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Abstract.The relationship
betweenaccessibility
andurbandensityis examined
both conceptually
andexperimentally.
A linearrelationship
betweenthe logarithmof densityandcentrality,a
derivative
of accessibility,
is calibrated.It is shownthat centralitycanbe usedto measure
the
utility of locationin the contextof the land-use/transport
system.Thisprovidesa basisfor
evaluating
land-use/transport
changes
by usingonly datareadilyavailable
from transportation
studies.
Transportationplanning has suffered from a shortageof models which indicate the
effect on land use of proposed transport-systemchanges. Thus the regular 'four-step'
model (generation,distribution, mode-split,assignment)has no satisfactoryclosure
between the output transport system and the input future land use; transport
investmentalternativeshave not been explicitly evaluatedfor land-useimpacts; the
opportunity to use transport investmentsas an instrument of land-usepolicy has
usually been foregone; and satisfactoryanalytical indicationsof the relative valuesof
alternativemetropolitan transport/land-usestrategieshave not been forthcoming.
This paper contains a way of addressingthe relationshipbetween accessibilityand
land-useintensity which provides a basis for a land-usemodel and generatesa utility
measurefor those elementsof the urban system specificallysusceptibleto influence
by transport investmentsor generaldevelopmentdecisions.
In section I of the paper the concept of accessibilityis discussedand a hypothesis
on the nature and operation of its relationshipwith land-useintensity presented.
Work done to calibratesuch a relationshipis describedin section 2. In section 3 the
existenceof the relationshipis assumedand utility measuresare developedfrom it.
Applications of the relationshipand the utility measuresare discussed.Section 4
containscomment, application,and conclusions.
1.1 Accessibilityand its relationshipwith land use
The concept of accessibilitywas first stated by Hansen(1959) as being
1/
A i -

fgr(cu),
I

(l )

where
Xi is the accessibilityat zone i,
is a measureof activity at zone 1, and
E
cri is a measureof cost of interaction between zones i and 7, such that f(cii) is the
measureof travel impedancebetween i and 7.
Weibull (1976) developedthose axioms which he considerednecessaryfor a
satisfactoryaccessibilitymeasure,and Hansen'sgeneralform as stated above is
appropriate. However, one axiom is so formulated that a power impedancefunction
for f(c;;) is excluded. But Weibull admits, when proposingthat axiom, that its
particular requirementsare not basic but somewhatarbitrary.
A powerful aspectof the accessibilityconcept is that it combinesin a single,sinrple
measurethe relevant characteristicsboth of the land use and the transport system.
Thus any changein either system will, in general, lead to a changein accessibilityat
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every point within the area of the system. Furthermore, the accessibilitymeasure
utilises only data that are already available through the normal data analysisof a
transportation study.
Despite its potential power, accessibility,as a measurein its own right, has tended
to be regardedalmost as a curiosity. In Hansen'sformulation it can be identified as a
balancing factor in constrained gravity models and, in various forms, it has sometimes
been used as a variable in trip-generation and mode-split models. Regional analysts
sometimescalculatea variation which they call 'potential'.
It is now increasingly recognisedthat transport is one of the factors which affect
land-usedistribution and intensity. If this is so, then it follows that a changein
transport will, of itself, tend to generatechangesin land use. Since expenditure
on transport is one of the largestelementsof public capital expenditure,it would
seemto be important to seek to understandas much as possibleabout the community
effects of such expenditure in the interests both of maximising its effectivenessand
of trying to achieveas many public objectivesas possibleby the expenditure.
There is no question that land-usedecisionsare influenced by many considerations
other than transport, but that is not necessarilyrelevantif the concern is with the
effect of transport changeson land use. Accessibilityis a useful concept for the
study of such an effect since it has a singlevalue at each location and, properly
calibrated, will change appropriately with changesin the transport system. In building
up a model concept,it could be postulatedthat one objectiveof location is to maximise
accessibility.This, however,must be balancedby an opposingeffect. The equilibrium
between these two effects could then be the relationshipbetween accessibilityat a
point and a measureof land-useintensity at that same point. The following
hypothesisidentifies the opposingeffects:
Hypothesis Each individual in an urban system seeksboth spacefor his private life
and closenessto others and to activitieswhich are either of interest or necessaryto
his well-being. He is repelledby very closeactivities and attracted to more distant
ones. He thus seeksto minimise the density at which he lives and to maximise his
accessibility.
This notion implies that a balancemust be struck between two conflicting desires.
The way in which individualsstrike that balance,when taken collectively,provides
the accessibility-density profile, which should always be tending towards equilibrium.
It follows that a changein accessibilitywill introduce instability, which will tend to
be corrected by developmentor redevelopmentin the caseof accessibilityincrease,or
decay in the caseof decrease.Hence knowledgeof the relationshipwill allow impacts
on land use at a particular location to be inferred from any changein either the
transport system or the land-usepattern.
It is stressedthat this hypothesis representsa two-dimensional cut through a multidimensionalspace,in that many other factors are also taken into accountin locational
choice. Neverthelessaccessibilityand density are explicitly manageableand specifically
relevantto transportation decisions. Many of the other factors are not. Furthermore,
an understandingof the accessibility-densityrelationshipmay provide a framework
within which the influence of other factors may be studied.
It is proposedtherefore to investigatea relationshipof the type,
intensityl : accessibility,
@(land-use
or, to be more specific,

