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SUI'fM/\RY

The subject of thls thesis is the stud.y of unban

comnuter trafflc in a general, mathematlcal fashion.

A slmple mod.el of an inþomogeneous city is eonsid.ered-.

It is assumed. that the clty essentially consists of an

lnner central business d.lstrict, whlch contains only r¡¡ork

places, surround.ed. by an annular resldential zoÍ1:e,

consisting only of homes. Some concepts are explalned'

and. d-iscussed. in Chapter If , while the rernalnd-er of the

thesis is concerned- rnainly with the detalled- investlgation

of sevenal variatlons of thls mod.eL.

An i(Lea]j2ed. circular city is stud.led- in Chapter IÏIt

where the effect of grovifth 1rt the number of persons living

1n the sr¿burbs of the city and. \,uorlçing in a central buslness

d.istrict of c<¡nstant size ls investlgated.. seven

alternatlve basic routelng systems are examineiL. It 1s

shown that for some lmportant routelng systems the total

city size, relatj.ve to the síze of its central business

d.lstrict, can only be lncreased. to a certaln extent before

the routeing system becomeo inefficient and. non-optimal.
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Critical values for the ratlo of the ilenslty of work places

to homes are then oþtaineil. The cniteria used. to evaluate

the routelng systems are average d.lstance travel-J-ed',

average travel- time, and. average area of road space required'

for the journeY to t¡¡ork.

This baslc mod.el of an inhomogeneous city is further

investigated. in chapter IV, where we eonsld.er flrst the

average d.lstance travelled fron home to work, ln clties

wlth rectangular routeing systems but of d.ifferent

geometrical shapes. Then the case of a square city wlth

three mod.iflecl rectangular routelng eystems is exanlned' and'

theaveragetriplengthand.averagetimetakenare
calculateit, It ls shown that several lnterestlng

conclusions fo110w from the calculated. results.

A slmple nlathematical mod.el of a satellite town is

presented. in chapter v. It is shown that the mod.el

contains the þas1c features of a satelllte New Town as well

as of a satellite Resid.ential Town. The characteristics

of commuter travel 1n a satel-lite Reslilential Town are

investigated r anil the size of ttre central Area anil of the

vL



eatellite town, the itlstance travell-eil per r¡¡rit areat and'

the average d.istance trave1led., are evaluated.. FOr an

initlal sanple set of d-atar r11xnerlcal results are presenteil

and. d.iscussed..

some work trlp d.ata for Ad.el-ald.e are anal-ysed' ln

Chapter VI. The ilistributlon of homes ts stuillefl ln some

d.etail, aniL lt is shown that the d,ensity of homes can be

expressed. 1n terms of the d.istance fron ttre centre of the

clty by means of a slmple fornula. Data for the

d.istributlon of vr¡ork placee v¡1th1n Ad.elaid'e are also glven

ancl co¡nmented. on.

Flnally chapter. vII d.iscusses some genenal aspects of

the problem, and offers suggestions for further ïuork.
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INTROÐUCTION

1.1 General Survey

Trafflc congestion ln clties is one of the nost

formld.aþle and. pressing problems of mod-ern living. The

fneotratjons, associated. wlth travel ln an urban reglont

are so famil-1a¡. that it is scarcely necessary to ennumerate

them. The rnotOrlst, to-¿ey has become reolgrred tO the

lnevitabillty of tnaffic jams' parl<ing dlfficultiesr cravtllng

automobiles, accld.ents and. genepal confusion. Furthermore

the seemingly end.legs floofl of vehlcles onto lnad'equate city

road. net\rlorks proiluces und.eslrabl-e sÍd.e-effects such aB

fumes, noise, srnell, and a ctutter of unsightly trafflc

signs and, sigpals, all of t¡hich lead to a serlous d.etenior-

ation of the urban environment.

i4rhile the present d.ifficultles are severe enough' lt le

hlghly probable that even more d.esperate cond.itions vúi1l

prevall 1n the future. The trend. tor¿ard.s lncreasing

urbanlsation aniL motorisation of the v'¡orld.rs populatlon seems

to be ftrrnly entrenched.. Data collected by Smeed. [17] shovst

for example, that l'¡h1le 35 peî cent of ttre total population

of the Unlted. States reeiCl.ed. in urban areas in 1890, thls

figure hacl rlsen to 63 per cent by 1956. Iiforeover the
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number of motor vefÌlcles per head. of population had- a

compound rate of lncrease of 3.7 per cent per annum for the

flve years up to 1959, and. thls in a country v'¡hich already

had. 0.40 vehicles per head of population i.n 1959. There

is thus some substance 1n the claim that the very exlstence

of mod.ern citles is being threatened. þy the explosive growth

in the number of motorised., rubber-tyred vehlcles.

It is no v¡ond.er that the urban transportation problem

has recelved a trernend.ous amount of attentlon 1n recent'

years" An eriormotls LiteratUre e>lists on the subjectr and.

numerous conferences have been organlsed. to discuss various

aspects of the problem. ./trn interesting and ex'bremely

lucld- account of the urban traffic problem is glven in the

Buchanan report lZJ. In this classical work, Buchanan

and. his comrnittee have analysed. the basic nature and. causes

of traffic congestion, provid-ed a theoreticaL þasis for
resolving the problem, and. lllustrated. their eoncluslons

v.¡ith a series of practical" stud.ies¡

A centraL ld.ea in Buchanants appnoach is the coneept

of ilenviron¡nental areasrr. An environmental area is a

region lvhere civillzed. human activitles are given primary

lmpoi:tance, and. trafflc facilities are limited. to the

service of these activities. fhese areas are to be lÍnked.

by a netl'¡ork of distributory roads, and. all lnter-area
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traffic is to be channelled. onto these road.s v¡ithout choice.

fn contrast to the "blrd.f s-ê¡r€rf vietr'¡ ad.opted- by

Buchanan, there exists a number of very d.etalled. transport-

ation stud.ies centred. on indivldual cities. A typieal

example is the Chicago Area Transportatlon Stud.y (C¡,tS)

[h]. The main objectlve in such a stud.y is lnvariahly the

fonmulation of a comprehensive transportation plan for some

target year in the future. the stand.ard. techniclue in

conducting a transportation study consists of flve phases

t4l :

(u) Cornpillng inventori-es of present transportation

facilities, 1ancl use, and. travel characteristlcs;
(t) ForecaÊting of ftrture populatlon, economic activities,

and. Land. use;

(") Ii'orecasting of future travel d.emand., trip generation,

and- the distrlþution of travel betvreen prlvate and.

public modes;

(d) Preparation of a comprehensive plan involvlng both

highuays and public tnansport facilitles;
(") Testing the plan againet future travel requiretnents,

follou¡ed. by revision and f\¡rther testing until a

satlsfactory sol-ution is achieved-.

A comprehensive transportation study is usuall-y

chanacterised by the vast amount of d.etailed. information
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that is collected, and. this necessitatee the use of a large

computer to process the data and. to assist in the executlon

of the stud;r.

The tlvo types of transportation stud.ies, exempllfied.

by the Buchanan and. the CATS reports ' are marked'Iy d'lfferent

1n their method-s of analysis. ri'llhile the flrst type treats

the problen in a generâl but qualitative fashion, the seconcl

type examines the problem quantitatively but limits the

anaJysis to the peculiarities of a speclfic tov¡n or city'

It is clear that there 1s a wid.e gap betrlleen these two

approaches, and. atternpts have been mad-e to brid.ge them by

stud¡ring the subject both comprehensively anCL quantltatively.

This thlrd approach 1s of value because it enables accurat'e

calculatlon to be mad.e of parameters that couId. formerly

only be discussed. qualitatlvely. iüoreover the results

obtalned. are a guid.e to the id.eal transportation netu¡ork ancl

are therefore useful ln the initial seLeetion of d-eslrable

cornprehenslve translrortation p}ans. On the other hand', it

must be ad.rnitted. that only a sinall number of vaniables can

be consld.ered. and. various simplifying assumptions have to be

mad.e as othen',¡ise the pnoblem becomes mathematically

intractable. This thesis is concerned. mainly v'¡ith a numben

of mathematlcal investigations 1n thls fiel-d''
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1-2_-HÅ.e!ÉLc-s1j-*clg.r*Eg

The first attempt to attacl< the problem of traffic

Congestion ln a general mathematical- fashion i¡¡as mad.e by

Smeed.. In a pioneering paper Í171, Smeed. introduces the

lrnportant concept of the area of road. required' for a

journey, and aLso proposes a theoretical model of a tor,vn.

He assumes that the tor',¡n is circular and. symmetrical about

the centne. All the workers in tTre tol''m l'¡ork in the

circular central area, and. live 1n the surrounding annular

resiclential- zoneo Except for the space fecluirecl for noad.st

the work places are uniformly d.istributed. Ín the central

area, while the homes are unlformly d.istributed. 1n the

resid.entia] zone. Each l'¡orker is asgumed. to follov¡ a

simple form of routeing for the journey fron his home to his

v¿ork place, r,'ith these assuml:tions, Smeed. is able to

calculate the amount of road. space nequirefl for the journey

to v,¡ork for a given totzn population. The size of the

central area and. of the vrhole town are also d.erived-.

fn a second. paper [19J, the calculations for the central

area of a tov¡n are extended, and. three routeing systems are

stud.ied. in d.eta1l. Tt¡¡o d.lstributions of v¿ork places are

consiclered.:

(u) A uniform clistributlon as above;

(¡) The d.ensity of l'¡ork places is inversely proportlonal
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to the clfstance from the centre of, t'Ïre town'

Some d.ata On the journey to t¡rorlc in Lond'on are analysed' and'

compared. v'¡ith the tJreoretlcal results' This paper is

notable for the empirical results given, and. for the effort

nad.e to examine critlcally the appllcability of the

theoretical nod.eI"

Smeed. and. Jeffcoate lryJ have ealculated' the d'istances

travelled. in the central area when people use a rectangulan

gr1cl of noad.s, and. compared the results with those for other

forns of routeÍng" In these papers it has þeen assumed'

that the d.lstribution of v¡ork places is unaffected' by the

exlstence of the road. netulork and. fulI account v¡as not taken

of the space recluired. fon the roads ln some forms of

routeing. This approximation is not mad'e and a more exact

treatment given by Sneed- in a founth paper I'Zll' Varj'ous

aspects of the mod.el have also been d.lscussed- 1n other

papers I t B, ZO ,22 r24rf . As Sneed.f s ïvonk i s fund.amental andl

forms the basie for the analysis glven in this thesist a

fu11er discussion of hls results and. assumptions is given

in Chapter 2.

Sneed.t s basic mod.el of a circular city has been flrther

investigated by Haight ÍlZ), who d-erlves the probabillty

d.istriþution fon trip length, aniL the probabllity d'1strf-

butÍon for trafflc I'reight at, each point 1n the city, und'er
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the assumption of six d.ifferent rOuteing systems. For arqr

particular routelng, the traffic vreight at a polnt 1s defineÖ

to be the measure of alL d.estinations recluiring travel

through that po1nt" Fairthorne [10] discussee the concept

of accessibillty r'¡ithln a city, and calculates the d-istances

betvreen pairs of points in toi'rns of simple geometrical

shapes. He consid.ers four types of netlvorks : d.irect,

rectangular, rad.ial-circular, and. trlangular.

Holroyd. [1]] classifies each journey that takes place

in a particular area as (i) internal, (il) eross-cord.on,

or (iii) tfrrough, according to r',,'hether the origin an¿

d.estination of the journey af,e (i) both insid.e, (ii) one

lnsid-e and. one outsld.e, or (iii) fotfr outsld.e the area.

The average d.istance travell-ed. uithin the area by such a

Journey is obtained. by find-ing the average length of a route

between (f ) two rand.om interlor points (ii) a rand.om

lnterlor point and. a rand.om peripheral point, and' (ifi) tv'¡o

rand-om perlpheral points. These three quantities are

calculated. for a circular area vrith tr,velve dllfferent routeing

systens. For those routeing systens which make use of an

lnner clrcular rlng-road, consentric v'¡ith the area consid-ered',

Holroycl d.etermines the positions of the ring-road. whlch

minimlzes the average length of internal, cross-cord-on, and'
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through journeYs.

M11Ler and. Holroycl t 14] point out thdt a large part of

the congestion experlenced by traffic in towns arises from

the fact that vehlcles have to cross each otherrs paths'

unless these crossings take place at, a flyover, some d'e1ay

at, the intersection 1s al-most j.nevitable. Pupsuelng this

id.ea they discuss hoy¡ the number of route-crosslngs can be

used. as one characterlsatlon of the trafflc movement fn an

area, and. d.erive the expected- number of crossings for two

ranil.omly sel-ected. routes in a simplÓ circular ci-ty, where

the origins and- d.estinations of Journeys are unlformly anit

lnd.epend.ently illstributed.. Slx types of routeing systems

are consld.ered. the problen of selecting a set of routes

wÌrich minimizes the numl¡er of route-crossings on a glven set

of journeys is then stud.ied-" Finally method-s are given

for calculating the travel lntensity (tfre total vehlcle

cllstance travelled. per" unit time per unit area) and the

crossings intenslty (tfre numben of .crossings per unit time

pen unit area) for every polnt in a city"

The optimal locatlon of expressìivays comprise a group of

pnoblems, r,¡h1ch are obviously related to those d-escribed'

above. As exBressv/ays are a prime ingrec.lent of any

transportatlon p1an, it 1s not surprlslng that the problems'

connecteil- vith them¡ â1lÊ of great interest anÖ have been
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lntensivelY stud.leil.

Creighton et aI Í7 rA] nave d.etermined- the optimal

spacing of expressways and- arterlals on the basis of the

following slmple assumPtions: r

(") there are only three 'cypes of st'reets locaI,

arterial, and. expressrrays wlth d.nlvlng speed's 1n the

ratlooflz2:4'
(t) A1l streets exlst in a square g3id. Battern only.

(") The spaclng of Local streets is fixed at 0.125 mileg.

(A) îhere 1s a uniform d.ensity of trip genenatlon at all

places in the urban terrain consid.ered''

(u) Thene are ramps to expressïuays at, thê same spaclng as

arterial streets.

Other factors taken into account includ'e the frecluency

d.istrlbution of trip length, ancL the usage mad.e of the

d.ffferent types of road.s by trips of d-ifferent lengths'

Erçressions for the total cost of travel and' the total cost

of construction are glven, ancl these are used' to flnd the

spaclngs of arterlals and. expressways which minlmize the

overall cost'

A more general mocLel has been stud.ied by fanner [28]t

who assumes that a þasic road. system exlsts vrhich permits

travel ln a stralght llne between any tr¡¡o polnts' Tannerrs

paper is concerned. with the effect on the average travel tine of
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a journey of supenlrnposlng an ad.d.1tlona] network of notor-

tr/ays (nritistr for explressrrays) rvith higher travel speed-s onto

the baslc road. system. His other assumptlons are:

( a) Trips are generated. at rand.om pof nts on an inf inlte
plane;

(t) Each trip has the same straight-line d.lstance from

origin to d.estination;

(") All directions of travel from orlgln to destination are

equally like1Y;
(¿) A motorway may be joined- or left at any point'

Tanner gives results for paral-Lel' square grid., rectangular

grid., and. multl-d.lrectional motorways.

Fried.rlch [ 11 ] has d.escribed. some interesting appli-

cations of the calculus of vanlatlons in the eolutlon of

toln planning problems, particularly the optimal location of

road.s. The baslc integral for the varlatlonal problem 1s

obtained. by surnming up the total person - dlstance travellect

in the urban region und.er consideration. The person -

d.lstance associated. t'.'ith a journey 1s d.efined. to be the

length of the Journey multiplied. by the ngrnber of persons

going on the journey. the form of the road layout for

v¡hich this basic integral is an extremum is calculated' by

solvlng the usual- Euler d.ifferential equatlon. For prac-

tical cases, it turns out that the extrenal solution ls also



-11-

the minimal solution, and. Fried.rich regard's thls as his maLn

objective. The minimization of total person - dietance

usually means that the zones v¡ith the heaviest inter-zonaf'

traffic ane routed, as d.inectLy as possible'

The d.istrlbutlon of trafflc on a given transportatlon

netv¡ork ig another topic, v,rhich has been stud-1ed- by many

authors includ.ing lrr/ardrop 1291. the ernphasis here is on

the relationshlp betl,¡een the d.emand- for travel betln¡een the

varioUs zc,nel of an urban area, and. the tcostr of travel

along prescribed. routes. The term tcostr 1s often generaL-

Lzed. to inclurle such factors as time, price of fuelr or tJvear

of the vehlcle. Although the traffic aspects are not

neglected., lt appears that the major lnterest at present 1s

on the d.erlvatlon of some formu]a that Ïui]1 represent

accurateLy the nanner in l'¡hlch a given zorle attracts traffic

from other zones.

lilr'hile theoretical r'¡ork 1n the fiel-d of urban trafflc

netyrrorks has been fairly substantial, lt is unfortunate that

emplrlcal aqalyses have not kept pace clue to the d'ifficulty

of obtaining the required- information. This is often only

avail-ab]e 1n such a summarised. form as to render it imposs-

ible for any general analysie to be mad'e'

Of the fer¡r stud.les available, the most relevant appears

to be the papers by Sneed. [19] and- CLark [¡16]' Smeed
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glves some results for the Journey-to-work and. for the

distributlon of homes and. work places ln L,onilon. one of

h1s slgnificant conclusions is that, if people travel cLirectly

from thelr homes to their work p]-aces, then a consld'erable

proportlon of unnecessary traveL is bound. to occur ln the 
_

central city area. clark has stud.led., in d.etailr the

d-lstributlon of population 1n tvrenty clties at varlous tirnes'

anfl shovrn that the population d.ensity d-ecreaseS more-or-less

exponentlally wlth lncreasing d.lstance from the clty centre'

Another of his interesting conclusions is that in most

clties, ?s time progresses, the d.ensity tend.s to fall- 1n the

most crowd.ed. inner suburbs and. to rise in the outer suburbs

so that the whole city ten¿e to expand.. lileiss [;01 has

revieWed. Clarlcrs results, d.eveloped. some eXtensions, an¿

provid.ed. an application for a serviclng problem lvhere there

are lnstallation as well as coverage costs' This topic has

also been lnvestfgated. by Sherratt [16]'
An analysis of some work trip d.ata for Ad.elaid'e 1s given

in Chapter VI of the thesls, and. it is shor¡n that Clarkis

formula gives a good. f1t for the d.istribution of hones

withln A.d.e1aid.e. The d.istrl'outlon of work places 1s also

cliscussed. although no sirnple pattern is apparent in thls câse'

It is obvious frorn the above d.iscussion that t'he stuay

of urban traffic in a general, mathematlcal- fashlon is still

J.naveryprimltlvestate.Arealistlcstatenentofthe
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problem w111 involve so many complications that no solution

appears to be possible. Hence the use of slmplified. moilels

is lnevitable. This thesis consid.ers several such mod'els

and. shows that a d.etailed. stud.y of these cases can provid.e

nev¡ and- important, everf though fimited., lnsights into the

overall problem.

