraints, conditional on other decision variables being
set at the central values given by either the co~ordinates of the
epicentre or the average epicentre.