,
Q(D,1: xt T^srf(c1')
I

where 0(D) is a function of a generalmeasureof density in zone i.

(2)
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Aggregatevalues are used in the relationship both becausethey are the data most
commonly available and becausethere is value in keeping to purely spatial (as against
disaggregatebehavioural) measureswhich are robust and independent of the detailed
composition of the population. In this way the relationshipcan provide a basisfor
broad regionalor metropolitananalysi5(t).
1.2 The accessibilitymeasure
1.2.1 Available modes of travel
The measureof accessibilityshould take into account the travel opportunities
presentedby all modes in such a way that, if an extra mode is introduced without
disturbing existing modes, the overall accessibilityshould increase. Thus an approach
adopted by some workers in determiningaccessibilityof utilising only the minimum
cost by any mode between each zone pair is inappropriate. A weighted sum of
accessibilityby each mode is required.
1.2.2 Intrazonal accessibility
Accessibilitycalculationsare often subject to significantvariation with zone size,
generallybecausethe accessibilityoI each zone to itself has not been included. A
generalmeasurefor intrazonal accessibilityby public transport is likely to be very
difficult to derive but various possibilitiesexist for a combination of car and walk
travel. Intrazonal accessibilityis d.f(c,i), so if a measureof intrazonal travel cost c,1
can be determined an all-modessinglemeasureof intrazonal accessibilitycan be
calculated.
1.2.3 Total accessibility
Taking account of both of thesepoints, the compositetotal accessibilityis definedas,

xi: xl+yxir +(l- t)xic,

(3)

where
Xl
is the intrazonal accessibility,

Xf is the interzonal accessibilityby public transport,
y.c is the interzonal accessibilityby car, and
is a parameterto be determined.
7
1.2.4 Impedancefunction
The impedancefunction, f(c,f) for each mode k may be either the exponential form
exp(-).cI) or the power form (r,T)-'. It should be the same as that used in the
gravity distribution model and should have similar parametervalues. Generalised
interzonal cost, c,|, could be taken as interzonal travel time or a more complex cost
measureif it is availableIfor example in determining public transport accessibility,
cfr {ttre T superscriptidentifies cost as being via the public transport mode) could
have weighted componentsreflectingin-vehicletime, waiting, walking and transfer
time, fare, and comfort; for private transport, components of cfi (where superscriptC
identifies cost as being for car travel) could be travel time, perceivedvehicle-operating
costs,parking charges,and walking time].
L.2.5 Measureof activity
Accessibilitycan be determinedto any measurableactivity, +. It could be, for
example,retail floor space,hospital beds, or unskilled employment. For our purpose
we need a measurewhich is a surrogatefor the activitieswhich people in general
considerimportant when making location decisions.Pragmaticallyit could be regarded
(l) Measures
of accessibility
whichareusedin travel-demand
models,particularly
thoseassociated
with disaggregate
data,haveno suchneedto be restricted
to spatial
variables
andmaybeconstructed
(1977).
in quite differentways,for example,
assuggested
by Ben-Akiva
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as the measurewhich produced the best relationshipbetween accessibilityand density.
It could also perhaps be developed from Wilson's (1967) form of gravity model:
(4)

7i:a1P1b1A1f(ci1),

at:W):

l

l

i

(s)

i f $ : b i A.t

measureof attraction$ could then be thought of as a transport-system-independent
trip
attractions
and b; is a modifier
actual
number
of
type activities, since A1 is the
produces
the fully constrained model.
which, with a1, the trip production modifier,
A transformation of a1P1= 14 would lead to the sameform as the totally unconstrained
gravity model,
Tt :

(6)