The main parameters investigated. are the average

iLlstance travellecL, average travel t1me, and- average area

of road. space required. for the journey to v¡ork ln various

types of citles. The concept of the area of road- reguired'

fon a journey 1s d.efined. and. explai"ned. ln chapter II' which

also includ.es a summary of the later chapters. However

the two most important results, presetlted. in this thesis

and. prevlously d.lscussed by Tan [25126r27f ln a series of

papers, can be summarlzed. as foll-ovrs:

(a) For some important routeing systens 'bhe total city sizet

reJative to the eize of 1ts central business d'istrictt

can only be lncreased- to a certain extent before the

routelng system becomes inefficient and. non-optlma1;

(t) A s1mple rnod.lfication of Smeed.rs baslc mod-el- can be

used.tostud.ythetrafflcpatternofcommutertnavel
in satellite towns. Thls mod.ified. moöel is surprÌs-

1ngly comprehensive and' enables a large number of

parameters to be stud.ied.'
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2.1 area of r"oad orr íred ôr. a iourney

The eoncept of the area of road. requlred. for a jounney

wa8 lntrod.uced. by smeed. t171, and. ie essential for the

calculatlon of the amount of road. space nequired' for travel

wlthin citles. This concept is meanlngful whenever a

netr¡¡ork of road.s ls occupied to capacity for a d.efinite

perlod. of time, and. hence is particularly suitaþle for the

stud.y of commuter traffic 1n the morning and' evening peak

perioils.

Consid.er a road. of wid.th Vtl feet' and' capaclty A

vehlcl-es per hour. If thls road. is used. to capaclty for a

periocl. of T hours and. the number of persons to a vehicle

is d, then the w1d.th of road- requlred. fon a person journey

is vQcl feet. It is convenient to d-enote vQcr by \.

If each person travels a d.lstance of one m11e along thls

road.r then

Areaofroailrequirecl.perperson=5280^squarefeet.
for a journeY of one mile

The following points should' be noted':

(a) The value of 
^ 

can be d.ecreased elther by lengthening
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the d.uratlon of tlre ireak travel pcriod. or by increasing

the number of persons to a vehlcle;

(U) Since the capacity of a road. clepends on the speed. of

'bravel, 1t follor,,s tha'b the travcl speed. has been

lmBlicity assumed- 1n the above calculation. The road

capacity clecreases as the travel speecl increases lvithin

a certain range, and thgs the value of À lvi1l incnease

lvlth increasing sPeed-"

(") ÂIthoug.Ir it h¿is been assu¡ned. t¡at the road. und.er

conslileration is usecl to capacity 1t 1s obvious that if

this is not the cage, then some road space is r'¡asted'

and. the area of road. requlred. for a journey v¡iII

increase. Hence the above proced.ure can be consid.ered

as Siving, fn a senge, the minlmum area of rOad. required.

for a journey.

Some very useful clata, reproil-uced. in T-ABLIÌ1 T, have been

publisired by the Road. Research Laþoratory Uf) on the roâ.d.

space required. by a person to go a journey of one mile lvith

d.ifferent :;oclcs of transport and. und-er d.ifferent cond-itions.

The assumptions behind. the table are that the pealc travel

neriod. Lasts for tt',to hours, a cer carries 1.þ persons On the

average, a bus carries 52 passengers (tnese are consid'ered

to 'oe average f igures for tire peak period. 1n Central Lond'on),
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ROAÐ SPÄCtr REQUIRED BY .4. PERSON

FOR A JOIIRNEY OF ONE I,IITE

Road. space
requlred. per
Derson-mi1e

(ãquare feet)

Urban Street 24tt'. v¡lde

In Central Lond.on

In Central Lond.on

-vfith felv ped.estrlans
or lntersectlons

Urban street hbft. rvld-e

In Central Lonilon
In Central Lond.on

\ilith few ped.estrians
or lntersections

Urban motorl',ray

Can

69

\z
30

11

Bus

10

6

39
28

17

6

l+

4o

15

10

30

15

10

30

2OOO per
12 ft. lane

1970
2790
l+4oo

610

990
1 400

Speei[
(ni1elhour)

Capacity
(p. 

" 
,u./houn)
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and. that a bus 1s equivalent to three pa.ssenger car rmits

or automoblles. rt is interestlng to see from Table I

that the road. spaee necluired by a person for a one-mile

Journey by car varies fron 69 square feet on narrow

Central Lond.on streets at a 1,ravel epeed. of 1J n'p'h' to

only 11 square feet on url¡an moton'rays at ho m.p.h"

-?.2-fh-e--4ge'È..æ-g9-*{.qq.sr*tgq--B,-a-cå*tvc-ee!r-g
The usefulness of the above concept of the area of

road. requirecl for a journey is best illustratecl by

d.eserlblng soÌne of Smeed.t S results for the road. gpace

recluirements of a cltY centre.

A slmple theoretical mod.el of a clty 1s consld-ered-,

ancl the analysis is confinecl to the journeys to anil fnom

v¿orlç in the peak traveL perlod-. It is assrxnecl that the

central- area ls circular, and. that all the people r'¡ho \'¡ork

in the centnal area Live outslcle it. The other rel-evant

assumptlons are:

(") 'Ihe number of t:orkers en'berlng the central area is

knot¡/n ancl ls the same at all parts of the clrcunfenence;

(¡) The polnt at which a r'¡or]çer enters the central area 1s

not correLatecì. wltlr the positlon of his oLace of t'¡orlc;

(") îhe d.ensity of t'',iorli-¡rlaces is lnversely proportlonal

to the d.istance froln the clty centre'
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Sinee actual road. netr'¡orks and. tnavel routes are too

complicated. for mathcinatical airaÌysis' a slmpllfylng

assuilption has to 1¡e nad.e and- only 1d.ea1 routcing systens

are consliLered. Three types of noutes aPe stud-led-:

(u) Direct: The route fo11ov¡s a straight line from the

ed.geofthecentralareatothed'esl'lnatlon;
(fr) Racllal: The route follolvs a racl1al to the city centre

and. then fo110i-¡s another rad.ial to the d.estinatlon;

(") Iting: The route follolvs the clrcumference of the

central area to the rad.iaL on r:¡hlch the d-estinatl0n

I1es, and. finally goeÊ straight to the d-estinatlon.

I'he avet¡age d-lstances travelled. in the central area

b¡l means of the above three routes can þe caleulated, and'

then the roacl space requlred. per ?erson for the journey to

and fron t¡ork is easily foünd. The d.eta1ls are glven in

timeed. ¡1f J. qre results, aÊsuini.ng that all the t'¡orkers

travel by car, are surnmarized. ln an interesting figure

reproduced. ln Fig. 1. This shov¡s 'bhe a¡nount of road' ÊBace

required_ per person plotted. against the numþer of persons

v,"orking 1n the central area.

The d.ata ueed for thls figure relate to cond'itions

prevalLing in central Lond.on, and. it is assumed that the

streets are of l'¡id-th !4 feet lvith traffic movlng at 10

miles per hour, 'l .þ personS to tlre carr anfl a peak peniod' of
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2 hours. The road space nequfred. Bei'person for a one-mile

journey ls taken to be 28 square feet, I'rhi1e the space

required. per person for vorklng and. for parking are assumed'

to]¡e24Ssquarefeetand.2Ssquarefeetrespectively.
The results, representing travel by bus' are also

includ.ed. in Flg. 1. In this case it i5 assumed- that the

space requlred per person for a one-mil-e joupney is l+ Square

feet, and no parking space is required''

It 1s imned-iately seen, from Fig' 1e that the road'

space required- per person for the Trome-rzork journey increases

rapld.ly v¡ith the number of persons vrorklng tn the central

area. This 1s an inportant result, ancl shor-¡s clearJ-y that

cach nel'¡ 'r,yorlcer recluires an ad-d.itional amoUnt of road- Space

lvhich increases in relation to the total number of vrorkers

alreadY Pr.esent.

?-,3-SuJ-nJirÈÐL-gt-LA-t-çJ,.-qh-@

The effeet of gnowth 1n the number of persons living

in the suburbs of an id.eal j zed. circular city and. vorlcing

in a central business clistrict of constant size is

lnvestigated. in chapter fÏI. seven alternative basic

routeing systems are examined.. critical- values for the

size of the lvhole clty, relative to the slze of its central

business d.istrict, and. for the ratlo of the clenslty of

rvork-places to hoines are obtalned' The criteria usecl to
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evaluate the routeing systems are average d-istance travelled',

average travel ti¡rre, and. average area of road' space requirefl

for the journey to v¡onlc.

Thls baslc nod.el- of an inhomogeneous clty ls further

investigated, ln Chapter IV, r'¡here 1ze consicler first the

average d.istance travel-led. froln trome to i:rorIc, in cities

t¡ith rectangular routeing systelns but of d'lfferent geometri-

caL shapes. Then the case of a square city Ïilth three

mod.ifiecl rectangular routelng systems is exainined' and the

average trlp lengtþ and. average time taken are calculated'

It 1s shot¡n that several interesting conclusions follov

from the calculateC results.

Ä si,rple mathematical nociel of a satel-1ite tot'fn is

presentect in Chapter V. It 1s shot¡rn that the noclel- contains

the basic features of a satel-l-ite Nev'¡ Toun as rvell as of a

SatelLite Resid.ential To!'¡lx. The characteristics of

commuter travel in a SateLllte Resid.entlal Tot''¡n ¿lre

investigatecL , and the size of the Central Area and- of

the satellite tovrn, tþe d.istance travelled- per unit area,

anCr the average dlstance trave]1ed., are evaluated-. For an

initiaÌ sample set of clata, numerlcal results are presented-

and- d.1gcusseCr..

Some trork-trlp d.ata for Aclel-aid-e are anal¡rss¿ in
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chapten vI. The d.letriþutlon of homes ls studled' 1n some

cletallr and. lt 1s shov¡n that the d.enslty of homes can be

etcpressed. ln terms of tþe dlstance from the centre of the

clty by neans of a slmple formula. Data for the

d.ietrlbution of r,¡ork-places lvithin Âd-eLalcle are also glven

ancl co¡nmented. on.

FinaltyChapterVlld.lseussessomegeneralaspectsof
the pnoþl.em, aniL offers Buggestlons for further vrork.
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¡,N trXPAIUING _gi3Cu!¡n -crtI
J.1 The, trus.þ:houf I 

!-ro-þ]-eirl

The trafflc problem, in many cities, is essentlally

the Broblem of caterlng fon the very ì-arge number of workers

who commute from thelr homes in the suburbs to a densely

packed. city area or central þusiness flietrlct" Thls nrsh

of workers ln the morning and. evening takes pl-ace within a

relatively short periofl of time, usually one or two hourst

and. seriously overload"s the avallable road network at these

perlods. Âs a result excessive d.elays and congestion occllr.

Efforts to all-evlate these hazard.s hâve often been frrrstrated'

d.ue to the d.ifficulty of regulatlng the vehlcLe ovünerst

Ring roads, for example, which are d.esigned to d.ivert through-

traffic frorn the city centrel have freguently been heavlly

utillzed. by those going lnto the central business dlstrlct.

An j.d.ea of the magnitud.e of the problem may be gauged.

from the fact that travel to work accounts for more than 40

per cent of all home-based. trips in citles of over one

nlllion populatlon. Some transportatlon planners have even

stated. that as much as 90 per cent of thelr time anct effort

ls d.irected. toward.s ffnd-1ng means of catenlng for the

thome-to-workr commuter trip.
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One of the ¡nost perplexing aepects of the rush-hour

problem is that any solution, vrhlch is to be rea11y effect-

ive, must take into aceount not only the present state of

the comrnuter trafftc but also the fact that this trafflc iS

llkeIy to become heavLer and. more prevalent in the futurne'

Thus the tovn planler has to plan for an expand'ing as well

as for a congested. city. Thls expanslon is clifficult to

plan for because a feature, common in urban gnowth, is that

the central business d.istrict, lvith a high concentration of

Trorkers, grof,rs very slowly in size lvhereas the surround.ing

suburbatr region, vrhich is mainl-y resid-ential, spnead's rapld'ly

ancL constltutes an e¡pand.lng rSuþurloan Spra1tr1t. In marqf

cases the d.ifficu]ties of the town planner aTe compounded by

the fact that he is saiLd.led. rvith a basic road' systemt vrhich

has gnourn with the cityr Bo that he is llnrlted' to only minor

changes.

This chapter studies this aspect of the t rush-hourr

proþIem and. d.eals l,¡lth the effect of some basic routeing

systems on the average d.istance travelled, average tlme

taken, ancL average area of road. space required. for the

journey fro¡n home to lvork in a city lvhere the resid.ential

area ls grolving rapldly. rt is þased. on an extension of a

nod.elr due origlnally to Smeed [17].
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3.2 Formulation

The city is assumed. to be 1n the form of a circle of

rad-ius R, v¿ithin v¡hich is enclosed- an j"nner concentric

circl_e of rad.lus r. . \¡/ork places are assumed- to be

unifornly d-istributecl over the inner circle (trre cBD) and'

homes to be uniforml-y d.istributed. over the outer concentrlc

zone (tfre resid.ential suburb). It 1s assumed. that there

is no correlation between the positi.ons of homes and' iruork

pl-aces¡i.ê.peopleilonottrytollveinsuburbsv¡hichare
near their places of $rork. These sinprifying assumptions

are necessary in orcler to make the pnoblen tractable'

They can be regard.ed as reflecting our meagre und'erstancLing

of urban traffic phenomena. For the purpose of examinlng

the effect of an expand.ing suburl¡an zorLe, wê shaIl later

keep r constant and- increase R'

Apersoncantravelfnomhishometohisr¡¡orkplace
in any one of seven TvaYS:

(") Direct: By going 1n a straight line from his home to

his d.estination. This routeing requires a net\'¡ork of

straight road.s running in all d.irections at all polnts'

There 1s no real road netlvoric vrhich can provld-e even an

appr.oximationtod.inectrouteing.I]oweveritisof
interest as it gives a lower bounil for the travel

'listances.
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(¡) Rectangular: By going along one of the many shontest

routes from his hone to hls l''¡orlc place, utllizing routes

that are elther para11el or perpend'lcular to a

particular d.lameter of the circles. this routeing

requires a rectangulan grid. of road's'

(") Ra¿ial: By going along a rad.lal to the centre of the

clty and- then along another rad"lal to h1s cestination'

this routeing requires a netv¡ork of rad'lal road-s

running in all- d.ireetions and- connected. at the centre'

(a) Rlngr By going along a radial until he reaches the

inner clrcle, then along the circumference (clockwiee

or anticlockvriee - r¡¡hichever is shorter) until he

reaches the rad-ial on vrhich his d.estination l-ies, and'

f1na1ly straight to hls d-estlnation. This routelng

requlres a netv¡ork of rad.lal road.s runnlng in all

d.irectlons, not connectecL at the centrer âfld. a ring

road.atthecircumferenceoftheinnercirc].e.
(u) Arc-rad-ial: By going along a circle concentr'1c urith

hls home unt1l he reaches a point on the same rad-ial

as his d.estination and. then straÍght along 1'he rad'ial

to his d.estination. This routeing requires a network

of rad.ial road.s ruru:lng in all Oirections, not con:rected'

at the centre, and ring-noad.s eoncentrlc rvlth the

clrcles at all d.istances in the resiil.ential zotle.
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(r)' Radiat-arc: By going along a radiaL r¡nt1l he reaches

acircleconcentricv.¡lthhlsd.eetinationand.then
alongthisclrcle(clockv¡iseorantlcloekwlse-
whicheven is shorter) to the itestlnatlon. Thls

routelngrequiresanetrn¡orkofrad.ialroad.srunning
in all ctirections, vrrhlch need' not þe connected' at

thecentre,and.ring-road.sconcentricvliththeclrcles
at aIl d-istances Ín the central area. Holroycl l13l

polntsoutthatthisistheshortestrouteconslsting
ofoneracl-ialsegmentaniloneâfC.IVloreovenitwoulil
be difficult to enÊure that no person passes through

thecentre,foralthoughtherad-lalroad.snaynotbe
il.irectlyconnected',theyareconnecteiltoaning-road
very close to the centre'

(g) Polar: By using elther a Rad'ia1-arc or Rad'1al route -

whichever is shorter' Thj's routelng requines the

same netlvork of roads as in Rad.lal-arc routeing¡ but

hastheraclialroad.sconnected.atthecentre.
z. ?_Ayenaee_ lrip J_ggg-t¿

place a polar co-ord.inate syeten on the cityr as shown

inFlg.2.Ahomeisd.efined'þyapointn(n'o)anila
r¡¡ork place þy a point G(l ,0). Because of the symmetry of

the figure no generality is l-ost (except in the case of

Rectangular routeing) by assuming that the angular co-ord'inate
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FTGURE 2. TIIE MODEI, OF AN TNHOMOGENEOUS CIRCULAR CTTY WITH AN TNNER CETTIRAI

BUSTNESS DISTRICT AND AN OUTER CONCM{TRTC RESTDENTTAT ZONE'

{GOH = 0¡ {OHG = P



-26-

of H is zero and. by restrictlng 0 to the range

o<
later be calculated. by a method. vuhich is not affectecL by

these restrictions.
Slnce homes anil work places are uniformly d'istrlbuted't

the probabillty of find.lng a home or a work place at a point

1s proportional to the polar element of area ê.$r ¿d'LÔ'î.

The d.istance cl travelleiL along the flrst six routes from

H to G are:

Direct d. = r/[h2 + ¿2 zlnÍ' cos 0] (l'l)

Rectangular it =h - 4 cos 0 +/ sln 0 (3'2)

Radlal d-h+ t' (3"3)

Rins d=(rr-r)+ro+ (r-t) (¡'4)

Arc-rad.1al d=(ir-t)+h0 (S'S)

Rad.ial-arc d=(fr- L) + t,0. (3.6)

For polar routeing the traveller will use the RaCLial-arc

route if 0 < 2, anil. the Rad.ial route if 0 > 2'

lhe average d.istances travelleil- can be obtained. by

several methroilsn However the most convenient appears to be

that of straight forwarcL calculation.
(a) Direct"

It is convenient for this particular calcul-ation to

d.enote the d.istance d. by Qc The method. usecL is to

calculate first the expected. value of q assuming that h

i s constant and. then to all-ow for the variatlon of h'
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The expecteil val-ue -r7 ls thus glven by

(n) = F ,iT*
where BLn e = d,sin O/n'

(l.l)

It is see¡r fnon I'1g. 2 that, fOr a pa.rtlcular value of h'

the pananetere n and. g in eguatlon (3.2) are neetrlcted'

to the r:anges rh <

Tt = h cos g - r/(r" - hz slnz e) (3'A)

Iz = h eos q +.,/(n2 - ¡z slnz 9) ' (3'9)

TheprobaþilltythatpointGlswithlntTrepolarelement
of area rid4Ôç, given that it ls ln the upper half of the

lnner clrcle, is Zr¡dr¡dq/nr? '
Therefore

sin- 1(å) ,oz

_E (ù=Zl " I n2 dqdq)ete ffi Jo Jr,

Å-n E't b l¡o

¡82lfr? to

i"-'(f;)
t6(ü cos s)P ("" - ¡z sinz a)ttz
+ z(r, - hz slnz q)3/'] dq .