U,S,f(cy),

where V1and'$ were pure measuresof trip producing and trip attracting activity
respectively. In this context I\ and ^Sicould be postulated to be functions of
combinationsof quantifiable indicators of size, which could be calibratedto be the
best values of
=
4 : f(employmenti, population;, etc) oiPi , and
q : f(employmenty,population;, etc) : biAi .
\ and $ would then be rooted entirely in land-useparametersrather than in the
combined transport and land-useparametersof aiPi and biAi. Thus it is assumedthat
the impact of transport on land use is discernablein the land use alone if the right
measurescan be found.
The question of an appropriatemeasureof activity was explored experimentallyto
some extent (seesection 2) and employment was adopted. The deficienciesof this
measureare explored later.
1.3 The density measure
The density measureneedsto reflect the intensity both of residentialand of other
usesof land, taken together. If the problem is simplifred by assumingthat urban
land is used either for residenceor for employment, and that all other land is
beneficially regardedas open space,then density can be measuredin terms of persons
employed and residents. If it is further assumedthat there is a number of workers at
a workplace which has the same effect as one resident on other residents' perception
of the spaciousnessof their surroundings,then density D can be defined as,
(7)

D-DP+aDE,
where
Pv is the density of population
Pn is the density of employment, and
c
is a parameterto be determined.

1.4 The functional form of the relationship
Clark C (1951) proposed a relationshipbetween residentialdensity and distance from
the city centre, r, as
(8)
PY - aexp(-Fr),
which could be transformed to
hDP:lna-flr-

K-Fr.

(9)
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Clark's model did not work near the city centre, where resicientialdensity declined,
but replacingClark's DP with D (total density) should correct that. A relationshipof
this nature appearsto be reasonablefor a city with a dominant city centre. The
influence of the motor car, particularly since Clark produced his paper, seemsto have
changedthe nature of cities so that they tend to be decreasinglymonocentric. Wilbur
Smith (1961) produced density-radius profiles for a number of American cities which
demonstratea reducing conformity with exponentialdecay up to 1960. Bellomo
et al (1970) showed that Detroit, a city particularly influenced by the car, had a
distinct middle-distancedensity plateau in 1953 which simply increasedin height by
1965. Beard and Oxlad (1969) showedthat Brisbanecorridorslost their exponential
decay of density with radial distancein severalcorridors between 1933 and 1947, and
that by 1966 a well developeddensity plateau existed which was tending to increase
in height over time.
If Clark C was right in 1951 with his proposalsregardingdensity and radial
distancein monocentric cities, then this suggeststhat the same relationshipmay hold
for averagedistance(cost) to activitiesin all cities.
Two ways are proposed to generatean averagecost from accessibilityand these
have been called'centrality',developedby Patton and Clark N (1970), and 'average
travel cost'.
Patton and Clark N, who derived centrality from an accessibilityformulation which
usedthe power impedancefunction, ci", defined it as:

c e n t r a l i t Y ,i :

i Iq \ ,,,- / I^,\,,"

lF-l

\iq 'i"I

l+-

|

\ ",','/

',

(10)

where X6.st is accessibilitycalculatedfrom a power impedancefunction with
exponent n, and regardedit as a meansof normalisingaccessibilityso it could be
used acrossdifferent total populations.
A more useful way to regardcentrality (its use is made clear in section 3) and a
more generaldefinition is obtained from,

f,.: fqr1c,7):
I

,
(ld r(r,)

(11)

where f( ) refers to the same function on both sidesof the equation. Thus the form of
the impedancefunction determinesthe relationshipbetweencentrality and accessibility,
and centrality is the travel cost to be applied to the whole area if it is regardedas
one zone(2).
Averagetravel cost is derivedfrom the unconstrainedgravity model. By the normal
definition of an average,
aYeragetravel cost, Mt :

G

i -

l',,hl{l

(1 2 )

(2) It can be seenthat the Pattonand
ClarkN definitionis a specialcaseof the generaldefinitionin
equation(ll) with f(c,i) = ci,-n,andthereforef(4):
Y-n. With a negativeexponentialimpedance
function, f(c,i) and f()i) are iespectivelyexpl-Ic,i) and exp(-I4), and

:
x1r.yi
so
Yi-

iq

: (tq)exp(-),)i),
exp(-),c4)

(ila)

(l lb)
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In the unconstrainedgravity model, againusing a power impedancefunction,
Ti : Pi Sicj", so
JL:

,-L-n
P,
' TI^t i t t i
LruP,Sici"
'-"
,=

:: , , f . L , r , , "- :X @ - l i
H
LI P , s t c f
t

(13)

Hence from equation (9), substitutingD for DP, the proposedfunctional form of the
accessibility-density relationship is either
lnDl : K- pY

tfwith
or

(14)

function,lnQ : r(-t(*)"J,
a powerimpedance

lnDi- K-7M
f-

:--^r^-

(15)
^ ^ r , , - ^ + :^ -

r- n

rtrLri
function,
l u r l v L l L r l r , lnQ
rltPsudllLs
I with a powerlimpedance
L

X(" - ttil
=
- Itv\ - a
P
x6)i

.

J

2.1 Calibration of an accessibility-densityrelationship
Detailed analysesof transportationstudy data for London and Brisbanewere
undertaken to clarify and calibratean accessibility-densityrelationship. The work
undertakenin London has been separatelyreported (Davidson,1973) but will be
summarisedhere.
For no better reasonsthan that gravity model work was almost entirely done with
power impedancefunctions in the author's environmentat the time this work was
first developed,and that the pioneeringwork by Patton and Clark N ( 1970) used
power functions, the accessibilitywork was calibratedusing such a function. Hence
the relationshipto be calibratedwas

i Ifl'r,
,

(s)(l6a)

X61i : Xlo,* 7X,'+ (1- t)Xic ,

(16b)

+ aDf,) : -K- pl
ln(D,.P
. #l
\x61i/
where

and

xf^>,: Isi(.I)-"

(l6c)

xto,: .I.q kfr)-"
t + t

(l6d)

X1\1i - f(q., 8fe8;, an averageintrazonal travel cost) .

(16e)

i+t

Values for K, F, fr, e, ^f had to be determined,a satisfactorymeasureof S devisedand
a meansof measuringXfy developed. The basic equation (16a) was amenableto
calibration by linear regressionbut only K and p could be determineddirectly. Atl
other parametershad to be estimatedby trial and error with the objective of
maximising the coefficient of determination,R2, in the reglession. Interzonal travel
times from the skim trees of the assignmentmodels were used for cq values. Density
was in terms of activity per squaremile.
(3) Or the expression
in equation(15).

g
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2.1.1 Intrazonal accessibility
The method used to calculate intrazonal accessibility,X1\.1,is not central to the
argument and is describedin the appendix. It is sufficient to say here that accessibility
was computed to individual activities which were assumedto be evenly distributed
throughout the zone, either by walking or by car depending on the travel times
involved (car travel was assumedto involve a terminal time and hence for short
journeys was slower than walking). In very dense zones in the city centre, the
nature of the impedancefunction meant that intrazonal accessibilitieswere very high, in
some caseshigher than the total interzonal component. This has the not unreasonable
imputation that central,CBD, locatorsare more interestedin the activitiesimmediately
around them than those anywhereelse.
2.1.2 Activity measure
Activity measurestested were employment, population, trip attractions,and trip
productions. Employment produced the best results,and modifying the equation to
r/" factor, calculatedfrom the population,
include population by including a (Tr,tr,\
in the reglessionequation resultedin the sameR2 value as when it was excluded.
Hence it was excluded.
2.1.3 Calibration of parameters
Both London and Brisbanegavevaluesof n = 2'5 and a: 0'60. For London,
? - 0.55 and for BrisbaneT: 0.35. In both casesthis approximatedto the
proportion of metropolitan travel by public transport in the respectivecities at tile
time the data was collected (1962 in London and 1968 in Brisbane). There was thus
a fortuitous physical analogybetween the proportion of accessibilityto be determined
from public transport and the metropolitan-wide use of public transport. This should
suggesta value of "f for other cities.
Without undue constraint, all the regressionlines could be made to passthrough
the value of 12.65 on the vertical axis. Hence K: 12'65 for both cities,and the
implication is that the maximum attainabledensity (DP+ 0'6DE) was exp(12'65) or
312000 per squaremile. If all of this was employment,it would be at a density of
520000 per squaremile.
W i t h K h e l d a t 1 2 . 6 5 t h e v a l u e so f p w e r c b ' t 1 5 f o r L o n d o n a n d 0 ' 2 8 3 f o r
Brisbane. If equation (l6a) is rewritten as

''(#)''n - K-u(Iq)
K-p(+"J"",
rnDi

(1 7 )

rt" (- p) can be shown to be constant for both cities, a relationship
then if 'pfIS)
\t '/
between density and accessibilitywhich is independentof the city emerges. With the
measuresused,IS is the total metropolitan employment, Etot, which was 4 049 000
in London and 296000 in Brisbane. Hencethe valuesof p were 50'54 and43'69
respectively. A value of 48 was selectedand tested againstlimited data from smaller
cities. Although the points were more scattered,they showed no trend towards lower
values. Hence there was no systematic reduction in the p value as cities became
smaller and the value of 48 was adopted.
Given the vast differencesbetween London, Brisbane,and the smaller cities (down
to 20 000 population) againstwhich the expressionwas tested, it is tentatively
suggestedthat a relationship between density and accessibility(which could have

somegenerality)can be statedas,
l n ( D P* 0 ' 6 D E ): 1 2 ' 6 5- 4 8X r ^ f ' o,
w h e r en : 2 . 5 .