( 3' to¡

The usual conventlon has þeen aclopted' so tTrat

il (...) d4 d.tp = H(,..) dr¡ ] aq a (5.tt)
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subetltuting r sin cr = lr sin p in eqrratton (5'to¡ glves

E
0rq

tlz

The expected. value ,l 1s

[cos¿ d/t/(hz 'c2' sinz ")] 
drr .

(i. t z)

Ih (n) I dhE
\tó

lrt z

+ L*2 fTl o

ñ

R

r

Ipz [coszø(1 ? rzsinaa/Rz)sl2] ao

o

+ r'2 [cosaa(1 - r.2stnzq./Fc2)Ll 2 ] ao
'lrl z

r

I 0

tz¡rs/45rir(R".:l'2) ¿ 3¿ll)

In ord.en to facllitate numericá1 computatlon, this expression

can be wrltten in terms of elllptic integrals' The

average d.istance ñ or A comes to
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A = EEædË-:?ã) [ (r' + 14rERP + Re )e(r/R)

(n? - 12) (7r2 + R2)K(r/R) l

l z¡rs /U5o(R" r2 ) . ( 3'14)

f(r/n) and. n(r/n) are the Legend're complete elllptica1

lntegralsofthefirstand,secondkind.respectively.These
have been taþulated- in numerous books of tables'

(¡ì Rect€rgrler

Theeaslestmethod.ofobtalnlngtheaveraged.istance

travelled.usingrectangularrouteingistousearesultof
Fairthorne (to), who pol-nts out that the average length of

a rectangular route can be found. by multiplying the average

lengthofthecorrespond.lngd'l.rectroutebytheaverage
ratloofrectangularcl-istancetod.lrectctistance¿The
reason for this is that the symmetry of the circle en'sures

thattheorlentation,re]ativetotherectangulargrld',of
the straight l-ine joining an origln to a d'estination is

ind.epend.entofitslength.Thismethod.cannotbeused.,for
examþIe, iir a sguare or rectanguldr cíty'

Ï,etthestraightlinejoiningaho¡netoaworkplace
be of length rl. If this l-ine makes an angle d' with a

partlcularaxisoftherectangulargrid,,t}rentherectangular
d.lstance is

4(cosa+sinø) ' 
(3'15)
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is thus

2- ['' (cos cr + sin ø) ao = ] ' ( 3'16)
1t Jo rr

Hence the average cListance travelled. from home to u¡ork is

d= [(t. + 1l-¡paPe +R¿)u(r/n)

- 'ri'r"i,î"r':',:"': :"1,.'1.' (3'17)

The same result can also þe obtained. by a d'irect calculatlon'

( cl Ra¡i. _tü

Íhe average trlP length ls

A =n(rr) +E(¿)

=zR2/3(R+ r) +4r/3 ' (3'18)

(a) Rine

The expeoted, triP length is

ã. = E(h - r) + E(ro) + E(r -I')

= 2n'/3(n * r) + rrt/z '
Arc-raiLial

The exPected- triP length is

A =E(h- [') +P(rro)

= E(h - ¿) + n(rr)B(o)

since the variables h and. 0 are ind.epenitent'

A = þr * 2)R"/3(n * r) + rrr/3 '

(e)

(3, tg)

(3.2o)

therefore
(3.2t)
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(r) Radial-arc

The expected. trlp length is
ã =E(h- t) +E(¿)e(a)

= 2R"/3(n * n) + rr/3 a (3.22)

(c) Polar

slnce poLar routelng utllizes a Rad-ial-arc route 1f

O<0<2, the expecteil trlp length for ttris range 1s

zsz/3(n+ r) + zr/3 . (3.23)

Hençe the average trlp length for po1"ar routeing over the

whole range (o<o<rr) 1s

ã=Il,zn"/j(n*r) + zr/31 .#lzsÈ/l?.+ n) +4r/3)
Tf'

= zn2/3(n + r) + 4r(rr * l)/n . (5,24)

It 1s clear from the above formulae that the last flve"

routes can be consid.erecl as a group. These routes can be

arranged. in the foLlowing ord.er: Polarr Rad.ial-arcr Radialt

Ring, ânfl Arc-rad.1a]. The avêrage dlstance travelled. from

home to v¡ork becomes progressively longer as one d.escenils

d.ov¡n the ord.er. Thls polnt has also been noted- by

Einhorn [9].
Numerlcal values for A vr¡lth various values of R

have been calculated. and. Flg. 3 sltov¿s the varlation of mean

trip length urlth increasing R. It is easlly seen that

the Direct routelng system gives the minimun trlp lengtht
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while the Anq-rad.lal system glvee the maxlrlllltl. Holnrever the

curve fon the Rectangular routelng system, which is the

basl"c routelng system for man¡r cltles, lntersects the curves

for. tfre Rad.ial anct Ring eysterns. Thls means that thè

avêräge tnlp length for t6e commuter jounneyr using a

Rectangulap route, Ís less tþan the Radial or the Rlng

systens only for cltles that are limited. in size when

comp$reil to the size of thein central business d'1stricts'

fn thls case tlre total rad.lus of the clty has to be less

than 3,Or ¡nlles ancl h.5r mlles respectively, v¡here ? is

the rad.ius of the central þusinees d-lstrlct'
It can be aseumed. in our mod.el city that the numþer of

homee in the resÍi¡ential zone is egual to the numþer of rvorlt

placeo ln the central buslness d.j.strlct', Then the ratlo t
of the d.ensity of ll¡ork places to homes is given by

{t= (nr-f€)/ú . (3.25)

Fron Fig. 3¡ we 6ee that for aIl- values of Ú>Q, the

Dlrect routelng systen glves the shortest mean commuter trip

Length and. the Arc-rad.lal system gives the longeet. The

Rectangular routeing system results in a shorter average

journey length than tlre Rad.lal or Ring systems only for

l,<8.0 and. .!t<19.t respectively.

å.4 4.vgrase--!9,@
Arrother criterlon that can be employed' to evaluate the
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nerit of a routeing eystem is the average tlme of travel

from home to v¡ork. \¡rlhiLe the average d'istance travelled'

is ltnportant, the travel time is perhaps the factor of

greateet d-irect lnterest to the motorist. Let vl be the

speed. of travel in the outer resld.ential zone¡ Yz the

speed. in the centnal buslness d.istrict, and. v3 the speeil

on the ring-¡s¿¿r lf it exists'

ReferringtoFig'2,thetimeoftravelfromahome
at g(frro) to a work place at e(¿,0) is glven by:

Dlreci t = [h eôs I -/ft'- ¡ÊsinPq)]/vt

+ ,/(tã + h2 z:nl' cos o)/va

[h cos q 'r/(r' - heslnze)J/vn t

Rectangular

(3-26)

The trave1 tine d.epend.s on the partlcular

route taken anÖ ie not unlque;

r= (rr- n)/vt + (r+ t')/ve ; (3'27)

t = (n - r)/vt + ro/Y" + (r - ¿)/v^ , (3'28)

t = (rro + h - r)/vt+ (r - t')/vø ; (3'29)

t = (h - r)/v¡+ (r - t + Lo)/vz ; (3'3o)

same as Rad.ial 0n Rad.ial-arc whlihever 1e

ghorter.

Theaveragetraveltimesareeasllycalculated'aBin
the previous sectlon, by the method's of elementary

probabilltY theorY.

Radlal

Rlhg

Arc-rad.1aI

Rad.ial-arc

Po1ar"
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Ðirect
Let the d.istance HG (¡'1g. 2) be d-enoted' by \o

then the tfune of travel from H to G can be e:cpressed' as

luhere 0t

lhen

t = r¡f[z U/v" 1/'[t)qt

is d.efined. 1n equation (f .8).

T - (t/vr)n(ri) U/v, 1/vt)P(t?, ) , (3Õz)

and- n(q) ls given in equation (3.14).

The probabllity that 4t is of length

[tr cos ,p - {(rz - ¡zsin2p) ] r"
(z/mr). laq(qZ ni)/zl - L¡ "o" 

p{(r' - ¡zsinzcp)acp/ntz '
3.ll)

is d-efined. in equatlon (3,9).

sin-1 (r/n)

(3.3t)

The varj-e.bl.e Tz

Therefore

E(qt ) = [L¡ cos q {(r' - ¡zsin29) [h cos I
e

-r/(r, - ¡zslnarp)]J d.9

sin_i (r/n)
Lhz r;F] [cos2q J(r' - hzsinzq)] a,P - ïr/Vr

)

o

Tf/z

o
fcosza {(n' - rzsinzø)] ao - 8r/3rr

ß.14)
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where the suþstitutlon n sln c = h sln ç has been used-.

The expression fon E(n:.) f s obtalned' by avenaglng

E(q.) over h r ârld. can þe red.uced. to teûns contalnlng
e

stand.ard. elliptlc integraLs. FinalLy i ls calcuLated' by

eguatlon (3.32) and. can þe expressed- as

I = Bn[ (]n1 + 7r2R2 2n¿ )U( r/n) )/t+rt o'(n' r')vr

BRI (R? rP ) (ns + ]R2 )K( î/R)l/[rn* (n' ns )vt

- 64rs/t+5rr(nz r" )V¿ 8r/1rV,

+ sR[ ( ]r1 + Trzltz 2R1 )n(r/n) )/t+rt f (n' - rz )vz

sR[ (R2 - r,2) (6ú 2R2 )K( r/R))/[turr'(n' r2 )ve

- 64nsA+5î.(R2 - rz)Ve + \r/hrV, . (3.35)

The average traveJ times for the other routes can be

caLculatecl very simply uoing the same method.s as before,

and. can be wnitten d.otvn as:

RaiLial: T=tr+5r/3'tz;
Ring¡ l=Er+Tt/zvs+t/3ve i

Are-tacl1al: i = ï1 +rrRz/3(n * r)Vr +Trr/Jv, + t/ï'[z
ß.fi)

Rad.ial-arc¡ l=11 +r(r+ 1)/Nz ; (3'39\

polar: T =-tt + $¡r-t+)r/nrvz i (l'4o)

where Tr = 2R2/3(R + r)v, ú3v.1 . (5'l+1 )

As a numenical exampler tr¡re nol'¡ get V1 = 30 mph'

Vz = 10 mph, and. Vs = 25 nph, r¡¡hlch uray be regard'ed' as

ß,3a)
3.ll)

being typical values for travel speed.s on nes1d.ent1a1, urbant
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and. ring road.s resPectlveLyr

Numerlcal values for Í' with varlous values of R

and. a constant r have been cal-culated' and' Fig- h

ll-lustrates the nanner fn which the travel tÍme a10ng ttre

variousroutesaneaffected.bytheexpand'lngeuburb
(increasing R). As mlght be expected' from the above

formulae, the Polar, Rad-ial-âfc' and Radiai routeing

syetems can be ranked. in increasing ord-er of magnitud-e of

travel tiine, and. thls ranking is not affêcted. by the value

of R, Hor¡ever the curve for the Arc-racLial system

intersectstheothercurvesrand'thereisaleoaninter-
section betv¿een the curves for the Direct and' Rlng routelng

systene'ThegeintersectionsofthecurvesshoÏvthatthe
size of the city ls an lnportant factor ln the clesign of a

suitable routelng systern u¡ith thie crlterlon'

Iirour.partlcularexample,theminlmumaveragetrave}
time is obtalnecl with the Arc-rad.ia] system for the case

R<l.4rmlles,theRingsystemisttrebestfortherange
1.1+r ¡n11es < R < 5.7t miles, and' for R ) 5'7t mlles we

choose the Ð1rect routeing system' The correspond'lng

criticalvaluegfortheratiovofthed.ensityofwork
places to homes are 1 'O and' 31'5 respectively'

3. n Avçrage areLoÍ EgÈil--9gci"-I9gu1r's4

Toobtaintheaverageareaofroadspacenecessaryfor
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a comnuter journey, v/e multiply the arrerage d.ista-nces

travelled- in each reglon of the city by the appropriate

value for the area of road- requined. per person-mi'le for a

j ourney.

ThevaluesinTablellvtllbetakenasanexample.
It will be assumed- that travel- ie on streets of vrid.th

44 feet at a speed. of 30 nph in the resid.entlal- zorLe anil

along tþe Ring-road.o In the centraL þusiness d'istrict, it

r,v111 be assumed. that travel Is on narrow streets of u¡liLth

24 feet' at a speed- of 10 mBh' Uslng Table It the roail

spacesrequireil.perperson-mileforajourneyareSeento
be 17 and. t+Z square feet respectively'

îhe average road. space required. for the rhome-to-workf

journey has been calculated. for various values of R and'

constantF.Thefinal-resultlsagraph'verymuchlike
Fig.l+.ThecurvefortheArc-rad.lalsystemintersects
the curves for the Direct, Polar, Rad'ia1-arc, and' Rad'ial

systents at 1.¿+r m11es i 1'Br milþs ¡ 2'2r miles¡ and'

2.gTmilesrespective]-y,and.thereisalsoanintersection
betv¡een the curves for the Direct and. Ring routeing systems

at 5.7t mlleg.

Thls shows that v,¡hen tt¡¡o routelng systems are compared'

onthebasisofroailspacerequirements,theslzeofthe
vr¡hole city relatlve to the size of its central business
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cllstrlct is, in nany casesr âÏI impo:rtant factor in decld'ing

rruhich is the better routeing system'

¡.6 Diseussion of rqi=g.lts

Thesimplenod.elinvestigated.lnthlschapterhas
shOv,¡n thatr from the vielvpoint of ilistance travelled'' travel

timerofroait'spacerequired.lthebasicrouteingsystemln
a number of cases can cater for the expansion of the city

onlyuptoacritj.calsizebeyond-whichmajoralterations
may be clesir.able. This is of significance to the town

planner v¡ho has to d.ecid.e at v¡hat point he should. think

aboutd-evelopingasate].].itetowntoaccommod.atethe

increasing urban population as an alternative to enlarglng

the rnain citY.
Themod.elÍslofcourse'extreme]'ycrud-eand.theresults

obtainecl should. be regard.ed. as va11d. only in a qualitative

sense. There are many othen faetors' such as the

difficultles of having a central junctÍon or of having ring

road.s in the central buslness cl-lstrict, v'rhich vrorlld- have to

be consid.ered- as v¿eIl. This baslc mod-eI 0f a city r¡¡111 be

investigated.furtherinChapterlV,wheret',¡eshallstud-y
some routeing systems v¡hlch are a little bit nore reallsti-c'
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L. 1 f frtfqd.uc tlo4ir¡È-Lormula tlE
A¡'ectangritarstreetnetv¡onkisâCofimÓnfoat,u¡nej.n

the transportation system of marSr cities. It is popular

because traffic is generally v're11 d.istributed' over the

network, and. alvkward. intersections can þe avoid'ed" Ind'eed'

therectangulargrid.haspracticallybecomethestand'ard.
road network. ln a number of countries particularly the

United.States.Itisthusofinteresttomakeamore
thorough stud-y of rectanguLar routeing syetems'

Inthischaptertheaveraged'istancetravelleclfrom
home to work, 1n clties lvlth rectangrrlar routeing systems

but of d.ifferent geometrical shapes, 1s consid'ereiL first'

lhenthecaseofasquarecltylviththreemod.ified.
rectang'lar routeing Systems is e)cahlne¿ an¿ the average

trip length and. average time taken are calcul-ated.' It will

be shor,¡n again that the totaL size of a city, relatlve to

the size of its central business d.istrict, is an important

factorlnthechoiceofanoptimalrouteingsystern.
The general layout of the city ancl' systen of

co-ord.inates useiL are shovrn 1n Flg' 5' The rryhoLe city ls

assumeiltobeintlreformofarectanglevrlthsiclesof
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length 2z anil 2u . The central busl-ness d.istrlct is

represented. by ar¡. lnner rectangle, lvith std'es pa1a}Ie1 to

those of the first but of lengths 2a and' 2b

(o<

H(hrp) ancl a v,rork place by a point G(¿'m) ' The

co-ord.inates (frrp) are restricted. to the ranges

t lr'l <

the co-ord_inates (¿r*) are restrtcted. to the range

tl¿l <

As before, homes are assumed. to be uniformly d.istributecL

over the outer ar¡nular zone (tfre resi¿ential suburb), and'

work plaees to be uniformly d.istrlbuted. over the inner

rectangle (tfre central- business district). No cornelation

is taken to exlst between homes and. work plaees.

h. 2 Rectangul-ar JgELein-A.. svstens

Averase Tragel Qi-gjÞgBeÊ

It r¡ri1l be asgumed., in thls section, that the commuter

fo]lov,¡s a rectangular noute, vrhich 1s any one of the many

shortest routes frorn a home to a work place utlllzlng routes

which are paralIel to the sid.es of the rectangles.

The average d.istance travellecL from home to work is

most easily calculated by consld.ering varlous special cases

for the posltion of H¡ Assume, for exanple, that H 1les
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within the region (a < h ( 11, b < P <

of this event occurring ls (u - a)(z ' b)/4(z1t - ab)'

The d.lstance from home to Ìuork can novú be wrltten as

d - (p - b) + (u - rn) + (rr - a) + (a - t')' (4'1)

and. the corresponùlng average travel d'istance 1s

ã-(z-þ)/2+þ+(u-a)/z+a ' (t+'2)

These calculations are repeated. for the other portions of

the outer annular zone, and. the final expression for the

average trip length can be wrltten as

-b )d=a+Þl_3_l__Z
2

(4. t)

Aspecialcaseofarectangu}arcity,vr}roselength
2z is k times lts bread.th 2u and. whose central

businese Ölstrict is a square (U = a), w111 now be

consicl-ered., It can be assumed. that k > 1 v'¡lthout l-oss

of genenallty. Equation (4'¡) simplifies to

a= 3 3 (4.4)
a

If the area of the v¿hole city is taken to be eA, r¡rhere

A 1s the area of the central buslness d.lstrict, then the

fo1lov¡1ng d.lmensÍonless equation 1s obtained-:

å=bìfW 4'5)

awza
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Fig. 6 ShOV,rg ttre ave'rage commuten distance. for vanlOuS

city slzes, in a Êquare clty, a 2 x 1 rectangular clty

and.a3xlrectangularcltyrallconr"alningsquare
central þusiness d-lstrlcts. This flgune also includ'es the

comesponding curve for the average length of a rectangular

route 1n the inhomogeneous clrcular clty, lvhlch was stuflied'

in chapter III. It is seen that the average trip length

is a nlnlmum rvith a eircular clty, anil 1s progressively

lengthenecl as the shape of the clty changes into a square

and. then into an elongated. nectangle'

CompAei si4.gi!þ a homoee+eoqs- citv

These concluslons are in agreement rn¡ith those of

Fal-rthorne [f O], r¡vho has calculated' the correspond'ing val-ttes

forrectangularrouteinginahomogeneouscity,wTrerethe
homes and. lvork*places are unlformly d.lstrlbuted- all over

thecity'Theaveragetrtp}engthinsucharectangular
homogeneous citï, wlth sld'es of length 1n the ratlo 1 : kt

is
ã = (t + rrve (h.e ¡
;a --5'/u ,

where sA is t.tre area of tlre r¡¡hole city, and. A is the

area of the square central business iListrict in the

irrhomogeneous c1tY.