(l8)
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analysisgaveR2 valuesof 0'90 in the caseof London and 0'76 in the
Regression
caseof Brisbane. This reflects the suppositiondiscussedin section I that mature
more
cities are likely to expressany equilibrium between accessibilityand density
than rapidly growing cities. Thus even if the suggestedrelationship is absolutely
likely to be
correct as an .*pr.tiion of equilibrium, it is an equilibrium which is never
in
reflected
are
which
it,
from
of
divergence
completely reached,and the magnitudes
any
that
mean
must
This
the R2 valuesin London and Brisbane,would be expected.
an equilibrium
examination of empirical evidence,as this has been, which seeksto find
quality of
which is never in fact reachedmust end with some uncertainty about the
in errors which
the equilibrium position derived. This analysishas at least resulted
both in distribution artd magnitudewould be intuitively expected'
(15), also gave
A linear relationshipwith mean travel cost, basedon equation
useful as the
as
reasonableresults,bui a result in this form did not appearto be
centrality form and was not carried further'
used to also check
London data and the travel time from CharingCrosswere
gave
better results'
cost
travel
Clark C's original formula. Centrality and mean
In centrality terms, equation( l8) may be restatedas
ln(DP* 0.6D8) -

(19)

12.65- 48(Etotl-o'ct,

n: 2'5'
w h e r e y h a s b e e n c a l c u l a t e du s i n ga p o w e r i m p e d a n c ef u n c t i o n w i t h
plotted
against
zones
(Queensland)
Figure I shows London, Brisbane,and Mackay
this centrality-density relationship.

London

o

Brisbane

.

+
Mackay
regression
free
Brisbane
p-values for each citY in \
l n ( D P+ 0 . 6 D E )
= 1 2 . 6 5- [ p ( E ' , o t ) - o ' 4 l y

,

2 4 2 8
Centrality,Y

3

2

Figure l. Centrality-density relationshipof the form ln(DP+0'
for variouscities.

J

o

+

u

6D\ : 12'65- 1r16'tot;-o'+lY

plans
3.1 A utilitY measurefor evaluatingalternativetransport land-use
3.1.1 Utility of location
resultingfrom a change
Neuburger( I 97 l) showedthat the changein consumersurplus
function, is
in accessibilitY,when it is calculatedwith an exponentialimpedance

AS:

*loihY,;,

(20)
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where

Xr : Iq .*p(-trcy).
I

(2t1

Neuburger, using classicalconsumersurplus theory, developed this from
considerationsof the gravity model and the statement
Ad' :

|,fl
) - | . , r T , , 6 c i i.
I Jcil

(22)

Koenig (1975), using microeconomictheory, developed"an appropriatevariable
describingthe desirability of potential destinations" and found that "the expected
utility, ui, derived from trips by a resident of zone f is an increasingfunction of ...
Accessibility". Specifically,using the definition of accessibilitygiven in equation (21)
he found that

I
t t. s : =A l n X * c o n s t a n t .

(23)

Therefore
t

a u i : i t n , -Y , t
A

(2+1

ioi

Koenig's statement has the opposite sign to Neuburger'swith Koenig's Xo
(Neuburger'sXr) as the original condition and X, (&) as the changedcondition. In
what follows, u; is a relative utility for an individual in i, 4 is the total relative
utility for a zone (: utPi), and a minus sign indicatesdisutility.
Thus the increasein utility for an individual within a zone, when accessibility
increasesfrom Xo to Xr, is

(-}.c,,7)
I{ exp
Aui:^tnffi
I,t' .*p (-trcq,i)
r

(2s)

,

The concept of centrality as stated in equation (l l) allows this to be taken much
further. Equation (25) may be rewritten as

I
Gq)
A ui:it
"fu

exP(-)'Y1;)

\7 'l

Q 6)
(2t1

and
Lti : -4 + constant .

(28;

Hence, with constant city size, centrality is a direct measureof the disutility to an
individual of a location with that centrality. The addition of the constant provides
for all the other factors which contribute to the total utility of any site. The
expression-Y:
uL givesthe relative utility, which dependsonly on the location of
the site in the context of the transport/land-usesystem.
The author has so far found the transformations required to repeat the above
derivationswith a power impedancefunction to be mathematicallyintractable.
However, the fact that centrality is a direct measureof utility allows centrality
derived from a power impedancefunction to be similarly used.
This result is conceptually credible, as centrality has the units of travel cost and is
a kind of weighted averagetravel cost to all activities.
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3.1.2 Utility arisingfrom density
The postulatedrelationshipbetweencentralityand densityallowsa further component
of total utility to be statedin centralitytermsand henceto be evaluatedwhen testing
transport/land-usealternatives.
(see figure 2).
Consider a zone in a city which has a centrality Y and a density D
(for
example that developedin section2)
The calibrated density-centrality relationship
which will be of the form,
a ,

-

-

(2e)

K-lnD

F

'

that at densityD, residentsare preparedto accepta centralityof Y'- The
suggests
that they
fact that they enjoy the lower centrality(relativedisutility), Y, suggests
at that
accept
prepared
to
are
generally
people
havean addedutility, abovewhat
density,of Y'- Y.
at densityD
Thus the utility createdonly by the local density,uD (derivedby living
whencentrality'isI/) is
K-lnD _y
.u. D-_: T
.

(30)

Centrality,I
of density utility from centrality-densityrelationship.
Derivation
Figure 2.

uttlitY
3.1.3 Transport-related
from
Utility derivedfrom density,uD, cannotbe directly addedto the utility derived
not
have
and
-y),
different
be
becausethe unit valuesof eachwill
tocatitn, uL (:
unit valuesare suchthat c,runits of uL are equivalentto one
the
If
beendetermined.
the two effects
unit of uD,d relativevalueof total utility which specificallyrecognises
can be statedas

' f\ - YgD - r ) + L ,
, D + L : - u ):y +
/

(31)

where
c,ris an unknown Parameter,and
I is an unknown constant.
I can be
For purposesof comparison of two transport/land-usealternatives,
eliminated but <,rcannot. Hence
l D "
Au : * 6-# + (1+ c,.r)(Yoft) .
P

U

1

(32)
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Again it must be emphasisedthat urban residentswould perceive the utility to be
derived from a particular residencein much more complex terms than just the
surrounding density and the location with respect to transport and the rest of the
urban area. However, these two elementsare those most affected by the impact of
the transport system and are measurablein terms of transport/land-useparameters,
and so should be sufficient for an assessmentof transport impacts.
A definitive answerrequiresthe estimationof <^;and, for some purposes,Z.
Although no work has been done by the author on these problems, it is suggested
that an examination of property valuesmay lead to a solution. If property values are
regardedas a capitalisation by the market of residential utility, then the value of
uD+L should be reflected in thesevalues. Hence if categoriesof propertiesare
selectedso that the internal qualitiesof properties(that is those characteristicsnot
related to location and surroundingdensity) are similar for each category,then the
differencesin values within each category should be linearly related to the relative
utility of location and density. An expression,

(K-lnD

= ot
value

p

- (l + e)Y* tl) ,

(33)

would be valid. Value, D, and Y are variable,K and F are known constants,and o,
<^r,and L are parametersto be determined. The form of the expressionis such that
the unknown parameterscould be estimatedby linear regression. In this form it is
likely that I would vary between categoriesbut it would be desirableif G) were
constrainednot to do so.
3.1.4 Area total and averageutility
To analysealternativemetropolitan transport/land-use
schemes,total or averagevalues
of transport related utility (that is, owing to location and density) for each scheme
need to be determined. For this comparisonmeasure,L can be eliminated since it
does not vary directly as a result of changesin the transport/land-usesystem. The
utility for residentswould be obtained by weighting each zonal utility value either by
the population or by number of householdsin each zone. If population is selected,
then

(K-lnD,
-(r+-"'I) '
sY- l''lT

(34)

UP is the transport-relatedtotal utility of residentsin the metropolitan area for a
transport/land-useschemewith density distribution Q and centrality values )j. The
mean value per resident, frP,is
( r( -lnD1
) /

frP: In.{
r
(

9

- (l + c,s)Yil
I LP, ,
) l

i

( 3 s)

Determination of the transport-relatedutility of economic activities (or firms) in a
metropolitan area under alternativeschemesis more difficult. Simple weighting
factors such as employment or floor spacedo not seem to be adequate. In any case
the original hypothesisof this paper is not necessarilytrue for firms, although in
section 2 it was calibratedwith a total density which included employment density.
As a first attempt, estimatescould be made by substituting zonal employment for
populationin equations(34) and (35).
3.1.5 Use of expertmentally determined relationship
If the relationshipdevelopedin section 2 is used for utility calculations,then in
e q u a t i o n s( 3 0 ) t o ( 3 5 ) , K : 1 2 . 6 5
, h e r eE t o t i s t o t a l
a n d 9 : 4 8 ( . E t o t r - 0 ' 4w
employment in the study area. For example,area total utility created by density can
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then be directly calculatedfrom
/ 12.65- ln4

so- Ia(,ffi-Y,)

K B Davidson

(36)