The ratlo q. of the average triP length in an
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inhomogeneous reetangul,an eit¡r to tr¡At Ln a honogeneous

rectangulan cltY fe
3s+1
hs-4

(4. z)0[= s as- +

For a < I ' the following lnequallty rnust hold'

$- sVe < a/kfiEI
(4.e¡

A fr¡rther restrlctlon ( s > r) ls necessary to e]}sr¡¡r'e that

the ehorter of the two city slcles ls l0nger or equal to a

elde of the Elquare central þuelness d'istrict'

It can be easily ehown that these restrictlons leacl to

the foLlowlng bound.s for cr 3

(a) for k> 3 and. sè k, d lealv¿aysl-esgthan

unltY, ffid
(t) for 1<k<3 ancL e>k' tberangeof valuesof

sr for v¡hich d' > 1 , can only lie ln the closecl

lnterval It 'f].
Asimllarneeu]-thold'sforcircularcltlee.The

averagelengthofar.ectangularroutefronhonetoworkln
anlnhonogeneousclncularcitylsalwaysshorterthanthe
correspond.lngaverageJ.engthinahomogeneouscltyexcept

for the range (f <

Itlsthuspoeslbletoetatethat,.forallpractical
cages,tÏreaveragecommutertriplengthiereduced'foran
inhomogeneouscltyrâScompared'v¡lthahonogeneouBclty'
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even when the total city size iS not very large nelatlve to

the size of the central businees distrlct. This reiluctlon

1s consid.erable as d (for reclanglrlar clties) tend's to

lts l1nit1ng value of O,75 rapid.l-y for initial valuee

of s. Thls is evld.ent from TA3Ltr II, v¡hich gives the

vaLues of a, for rectangular citles of sizes lOAt 1O0At

and. i]ooL, and. of various shapes. The correBpond.ing

Iimiting value for clrcular citles 1s 1fu/61+ = 0.7363

and- the ratio for the average trlp length in an

lnhomogeneous circular city to t'Ïrat in a homogeneous

circular city takes on the values 0.8275' 0,7453' ancl

o.73g2 for circular eitles of slzes 1OA, 1004, and' 2ooA

respectlvely. This also lnd.icates a rapld. convergence to

the Ilmit1ng va1ue.

As a practlcal exampie, consid.er t]}e city of Ad'e1ald'e'

rn thls case the central business d.istnict may be taken to

be a square of area 1 sq' mile (R = 1 ) ' The total

metropolitan reglon covers an area of about 160 89. rnlles

(s = 160), an¿ 1s roughly rectangular j.n shapet wlth its

length aBproximately twice 1ts ulliLth (t< = 2)' Thus' 1f

all the wonlc places !ïere concentnated' wlth1n 'bhe central

busi-ness d.1strlct anil a.11 the hornes scattered- outsid.e of lt'

the average commuter trip length u¡oul-d. only be approximately

three-quarters of that required. lf the homes and- work



TASIE II

CO},fiPATTISON OF HOI,IOGEI{EOUS AND INIIOI,IOGE}IEOUS CITÏES

Values of q" for various city sizes

Oity Size

ShaBe panameter
k

o.7r17

o.7547

o .7 547

o.75'l+7

o ,7 548

200/l.

I

2

3

4

5

o "7591

o.7591

o,7592

o.7593

o.7593

o.8260

0.8280

o.9307

o.9330

0 " Bf4g

104 1 00/1'



-45-

places wetre scattered. cver the v¡hole urlran regilon.

It must be recognised. that many factors have not been

consid-ered. in the preceding d.iscussion. One example is the

area requlred. for homes and. work places. If a proportlon

of the workers had. thelr homes transferred. fron the suburbs

into the central business d-lstnict, this would enlarge the

slze of the central business d.istrlct and. thus lengthen the

d.istances trave]Led. within lt. Thls would. have the

und-esirable effect of lncreasing the arnount of trafflc 1n

an area which is alread.y highly congested.. some commentg

on these points a,le contalned. in a paper by Smeed. [eO].

h.3 Mod.ifleËi Re tanøu1an teinE svstems

liühere there is an lmportant central- business d.istrictt

d.rawing workers from an extenSiVe region as in our mod'elt

highly cLirectional commuter flolvs occur. Travelling

d.istances may be uirnecessaríly long v¿ith the nectangular

street network an¿ 1t is often supplemêntefl with rad'ial-

freelvays. The effect of three mod.1fled. rectangular

routelng systems on the average tnip length and. average

travel time ln a square lnhomogeneous city, vrith a square

central business cListrlct, is stud.ied. in the following

sections. Homeõ anil work places are assurned. to þe

ctlstributed- as þef ore.
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lr.lr Trave I Distance ln a Souare Citv

There are two main assumptions behlnfl the first tl'uo

modified. systems. tr'lrstly a person r¡¡i11, as far as posslþle'

select routes r¡¡hich are not d.irected. tov'¡ard.s the central

business d.istrlctr So as to avoifl congestion, and- second'Iyt

entry to the central business clistrict is only to be

effeeted. along speclal routes.

. The f irst system is called ttre I rad.ial-rectangular

systemt . In ad.d.ition to the rectangular street netvtonk,

there nov¿ exist eight freeyrays, placed. symmetrlcally at

45o to each other. The lay-out of the nett'¡ork is shown ln

F1g. 7, A commuter initially goes along a route, vrhich is

parall_e] to t,he nearer sicLe of the square clty, until a

freelvay is feached.. He then goes along the freey/ay to the

ed-ge of the central business d.istrict, and. fron there, hê

takes ar\y one of the rnany shortest rectangular routes to

hls d-estinatlon¡

Two possible journeys gonerally exlst at each origln

(¡'ig. 7). The d.istance travelled. along route A 1s

d=(n-p) +,/z(rr-a)+(a- t) +(u-tn) (4'g)

and. along route B 1s

d=p+(rr-a)+m+(a-t), (4.to¡

It is asswned that the particular freet',ray rvill be selected'

so as to minimize the travelling cListârlc€.
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The second. mofllfied. system j.s callecl' the rnaes tnansitl

system. It is similar to the flrst, but the cornmuten

continues along the rad.la] route to the centre O of the

city, and. from there takes a rectangular route to hls

ilestlnation. îhe eight rafl1al rogtes may novr be thought of

as underground. raih,lays, or sUrface routes r,vhich afe

special]y reserved. for mass transpoi:tation. As þefore tvro

routes exist at eacl1 origin with travelling d-istances

d=(rt-p) +\/2:n+t'+m (4'tt¡

and. cl =p+Ïr+ t +m. (4"12)

The choice of route |s governed. by the minimum travelling

d.istance.

The thlrd moclified. system, t'¡hich lvas suggeeted by

Dr. À.J. l¡liLler in a d.iscussion on a paper by Tan 1261, may

be termed. the td.iagonaLt system. ft consists eimply of

superlrnBoslng a system of four d.iagonal road"s (instead of

the eight rad-ials in the rad-ia1-T-ectangular system) onto a

basic rectangular grid.. 'The assumption that d'rivers take

the shortest routes irnplies that those comnuters i'¡ith homes

in the corner negions (a < lrtl ( ü¡ a < lpl < u) w111 use

a d.iagonal roafl. to get to their rrork places, lthereas those

wlth homes ln the remaining regions of tÏre Resld-ential zone

l'¡111 follor.v the usual rectangular route'

A commuter, v¡ho uses a iLiagonal road., is assumed. to
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traveL lnitially perpend.icular to the near"er s1d.e of the

square clty until he reachee a d-iagonal road.; then he goes

along the dlagonal road. to the ed.ge of the central buslness

d.istrict, and. finally taices â rectangular route to his

iLestlnatlon. The d.lstance travelled. aLong such a route 1s

d. = (tt - p) +12(p a) + (a - t,) + (a - rn)' (4't5)

AveraEe TraveJ Distanee

ConSid.er a Comrnuter, t'¡hose Ìrome is r¡¡jth1n the na1'row

annular zofie of r'¡id.th dF boundecL by squares vrith sid'es of

length Zp and. 2(p + Op) (p > a). His average travelllng

d.istance to a d.estlnation in the central business ilistrlct

is glven by:

rectangular. t[ = 5P/z + a2/6p (h.th)

rad.ial rectangular 'a 
= Jæ + a(3 - lr/z/t+)

+ (a'/P)3/z/t+ - 7/6) (t+'t5)

mass transit ã, = r/2P + a (4't0)

d.iagonar ã-(r +\/z)P/z+a(z-t/z)
+ (a"/P)(,/z/z - 5/6) . (4.17)

The caLcul_ations, lead.ing to the above resultsr are

elenentary although a Iittle involved-.

¡Ârhen the rectangular eystem ls compared. rn¡ith the rad-iaL-

rectangular system, 1t is found. that a critical point exists

at P = 5.55a. The minimurn commuter trip length is

obtained. v¡ith the rectangular system for P < 5'55a, and'
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rvith the r'aÖÍal-rectangular system for P > 5'55a'

Slmilarly there is a critlcal polnt at, P = 11,49a in a

comparison of the rectangular aniL mass transit systems'

Hovrever the rad.ial-reetangular route is always somev¡hat

shorter than the mass transit route for all values of P'

The transition points ind.icate thatr oh the basis of travel

d.istance, a commuter, living near the central business

d.lstrict, vri1l tend. to prefer a rectangular route. If he

is living 1n the outì.ying suburbs, he l'¡il] tend' to choose

a raôial-rectangular or mass translt route'

of the four systems consid.ered., the shortest áverage

trip length is obtained. vrith the d.iagonal system fôr all

values of P. fhis ie to be expected. as this systen

effectively allolvs the commuter to choose betv¡een a

rectangUl-ar foute and. a shoþtened" rad-1a1*reetangUlar roUte'

Asapractica}illustrationoftheresults'Suppose
that the cehtral bueinese d.istrlct is a square of area

1 sq. mile as ln tlle casè of Ad.el-aid.e. Ihen a = o.5

mile and. the transitlon polnte P = 5,55a an¿ P = 11'LL9à

take on the valìres 2.78 miles anil 5.75 miles

respectlvelY.

The overalL efflclency of commuter travel- in a square

city of area sA, lvhich Contains a square central business

ilistrict of area A, u¡ill now be consid-ereil' The average
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trlp lengths, in this case¡ âr€ easlly obtalned' by an

lntegration of the last three equations, and' may be

eltpresseiL as:

rectangular

rád.141-rectangul-ar

mass translt

L+3e r-U
6 (r/s + 1)

dfr
a
.i-t+ s+1

(h. t e¡

(Ir. t g)

(4. zo)

+

d.lagonal 
å = @,

(4"2t)

A comparison of the routelng systems sholvs that the

average trip length for the rectangular system 1s smaller'

or greater than that for the rad.ial-rectangular system,

accord.l-ng as to rn¡hether the total area of the city is less

or greater than 6l+.21\. Simllarly the rectangular and'

mass transit systems hafe a transltion þoint at 292'7/-'

As before, the mass transit route ie alrnays longer than the

rad.ial-rectangular route and. the cLiagOnal route 1s tlte

shortest of all tÌre routes consid-ered''

It ls lnteresting to compare these results t¡¡ith those

for the ]initing case of d.irect routeing, when the commuter

goes straight from hls origln to his clestlnatlon' Direct

routeing represents the icleal as far as tnavel d'istance 1s
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concerned.. The straight-line d'lstance þetvr¡een a home

H (hrp) and" a lvonlc place G( ¿ 
' 
m) 1s

d=/[(h- t)z +(p-m)2] , (4'22)

and. thus the average il'lstance is

d = EE n t./t(h - ¿)' + (p - *)"ll' (4'23)
phZm

Theaveragetriplengthisoþtained.lnexactlythesame
fashion as in the previous cases, the necessary lntegrations

being perfonmed. 1n the ord.er glven in Equation (t+'23)'

The calculation, hOvreVer, is extnemely lengthy ln this case'

The d.etalls are glven in Append'ix 'itr and' only the final

result w111 be regord.ed. here. The average d'istance

traveLled. r¡vlth ilirect routeing in a squarê irùtomogeneous

city of area sA is

= (./s + 1)3aw 96 s-1+ 2e +2

+ 6/s 1)g
96 s+ + 2s+2

2
s-1+

( 4. zb)

Table TII Shol.¡s Some nurnerical results for the average

trip length A for vanious clty sizes. It 1s clear that

there ie a large gap betvreen the d.ireet routeing system ancl

the rectangular, rad.1a1-rectangular, and. mass translt

S2

s1
a



TA3LE III

AVERAGE COI,fi,XUTER TRIP LENGTH IN A SSUARE INHoI,IOGD]TEOUS CITY

City
Size

Rou.telng Systems*

Diagonal

104

504

1 5OA

25Ot\.

3501\

1.632

5.172

5,21+2

6.671

7 ,835

+The unlt of length ls taken to be '/n '

1.741

3,618

6.171+

7.945

9.388

1 '841

3.61+l

6.064

7.738

9.10O

1,538

2.771

4.726

6.081

7.185

2.1O4

3.892

6 .309

7,982

9.31+3

Rectangular Rad.lal-
rectangular

DirectMass-translt



-52-

Systems, lvhose valuee are closely grouped. togetJrer. this

gap is the penalty that has to be paid. for restficting

traffic to speclfied- channels, thus giving the connuter very

little choice of routes. The d.iagonal system allot'rs the

commuter a more favouraþle cholce of routes, and' as may be

expectecl, the values for this system are nuch closer to the

correspond.ing iLirect d.istances.

h"5 r ve1 Time the Souare CltY

Two other parameters, that are of lnterest Ín the

evaluatlon of a routeing system, aI¡e the average travel time

and. the average area of road. space required. for a iourney'

As shov,/n 1n the pf{evlous chapter, the calculatlons lnvolveil

are practidally the same for the two cases, and- thus only

the average travel time v'rill be consid.ered. here.

Id-ea11y commuters ehould. be allolved- to choose their

routes on the basis of minimunr travel time. Howevert this

mahes tþe caLculations extremely involved-, and' the necessity

of specifying numerous regions malçes it d.ifflcul-t to

evaluate the network as a vr¡hoLe. To slmplify matters, the

choice Of rotttês 15 assumed. to þe the same as ln the

plevlous section.

Afevraild-itiona]-cond-itlonshavetoþeimposed.'

hov¡ever, to specify the routes exactly:

(u) In cases vrhere the conmuter uses rectangular routeing
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to go from hi-s home to Ìris luork pLaoo, LÈ is assumed'

that he end.eavours to travelr âs far as posslblet

outsid.e the central buslness êistrlct'
(U) Â limÍted. ehoiee of routes, on the basls of travel

tlne, is allolyed witþ the rad.1al-rectangUlar system'

on reachlng the central buslness d,istrict 1n this

caser the commuter is assumecl to choose, fron among

the many shortest rectangular routes to hie d.estin-

atlon, that one which involves the greatest amount of

travel on the ed.ge of the central þuslness d-istnlct'

Thlq speclallzed. cholce of routes makes it posslble

to treat the case of a ring road. around- the central

business ilistrlct, vrhen the speed. of travel along the

ed.ge of the central business d.istrict w111 not be the

same as that w1thln it. of course, 1f these two

epeeiLs are equal all- the shortest rectangUlar routes'

jolninganyt,vlopointsinthecentralþuslness

d-istrlct, vil1 have the same travel tine'

since the d.iagonal system (unllke the rad.ial--rectangular

system) a11ov,¡s free entry lnto the central business cllstrlctt

it is unl1kely that a ring road. wou}d. be incorporated' in

thls system. Thus it is sufficient to a6sume a constant

speeil of travel at all points, includ.ing the ed.ge, of the

central business d.istrict.
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Let vl be the speed. of travel in the outer residen-

t1al zQne, Yz the Speed. along the rad.laL routes, vg the

speed. at the eiLge of the eentraL þuslness d.istrict, and. v¿

the speed. vrithin the centra.l business d.istrict. T¡4l1ca1

expreesions for the ti¡ne of a journey from a home n(fr'p)

in the resid.ential suþurþ to a v¡orh place G( ¿ rm) in the

centraL busíness d.istrlct are:

rectangulár t, = (p - n)/vt + (rr - a

+ (a - ¿)/v¿

i/u'
(I+,ZS)

rad-iaL-rectangular

or

nass transit

or

d.iagonal

or
(4. ¡t )

Averap:e Travel Til¡te

The most sì-gniflcant parameter, ln the case of travel

tj-ne, is the overall average tirne of travel from home to

ï¿ork. trI/ith the sane assurnptlons anct sinilar calculations

(, = (rr - p)/vt +r/z(rr - a)/vz

+ tu ¿)/v" + (a - n)/v¿

t =p/Y¡ + (¡r- a)/\r"+m/Ys

+ (a ¿)/v+

t = (n - p)/vt +,/zn/v,
+ (¿ + n)/v,

t = p/',1, + n/Y, + (¿ + n)/vr

t = (rr - p)/lrt + lz(p a)/vz

+ (a - {,.\/'{+-r' (a - n)/v',

t = (p - n)/vt + (¡r - a)/vt

+ (a - ¿)/v¿ ,

(t+.2ø)

(u.27)

(4. ze¡

(I+.29)

(4.30)
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as before, the aver:age travel tlme Ís given by

reetangular

rad.ial-rectangulan

( z/s + tr)
6(r,/s + 1)V¿

(l+.32l¡rf^
Tw

+
s+1 v1

I

6(r,/s + 1)Vr

r/s

s+1 L

1

s+

2-

(t+.ll)

(4.34)

Q¿-,lS)

1

+
2
s

+

+

+

s+1 3

g+ L

mass transit i
Ã

2
s+ 1 1

s+1 2

+

d.iagonal tffi = (s + r/s + 2L +

+

1

2Y+

2

+ (/s + 1)v +

Certa.in forms of 'these c:xpresÊions a.re of special

interest:
(r) The rad.ial-rectangular system with Vs > Vi and

Vs - V¿ t Qt the d.lagonal systern u¡ith Vs >

Tlr.is represents the case of a rectangular street

networlc to v¡hich has been ad.d-ed. a system of fast

rad.Íal freeyiays. Y'\r'ith the rad.ial--rectangular systemt
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entry into ttre central busin-ess d.lstrict can only be

e.ifected. at cerj;ain points so that some commuters may

havetomakel-ougd.eLourstcreach'i;liesepolnts'
Entry into the cen.r,ral blrs:Lness oisbrict, hor,vever, is

freely permltted r,vith the d-ia'gonal system'

(b) The rad-iaÌ'-rectangular systèm l'¡ith Ve > V1 aniL

Vs ) V¿o

Inthiscasearingroad-around-tbecentral
businessd.istricthasbeenad.d-ed'totlrefreeways"

(") The nass transit systern with Vz ) Vr >

Thisnepresentsthecaseofaco¡nmuterwhoil.rives
to a nad-ial- route and. then utllizes some form of rapiiL

¡nasstnansportatlontoget.bothecentre0ofthe
clty"Fromthereheeitherv¡alksþrlsk].ytoh1s
d.estination or else gets into a bus, 'urTrj-ch has to

navigateveryslowlyl'¡lthinthecentralbusiness
d-i strict.