Applications,comments and conclusiors
4.1 Applications
The accessibility-densityrelationshipprovidesa firm link between the transport
system and its effect on land use. The fact that this can be expressedin utility terms
opensthe way for evaluationof individual projectsor a whole metropolitan system.
The fact that utility can be attributed to individual areasor socioeconomicgroups
meansthat the equity effects of proposalscan be determined.
4.1.l Land-use modelling
The likely existenceof an equilibrium between accessibilityand density has been
demonstrated. Work by Patton (1970) showed that, after accessibilitychanges,
density tended to move towards the new equilibrium point. The nature of the
utility expressionemphasisesthis fact in that, when density is below the equilibrium
level, locators will be attracted to take advantageof the extra utility (Y' Y : uD is
positive) available,whereaswhen density is above the equilibrium level, residentswill
tend to move out becauseof their existing low level of utility (uD is negative). Hence
the relationshipcan be used directly to indicate the nature and potential scaleof the
impact of land-usechangeswhich result from changesin the transport system. In
transportationstudy terms, the relationshipcan help determine whether a proposed
transport system is in sympathy with, and tends to reinforce, the land-usepattern it
has been designedto serve.
Whereit is desiredactually to predict land-usechangesin a growth situation
without any institutional constraints,then the relationsNp needsto be used in
conjunction with an allocation model. For examplea form of interveningopportunities
model will allocatea given amount of growth among zonesif the ranking of zones
and the availablegrowth capacity in each zone is determined. Difflculties with both
of theserequirementshave limited the use of this approach,but the accessibility
density relationshipcan be used to determinethem satisfactorily. The zones can be
ranked by luDl, since density utility is a transientvalue the realisationof which
provides the impetus for change towards equilibrium, and the potential growth (or
decline) can be obtained directly from the relationship. In terms of figure 2, the
This
zonesare ranked in order of lY'-Yl and the opportunitiesavailableare D'-D.
approach is an extension of that suggestedin the intervening opportunities land-use
model developedby Gotding and Davidson(1970), the use of whictr was reported by
Grieg et al (1972).
Developmentthresholdscould be estimatedfrom equation (33) if parametersc^.r
and I were known. For developmentto occur, property valuesmust be at least
equal to the cost of servicedland at the density proposedplus the construction cost
of each house. The threshold value of Y at which developmentat a certain density is
just feasiblecan be determined by solving for Y in equation (33)' in which the
developmentcost is substituted for value, and D is the proposeddevelopmentdensity.
4.1.2 Evaluation of alternativeproiects or systems
The determination of transport-relatedutility in terms of readily calculatedparameters
meansthat alternativetransport projects or systemscan be evaluatedin terms of their
metropolitan effects on travel costs and land use. If c,.rand o in equation (33) can be
determined,then changesin transport-relatedutility can be used directly in the
evaluation. Otherwiseseparatevaluesof uL and uD can be computed for each
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alternative,and various qualitative assessments
made of the impact of each alternative
on aspectsof the metropolitan system. The size and distribution of AuD will indicate
the dimensionsof the land-useimpacts of the proposal,since it is the capitalisationor
sale of uD which leads to land-usechangestowards the equilibrium.
4.1.3 Studies of equity
Equation (35) is an expressionfor determining mean metropolitan relative utility
arising from location and density effects. Similar results can be obtained for any
segmentof the population, and any of the usual statisticswhich may be considered
useful could also be determined. Hence if say,
Pr : PIt)+ P!2r+P{t) ,

G7)

where 4Q),p'(z) p(r) were, for example,numbers of people from respectivelylow,
medium, and high income families in zone i, then

frr,,
{K-)n4 - (l
' + ,)v,} /I",*' ,
' : IF,t*r
T' l. P
)t ,

(38)

and tp('), ipet, and ilpr', could be comparedfor conformancewith any policy on
equity. The distribution of utility in any segmentcould be checkedby determining
the standarddeviation of utility. Again this could be important in respectof policy.
These calculationscould be done in terms either of total values,as in equation (38),
or of changesbetween schemes. The former.approachwould highlight any equity
problem, whereasthe latter would illustrate the equity impact of alternatives.
4.1.4 Metropolitan strategicplanning
Although recognisingthat a wide range of issuesare important in metropolitan
strategicplanning, equation (34) or (35) can be used to determine a singleutility
measurefor each alternativeplan which reflects the efficiency of the transport/landuse system and the distribution of densities. In these terms, the objective would be
to maximise total or mean utility. The distribution of centrality givesa good
indication of what would be an appropriatedistribution of densitiesand would
highlight any areaswhere densitiesare proposed to be grosslytoo high or too low.
4.2 Commentsand suggestionsfor further work
A distinction should be drawn between section 2 and the remainderof the paper. In
the bulk of the paper the initial hypothesisis developedand the usesof the results
which flow from it are described. Some experimentalwork which suggeststhat the
hypothesismay be acceptedis presentedin section 2.
Much more experimentalwork needsto be done and it needsto be done in a wide
range of cities. It should look at different density measures,it should be done for an
exponentialimpedancefunction and it should seek to include in the measureof
activity, S, more than just employment.
In regard to this last point, it is intuitively clear that residentsand firms are
influenced in their location by the location both of other residentsand of other
firms. It is unlikely that the distribution of employment is an adequatesurrogateof
this. Indeed, the author's earlier work demonstratedthat accessibilityto population
is distributed in quite a different way than is accessibilityto employment, with the
former peaking some distancefrom the city centre. The effect in London is reported
by Davidson(1973), and Martin and Dalvi (1976) have reported similar resultsfor
London. To incorporate population would complicatethe relationshipbut probably
is worthwhile. It might also make it more reasonableto calculatethe locational and
density utility of firms.if the accessibility-densityrelationshipincorporated a
population factor in accessibility.
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property values could
The relationship between transport-related utility and
density utility to be
usefully be exploied, as its calibration would allow location and
compared and may lead to acceptable money values for those utilities.
the
Finally, utilities have been aggregated not only within segments but across
it
approach,
an
such
of
impropriety
economic
whole metropolitan area. Despite the
metropolitan-scale
in
a
so
do
to
is submitted that it is necessary and appropriate
planning instrument.
5.1 Conclusion
value of accessibility
This paper has presented a hypothesis which implies that for each
towards that
move
to
tend
there is an equiiiUrium density and that areas in cities
justification. Its
equilibrium. This notion has been shown to have some experimental
planning process'
existence creates significant opportunities in the transportation
it,
particularly in the area of land-use modelling. The results which flow from
ways
improved
to
lead
utility,
iogether with the transformation of accessibility into
aspects
of important
of assessingtransport projects and testing the utility and equity
of metropolitan strategY Plans.
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APPENDIX
Determination of intrazonal accessibility
Intrazonal accessibilityis determined at the centroid of the zone. fusume that activities
to which accessibilityis being calculated are uniformly distributed throughout the
zone and that the zone is circular with the same area as the real zone. Accessibility
is thus calculatedat the centre of the circle, and all travel is assumedto be radial.
Assume further that the modes availableare car and walking and that the choice
between them is made so as to minimise travel time. Use of a car will incur a
terminal travel time whereaswalking will not.
If r is terminal time (min), s is averagecar speed(km h-r), and w is walking speed
(km h- I ), then there will be a radius,ro, at which it is equally fast to walk or drive.
Then
r o r o , t

i:;-60

(3e)

'

whence
lrysf

(40)

ro:6om

The radius,R, of the zone of area.d, is, of course,(Alr)%. The distancefrom the
centre to the nearestactivity, when these activitiesare at density D, is p-vz.
There are thus two distinct areasto which accessibilityis to be calculated: an
annulus with radii p-n and ro, which is reachedby walking at a radial speedof wi,
and an annulus with radii r, and R, which is reachedby driving from the centre at a
radial speedof s after taking a terminal time r.
An annular ring with inside radius r and width 6r will have an area of 2nr6r and so
will have 2rr\rD activities within it.
The distanceaccessibilityof this area to the centre is 2116rDlr" with a power
impedancefunction. Hence accessibilityof a ring with radii a and b is
X-

lb2rD
| t- 4 d r

( 4 1)

J a

Integration of this expressiongives,in general:

^* - 2pn\ rD( L - I \- b , r - r ),
X - 2rD(b-a) ,
X - 2rD (lnb - lna)

n*,,r,1

: : , ,J:

,

(42)

For the walking area,p-n and ro substitute for a and b, and distanceaccessibilityis
converted to time accessibilityby multiplying the result by w".
For the area reachedby driving, the algebrais complicatedby the terminal time.
Again it is convenientto derive the equationsin distanceterms so that the terminal
time, /, is convertedto a distanceequivalentof L (: ts). Then accessibilityto a
narrow ring is 2nDr6rl(L*r), for which the controllingintegralis:
-"
(r* L)2-"
L(L* r)t
'
l-n
2-n

n*1,r,1

I#u,

: r*L-

L ln(r*I) ,

L
:ln(r+L)+r+L,

n:

l,

n : 2

(43)
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Theseintegralsare determined between the limits of ro and R and the results
converted!o time by multiplying by sn.
to the walking and driving
Total intrazonal accessibilityis the sum of accessibilities
zonesand is:
(

vl
a(n

*

1,2)

z"o[r In
-h(R+

1

t(R+ L)2-n- Qo* L1z-"t

-"
L ) ' \ --n(ro+I)r 1l .*V3-^

-D-"(z-"11
,
(44)

: ZtrD[r'
xtn= z'1
{t" #

'ro

-t
( R + L ) ( r o + L )l * r ' [ l n r o + + r n a f ]

In some small zones,driving neverbecomesfaster and ro > R. In thesecircumstances
terms multiplied by s' must be eliminated to avoid invalid results. Walking speeds,
driving speeds,and terminal time can be separatelyspecifiedfor each zone to reflect
local conditions. This calculationhas been basedon a power impedancefunction.
A similar approachcan be used for an exponential function exp(-M) which resultsin

+L)]] e."g) -exp[-,^.r,]](f .*)
xl^,: znn{"*n[-,,,

*exp(,-,*)
(+.5)l
(+.#) -exp(-+)

(4s)
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