F1g. I shol,,¡s the Vaniation of average travel tlme u¡1th

city sLze. The values for the speed- of travel along

resÍd.ential road.s, freeways or fast mass translt routest

ring road.s, and central buslness d-istnict streets have been

set at 50 rn.p.h., 4O m.p.h.¡ 30 nop'ho, and' 10 m"p'h'

respec.L,i.rre1.y. These may be regard.ed- as being t¡rpical

values. For the mass translt systemr the travel speed-





-57-

withLn the central business d.letrict has been taken to be

! m.p,h.o as it may be expected. that the comnuter w1lL

frequently r,valk cl-uri-ng the last s¡ection of hls Jounney wlth

this pan'cicular systenn.

The pattern of crltical poin''os is observed. here agaLn.

On the basis of mininurn travel time for the comn¡uter

journey, 1t ls found. that v¡hen the rectangular system ls
compared. vrlth the d.iagonal, rad,1al-reetangularr or mass

transit systemsr the totaL clty elze bas cnitlcal values at

904, 1054r and. 35OA respectlvely' .Anottrer sur?rislng

reeult f s the vild.e gap in travel tlne betu¡een the rnass

traneit and. rad.ial-rectangular v'¡ith ning noad. syeteme.

Most comnuters would. thèrefore prefer the latter route,

unleSs a rather Severe penalty, such as a heal,ry parking cost,

fs associated. t¡v1th it.
l+.6 Conclusions

$he pnoblem of evaluatlng the efficiency of travel

along various theoretlcal routelng systens ln a clty has

been etud.ied. by many authong' Prevlous work, hov¡everr has

either been focused. on the central þuslness dlstrlct or

assuned. that the ho¡nes and. work places are uniformly

ctlstrlbutedl aLl over the city.
In Ch.apters III and. IV of thls theslsr the

lnter"actlon betr¡reen the central business d.istrict anil tÏre
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resid.entlaL suburb is stud.led. by means of a s1mple mod-eJ of

an inhomogelleous clty. The clty is assumed. to consist of

a central þusiness d.istrict surround.ed. þy a resj-d-entiaL

zorLe. \l,iork placee a1'e assumecl to be Uniformly d'lstfibUted-

all over the central buslness d.istrict and. homes to be

uniformly d.istnibuted. all over the resid-entiaL Êuburb'

circular cities are stud-ied- in chapter III, lvhereas

Chapter IV deal-s mainly lvlth square and- rectangular cities'

In tlre first part of Chapter IV, the inTromogeneous city

1s assumecl to lrave a rectangular routeing system. It ls

shovrn that tþe shape of the city has a slgnlficant effect

on the average clistance travelled from home to work. Thls

average commuter trlp length ls a minimum lvith a circular

city, and- ls progressivel-y lengthened. as the shape of the

city ctranges into a square and then into an elongated-

rectangle. It is also shot'¡n that, lvhen the total city

size i-s more than a hund.red. tlmes that of the central

business d-lstr1ct, the average comnuter trip length in an

inTromogeneous city is about thnee-c¿uarters of that 1n the

cgrresponcLing homogeneous city, rhere the hOnes anfl l"¡ork

places are uniforrnly d-istributed. all over the city.

The case of a square inhornogeneous clty, trvlth a square

central business d.lstrict, iS stud.ied- ln the second' part

of chapter Iv. various mod-ifled. rectangular routeing
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systems are examinei[, and. it ls shovrn that the total slze of

the city, relatlve to the size of its centnaL business

d.lstrict, 13 an lmpontant factor ln the choice of an optlmal

noutelng system. The crlterla used. to evaluate the

routelng systems are average d.lstance travelled. and' average

travel time.

The above concluslons are of lnterest to city plannere

and. transportation englneers, especially with regard to the

constructlon of new cities, vrhen the shape and' gLze of the

urban conmrrnlties can be influenceil.



CIIAPT]]R V

SATNLTITE ÎO\NS

q. i Tntr,oÈuçtioÊ

One of the consequences of the present wonlil-v¡id.e trend.

torn¡ard.s urban living 1s a stead.y increase in tlre size of

cities and. towns. These expand.ing urban communitles create

a mrrltitucLe of problems, v¡hich includ.e longer and. longer

thome-to-v¡orkr commuter trlps, traffic congestlon, and-

d.ifficultles 1n finding spaee for vehicle parking especially

r¡¡ithin the centraL area of the city. One partiqular

problem has been stud.ied. in the previous chapters. Need-less

to Sâyr there has beerl much d.iscUssioh in recent years on

method.s to cater for or to halt the seemingly inevitable

growth of, the world.r s towns and- clties.

of the many schemes put foruard. to contaln clty growtht

one of the mogt popular involves the creation of satellite

tol-rns. These tor'/ns are planned. to þe physically seBarated.

from the main city by green þe1ts, and- al'e to be strictly

limlted. in sizer so as to prevent their grad'ual1y nerging

v¡itl: the main city to form a continuous urban area. Theln

function is to siphon off the excess popul,ationr which vri1l

otherwise þe attnacted. to the main city.

Satellite toln¡ns may be d.ivid.ed. into tl''¡o typesr New
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Tor¡rns and. Resid.ential, lov¡ns. A Nel'¡ Tol''¡n 1s designed' to be

fairlyself.contalned.,wlthnumerouBjoþopportì'mitiesso
that the rnaiorlty of the inTrabitants of the Tov¡n Live and-

v,iork v,¡itlrj_n it. on the other hand., a Resld.ential Tor¡rn is

closely ]1nked. v¡ith the main city, where nost of the tov'¡nrs

inhaþltants v¡ork. It ls planned. that these resld.ents shall

conmute d.aily to-and_-from the maln clty, usually by means of

efficlent public transpoft such as an unclerground' rail!'ray'

The use of private motor vehlcles is generally d-iscouraged'

to prevent ad.d.itlonaI strain on the roacl system of the main

city.
ALthough mlrch has been written on satellite townst the

literature on the general guantitatlve aspects of the scheme

is as yet very scanty. The stand.ard. technique has been to

focus attention on a specific town, and' the nesults obtalned'

cannot usuallY be generalized"

Asimplemathematicalmod.elofasatellitetownis
proposecl in this chapter. T',/ith this rnod.eI, it is possiþle

to investlgate Sone general probl-ens concerning the structure

of the toy,rn. trn particulan the slze of the tot'¡n artd' the

amouht of foail. space reqtrLred., for a gl"ven tov¡n populatlon

are calculated..

5 . 2 l,tathematical LÎod'el-

The baslc approach to the problem follov¡s that of
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Smeed. ll7 ,Zlf , and- the mod.el itself is a refinement of the

one used. previously to stud.y the case of an expand-lng city'

The maln assumptions mad.e, concerning the structure of t'he

satelLite totnJ'n, are (¡'1g. g) :

(u) the town is in the form of a circle of racllus Rr within

vrhlch 1s contained- an inner, concelLtric, circular

Central Area of rad.ius r ( r < R) ;

(U) the whole town Ís surround.ed. by an outer Ring Road.,

v¡hich effectively d-elimits the size of the toY/n.

l¡,/orkers are assumed. to live in the annulan Resld.ential

zo¡;e, bound.ed by the ciroLes of raclii r and Ro During

the morning rush period they commute to worlc either rad.1ally

inv,rarcls to the Central .Area or rad.ially outlvard.s to the

Ring Road.. These Oirections of travel- are reversed' in the

eveningo It 1s assumed" that, in the morning, the fraction

of coúmuters, living in a region and- going lnv/a?d.S, fs xt

aniL the fraction going outward-s is $ = 1 - x. These

fractlons are constant and- ind.epend.ent of position. these

assumptions are mad-e because of the absence of relevant

d.ata, and. shoultl only be regard.ed. as crud.e approxlmations

to reality.
. The Ring Road. may be regard.ed. as being d.esigned. for

those resid.ents of the tolvn, tr'¡ho vÍork outsicle and- utilize

their cars to convey them to thein d.estinations. As they
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are d.iverted. to the outer lirnit$ of the tol'/n, their routes

neeiL not pass through the central Ärea as 1s the case ln

many tot¡¡ns. Thus these commuters d"o not ad.a to the trafflc

at the centre.

The actual form of the Central Area will d.epend' on the

major activity existing there, and this r,''¡i11 þe d-iscUssed'

flO1rtr.

5.3 The Central Area

Tn the case of a satellite New Totn/n, the Central Area

is often an important lvortring centre, and. a high proportion

of the inhabltarrts of the town flnd. employment there'

Thus the function of the central Area 1s sirnilar to that in

otþer large tolvns, and. the space there 1s essentially used'

upbyplacesofï,lork,road.S,and.parkecl.vehicles.lhe
d.etailed. analysis, given by SnreeiL lZlT, is d.irectly

applicable to this case, anfl many of the eharacteristic

features áre knovrn such as the effect of vay'l0us forms of

routeing systens. This type of Centnal Area w111 thus not

be d"iscussed. in this chaPter.

For a satellite Resld.ential ToYrn, the form of the

Cent,raL Area viill be qriite d.ifferent. tr{any plannerS have

suggested- that, iri thls case, it ls logical to empha5ize

the impontance of the Central Area' mgre as a collecting

centre than as a v¡orking centre. l"rhile some of the
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commuters entering the Central Area w111 go to i'¡ork thenet

large numbers vrill simply park their cars and. then utilize
some form of public transport to get out of the satelllte
tor',¡n and. lnto the main city. Hence tire Central Area

becomes the intermed-iate station in a tpark-and.-r1d.er scheme.

lhis schene has the ad.vantages that it limits the entry of

private vehicles lnto tire rnaln city, and. the concentratlon

of commuters alloi'¡s a great red.uction in tlre costs of pub1lc

iransport. Furthermore the elimlnation of the necessity

of providing a large number of rvork places 1n a sma]l region

allorvs the planner to concentrate on making the Central Âr"ea

a pleasant and- a'btractlve p1ace, vtlth ped.estrlan vralks,

spacious shops, and green parks.

It is reasonable to expect that the sitlng of eommuter

roads and. parking r,v111 be planned to Some extent. This can

be accounteÖ for: by specifylng a pl-anning function Bt so

that the value of g at a point is the fractlon of ground.

area to be used. for commuter road.s and. parking. at that pointt

and. (t-g) 1s the f,raction to be used. for other purposes

such as public transport facillties, worlt places, and.

ped.estrian paths. Tlre function g may also be regand-ed. as

giving the space available for commuter use per unit anea at

any polnt. It r'¡1Ll be assumed. that the functlon g is
ind.epend.ent of angle and. clepend.s only on the d.istance



-65-

p or E from the tov¡n centre O (fig'10)' It ls generally

ilesiraþle to prevent commuters frorn penetratlng too d'eeply

into the Central Area so that the valuable space there can

be protected. from being used up by vehlcles parked' the whole

d.ay long. Therefore the space available for commuter use

per. unit area r¡¡iIl d.ecrease as the tov¡n centre 0 ís

approached., and. the follol¡¡lng form of the functlon g(p)

appears to be reasonable:

e(p)=1-u-KP (lc>o). (5.t)

TheparaneterKlscalculated'byspecifyingava]uefor
g(p) at the þound-ary (p = r) of the Central Area'

During the morning (o" everrlng) peak travel period. of

d.uration T, it is assured. that n workers enter (or leave)

the central Area, and. that each t¡orker requlres an average

area of ground. P for parklng. Thege commuters travel-

rad.1al1y and. get as near to the tot¡n centre 0 as they csII'

They then parlt their cars and pnoceeiLon foot to thein

d.estlnatlons¿ It 1s assuÛIed- that most of the commuters

üilI get ontb some form of public transport (located' usually

around. the town centre O), so that the space¡ vrhlch ls not

used- for commuter road.s and. parking, ls more than sufflcj-ent

to provid.e the ped.estrlan paths and. few places of work that

will be necessarY.
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The remaind.er of this sectlon follows closely on the

lines of Smeed. lZl), If the roaiLs used. by the commutêrs

are of wid.th \if v¡ith capaclty a vehicles per unit time,

and. the average number of persons per vehicle is c, thent

as shorn¡n in Chapter II, a r,¡id.th of road. ), = \ry/QcT can be

regard.ed. as being required- for a journey' fo take lnto

account both the mor.ning and. evening journeys, each commuter

vriIl be assumecl to require a wid.th of road. ilr withln the

CentraL Area, v¡here i - 1 1f the road.g are reverslble and'

the lvhole roacl surfaee can be used. for travel in one

d-irection in the norning and. in the reverse d'irection in

the evenlng, and. i - 2 if the road.s are irreversiþle and'

one sid-e only is used. in the morning and' the other sid'e in

the evening.

Assume that at a d.lstance p or 4 from the town

centre O (ntg.10), the spaoe, set asld.e for commuter roads

ancl parking, ls ctivld.ecL into two partsi a fraction f(¿)

for- parklng pla-oes anil a ft'actl,on [1 - f (g)] for roads.

ft follows that in an annulus centred' at O aniL bouncl-ed'

by concentric cj-rcles of radLii E and' f + dft the area
!

used. for parking is Ztr1f(E)e(e)A¿, and the area used- for

road.s is 2tr€11 - f(g)le(E)aE.

The nurnber of parking spaces r¡rithin the above annulus

is Zrr1r(e)gG)ailp, and. thus the numben within a circle
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or radlus p¡ centred at o, 1s ,rrf[¿r(E)e(E)/P]dE'
Jo

Since a commuter proceed.ing to any of these parking places

requires an area of road. j^lap wlthin the annulus, bound'ed'

by circles of rad'ii p ancL p + dp, the total area of road'

required- withln this annulus is iX&Oznfo[Ef(€) eG)/p)ae'

Thls has to be equal to the space availaþle for roail's and' so

it,taearrfolgr(¿)g( Ð/plaE = zrrplr-r(p) 1g(p)dn' (5'z)

The d.lfferential- equation, correspond'1ng to

ecluatlon (5 , z), i s

+P * À,$@ = e(P) .0 +5P' (5'3)

r,,¡here a neï/ fr:nction e(p) = pt(P)g(p) fras þeen introcluced'¡

îhe initial cond.ition is f (O) = O. Assuming that the

functlon e(p) is as given in equatlon (5't), then

r(p)=pr(p)[1 exp(-tcP)j. (¡'4)

If a neri¡ constant A = i^L/P is d.efined.l the solutlon

to equation (S.Z) cân be lvrj-tten as

r(p) = [1 exp(-Ap) J/t * A[exp(-&) exp(-ttp) 1¡@-r)2

+ Kpexp(-rp)/(t-t<) (5"¡)

provld.ed. K I A. For the case K = A¡ equation (5,1)

assumes the Partlcular form

+AF(p)=1-e -!'P -Ap+ pAe ( ¡.6)t

and. the correspond-ing solution is

r'(p) = [1 exp(-Ap) ]/tr * Apzexp(-Ap)/z - pexB(-ap)'(5'7)
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In ord.er that these soLutlons should. be physicalll 
.

meanlngful, 1t fs necessary to ensure that O < f(p) <

or equivalently O < F(p) < pg(p) for values of p greatër

than zero. this is easily shourn. consiiler, for exanplet

equation (¡.¡) and- assume that A > K > o' Then for

r(p) > O vre must have

I+Kp > A' [1 exp[ (r-¡.) p)\/ (a-lc)

(¿-r)[exp(rp) expl(n-.n)pJl . (5'B)

thls is true because:

(r) The functions on the Left-Hand.-SiiLe an¿ Right-Hanil-Si¿e

are both 0 for P = O, and'

(¡) The function on the LHS increases faster than the

functlon on the RHS fon P >

The proofs for the other cases are very slmilar.

various characteristics of the central Area are now

easlly found.. the substltutlon p = r 1n equation (5'Z),

r¡¡here r is the radlus of the central Area, yleld-e

¡1, l"[ 2n1îç6)g(6)/eìaã = zzlre(r) - F(r)]. $'g)
Jo

since the number n of workers enterlng the central Area
.P

1s [- f A¿t(E) e( Ð/plae, this glves the result
Jo- n=ztrlrs?) 'F(n)l/JIr, (5'10)

whieh provlil.es the reLation þetlveen r and' rI'

Usingequatlon(5.2),thed.istancetravel].edby
commuters 1n the annulus betv¡een the concentric circles of
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raitii p and. p + clp can be expressed- as
rP

dpf Pr€r(Ðs!)/p)d6 = ztrplt - r(p)le(p)Ø/i\' (5'11)
Jo

The vehicle d.istance travelled. per unlt area ls obtaineit by

d.ivld.ing expression (5.11) ¡y tfre area of the arurulus and. is

therefore

f - rb)lg(p)/¡r, = [p - p"-KP- n(p)]/ixrp - (5.12)

An integration of expression (5.12) between the limits

p = O and. p = t gives the total vehicle d.lstance travelled.

within the central Area, and. this result, cliviiled. by n'

yleld.s the average vehicle d.istance travel-led-. The average

d.istance A can be written as

-d. = rlrz + 2r exp (-t<r) /r - 2/Kz

+ 2 exp(-t<r)/t<21lni^r -p/i t. (5.t3)

5.¿r The Residentlal Zone

Reversible Roacts

There are tv¡o opposite flor,ys of commuter trafflc in

every region of the Resid.ential zorLe. In t'Ïre case of

reversible road.s, ihe total wid.th of road. requirect at any

place is obtalned. simply by multiplying the total commuter

flow there vrith the parameter Àe, where }r,p is the wid.th

of road. requlrefl for a journey in the Residential zotLêt

It is assumeil that at a d.istance p from the tovirn

centre O (r < p < R) , a fraction ft(p) of the groqnd.

area is usecL for resid.entlal purposes, anfl a fraction
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[1 - fr(p)] for commuter road.s. lrTlth the same reasonÍ-ng

as in tlre previous section, the nurnber of commuters living

in the annulus, bouniLed þy circles of rad'ii r and' Pt

centrecl at o, is f eoent1)/L]d1, r'¡here L is the area
Jr

of grounct required. by each worker for purposes such as

llving, leisure and. casual travel'

since the fraction of r¡¡orkers commuting radlally

outv¡ariLs to the Ring Roacl in the rnorning is vt the number

of commuters crossing the annulus, bound.ed by cÍrcIes of

rad.li p and. p + dP, and- proceed'ing outward's is

,f tztren(E)/r,l¿¿. si-milarlv the numþ"t o1 ""T::"s passing

rad.ia1ly inv,¡ard.s through the same annulus is "1 t hrlh(Ð/Idldê,
lp

where x is the fraction of v,¡orkers going inward-s in the

morning. The equation for the road. space requi-rements in

this annulus is therefore
pR.

rB dp tv /- t zrren(Ð /r,l aE * * i lùr€h(Ð /:-lo:êl'-Jr- lP

= arplt - h(p)lap . (5.t4)

The total number of worlçers in the Reslclential zorLe ls
fRN= !-'t*¿n<€)/Llde. (5'15)

JT
Equation (¡.tl+) is then siurplifieil to

Nxl,z + ty-*)lr[lnen(¿)/t']ae = 2trpl1 - n(p)l ' (5'16)

Differentiation with respect to p gives

,Æ9* (r +Bp)rr(p) = 1, (s.t7)
dp
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vuhere B = (V - x)xz/L anil the lnitial cond.ition is

fr(r) = I - (tixL",/Zzrr). The solution to equation (5.17) ls

tr(p) = (r - 1/B - Nx\e/2tr)"*p[-e(p-r)]/p * t/Bp (v I *)
(5. t e)

= 1-Nhz/Lprp. (Y=x)

ThesízeRofthesatel].ltetov'rnisfound.by
substituting p = R i-n equation (5't6¡ ' whlch then yields

Ny)r"/2tr - R - (r - 1/B - Nxì',r/2tr)exp[-B(R-r) ] - 1/B (v I *)
(5.t9)

N/ztr =(nz -r'?)/¡zt'+¡.z(n-r)] ' (v=x)

This glves the required. relation between Rrr, and' N'

Since the functlon ft(p) represents a fraction, it is

clear that the fo}lowlng cond,itiorr must holcl

o<h(p)<1 for r<P<R ' (5'2o)

Thlslseasilyproved-.Consicler,forexample'thecase
B > O or equivalently y > x' Then for ft(p) à O' we

must Ìrave

1/B > l1/B - (r - Nx.\z/zar)1"*p[-s(p-r)] (5'21)

since p > r > o. The inequallty (5.21) i" clearly true

for ? > ttxx¿/Zn Similarly for rt(p) <

inequalitY rnust hold.

p > (r - 1/B 'Nx:^z/h)txp[-B(p-r)] + 1/B ' 
(5'22)

ancl thls is again true for r ) NxÀ2 /ztr. The cond.ition
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2rrr 2 Nx},z simply means that the circumference of the

central Area cannot be snaller than the totaL wid.th of road.

requlred. for the commuter journeys into the Central Area'

The rest of the proof follor¡¡s on exactly the same llnes'

In the future, obvlous conflltlons such as these vrl1l not be

mentioned..

As before, the d.istance travelled. per unit area is

obtained by using ecluation (¡.th), and' is slmpty

[1 - h(p)]/lx, at a d.istance p from the tovrn centre O.

The average d.lstance A travellefl withln the Resid'ential

zorle is given bY

ä=zr(nz -rz)/n'^, -L/\z . (5'21)

Equation (5.23) can be rearranged' to give

ivãÀz+NL-zr(n= -î2) , (5.2l.+)

whlch is simply a staterrrent of the fact that the total space

within the Resid.ential zorte conslsts of the space required-

for commuter road.s plus the space requirefl for living

purposes.

rrr@
with irrevereible road.s, the roact space requlred- at' a

point in the Resic.ential zo.ne is governed. by the larger of

the two opposite flov¿s of commuter traffic at that point'

If the number of commuters crosslng a line in the mornlng in

one clirection 1s Mr aniL the nu¡nber crossing the same line
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in the opposite d.irection 1s N(¡il > N) ' then the wid.th of

roacl required. at this line is 2M],2, where Àz ls the

wid.th of road. requlrect for a journey in the Resid'ential

zoÍLe. the N stream of commuter trafflc in the mornlng

simply utilizes a portion of that half of the road', v¡hich is

set asicLe for the use of the M stream in the evening'

The flolvs are, of courser reversed in d'irection duri-ng the

evening peak periocl.

It 1s assumed. that at a d.istance p from the tovirn

centre O, where r < p < ãe a function ht(p) is iLefined.

so that a fraction ht (p) of the gror:nd. area is used' for

living purposes ancl a fraction [1 - ftt(p)] for commuten

road.s. A second. function l¡r(p) plays a similar role ln

the range a < p < R. The bound.ary p = a thus d'ivicles

the Resid.ential zorLe into two regions. The pred'ominant

flow is lnr',¡ard.s for r < P <

The value of a is fixecl. by the follovring equationt
,aâ

["]-*enr(Ð/t']w = Nx (5,25)
Ir

or equivalentlYt
"RI lzn€n"(Ð/t'ldf = NY'
la

(5.26)

where N is the total- number of trvorkers in the satellite

tor¡¡n and. the other symbols Ìrave their usual slgnlflcâIlcê¡

It 1s seen that the number of commuters crosslng a circle of
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rad.ius a, centrefl at Or in the inv'rard-s d.irection 1s

equal to the mrmber crossing outr/ard.s, anat is just Nxy in

each câsê¡

consicLer an annulus, bound.ed. by circles of rad.ii p

ancl p + ö,p centred- at O. If r < P <

commuters crossing this annulus in the inv'¡arcL d-irection is

greater than the nr¡nber crossing outrrard.s. The road. Space

equation 1s thus
raA

2L2xnp Í [- larenr(e) /t]¿f + f- lzoenr(Ð /üael = zrrpdpl-1 -hr (p) I .
lP Ja (5-27)

simpllfying the equation and. d.ifferentiating yield.s

o¡t(e) * (t z?xrxp/t)hr.(p) = 1s (5'za)ry- \r ¿"

v¡ith the bor¡nd.ary coniLition hr.(r) = 1 - NxÀu/ttt'

simllan consid.erations for the ease a < p < R results ln

the equatlont
fa

2Àzydp L[" Izoenr(Ð/t]d6 + 
f^t*rn, 

(E)ÆlogJ = z-trpap[1 - h2 (p) ] ,
Jt Ja (b.29)

or corresponÖinglY

^drr^(p) + (t + zxryp/t)hr(p) = 1 (0.3o)ry"\r'r'¿^
v¡ith bound.ary conil'ltlon h, (R) = 1 - NyL2 /r:P-'-

The solutlons to equation (5.29) and' (5'3O) are

h"(p)=cexp(zxptr2/L)/p-t/zxpx, (5'31)

:nr(p) = D e:cp( -2yphr/L)/p + t'/zvptl2 (5'32)
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Ìvhere

c = (* + L/zx^z - Nxt,z/r)"tæ(-zx*r/t) (5'33)

D = (n - L/zv\" - Nv\z/r)"rç(zvs ./L) ' (S'Zt+)

The size R of the satellite town is found' by

eubstltutlng p = â in equations (5.27) and. (5.29), when the

fol]ov,¡ing etcpressions for C and D are obtalnecl:

c = (. * L/zr^z - Nxvhz/r) exp (-zxax"/t) (Z'35)

D = (a - L/zv\z - Nxrâz/rr) "xp 
(zva¡'r/t'). (E.lø)

Equations (5.23) (5.fi) provid.e the required. relations

between Rrf, and. N.

In the rall.ge r < p ( âr the total d'istance travelled'

ln an anrrulus, bouniLed by clrcl-es of rad.ll p anit P + Øt

1s

Lzrrtn,(Ð lt'löã + f Vrrnzâ) /-ldll . u1n f lùrêr.t( e)/r,l ar"

$Õt)
The d.istance travellecL per rrnlt area is therefore

- (x-v) t1 - hr G)l/2"¡,, + Nv/Znp. ( 5Õ8)

S1m1lar1y for a < p ( R, the cllstance travelled' per unit

a'Y€a, at a cLlstance p fron tJre town centre Ot ls

(v-*)[r -h2b)]/zvxr+Nx/Znp. (5Õ9)

The average itistance ã travellecl in the Resid.entlal zoîe

of the satellite town ls now easlly found. and. can þe elçressed
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as

d = n'(n'-rz )r/euX, + n(vzrz - xzRz )r/e¡lxy¡,"

+ r.az (x-ù/ztxJrlz + (r.n-vr) + a(y-x) ¡ (5'40)

5. 5 The Rins RoaCL

The slze and. structure of the Ring Road. v'¡i1l d.epend' on

the position of tTre satellite tolvn, relative to the nain clty
and. to other near-by large tounrs. Thesé neighbouring urban

communities will d.etermine the amount of through tnaffic
that has to be routed. anouniL the satellite tovrn, and. also

the number and. podition of the external motorvrays that are

to be con¡rected to the Ring Road.. A detailed. analysis will
therefore not be attempted. in this Chapter, and. only a very

simple example w111 be d.lscussecl.

Ihe Rlng Roacl is assumeil to have only tlvo exlte (or

entrances) at, M ancL s (¡'ig.10)r and. is utilizecl only by

some of the resiclents of the satellite toÌr¡n. In the mornlng

these resid.ents commute railially to the ed.ge of the

sateIllte tor¡rn.. A fraction m of these resid.ents then

proceecl circumferentially to M and. a fractlon s = 1 - m

to S. Consid.er a radius OZ, at an angle 0 to MOS

(nig.1O). Assuning that the necessary rad.ial travel across

the Ring Road. is carrled. out at a d.ifferent level fron ttrat

of the Ring Roail. itself ancl that the road. is reversible, the

vi,¿l:ütrr w(O) of the Ring Roatl. at Z is
w(a) = Nydmx"/ztr + Ny(ør-a)s^t/2'r, (5.4t)
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urhere Àa is the wld.th of roail requireil for a Journey along

the Rlng Road.. N is the number of workers in the satelllte

tourn, and. y 1s the fraction of vrorkers proceeillng outwarcLs

to the Rlng Road. in the morning'

The r¡¡iclth w(O) of the Ring Roacl is tÏrus

v,¡(o) = Nyo(*-s)Às/Ztr + NYsÀg,/2

(o<o<rr) $,42)

=NyÀs/l+ if m=s=å.

InthecaseofanirreversibleRlngRoad.ritis
necessary to consid.er tv,¡o separate cases for 0. In the

first case O < 0 < ¡rs¡ the number of commuters proceed'j-ng

circunferentially to s is greater than the numþer

proceedli.ng to M at a]l points in thls section of the Rlng

Road.. Hence the v¡ld.th w(O) is for¡¡rcl- to be

u(o)=Nys(tr-o)x"/n, (o<0<r.s) (s'42)

and. this ls just twice tTre wid.th of roacl required' for the

commuter journeys to S. The corresponcling fornula for the

second ease ?rs < 0 4 tr is
w(o)=NymdÀ,s,/ø (rt"<o<n')' (5'L4)

Formulae sini.lar to (¡.4e) (¡.1+l+) holcl 1n the range

(zr < o < 2n).
q . 6-Wr:Lca-1 Cal culations

In ord.er to obtain some numerical results, it 1s

necessary to have Lnformation on the values of the parameters
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that occur in the various formulae. some very useful d.ata

on the roail space required- þy a person to go a journey of

one mile with d.ifferent mod.es of transport are given j-n

Table I. The assumptions behlnd. this taþle have þeen 11sted-

in Chapter fI of this thesis.

slnce the population of the satellite town is not very

large, the peak travel perlod. will be tal<en to last for only

50 minutes in our case. It v¡il1 be assumeil that travel is

on road.s of vriitth 2l+ leet at a speed' of 1O miles'/hour in the

central Area, on road.s of v,¡id.th u+ feet at a speeil or 30

miles/hour within the ReslcLentiaL zorle, and. on 12 feet lanes

at a speecl- of 4O miles/hour along the Ring Roact. Using

Table I, the r¡rid.ths of roacl requirecl for a journey in these

three regions are found- to be respectivelyt

1,1 - Q.O32 feet

Àz = o.o1J feet (¡'4¡)

Àg = 0.008 feet .

The space P requlred. by a worker for parking will be taken

to be 133 s8. fto¡ vrhlch is the figure given by Smeed' [17]

for off-street parking in Lond'on' Finally the space L

required. by a r,vorker for living purposes r',r111 vary from

place to place, Cl.epend.ing on v¡}rether low- or high-ilensity

resid.ences is the 10ca1 custom¡ A f,igure of I+350 sQ. ft.

or 10 worlcers to an acre 1v111 þe taken for lllustrative
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purposes. It is possible now to obtain conslderable

lnformation on the characterlstics of the satellite townt

ancl. some of the results are given below.

The slze of the Cen a'l Anea and of the Satellite Town

The raiLius r of the central Area of a satelllte

Resld.ential Town has þeen calculated. for various values of

n the number of commuters enterlng, and. the results are

shown in Figure 11. It is assume¿ that g(r) = O.5¡ i.e.

that the fractlon of grounil area, reserved. for conmuter road.s

and. parking, varies from ze¡lo at' the tom centre O to a váIue

of 0.5 at the ed.ge of the Central Area' ft is seen that the

flov¡ regulatlon on the road.s has a signiflcant effect on t'he

size of the Central Area for a given value of rI¡ The ratio

of the value of r with irreversible roaÖs to that T¡1tb'

reverslble road.s lncreases from 1.Oh (t = IOrOOO) to 1'13

(t = IOO'OOO), thus showing that the flov¡ regulation plays

an increasingly lmportant role as the nr-mber of commuters

entering the Central Area becomes greater'

lhe over.all rad.Íus R of the satellite Resid.ential

Town, exclud.ing the Ring Roacl, has been plotted against N

( tfre total number of vrorkers 1lving in the town) in Flgure 12.

It !s assu¡oed- that x = ]r = O.!¡ anfl that the roails are of

the same t¡æe throughout the satellite town 1.e, if they are

reversible in the Resiilential zoÍIe, they are also reversible
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1n the central Area. Fig¡rre 12 shovrs that the flow

regulation on roacLs has only a sllght effect On R. Thls

is clue to the fact that eaclr v¡orker requires a relatlvely

large area of grouniL for living purposes. f'he ratio of the

value of R with lryeversible roails to the value with

reverslble road.s d.epend.s on Nr and. increases from

1.oo (iv = lorooo) to 1.o1 (iv = 1oo'ooo).

The wiiLth of the Rlng Road. wilI, 1n generalr vary

from point to point. If , however, the Ring Road' 1s assumecl

to be reversible and. the number of commuters turning left

on reachlng the Rlng Road. is equal to the numþer turning

right, then the wld.th w is NyÀs/4 and- is constant.

For y = Onle ,ru varies fro¡it 10 feet (iV = IOrOOO) to 104

feet (it = loorooo).

The s'oace required' for commuterJoa4s

A very important factor, from the point of vlev¡ of

costs or p1-anning, ie the grorr¡d. space that will- be requlred'

for the commuter road.s. tJTithln the central Area the spacet

used. for purposes other than commuter roads and' parklngt is

['l*eu-Kã1a6 = ùr(1-e-Kr-Kr "-K'¡¡t<' ' 
(5.46)

Jo
Hence the space G1 required. by the commuter roads is

îrrz nr(i "-Kt-Kr"-Kt¡¡r"-nP. 
(5"47)

The fraction gt of the whole Central Area, that is requirecl

for commuter roails, 1s Gt/tt" The values of G1 anil 8r
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for various values of n have been calculateit ancl are shounr

ln TaþLe IV.

It is seen that the commuter road.s occuily an appreciable

amot¡rt of space in the Gentral Area' For rl' = lootooot

13 per cent of the central Area is useiL to provicle road-

space v,¡ith irreversible road.s and. / per cent with reversiþle

roails. The ratio of the road. space requlred. v¡1th

irreversible road-s to that requlred. with reversible road-s

rises from 2-1o (t = lorooo) to 2Õ6 (t = loorooo) as shorml'

in Table V. This shows that the wastage of road. space due

to the use of irreversible road-s becomes greater as the

number of commuters entering the Central Area increases'

\¡lrlthin the Resid.ential zorle, the space e2 that 1s

required. for commuter road.s, is
o(R, - :^2) - rrr,, (5.48)

if the Ring Road. is exclud.ect. The fraction gz of the

Resid-ential zorLe, that is used. for commuter road's, iS thus

er/rr(nz re). If the Ring Road' is includ-ecl, then the

rad.ius R is lncreased. to R + W, where it 1s assumed' that

the necessary cond.itl ons ho1d. so that the wld-th w of t'Ïre

Ring Roacl 1s constant.

The values of G2 and. 8z fOr various values of N

are shou¡n in Tables VI anil VrI, the Ring Road being exclucled-

and. includ.ed. respectively. It is interesting to note that



TASLE TV

GROIJiVD SPACE REQUIRED FOR COIIII,ÍIITER ROAÐS

TN CENTRAI, ÀÏ{EA

Number of
commuters

Ilractlon of u¡hol,e
Central Á.rea
required. for

commuter" roadsenteri
Central

Irreversible
Roails

1 O,000

20,000
30,000
40,0oo
50,OO0

60 rooo
70, O0O

Bo,000

90, OOO

1 OO,000

0.o47
o. 065
o'079
0.09o
0.100
0. 108

0.116
o.123
o.129
o.135

0.o0J
o.o10
0.018
o.o29
o .041

0.054
o.069
0.085
o.102
o.120

o.oo7
0.021
o. o4o

o.064
0.091
o,122
0.158
0.196
o.239
0.28It

O.02lt
o "o34
0.041
O. OliT

o.o52
0. o57

0.061
o.065
o.069
o.o73

ReversibLe
Road.s

frreverslble
Roads

Reverslble
Road.s

Space required. for
conmuter road.s

( scl.rnlles)



TÂ3LE V

COI''IPARISON OI¡ lTill' ROÀD Èi)ACItS

REQUIREÐ T¡'OR IRRE\':DRSIBLE A]ì{D REUERSTBLE

COI'$IUTER ROADS IN TITE CENTRA], AR-EÁ'

Nunber of commuters
entering Central Area

Road. Space Required.
trith Ïrreverslþle RoacLsRatlo = mãA-SpáCe Requlred
v'rlth Reversible Roails

1Or0O0

20,000

ho,ooo

60,ooo

Bo rooo

1 OO ¡00O

2.10

2.15

2,22

2.27

2,32

2.36



TABLE VI

GROU}TD SPACE REQUIRED FOR COIfi,IUTER ROA.DS

IN THE R]ISIDEI\1TIAT, ZONE EXCLUDING T}IE RING ROAD

totaL Numþen
of workeng
1iv1ng in

ühe satelllte
town

10 ,oo0
20,0oo
JO,OOO

40 ro0o
50 ro0o
60, ooo

70, o0o

BO,000

90,oo0
1oo,0oo

Fraction of v¡hole
Resid.entlal zone

requlred. for
commuter road.s

Irneverslþ1e
Road.s

o. ooh
o.006
o.oo8
o.0o9
o.010
o.01 1

o.012
o.o1 2
o.013
0.014

0.007
0.010
0.012
o .014
0.01 5
0.016
0.018
0.01 g

0.020
o,o21

o,oo7
0 .020
o.036
0.056
o.o7B
o.102
o.129
0.158
O.188
o.224

0.o11
o.o3o
o,056
0,086
o.1 20

o.157
o.1gB
Q.2l+1

Q.287
o,516

Reversibl"e
Road.s

Irreversiþle
Road.s

Reverslble
Road.s

Space recluired. for
commuter roacLs

( sg.m11es)



ÎASLE VII

GROUND SPACE RESUIRtrD FOR colJtl.,luîtrR ROAÐS

INTHERESIDENTIAI-,zo}IETI{oLUDI}TGTHERINGRoÁÐ

Total ltTu¡nber
of wonkers
living ln

the satelllte
tovl-n

1 O,000

20,o0o

Jo,000
¿+0,OO0

50,O0O
6o , ooo

70 ,000
Bb rOoo

90,0oo
'100,o00

Fraction of whole
Resid.ential zone

required. fon
commuter road.s

Irreverslble
Road.s

0.013
0.018
o.o21
o,o25
o. o2B

o.o3o
o.o32
o. o34
a.ot7
0,oJ8

o.01 6
0,045
0 .083
0,128
o.179
o.235
o .296
Q '362
o ¿\32
0.506

o. o20

o.056
o,103
0.158
o.221
0.240
o.366
O.l+47

ö t533
o,621+

0.010
o.014
o.017
0,020
o.o22
O. O2l+

O ¿026

OrO2B

0¡O5O

0 ¿OJ1

Revensible
Road.s

IrreversibLe
Road.s

Reverslble
Roaits

Space required. for
- commuter road-s

( sq'm1Ies)
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iletailed. calculatlon shov¡s that the ratio of the space

required. for commuter roacls r'¡ith irreversible roaiLs to the

space required- wlth reversible road.s d.ecreases slightly as

N inct'eases, the Rlng Road. being exclud.eil. lhe values for

thls ratio are glven in lable VIII anÖ range from 1 '55

(tt = lorooo) to 1.51 (w = 2oorooo)o This ind'lcates that as

the nunber of lvorkers living 1n the satelllte town incneasest

there is a slight d.ecrease in the wastage of road. space with

irreversible road-s. This d'o'wnv¡arcL trend' in the Resiclential

zorte is in contrast vrith the upwarcL trend' in the central

Area.

5.7 Conclusions

InthisChapter,asimplemathematlcalmocl.elofa
satell1te tovu':r has been presented-. It is shov¡n t'trat the

mod.elproposed'isflexibleenoughtocoverboththecases
of a satellite Resid.ential rown as well as of a satellite

New Tov¡n.

A cLetailecl analysis of the central Area of a sate111te

Reslctential Town is given. The size of the central Areat

the d.istance travellecl per r-rnit area, and. the average d-lstance

travellect are evaluatecl. In the next sectl0n the Reslcl-ential

zone is sinllarly stuclied. ancl separate calculations are macle

und.er the assumptions of reverslble and. irreversible roads

bei,ngused'.Somebriefcommentsarenad.eonthewld-thof



TABLE VIIIæ

COIìJFARISON O ' TTIE ROA.D SPACÐS REQUIRED

FOR IRREVT'RSTBLN A]M RE\¡ERSIBLE COMI{UTER

ROAÐS IN THE RESTDENTIAT, ZONE

EXCI,UDII{G TIIE RING ROAD

Road, Space Re
wlth ïrreverÊ

qu
iþ

1red.
s[ota1 numþer of workers

livlng ln the sateLllte town

IOrOOO

50,ooo

100,o0o

l SO rOOO

200,oo0

1e
oad. ace a ned.

with Reversi e Road.s

1,55

1 .54

1.53

1.52

1.51

Ratlo =
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the Ring Roail that surrounci-s the sateIllte town'

Three interestlng conelusions emerge from the numerical

results:
1. The florrr¡ regulation on the roails¡ 1'ê' whether the roads

are reverstble or j.ffeversiþIe, ie a signlficant factor

i.nd.etermlningthesizeoftheCentralArea,and.this
factor becomes more important as the numþer of commuters

enterlng the Central Area increases'

2. \¡ilthin the central Area the ground space that is requireil

for irreversible road.s as compared. with the space

requireit for reversiþle road-s increases as the nurnber of

commuters enterlng the central Area becomes greater.

Thlsshowsthatthewastageofspaceduetotheuseof
irreversibte road.s becomes progresslvely more sevêfe'

3. The reverse effect, however, occurs in the Resld.ential

zoÍter liere the ratio of the grouncl spacesr- required'

for lrreversible and. reversiþle roacls, d-eereases slightly

as the total nurnber of v¡orkers living in ttre satellite

towzr lncreases.

These conclusions are significant v'¡ith regard' to the

pS.anningofsatellitetonncs¡â€theyareanaid.tothe
planner in iLetermining the optimum slze of these tÒvrns'
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SOITE WORK TRIP DATA FOR ADEI"AIDE

6.1 Introducti!4
In ord.er to constnuct a mathematical- motlel for commuter

trafficincitiesritisnecessarytomakefourmain
assumpti-ons concerning :

(.) The cListribution of the Tromes of v¡orkers;

(¡) The clistribution of work places;

( 
") The conrelatj-on betu¡een the positions of homes ancl

work Places;

(a) The routes by which workers go from their homes to

their work Places.

The usefulness of the rnathematical mod.el wil1, of course' þe

er:hanced. if these assumptlons can be mad-e so as to agree

accurately with the actuaL d'ata that 1s ava1laþ1e'

The Ölstribution of homes is closely linked' with the

d.istrlbution of population within cities' This has been

stuctlect by Clark 1516), who oþserves thatl

(.) In every large city, exclud.ing the central buelness

d.istrictwhichhasfewresidentir¡haþltants,there
ared.istrlctsofdensepopulationlnthelnterlorwlth
clensity falling off as one proceect's to the outer

guburbs.
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(f) In most, but not afl cltiesr âs time goes onr d-ensity

tend.s to fall in the most populus irurer suþurbs anil to

rise ln the outer suburbs, and. the whole city tenils to

spread. itself out aniL exPand',

C1ark for¡nd. that the i1ensity of population D (thousand's

pe¡ square mile) can be expressed in terms of the d'istance

p (miles) from the eentre of the city by the simple

expresslon

A and. b

clty.

n(p)-¿.e-þP. (6.1)

are constants, which characterlse each partieular

It should. be noted. that Clarkr e formula ctoes not give

agood.fittoempinicalitatawhenplssma]-li.€rp<
miIes. Holvever this iS not a serl0ug d.efect as the

complications of zonLng lan.¡S, high d'enslty fIats, parks'

and. fountains make each city centre unique. It is thus

unlikely that aIl- the clty centres v¡111 conform to some

sinple lanÍ. Clarkr s formula should- be regarcted' as being

applicable to the resid.entlal euburban regions, and- he shows

that a surprisingly good. f1t ls obtained. for a large number

of cltles at various perlod-s of ti.rne. A slightly d.Ífferent

expresslon

o(p) = Ae-bP' (6.2)

has þeen proposed. þy sherratt [t6], and. he shows that a



-86-

somewhat þetter fit is oþtalned. with this expresslon for

SOMC CâS€ST

In the following trnro sections of thls Chapterr the

d.istributlon of homes and. of work places within rnetropolitan

Ad.e1a1d-e r¡¡111 be analysed. 1n sOme cletail. The d.ata for

this analysÍ.s l.zas colLected by the Metropolltan Ad.eLaid-e

Transportation Stud.y ln 1965. The d.ata includ.ed information

on the origins ancl d.estlnatlons of the journeys to work

d.r:ring a ty¡lica] v¿eek ilay, and. tTrls is precisely what is

required-"

The survey area i,¡as d.ivid.ed. into 564 regionsr anct 1t

ïuas estimatecl that aþout 1 in every 20 household's wit'Ìrin

each reglon vas contacted.. The d.ata v'¡as later processeil

anit expand.ed to give the final figures for the total nr:mber

of work trlps per average week d.ay in Ad.elaicl-e' Regression-

type equationE¡ rÍere al-so used. to forecast the traffic

pattern 1n 1 986, and. the proiected. flgures are also incluted.

in the analysis þeIow.

Slnce the correlation betr¡¡een the positions of homes

and. worh places 1s an lntegral part of the transportation

plannlng process, thls topic has been the subject of

numerous thorough and. extensive lnvesti.gatiols' It w111

therefore not þe d.lscussed. in d.etatl in this thesis' This

correlation is generally expl'essecL in the following form

TrJ -t{IlrWlr(drl) , (6'3)
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where Tr I is the number of work trlps from zorLe I to

zot:re i, H1 1s the number of homes i'n zone it WJ is the

number of work places 1n zone i, and K is a normallslng

eonstant. The funetion f(dr J ) is a d.eterrence function

lnvolving the quantity clr I which is relateil 1n sone way

to the cost of travel betvreen the zones. In the Metropolitan

Ad.elalcle Transportation Stucty a cl-eterrence function of the

form explfr (,1r 1) ] , w]rere fr (d1 
3 ) j's a cubic polynomial

in clt J r was used."

UnfortunateLy the results, calculated. fron formulae

such as (6.3), do not agree well with the empirical d-ata

and. it 1s customary to inclucle an arþitrary factor Kr J in

the function f (dr l). Since Kr J takes on a d.iff erent

value for each pair of zones, this makes such formulae

virtually untestable. For the present at least, it appears

that the correlation 1s too compllcatecl to be representeit

by a simple e:çressi-on.

Finally vre note that almost no d.ata is available

eoncerning the routes by which commuters go from their

homes to their rvork places. The cost of collecting ancl

processing sueh d.ata wou1d. probably be prohibitj-ve. Ïn any

case one of thé chief rlses of a mathematical moclel for

comnuter traffic is to stuily the effect of various routeing

systems,and.forthispurposeitisnecessarytoasfllme
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d.ifferent forms for the routelng system'

6.2 The d.istribgtion. of homes in A4e-1-?:Lþ

In ord-er to stud.y the d.istribution of homes it is

necessary to first d.efine a reference point, which for

convenience is usually the centre of the city. Ad.elaiile

has a welL-d.efined- Central City Area in the shape of a

square. Since the General Post Office lies almost precisely

at the centre of thls square, it was taken to be the requirecl

centre of the c1tY.

The origin-clestination data from t]re Metropolitan

Ad.elaiite Transportatlon stucty Listed. the total nunber of

origlns and. of d.estinations for the journeys to work in each

of the 56h traffic regions. These orlgins and- d.estlnatlons

correspond'tohomesand.ulorkplacesrespectlvely.For
the sake of precisenessr wê distingulsh here between homes

and. household.s, It 1s obviously posslble that two homes

(or tvro origlns) may belong to the sane household'' As t'Ïre

traffic regions are extremely lrregular ln shape, it was

not possiþIe to stud.y the clistribution of homes by plotting

a simple scatter d.iagram showing the average density of each

region as a function of its mean itistance from the centre

of the citY.
Instead. seven concentric clrcles were itrawn aþout the

centre of the city. The rad-ii of these circl-es ranged'
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from one to seven miles, lncreaslng by a n¡ile at each step'

The total nu¡tber of homes wittrin eaeh an¡ru1ar zone ì¡Ias then

calculated., ançL this d.1vid.ed. by the copesponiling area gave

the average iLenslty of homes for each arurular ZorLQc ftte

flrst zone vÍas, of course, s1mp1y a cj-rcle of raclius one

nile. T,,rhere the circles cut the trafflc regionst

apportionments of homes had. to be macle. this lrr¡as d'one in

proportion to the area of the traffic region lying ln each

annular zoîe. Tbe two oUtmost annular zorLes extend'ect intO

the sea, and- thus the areas covered. by the sea were exclud-ecl

from the calculati.ons.

The above methoct, whieh rn¡as fj-rst used- by Clark [5t6]t

can be expected. to give accurate results because

(u) The sizes of the trafflc regions are very smal1 wlren

compared. to the size of an annular zo]:ei

(¡) The areas of the trafflc regions could' be neasured' very

accurately by means of a planimeter'

Since the an¡u]ar zones are of constant wiflth 1 nilet thls

means that their areas became progressively larger as one

proceeds outvrard.s f,ron tfie centre of the city. Coupled'

wlth the falllng-off in the denslty of homes, thls ensured'

that the total number of homes in an annular ZotLe d'oes not

change too violently from zorLe to zorLê. An alternatlve

rnethod. ls to use annular zones of COnStant area. Thls
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means, however, that the outmost annular zones are extremely

t thint , and- hence the calculatlon of the total nr:nber of

homes in an annular zo]rre 1s now more suseeptlble to large

€llPOIS c

The d.ata for the total nu¡nber and. the average cLensity

of homes in the seven annular zones are summarlzecl' 1n

Table IX for the years 1965 an¿ 1986. It is seen that t¡1e

d.ensity rises to a maxlmum betl'¡een two and' three m11es, and'

then d.eclines. T'he inner two zones can thus be regard'ecl as

constituting the central clty Area whereas the five outer

onesarethesuburbanresid-entialfe$ionS.
Flgure 13 shows the logarithm to base 10 of the d'ensity

of homes D¡ plotted. against the mean d.lstance p for each

of the flve outer zones. Straight l1nes vrere fitted' to

the d.ata by least squares. It is clear that sulprising

good. fits are obtained. for the two sets of d.ata (lg6S ancl

1986). This sholvs that the d-ata is conslstent r'vith CÌarkrs

formula (6.t), and. the A ancl b co-efficients can now be

lmmecliately obtaineiL.

For furtJrer illustration the d-ata has been replotted'

1n FigUres 1ta and. 15t which sho'tnis t}re d.ensity of homes Db

plotted.agaÍnstthemeand.istancepfromt}recityeentre
for the years 1965 and. 1986 respectively. It 1s seeh that

the five outer points lie fairly close in each case to the



¡lnnular
Zone

TASTE IX

DISTRIBUTI9N OF HOI./IES TqIEIN ADDLAIDÐ

Mean rad.1
of zorre
(miles)

Average d.ensltY of
homes within zotle
(p"r square mlle)

1986

1

2

3

4
5

6

7

760
2,O40
2,180
1 

' 
8,+O

1,630
1r21O

930

3,14
9.'l+3

15.71
22.OO

28.27
33.85
J4. o8

o.67
1.56
2.53
3 "52
I+.52

5 "52
6.51

2 r27o
16,78O

34,520
56 r81+O

39,260
32 r2'lO
21 ,6QO

1965

2r370
19 r21O

34r27O
40, l8o
l+5,99o

41,o4o
31 ,600

720
1,780
2 r2OO

1 ,680
1,39O

950
630

1986 1965

Area of
Zone

( sq.niles)

TotaL nunber of
hornes u¡1thln zone
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curve calculated. by CLarkr s formula. This agreement 1s

surprising 1n view of tþe numerous factors that might be

expected. to be involvect in the cListribution of homeg'

Shemattrs fornula (6.2) ïYas also fitted. to the iLata

by least square, and. the corresponcLing curves have been

includ-ecl in Figures 114 and. 15. fn the range for v¡Ìrieh d-ata

is avallable (approxlmately 2 to 7 miles), Shernattr s curves

d.o not appear to glve a very much better flt. Hence it may

be conclud.ed. that the d.ata indicates that CLarkrs slmpler

formula is sufflclent to represent ad-equately the d'istri-

bution of homes in Ad.elaid.e.

The A and. b co-efficients in Clarkts formula are

as follows:
Actelaicle

1q65 1085

A 5o1O 3910

b O'31 O'21

Slnce the values for 1986 are lovuer than the coruespond'ing

val_ues for 1965t it seems that (for Actelaid.e at least) tov,rn

planners anfl transportatlol engineers agree with Clarkrs

observation that clties tend. to flatten out and- expand. as

tine goês orrr The figUres shov¡ that, between 1965 anct

1956, the d.ensity of hones is expectect to falL in the ln¡rer

suþurbs and. to rise in the outer suburbs'
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6,3 The dis :tì on of r¡¡ornk n1a s in Ade].aid.e.

The technfque d.escribeil aboYe was also usecl to study the

d.istribution of work places in Aclelaid.e. The results are

su¡nmarized. in faþle X and. shown graphically in Figure 16'

the main feature to be observed. here is the d-rastic

drop in the d.ensity of vrork places aS one proceed's outward's

from the central city Area to the surround-ing zones. It

d.oes not seem possible to utilize a s1np]e e:çonential-ty¡le

formula to represent the d.ensity of work places as a function

of the çllstance from the centre of the clty. Of course, 1t

is possible to flt a polynornlal curve of sufficient complexlty

to the enplrlcal resultsn This is, howeverr of little value

because fitting polynonials requlres the estination of too

nany constants to enable any dlreet inter-clty companison to

bemad-e.Theproblenlsfurtheraggravateilbythefact
that such il.ata is available only for a few cities.

Itisd.oubtfulinanycasewhetherthed.istributlonof
work places 1n nargr citles can be representecl by a sLurple

formula. Zonlng l-aws, for example, have a gxleater influence

on the location of vuork places than on the locatÍon of homes'

Furthermore only a comparatlvel-y fevr cl'ecislons, perhaps by

company executives, nay be sufficient to re-locate a factory

from one place to another, antL this can alter tlre

d.istrlþution of work places appreclably' Except in



TABI,E X

Annular
Zone

Average itensitY
of work places
withitt zotLe

(per sgltare mile)

1986

I
2

3

4
5

6

7

3.14
9.43

15.71
22.OQ

28.27
13,85
J4.08

,730
,460

' 
B4o

,580
,67o

5,Ogo

1rO3O

25 rI+OO

3 '78o
1,74O
1 ,12O
1rO2O

1,070
6zo

9

9

o,67
1,56
2,53
3.52
4.52
5..52
6,51

79, Boo

31 ,B9O
27,29O
2l+ 

'7oo
28,95O

16,1oo
21 ,17O

23 r7gj
. 2 1600

1,260
Bgo

730

740
320

1965

Area of
Zone

( sq,miles)

Mean rad.iu
of Zone
(mlles)

Total. nu¡nþer
f worlc -olaceswithin zotae

1965 1986
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eountries where nulti-stonLeit flats are commonr the

ctlstributlon of homes is the result of a very l-arge nqrnber

of lnd.ivlilual d.ecisions, most of whlch are lnale¡renilent of

one another. Statistical stablLity ls more llkeIy to occur

uncter these circunstârlc€s.

6.1+ The Central Clty A¡eeê

The Central Clty Area usually merlts a speclal mention

1n any study of the commuter traffic pattern wlthln a clty'

It is here that the worst bottlenecks aniL the ¡nost lntractable

trafflc problems invarlably occur. It is easy to see from

the following Clata for Ad.elaid.e vrhy such a d.ifflcult

situation arisesr

Tlre Central City Area of Ad.etraide is roughly a square

of area 1.5 square niles. In 1965, the total nwnber of

homes wittrin this area lras only 2400, the average d'ensity

of Ìrones being 1620 per square m1le. On the other ha¡d'

the total n1¡nber of work places r¡¡as 661000r the average

d.ensity thus being I¡J4'6OO per square mile. This huge

d.isparity betvreen homes and. work places generates tid-al

vraves of coil[uter trafflc in the morning and. evening.

Consequently the roact netïÍork within and. around. the Central

City Area is overloacLecl at these peak perioCls'

The problem is expectecL to worsen in future years.

In 1986 the number of homes is e)+)ected. to fal] to 2280 with

an average d.enslty of 1540 per square mller while the number
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ofÌror}çplacesisexpected'torisetoTl'5oowit.Ïtanaverage
d.ensity of 48'JOO per square mi1e. The ratio of the nu¡nþer

ofworkplacestoTromesisthusexpectedtorisefrom2T,S
in 1965 to 31.4 in 1986. Tlris slow rate of growtÌr ls

actuallyveryoptimistlcconsicteringtheexperiencesof
other cities.

Afina}corunenttoþemad.ehereisthatt}reabove
figuressupportverywelltheusualassumptionofaCentral
city Area with a negligible number of homes and' a high

cl.ensity of r,vork Places.

6.5 Conclusion and. Discr¿gglon'

Thenoststrikingconclusloninthepresentchapter
is the agreement betv¡een Clarkf s simple formula ancl the

d.istribr¡tion of homes in Ailelaid.e. It 1s posslble to fit

the empirlcal cLata more accurately by means of a nore complex

formul-a - perhaps one of the garuna family:

Dr, (p) = þkexp(-¡P) , (6'4)

whereA.,k,anil'bareparameters.Thisformulawoulcl
take into accor:¡rt the d.rop in the d.ensity of Ïromes as one

approachesthecentreofthecity¡Howeveritlsfarmore
ad.vantageous to have a simple formula lvhich fits many ci'ties

approximatelythantohaveacomplicateilformulawhichonly
fits one citY weII.
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About four months of laborious work ì¡rere required- to

obtaln tTre flgures quotecl in this chapter. Thj-s is much

too slow to permit the analysis of tTre d.ata for a 3-arge

nr:nber of citles. The prlncipal need. here is for some

mechanj-cal apparatus which will be aþIe to t read'r a map ancl

then caleulate automatically the requirecl d.istancest areas

etc. such an apparatus d.oes not exist at present' It is

also vitally n.ecessary to persuad.e the hlghway authorltles

not to d.estroy the d.etails of the d.ata collected. in traffic

surveys. If this d.ata can be record-ed. in some permanent

form, they will form the bases for a quantitative stucly of

urban growth ancl structure.



CHAPTER VII

GEiI{ffiA], DISCUSSION

An attempt has þeen mad.e in t}ris theels to d'evelop use-

ful nocle]s for the stucly of commuter traffic ln cj'ties'

tr'ol1owing on a lÍne of research initiated- by Smeed', a sinple

moclel of an inTrOmogeneous clty has been constructed''

Basically the city 1s assuned. to consist of an f¡¡rer central

business clistrictr which contains only work placest

surrounclecl by an annular resid.entÍal zorLe, conslsting only

of homes. It i-s shown that a d.etailed. analysis of this

mod.eI yleId-s significant lnformatlon concernlng a nulnber of

the characteristics of commuter travel in cities.

!,urthermore a variation of the mod.el can þe usecl to stud'y

the pattern of eommuter traffle in satellite Towng.

various sinpllfying assrurptions have been maile in ttre

thesis in ord.er to reniLer the calculations tractable' It

is believed., hov¡ever, that these assumptions are consistent

with the most prominent feature of commuter trafflc in many

cities i-¡e. tid.al- fLov¡s of r¡rorkers travelling from the

suburbs to the central business d.istrict 1n the morning ancl

in the reverse direction ln the evenlng. oþvlously the

assruptions can be mad.e more realistic¡ alttrough lt remalns

tobeseenwhetherthecorresponcllngincreaseinthe
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complexity of the nathematics can be successfull-y hand-Led.'

The prirnltive nature of the assumptions is, perhaps, best

regard.ed. as ind.lcative of the rich varj-ety of problems that

are waiting to be solvecl.

In the light of the emplrical data pnesented' in

Chapter VI, it is obvious that the next step in the theory

1s to nod.lfy the assumptions concernlng the d.istribution

of homes and. work places. A shlfted. erponential or a

gamma-ty¡le formula r¡vould. be a nore accurate representation

of the cListrLbution of homes 1n a city like Ad.elaid-e vrj'th a

t strongr central business d.istrict, and. a wid.ely d.ispersed'

suburban region consisting malnly of d.etacheil free-stand'ing

homes. Similarly the d.lstributlon of vr¡ork places'.can be

representect much better by a step function vulth a very high

ctensity in the central buslness d.istrlct anct a Iow d.enslty

in an anrrular zot:¿e arouncl it.
rt is d.ifficult to suggest a goocl assurnption for the

correlation between the poeitions of homes and' work places

as the evid.ence available 1s conflicting. A slmple gravity-

tJfpe formula may serve Very vrel1 as a first approxlmatlon.

Finally the ld.ea1 routeing systens to be consid.ereiL wlll be

¡¡ail.e more realisti,e by assuning that special routesr Süch

as those representlng motorways, can be joinecl or left only

at certain polnts which occur at regUlar intervals along the

foütêS.
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untll very recently, researeh in lot¡rn Planning has been

consefvatlve ln its outlOok. Most planlers have assumed'

that the present pattern of settlement in a country or clty

wiÌl remain substantially the same in future years. Thus

the solution to urban transportatlon d.ifflcuLtles lies ln

the provislon of more hlghvrays or more buses' The

suggestlons for further work glven above reflect the splrit

of thls phÍlosoPÏ5r.

Thisvlerr¡lolnt,however,haslatelybeenchallengecland'
crlticLzed. by many authors, for example' the Ecliton of

Nature 1,31f . These critics Say that it is not sufflcient

to work on the þasis that the physlcal- fabrlc of t'Ìre city

will remain unchanged.. A prornlnent ai.m in plannlng research

shoulclbetoevo]-veagrancloptiuralstrategyfortlretotal
urband.evelopmentinaregion,and.thusprovid.eguictelines
fortheframingofcontemporary].awsanilregulationg.
Furthermore und.er the pressure of mounttng urban problems

it nay well be that, 1r fifty yeara timet planning

authori'b1es will- be glven the necessary poÏuer to uncl'ertake

raiLlcal and. wiile-spread changes ln the landscape ancl

townscape of a cou]ltryo A cLisaster coulil tfren occur if

these authorlties were unprepared. for such an eventuality'

Ïtisclearthatthetechnlques,developed.inthls
thesis,constituteanaturaland-powerfultoolforthe
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analysis of id.eal future clty forms. Ind.eedt lt is even

possible tÌrat these technlques may find. their greatest

potential for use in tTris âfêâ¿

A favourite scheme for the best d.esign of a growing

city 1s to evad.e the probLen of growth by creating a complex

of clties of finlte aIze. This solutlon is particularly

attractive because of 1ts flexib11ity. One proposal llll t

for example, suggests an arrangement ln whlch sub-citles

wlth about a quarter of a million people each are spacect

at d.lstances of several miles in a corrntry setting but are

linked together by a fast and. effielent transport system.

If the urban reglon rurd-er consialeration is centred' on an

existing major city, then a Doxiad.is-t¡4re plan appears to be

feasible, Thls plan generally consists of three stages:

(u) Determlnation of an axis of extrlanslon centre¿ on the

existing cjtYi
(¡) Definition and. wld.enlng of a corrld.or of reserved- land'

along the axis;
(") Promotlon of urban growth along this corriclon by the

successlve ad.d.ition of suborclinate citles, each of

finite slzer or either sid-e of the origlnal nucleus.

It ls interesting to note that a very precise ancL

concrete plan of the Doxlad.is-ty¡le has been preparecl for

metropolitan Ïrfashington Ín the Unltecl States - a countny



-1 00-

which has no effective Fed.eral Plan¡ing .\utþority. the

lllashington plan l32l is d.esigned. to cater for an expected-

e>çanslon of the city population from two ¡ni1lions in 1963

to flve nillions þy the year 2OOO. The recommend'eil plan ie

termed- the railiaI corrld.or p1an, anil consists of six roughly

synnetrical fingers whlch would. be pushecl out from the

existing city for d.istances of 25-30 miles. Each finger

would. comprise a succession of seni-ind.epend.ent suburban

corununitiese Strung along a rad.j.al communication corrj-d.or

consisting of a first-c}ass road and. electric raillÍay.

Other plans that v.lere consid.erecL includ.ecl a ring of satelllte

New Towns, a seri.es of neÌY ind.epend.ent clties at a d'istance

of about 7o nlles, and. a joined.-up ring of towns on a

circumferentlal line of communicatlon.

All of the above plans can be stud-ied. quantitatively

by an imne(Liate extension of ttre mod.el of a satellite tovrnt

cl-iscussed. in Chapter V. Instead of a single town we now

have a system of satellite Nev¡ Towns and. Resiilential To'wns.

Tlre probLem of routeing through trafflc arouncL the towns

will notï come into prominence. ft is a.lso possible to

refine the mod.el by lntrod.ucing more complicated- routeing

systems 1n the Central Area of each town to cater for a

varj-etY of activities.
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As a final sugþestion, vre point out that no attempt

has yet been mad.e to take into account firlly the interactlon

betvreen the transportatlon system and. the ctistribution of

population in a region. A practlcally universal assumption

in this field- is that the land. use pattern of settlement is
d.etenmlneCL flrst, and. then a transport'ation systen is

CLesigneil to fit that pattern. This assumption' of courset

ignores the fact that t'he provision of a major transport

facllity, such as a highv'ray, has a consld.erable effect on

the manner 1n vrhlch lanil is used. around- that facility.
The inter-rel-ationship between land. use and. transport is an

extrenely tanglecL one, and-, as yet, even the glimmerings of

a satisfactory theory to explain the process seem to þe far
âïIâV¡



APPENDIX A

THE LENGTH OT'A DTRECT ROUTE

IN A SSUARE INHOI!/IOGENEO,IiS CIÍY

The problem of calculatlng the average il.istance

traveLled. with d.irect routeing in a square irùromogeneous

clty vras consiclerecl Ín chapter IV. The city is assultred. to

þe in the form of a square with sid.es of length 2u, withln

v,¡hich i-s containecL a Square central business district with

sicLes para1lel to those of the flrst but of length 2a

(O < a < u). Vfork places a?e assumeit to be rrrrifornly

iListributeil over the 1n¡er square, while homes are assumeil

to be uniformly d.istributecL over the surround.ing annular

zone. There is no correlatlon bett¡een the positions of

hones and. work places. The straight-line d.lstance betv¡een

a home H(hrp) and- a work place G(¿rm) ls
d. =\/l(n - ù" + (P - m)21 , (41)

and. thus the average d-istance travel-led is

ä = nuPr (a) . (¿z)
PhJn

The integrations wfth respect to the variables 4 and m

are facll-itated. by introd.ucing two new varlables f andl g

such that
f =h- t G3)

anct B=P-Ít. (Ah)
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t/t(h - t)' + (p - tn)=llo¡na¿

Then

where

andl.

Therefore

I

h1 =h+a
Pr=p*â

hs=h-â

9z=P-a

f;: /:" Í,/(rz + sz) I ae¿r t (¿¡)

(A6)

1az)

,

a

*"FP ( a) = 

::fi :Ï'ï. -"' .,* n' n",^*'î,o: ru *':;;, :' l
(rs)

By neans of the nelatlon:

Itzr,nlB +/(p, + fã)lldf = f3¿.[B +{(p" + 12))/3
(Ae)

+ BV(pz + t') /6
- p3ún[r + /(p' + fs)J/s

- ts/9 ,

equatiorr. (lg) can be reiluced' to
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,+azt'(d) = %,"[ffi] - +,{Ëi*V{$#+:+]

.ä."[ffi] -#,{ffi]

.w - h.p.r/(þp+ p.lâ

.W . (¿ro)

The next step is to oonsicler the case r¡¡hen a hone H

Lles someÌuhere wlthln the nanrow annulus bOund.ed. by squares

with eid.es of lengths 2h and. e(fr + A¡). the probablllty

of this event occurrLng ls Ofro¡,/4(uz - sz) t

Sinse the flgure 1s synnetnlcal, onJ.y the range [Orh]

need. to be consld.ered. ln calculating the expeotatlon wlth

respect to the variaþle pr Uslng some obvioue

substltutlons anÖ the relatlon:

flp"¿tt[rt + r,/(na + pa) ] ] ¿p = p¿¿n[h + r/(rp + pa)]/4 - p¿/16
I

+ h(Pz + hz)sl2/12

- hv(h' * p")/t+ , 1.e't t )

the foll-owing result 1s obtalned.:

haz¡¡En(¿) = [r,r15n - ¡a)[¿n(nr) - øn[h, +{(nf+ hal]ll/z+Dtm 
+ lrrfl¡rr* 3a)[rn(n") - cn[rr, +/(hr"+,.ã)Jl/zt+
+ [[¿"(l + {z)][¡rtt + 3oaqn? + 5aall/tZ

+ r/z(n+ + 6az:ha + aL)/lz

+{(zrl' + Zaz)(ga'rt-hs)/lz. (¡'12)
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u
U-A+ 2u +

Í,n u+a+
3 2

2 u -a a

2 2

u a

= (a<É'æ¡) /Ïtu'"n#P(û) ldh ' (A13)

an integratlon of equation (AtZ) between the lim1ts a anct

u yield.s

Ln (

+2a

ß õ

-60 X
5tn(t + {z) + ,/z ë,

I, 2 ô I
20 u a a

Bas-TIIæ;Tæ
(A14)

fn d.erlving equation (414), relations of the fo11owlng

tJnpe have been used.:

fnnrrrln -2a+l(Znu -l¡ah +!az)]dh
,-L

J

= hn"Llnlla - 2a + t/(znz - ,l+ah + I+a')J/6 + 1)

a

(,0'.1l)

If the area of the central Buslness Dlstrlct is A

anil sA 1s the area of the whole cltyr then

("/") =r/s . (416)
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Equatton (nt4) oan then be e)q,neseedt ln th,e d'lmenglonlese

fornr

dl
\/L

("/s + 1)s
96

tn

w+

+ B-

I
fl*

and thls 1e equatlon (4.ah) of, Chapter IV.

, (n t7)



rXB

s-uMltARY pF NOTATToN

The more lnportant symbole anô d.eflnltione used' ln the

thesis are glven beJ-ow, 1lsted chapter-wise:

Chaoten II
TU = the wld.th (e.g. 1n feet) of the roacte ueecl by

commuters;

A = the capaclty (e'g' ln vehicles per hour) of the

roails usecl bY cornmuters;

T=theduration(e.g.l.nhours)ofthepeaktravel
Periodt ån the nornlng or evenlng;

c = the number of ,commuterê to a vehlcle;

X = the wl'dth (e.g. in feet) of roacl requlrecl for a

person-¡i oüPfI€S e

lhese variables are rel,atecl by the equati.on

}. = TVlQct . (st )

Chaoter III
R = the overall rad'lus (e'g' ln mlles) of the

circular eltY;

r = the rad.ius (e'g' 1n mlles) of the clrculan

central buslness dlstrict;

n(frrO) = the Bosltlon of a wonkerrg home expressed ln

Polar co-ord'lnates;
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çU;O) = the posltlon of a work Blace expressecl in poLar

co-ord.lriates;

v = the ratÍo of the clensity of work places to hones;

d = the ctlstance (e.g. ln miles) travelled. frorn ho¡ne

to wonh;

t = the time (e.g. ln minutes) requlred to traveL

from hone to work;

V1¡V2¡V' = the speeil of travel (e.g. in mllee pen hour) ln

the outer nesld.entlal zoner ln the qentral

buslness d.tstrf-ct, and, along the Rlng Road'

respectlvelY.

The quantltiee Rrf, and. t are relatecl by the equation

t = (n" É r")/* . (nz)

The expected. value of a ranclom variable ô 1s clenotecl

by $(O) or 6. If a fi¡nction O d.epend.s on two ranclom

varlables ö and. 0 , then the expected. value of O is
glven by

#(r)=0I3(ø/0)I . (Bl)

Thte means that the expected val-ue of Þ 1s obtalned. by

flrst caloulatlng the cond.ltlonal expected. value of O for

flxecl 0 t and. t]ren averaging over 0 ,
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Clfgl_!er__IV

The notatlon of Chapter fV followe tl¡at of Chapter III t

but the following terns should' be noted-:'

2ur2z = the overall wid.th and. length (e.g. ln niles)

of the rectangular cltY;

Zar2p = the width ancl length (".g. 1n mlles) of the

inner rectangul.ar central business illstrlct;

H(hrp) = the positlon of a workert s home eltpressed. ln

nectangular co-ord.lnatee ;

G(¿rm) = the position of a work place etqpresse¿ in

rectangular co-ord.inates ;

A = the area (".g. 1n square miles) of the central

business d.istrict;
sA = the area (e.g. in square rniles) of the whole

ci ty;
q. = the ratlo of the avera.ge trlp length 1n an

irùromogeneous rectangular clty to that in a

homogeneous rectangul-ar cltY;

VrrVzrVsrV¿ = the speed. of travel (e.g. in miles per hour)

ln the outer resid.ential zot:'e, along the

rad.ial or d.lagona1 routes, àl the ed'ge of the

central business distrlct, and. wlthin the

central buslness d.lstnlct respectlvely.



-1 10-

Chapter V

R=

N=
û=

The fol-loìJfing terns 1n this chaPter should' be noted':

the overaJl rad.ius (e.g. in mj.les) of the circular

satelLlte town exclud.lng the Rlng Roail;

the nacLlus (".g. 1n mlles) of the circular Central Area

of the satelllte town;

the total number of ïuorkers living ln the satellite tourn;

the number of workers commutlng lnto the central Area in

the morning Peak Period- of travel;

the fraction of vrorkers, liv1ng in a reglon, who commute

lnv,iard.s to the Central Area in the morning;

y - the fraction of uiorkers, 11ving 1n a reglon, who commute

outlvard.s to the Rlng Road' in the mornlng;

p = the ground. area (".g. in square feet) requlred. by a

worker for vehlcle Parklng;

L = the groqnd. area (e.g. in square feet) requíred. by a

worken for purposes such as living, l.eiSure¡ ancl casual

tnavel;

J - the paraneter characterising the flow regUlatlon on the

conmuter road.s 1n the central /\rea 1rê. i = 1 1f the

road.s are reversible and. i = 2 if ihe roacls are

lnreversible;
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the d.istanee from the tovrne centre O;

the fractlon of ground. area, which is

reserved. for commuter road.s and. parking at a

d.lstance p wlthin the Central Area;

the function speclfying the d'lvision of the

grouncl space reservecL for commuter rroad-s

ancl parking. f(p) is the fractlon of

the reserved. space, ât a d-lstance P 1n

the Central Area, whlch is to be used- for

parking purposee;

the fractlon of ground. area whlch 1s to be

used. for purposes other than commuter roails

at a d.istance p ln the Resid'entiaL zorae,

for the case of Reverslble road-s;

the fraction of grouncl area whlch is to be

used. for purposes other t'han commuter road.s

at a d.istance p ln the Resid.ential zotr.e,

for the case of lrneverslble road.s.

hr (p),nr (p) holtl ln the ranges (r < p < a)

and. (a < p < R) respectivelY where

hr (p) 
'n, 

(p) =

[""t*r"*G)/t]as = r.rx;
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Ànr\ar\ = the wlcl.th (e.g. in feet) of roacl regulred' for a

commuten journey ln türe central Area, Resldentlal

zoÍLe, and, along the Rlng Road. reepectlvely;

ïv = the wlcltTr (e.g. ln feet) of the Rlng Roac[ âts3lllllr

lng that the road. is revereibLe ancl' that ttre

nu¡nþer of commuters turnlng left on reachlng the

Rlng Road. is equal to the nuober turning rlght.
Chapter VI

p = the d.lstance (e.g. ln m1les) from the town centre;

Dn(p) = the d-enelty of hones (e.g. per sq. mlLe) at a

d.istance pt

D*(p) = the d.eneity of wonk pl-aces (e.g. per s8¿ mlIe) at

a d.istance p ¡
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